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Foreword

Mountains landscapes provide the sustenance of life for humanity in many
different ways, with their biodiversity, incredible beauty and culture, and the
resources they provide to billions of people. These landscapes are rapidly
experiencing change, and we need to pay attention to the signals that
mountains provide us. Indeed how humanity manages such changes in
landscapes will be an important test of our time, and if we can pass, we know
there is hope.

An important first step is to understand the dynamics of the
socio-ecological systems in the mountains with our best science. I am pleased
that in recent years, much more effort has gone into producing the science
needed and that science is well-reflected in this book.

The most striking context of mountains in recent years is rapid change and
transformations in mountain societies and ecosystems. We know that
mountains are highly vulnerable to climate change, and the chapters in this
book document these changes throughout the world. However, there are a
variety of change drivers working together that add to the complexity of
mountain systems. Outmigration, urbanization, globalization, and connec-
tivity all affect mountain societies. At the same time, utilization and
extraction of mountain resources are putting extreme pressure on mountain
ecosystems. I am writing during the time of COVID-19, during this short
time migration trends have reversed, and the side effects of COVID-19 are
adding tremendous additional shocks to mountain systems.

Ultimately, it is up to societies to respond and make changes so that we
continue to enjoy the benefits that mountains provide. There are responses
needed at the global scale to halt biodiversity loss and slow climate change,
and there are responses needed within mountain communities to adapt. In the
face of rapid change and sudden shocks, building socio-ecological resilience
will be a key. In developing responses, there is a need to understand the
potential for mountain landscape conservation and the potential for economic
development and to figure out ways in which both conservation goals meet
development goals. In order to develop responses at all scales, the book
outlines the impacts of climate and other changes on mountain landscapes
and people and suggests solutions to move forward.

Mountains play an important role in making connections—essential in
today’s world. Mountain landscapes themselves connect different types of
ecosystems, and people are intimately connected to nature. To understand
mountains, there is a need to connect across disciplines. To develop
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solutions, there is a need to connect with society and connect science with
policy. Mountains provide resources to downstream areas and thus play an
important role in connecting upstream and downstream landscapes. Moun-
tain landscapes are often shared between countries and thus can play an
important role to connect countries. The value of this book is that it will help
us build many bridges to make better mountain connections and rise to the
challenge of a changing world.

David Molden
Director General

International Centre for Integrated
Mountain Development (ICIMOD)

Kathmandu, Nepal
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Preface

Mountains are critical components of the Earth system. Mountains and
highlands, inhabited by more than 900 million people, cover almost 25%
of the terrestrial surface of the Earth. Mountains considerably influence
regional and continental atmospheric circulation as well as water and energy
cycles and provide ecosystem services to about half of humanity. Mountains
are popularly known as the water towers of the Earth. The supply of water is
the key function of mountains as all of the world’s major rivers originate in
mountains where vast volumes of water are stored in glaciers and in the snow
cover and gradually released in the melting season. Over 40% of the global
population lives in the watersheds of rivers having its sources in mountain
ranges. Other ecosystem services include the provision of energy, forest and
agricultural products, minerals, and other natural resources. Moreover,
mountains are globally significant as core areas of biodiversity, characterized
by higher species richness than adjacent lowlands and high proportions of
endemic species. Mountain regions are also centers of cultural diversity,
provide ample opportunities for recreation and tourism, and are of spiritual
significance. Thus, mountains have a lasting effect on the life of billions
living either in mountains or in adjacent lowlands. About one-tenth of the
world’s population derives their life support directly from mountains.

Being exceptionally fragile and susceptible to global environmental
change, the world’s mountains have undergone significant modifications in
the Anthropocene epoch. Climate and land use change will increasingly
threaten the integrity of mountain ecosystems and alter their capacity to
provide goods and services for both highland and lowland people. High
elevation environments with glaciers, snow, permafrost, water, and a com-
plex altitudinal zonation of vegetation and fauna are widely considered as
being most sensitive to climatic changes. The fragility of mountain ecosys-
tems also represents a substantial challenge to sustainable land use and
natural resource management. Unsustainable mining, forestry, agricultural
practices, and tourism in the context of rapid urbanization and globalization
often have drastic consequences, resulting in environmental deterioration and
landscape degradation, and their impacts are usually more difficult to correct
than in lowland areas.

Increasing temperatures, shrinkage of glaciers, snow cover decline,
extreme precipitation events, delayed freezing and early ice melting on rivers
and lakes, altitudinal shifts of species, habitat and biodiversity loss, increased
soil erosion rates, etc., are among the responses of mountain ecosystems to
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climate and land use change and their interactive effects. In view of these
challenges, the future of mountain communities and their livelihoods is
becoming uncertain. Knowing how structures and functions of mountain
ecosystems are affected is of fundamental importance taking the significant
implications for mountain people as well as hundreds of millions living
downstream into account. Understanding the system response is also vital in
terms of adaptation and mitigation, for implementing collective and collab-
orative action and effective strategies of sustainable land use and environ-
mental management. Therefore, an urgent need was felt to study the change
in the world’s mountains in a holistic perspective.

Attention to mountain issues has grown significantly over the past dec-
ades. A first milestone to establish mountains as a research priority and to
support sustainable mountain development was the establishment of the
UNESCO Man and Biosphere Project 6 (1973) in order to study the “Impact
of Human Activities on Mountain and Tundra Ecosystems.” Subsequently,
applied and interdisciplinary aspects of mountains were studied in detail,
supported by the foundation of the International Mountain Society (1980),
the International Center for Integrated Mountain Development (1983), and by
publishing the journal “Mountain Research and Development” (since 1981).
A new commission on “High-Altitude Geoecology” under the International
Geographical Union was established in 1968, later titled “Mountain Geoe-
cology and Sustainable Development” and now “Mountain Studies,” which
invited and popularized mountain studies among the younger community of
scientists. The United Nations University’s mountain program “High Land
Low Land Interactive System” was launched in 1978, which was later
renamed as “Mountain Ecology and Sustainable Development Program”
under the leadership of the Late Professor Dr. Bruno Messerli and Professor
Dr. Jack D. Ives. At the United Nations Conference on Environment and
Development (UNCED) held in Rio de Janeiro during 1992, a chapter on
sustainable mountain development was included in Agenda 21, thus putting
mountains on the global agenda. Mountain-related studies were further
popularized and gained global attention with the publications of two land-
mark books, “Mountains of the World: A Global Priority” and “The Hima-
layan Dilemma” by the Late Professor Dr. Bruno Messerli and Professor Dr.
Jack D. Ives.

Increasing awareness of the importance of mountain research and devel-
opment resulted in the declaration of the year 2002 as the “International Year
of Mountains” and in the designation of December 11 as International
Mountain Day. The “Mountain Research Initiative” was also founded in
2002, which is a global scientific promotion and coordination effort toward
strengthening the dialog between science and policy. The UN resolution
“Sustainable Mountain Development” in 2010 further strengthened the
international recognition of the importance of mountain environments and
mountain peoples, also reflected in a number of recent pioneering national
and global research initiatives such as the Global Observation Research
Initiative in Alpine Environments (GLORIA) program, the scientific col-
laboration network of the World Glacier Monitoring Service (WGMS), or the
Global Terrestrial Network for Permafrost (GTN-P) as well as in recent
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significant internationally coordinated publications including the IPCC
“Special Report on the Ocean and Cryosphere in Changing Climate.”

The present volume compiles available knowledge of the response of
mountain ecosystems to recent climate and land use change addressing key
concepts, major drivers, and key processes. After an introductory global
review of changing mountain environments in the Anthropocene, the sub-
sequent chapters present case studies from mountains across the world,
divided into two parts, viz. (I) climate change and response processes of
mountain environments and (II) response processes of mountain environ-
ments to land use change. Part I is specifically devoted to climate change
impacts substantiated by 19 case studies, while Part II deals with effects of
land use change in different mountains of the world exemplified by 12 case
studies. We believe the present initiative will be useful to the research and
policy-making community and will advance our scientific understanding of
change in the world’s mountains. We intend to further consolidate the
international recognition of the global significance of mountain regions and
contribute at the same time to an accelerated implementation of the UN
Sustainable Development Goals. The volume might also be useful for
teaching in the fields of geography, landscape ecology, environmental
studies, hydrology, climatology, and human–environmental interaction.

Hamburg, Germany Udo Schickhoff
New Delhi, India R.B. Singh
New Delhi, India Suraj Mal
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1The World’s Mountains
in the Anthropocene

Udo Schickhoff, Maria Bobrowski,
Suraj Mal, Niels Schwab, and R.B. Singh

Abstract

This review summarizes current understand-
ing of drivers for change and of the impact of
accelerating global changes on mountains,
encompassing effects of climate change and
globalization. Mountain regions with complex
human–environment systems are known to
exhibit a distinct vulnerability to the current
fundamental shift in the Earth System driven
by human activities. We examine indicators of
the mountain cryosphere and hydrosphere, of
mountain biodiversity, and of land use and
land cover patterns, and show that mountain
environments in the Anthropocene are chang-
ing on all continents at an unprecedented rate.
Rates of climate warming in the world’s
mountains substantially exceed the global
mean, with dramatic effects on cryosphere,
hydrosphere, and biosphere. Current climatic

changes result in significantly declining
snow-covered areas, widespread decreases in
area, length, and volume of glaciers and
related hydrological changes, and widespread
permafrost degradation. Complex adaptations
of mountain biota to novel constellations of
bioclimatic and other site conditions are
reflected in upslope migration and range
shifts, treeline dynamics, invasion of
non-native species, phenological shifts, and
changes in primary production. Changes in
mountain biodiversity are associated with
modified structure, species composition, and
functioning of alpine ecosystems, and com-
promise ecosystem services. Human systems
have been negatively impacted by recent
environmental changes, with both inhabitants
of mountain regions as well as people living in
surrounding lowlands being affected. Simul-
taneously, accelerating processes of economic
globalization cause adaptation strategies in
mountain communities as expressed clearly in
changing land use systems and mobility
patterns, and in increasing marginalization of
peripheral mountains and highlands. The
current state of the world’s mountains clearly
indicates that global efforts to date have been
insufficient to make significant progress
towards implementing the Sustainable Devel-
opment Goals of the 2030 Agenda for
Sustainable Development, adopted by all
United Nations member states.
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1.1 Introduction

It has been known since Alexander von Hum-
boldt (1769–1859) that the decrease of tempera-
ture with increasing elevation in mountains
induces vertical climate alterations which are
reflected in all climate-dependent landscape ele-
ments, especially in the altitudinal zonation of
vegetation and land use. From the results of the
pioneers and key exponents of geographical high
mountain research such as von Humboldt, Carl
Troll (1899–1975), and Bruno Messerli (1931–
2019) a picture of the natural setting of high
mountains and of the interwoven geoecological
and human-geographical factor complexes
emerged, which has undergone major changes in
recent decades. Over the past decades, mountain
regions have been subjected to above-average
climate warming and significant land use chan-
ges. Contemporary climate change and modified
land use intensities and land use systems have
tremendous effects on mountain landscapes so
that the pioneers of high mountain research
would hardly recognize certain landscapes on a
visit today. These effects are the core theme of
this book; they are explored in the following
chapters which include compelling examples
from around the world.

The significance of mountains for the Earth
system (Fig. 1.1) and for a considerable part of
the human population is often not rated highly
enough. Mountain ecosystems have evolved on
every continent, characterized by the complexity
of their topography associated with steep envi-
ronmental gradients, i.e. distinct variations of
climatic, edaphic, and other environmental fac-
tors over short distances (Schickhoff 2011).
Mountains and highlands cover nearly 25% of
the terrestrial surface of the Earth (Romeo et al.

2015), 11% of the global land surface are higher
than 2000 m above sea level (a.s.l.) (Kapos et al.
2000). Based on topographic ruggedness of the
Earth’s surface, Körner et al. (2017) calculated
an area of 12.5% of the land surface covered by
mountains (excluding Antarctica) of which 24%
comprise alpine and nival belts. Elias (2020) and
Testolin et al. (2020) quantified a comparable
land area covered by alpine biomes. As a result
of the physiography and diverse topography—
major mountain ranges rise prominently above
their surroundings—mountains exert a great
influence on energy and moisture fluxes and on
local and regional airflow patterns up to the
large-scale atmospheric circulation. Their influ-
ence on airflows, temperature and humidity
extends far beyond their geographic boundaries
and may be felt for hundreds and thousands of
kilometers (Bach and Price 2013).

Mountains provide ecosystem goods and ser-
vices to more than half of humanity, thus they are
of critical importance to people in almost every
country of the world (Ives et al. 1997; Schickhoff
2011; Byers et al. 2013). Approximately 13% of
the human population derives their life-support
directly from mountains (Price 1998; Romeo
et al. 2015), including diverse communities of
distinct ethno-linguistic and cultural identity.
Mountains are essential resource regions for the
supply of water, energy, grazing lands, forest and
agricultural products, and mineral resources.
Many plant and animal species are endemic to
mountain regions which are characterized by
increased biodiversity relative to the surrounding
lowlands (biodiversity hotspots). Mountains are
also centres of ethnic, religious and cultural
diversity, provide ample opportunities for recre-
ation and tourism, and are of spiritual signifi-
cance. Water supply is usually considered the
key function of mountains for humanity since all
of the world’s major rivers have their headwaters
in mountains, and huge quantities of freshwater
are stored as snow and ice as well as in lakes and
reservoirs and gradually released to the lowlands.
Mountains are often called ‘water towers’ of the
Earth owing to the key role they play for sup-
plying water to billions of people in lowlands
used for drinking, domestic use, irrigation,
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hydropower, industry, and transportation (Körner
et al. 2005; Viviroli et al. 2007; Schickhoff 2011;
Byers et al. 2013). Water supply from mountains
is essential for life in semiarid and arid regions
where the proportion of water generated at higher
elevations may be more than 95% as in the basin
of the Aral Sea (Messerli 1999). Even in humid
regions, 60–80% of the total freshwater available
is provided by mountain watersheds. Hydro-
power from these watersheds provides about
one-fifth of the world’s total electricity supply
(Byers et al. 2013). Water supply from moun-
tains forms the basis for ensuring availability and
sustainable management of water and sanitation
for billions of people (Goal 6 of the UN Sus-
tainable Development Goals). Integrated water
resources management as a global framework
covering policies, institutions, management
instruments and financing for the comprehensive
and collaborative management of water resources
has still been implemented at a low level (UN
2020).

Mountains show above-average species rich-
ness and comprise many unique biomes that are

globally significant as core areas of biodiversity.
A quarter of all terrestrial biodiversity is situated
in mountains (Körner et al. 2017). Over evolu-
tionary time scales, mountains also have gener-
ated high levels of diversity through in situ
adaptations and diversification (Badgley et al.
2017; Hoorn et al. 2018). The global hotspots of
species diversity, areas with increased levels of
species richness and high proportions of endemic
species, are predominantly mountainous regions.
The particular species richness is related to the
topographic complexity and associated high
levels of geodiversity, i.e. the small-scale diver-
sity of habitats and site conditions resulting from
steep climatic and ecological gradients in frag-
mented and topographically diverse terrain. The
compression of climatic life zones along vertical
gradients, spatial isolation, combined with
effective reproduction systems, as well as mod-
erate disturbance influences additionally con-
tribute to small-scale extraordinarily high levels
of biodiversity. Tropical and subtropical moun-
tain regions in particular are home to highly
diverse and species-rich ecosystems constituting

Fig. 1.1 Mountains of the world (background image from https://dds.cr.usgs.gov/srtm/version2_1/SRTM30/)

1 The World’s Mountains in the Anthropocene 3

https://dds.cr.usgs.gov/srtm/version2_1/SRTM30/


the global centres of vascular plant diversity
(Körner 2002; Barthlott et al. 2005, 2007). Spe-
cies diversity includes the most important food
staples such as potatoes, maize, wheat, rice,
beans or barley which had been domesticated in
mountain regions (Brush 1998). Promoting sus-
tainable use of terrestrial ecosystems, reversing
land degradation, and halting biodiversity loss
are major targets at the heart of Goal 15 of the
UN Sustainable Development Goals which need
to be supported in particular in mountain regions
(UN 2020).

The resource function of mountain regions
also contributes substantially to their global sig-
nificance (Schickhoff 2011). For instance,
mountain forests account for more than a quarter
of the area of global closed forests (Kapos et al.
2000). They provide diverse goods and services
to millions of people including provisioning
services (both timber and non-timber forest
products such as fuelwood, fodder, grazing
resources, medicinal plants, and mushrooms),
regulating and supporting as well as cultural
services (Price and Butt 2000; Price et al. 2011;
Gratzer and Keeton 2017). Mountain forests play
a critical role for mountain dwellers and valley
communities regarding protection against natural
hazards such as landslides, rockfalls, avalanches,
and floods as well as for reducing soil erosion
and maintaining hydrological cycles. Mountain
forests also represent a major carbon sink, and
carbon sequestration in those forests is of
increasing significance in climate change miti-
gation. The past two decades have seen a sig-
nificant increase globally in the extraction of
mineral resources from mountains; mines in
mountains are the major current source of many
of the world’s strategic non-ferrous and precious
metals (Fox 1997; Jacka 2018), contributing to
the fast increasing global material footprint. As
mountain regions continue on a path of using
natural resources unsustainably, the successful
transition to sustainable consumption and pro-
duction patterns is more essential than it has ever
been before (addressed by Goal 12 of the UN
Sustainable Development Goals) (UN 2020).

The global significance of mountain regions
can only be fully grasped if the focus is on

mountain dwellers. Between 2000 and 2012, the
global mountain population increased from 789
to 915 million people, and will further increase
in the next decades (Romeo et al. 2015). Most
mountain populations are nowadays integrated,
to varying degrees, economically, socially and
politically with lowland communities and the
wider world (Funnell and Parish 2001). Never-
theless, mountains are still home to many
indigenous peoples, encompassing an amazing
diversity of human cultures and communities.
For example, 100 different ethnic/caste groups
were identified in the 2001 census in the
mountainous state of Nepal (Sharma 2008), and
more than 700 languages are spoken in moun-
tainous regions of New Guinea (Stepp et al.
2005). This cultural diversity contributes to the
attractiveness of mountains that have become
key tourism destinations in many parts of the
world. The significance of mountains as centres
for recreation, adventure, scenic beauty or
interaction with local people will increase in
coming decades as tourism is the world’s largest
and fastest growing industry. The large influx of
tourists to mountain regions is not without
conflicts due to the impacts on fragile high
altitude environments and the special spiritual
and cultural significance mountains have in
many cultures (Price and Kohler 2013; Hamil-
ton 2015).

Mountain ecosystems represent some of the
few remaining wilderness areas of the globe, and
encompass some of the most intriguing habitats
in terms of the particular fascination of high
mountain landscapes, with regard to high biodi-
versity levels and resident biota‘s special adap-
tation to the harsh physical environment, as well
as in terms of the extraordinary cultural diversity
and the sophisticated and complex resource uti-
lization strategies that mountain dwellers have
developed over many generations. Mountain
ecosystems on the other hand are exceptionally
fragile, susceptible to global environmental
changes, and less resilient since longer periods of
time may be needed for recovery from damage or
excessive stress. As elsewhere on the globe,
climatic changes and land use changes are the
major drivers which are increasingly threatening
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the integrity of mountain ecosystems, affecting
their capacity to provide goods and services.

Mountain regions around the world provide
increasing evidence of ongoing impacts of land
use change and of climate change on physical
and biological systems. High elevation environ-
ments with steep relief, complex topography,
cryospheric systems (snow, glaciers, permafrost),
the compression of ecological vertical gradients
and specific human–environmental subsystems
are in general considered to be among the most
sensitive terrestrial systems to reflect effects of
climatic variations and consequences of changes
in land use (Huber et al. 2005; Körner et al.
2005; Grabherr et al. 2010; Löffler et al. 2011;
Schickhoff 2011, 2016a, b; Gottfried et al. 2012;
Grover et al. 2015; Schickhoff et al. 2016a; Pauli
and Halloy 2019; Hock et al. 2019; Schickhoff
and Mal 2020). Observed changes of glaciers,
snow cover, permafrost, hydrological conditions,
and of the complex altitudinal zonation of veg-
etation and fauna indicate a distinct vulnerability,
mountains are considered to be at the forefront of
climate change impacts (Pihl et al. 2019).
Mountain plants and animals, in particular
endemic species, are often adapted to relatively
narrow ranges of temperature and precipitation,
even minor climatic changes can have significant
effects (Körner 2003; Grabherr et al. 2010). If the
water supply from High Asia is significantly
reduced by retreating glaciers, more than half of
Asia’s population would be adversely affected
(cf. Körner et al. 2005; Viviroli et al. 2007).
More than a billion people in Asia live in the
watersheds of rivers that have their sources in
mountains. With regard to physical systems,
current global warming has already left distinct
traces in the cryosphere and hydrosphere of the
world’s mountains. It is also a powerful stressor
on alpine biota, inducing shifts in phenology,
species distributions, community structure as
well as other ecosystem changes. As the climate
crisis continues unabated, in particular in
mountain regions, and as pervasive and catas-
trophic effects have become obvious, taking
urgent action to combat climate change and its
impacts and accelerating the transitions needed to
achieve the Paris Agreement is the order of the

day (Goal 13 of the UN Sustainable Develop-
ment Goals) (UN 2020).

In many mountain ranges, ongoing alterations
of montane and alpine land use systems caused
by widespread socio-economic transformation
processes are the major underlying driver of the
transition of mountain landscapes. From a global
perspective, changes in land use affect mountain
forests and their ecosystem services in particular.
In recent decades, two opposing trends have
become apparent in the area covered by forests in
mountain regions reflecting general global trends
in forest cover: In many countries of the Global
South forest cover is further declining, whereas a
gradual expansion can be observed in industri-
alized countries (Schickhoff 2011, 2016b). For
both montane and alpine life zones, it needs to be
highlighted that the fragility of these high ele-
vation environments poses a tremendous chal-
lenge for sustainable land use and natural
resource management.

This chapter provides a global overview of the
current state of knowledge on the effects of cli-
mate change and land use change on mountain
landscapes. Presenting examples from major
mountain systems around the world, the current
knowledge is summarized with respect to cli-
matic changes, impacts on physical systems
(changes of snow cover, glaciers, permafrost, and
related hydrological processes), biotic responses
(phenological shifts, species migrations, range
extensions, treeline dynamics, shifts in species
composition), and effects of modified land use
systems. Understanding how structures and
functions of mountain ecosystems are affected by
environmental change is a focal point for the
mountain research agenda, in particular with
regard to the abundance of ecosystem services
and the multifunctionality of mountains (cf. Egan
and Price 2017; Palomo 2017). At the same time,
understanding the effects of environmental
change on mountain ecosystems is of vital
importance for adaptation planning, both for
mountain people and for billions living in low-
lands, in order to mitigate implications of climate
and land use changes and to enhance the adaptive
capacity of mountain socio-ecological systems in
response to anticipated future changes. The
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international recognition of the importance of
mountain environments and mountain peoples
has increased over recent decades, however, the
local and global awareness for the essential role
mountain systems play in the geo-biosphere
needs to be further supported and increased.
Milestones of international efforts to establish
mountains as a research priority, to support
intergovernmental and nongovernmental pro-
cesses of advocacy for mountains, and to support
sustainable mountain development in general
include the establishment of the UNESCO-MAB
(Man and Biosphere) project on ‘Impact of
Human Activities on Mountain and Tundra
Ecosystems’ in 1973, the United Nations Con-
ference on Environment and Development
(UNCED) held in Rio de Janeiro in 1992 (in-
clusion of a mountain chapter into Agenda 21),
the establishment of both the Mountain Forum (a
global network of intergovernmental, non-
governmental, scientific, and private-sector
organizations and individuals) in 1995 and the
Mountain Research Initiative (a global scientific
promotion and coordination effort towards
strengthening the dialogue between science and
policy) in 2002, the International Year of
Mountains 2002, and the UN resolution ‘Sus-
tainable Mountain Development’ in 2010 (Mes-
serli 2012; Price and Kohler 2013; Kohler et al.
2015). Advances in international efforts to
increase awareness for the importance of moun-
tain research and development has stimulated
scientific interest, reflected in a number of recent
pioneering national and global research initia-
tives such as the GLORIA (Global Observation
Research Initiative in Alpine Environments)
programme, the scientific collaboration network
of the WGMS (World Glacier Monitoring Ser-
vice) or the Global Terrestrial Network for Per-
mafrost (GTN-P). We strongly endorse further
awareness-raising by producing and disseminat-
ing mountain-related education and research
materials. All efforts towards sustainable moun-
tain development should ideally be embedded in
the 2030 Agenda for Sustainable Development,
an urgent call for action substantiated by the 17
Sustainable Development Goals (UN 2020).

1.2 Recent Climate Change and Its
Effects in Major Mountain
Systems of the World

1.2.1 Climatic Changes

1.2.1.1 General Overview
Greenhouse gas emissions which continue to
increase are the dominant factor in the observed
persistent warming trend for the global mean
surface temperature over recent decades and in
recent years, with the last five-year period (2015–
2019) and the last ten-year period (2010–2019)
being the warmest of any equivalent period on
record, and with 2015, 2016, 2017, 2018, and
2019 being the five warmest individual years
(WMO 2019). July 2019 was the hottest month
on record globally. Global warming is currently
estimated to be 1.1 °C above pre-industrial val-
ues (1850–1900) and 0.2 °C warmer than 2011–
2015, with the high latitudes of the Northern
Hemisphere, in particular the northern Asian
sector, showing the largest increase in mean
temperature (Hoegh-Guldberg et al. 2018; WMO
2019). Here, the polar amplification leads to
warming rates of more than 2 °C per 50 years,
while warming trends and increasing temperature
extremes have been generally observed in major
mountain systems of the world over the past
century (IPCC 2014). Temperature trends in
most mountain regions substantially exceed the
global mean over recent decades (Fig. 1.2), albeit
with distinct patterns of spatial and seasonal
differentiations, in particular in terms of vertical
gradients. A current warming rate of 0.3–0.4 °C
per decade is observed in most mountain regions
of the world including western North America,
the European Alps, and High Mountain Asia.
This rate is significantly higher than the global
mean and accelerating (cf. IPCC 2018; Hock
et al. 2019; WMO 2019).

A widespread phenomenon is the amplifica-
tion of warming rates at higher elevations, to be
attributed mainly to changes in albedo and
downward thermal radiation (Rangwala et al.
2013; Pepin et al. 2015; Hasson et al. 2016;
Palazzi et al. 2019). At local and regional scales,
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however, evidence for elevation-dependent
warming is sometimes contradictory. Obvi-
ously, trends in air temperature vary with eleva-
tion, but not in a consistent manner. Variations
result from the effects of region, season, and
selected temperature indicators (cf. Hock et al.
2019). The amplification of warming at higher
elevations will increase with higher greenhouse
gas emission scenarios, subjecting high elevation
environments to comparatively more distinct
changes in habitat conditions than lower eleva-
tions (Schickhoff et al. 2016a). Regardless of the
underlying climate scenario, surface air temper-
ature in mountain regions is projected to further
increase at an average rate of at least 0.3 °C per
decade until the mid-21st century (IPCC 2018),
irreversibly affecting mountain ecosystems and

their biodiversity, and impairing their capacity to
provide key ecosystem services. This emphasizes
the necessity of achieving the climate action
target of the UN Sustainable Development Goals
(UN 2020).

Compared to temperature changes, precipita-
tion trends in mountain systems of the world are
much more heterogeneous. Observations of
annual precipitation often do not show significant
increases or decreases over the past decades,
while snowfall exhibits a more or less consis-
tently decreasing trend, in particular at lower
elevations (Hock et al. 2019). All greenhouse gas
emission scenarios project a further decrease of
snowfall at lower elevations throughout the
twenty-first century, thus the rain/snow parti-
tioning will be continuously affected. In contrast,

Fig. 1.2 Mean annual
surface air temperature in
mountain regions; each line
refers to a warming rate from
one of 40 studies based on
multiple observation stations,
with line thickness indicating
the number of observation
stations used. (modified from
Hock et al. 2019)
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projections of annual precipitation for the next
decades show increases in the order of 5–20% for
many mountain regions in South and East Asia,
East Africa, and temperate Europe; only some
mountain regions (the Mediterranean, Southern
Andes) will experience a decrease in annual
precipitation (Hock et al. 2019). The frequency
and intensity of extreme precipitation events is
projected to increase in many mountain regions.

1.2.1.2 Regional Overview
Asia1 and Australasia
Temperature trends in the vast Hindu Kush
Himalaya (HKH) are quite representative for
many of the extensive mountain systems of Asia.
The HKH has experienced warming from 1901
to 1940, cooling from 1940 to 1970, and a strong
amplification of warming rates to 0.2 °C per
decade over the period 1951–2014 (Fig. 1.3)
(Ren et al. 2017; Krishnan et al. 2019a). Without
any doubt, the warming trend has accelerated in
the past two decades and in recent years (Diodato
et al. 2011; Kattel and Yao 2013; Gerlitz et al.
2014; Hasson et al. 2016). At higher elevations,
mean annual and mean annual maximum tem-
peratures have been increasing at rates between
0.6 and c. 1 °C per decade over the past 40 years
(Shrestha et al. 1999; Liu et al. 2006, 2009;
Bhutiyani et al. 2007, 2010; Shrestha and Aryal
2011; Yang et al. 2011). Winter season temper-
ature trends have been generally higher than
those of other seasons (Hasson et al. 2016).
Extreme warm days and nights show an
increasing trend of occurrence in the past decades
(nights by 2.54 days per decade), while occur-
rences of cold days and nights have declined
(Hijioka et al. 2014; Krishnan et al. 2019a). In
addition to the significant warming the HKH has
seen in the past, the climate is projected to
change more dramatically in the coming decades,
with warming to be at least 0.3 °C higher, and in
the NW Himalaya and Karakoram at least 0.7 °C
higher than the targeted 1.5 °C as a global mean
(Dimri et al. 2018; Krishnan et al. 2019a). Across

Asia, the strongest warming of hot extremes is
projected to occur in western and central Asia
(Hoegh-Guldberg et al. 2018).

Significant and accelerated warming rates
were observed over the entire Tibetan Plateau
(Hasson et al. 2016; You et al. 2016, 2017; Ren
et al. 2017). Yan and Liu (2014) reported a
considerably increased warming trend in mean
annual temperature of 0.32 °C per decade
between 1961 and 2012, overcompensating the
global warming slowdown period of 1998–2013
(cf. Ji and Yuan 2020). Current warming rates in
Tibet are much higher than previously estimated
(cf. Liu and Chen 2000), for the period 1992–
2017 a warming rate of 0.47 °C per decade was
assessed (Li et al. 2019). Significant warming of
winter and annual temperatures are consistently
reported from the West and Central Himalaya in
India. Over the northwestern subregion, winter
temperature has shown an elevated rate of
increase (1.4 °C/100 years) compared to the
monsoon temperature (0.6 °C/100 years) during
the period from 1866 to 2006 (Bhutiyani 2015,
2016). Higher winter season mean temperature
trends of up to 2.0 °C were detected for the
period 1985–2008 (Bhutiyani et al. 2007, 2010;
Shekhar et al. 2010; Dimri and Dash 2012;
Singh D et al. 2015; Kumar et al. 2018). Seasonal
maximum and minimum temperatures have
increased by 2.8 and 1.0 °C, respectively; they
show an increasing trend over the Pir Panjal,
Shamshawari and Greater Himalayan ranges
(Shekhar et al. 2010). Significantly increasing
winter, monsoon and annual temperatures are
reported from most stations, with the magnitude
of warming being higher during recent decades
compared to the century average (Bhutiyani et al.
2010; Singh and Kumar 2014; Shafiq et al. 2019;
Negi et al. 2020). In Uttarakhand, temperature
records of the past 100 years show a notable
warming trend, particularly prominent during the
last decade and at higher elevations (Mishra
2014; Singh RB et al. 2016).

A recent comprehensive evaluation of tem-
perature trends across Nepal over the period
1980–2016 showed widespread significant
warming which is higher for maximum temper-
ature (0.4 °C per decade) than for minimum

1The information on mountain systems in Asia compiled
in this paper is expanded and updated from Schickhoff &
Mal (2020).
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temperature (0.2 °C per decade), higher in the
mountainous region than in valleys and low-
lands, and higher in the pre-monsoon season than
in the rest of the year (Karki et al. 2019).
Shrestha et al. (2019) reported more or less equal
magnitudes of warming, with a more pronounced
rate of increase after 2005 (see also Dahal et al.
2019). Current mean annual temperature warm-
ing rates in Sikkim and Bhutan amount to 0.3–
0.4 °C per decade (cf. Hoy et al. 2016; Goswami
et al. 2018; Patle et al. 2019), comparable to
current warming trends in the eastern Himalaya
(Arunachal Pradesh, India) (cf. Yang et al. 2013;
Bhagawati et al. 2017). In the western HKH,
annual mean temperatures showed a slight
increase in recent decades, whereas summer
temperatures are slightly decreasing or show
rather small magnitude of trends at many climate
stations in the Karakoram (Fowler and Archer
2006; Khattak et al. 2011; Bocchiola and Dio-
laiuti 2013; Raza et al. 2015; Hasson et al. 2017;
Waqas and Athar 2019; Latif et al. 2020). In
winter and summer, the Karakoram has been near
the boundary between large-scale cyclonic and
anti-cyclonic trends over recent decades, while
the Central Himalaya has been under the

influence of an anti-cyclonic trend (Norris et al.
2019). Deviations from the general HKH climate
warming pattern are linked to the Karakoram
glacier anomaly (see 2.2; Forsythe et al. 2017).

Patterns of elevation-dependent warming have
been widely observed in the HKH and in par-
ticular on the Tibetan Plateau and surrounding
regions (Hasson et al. 2016; Karki et al. 2019;
Krishnan et al. 2019a; Dimri et al. 2020). Max-
imum warming rates have been assessed between
4000 and 5000 m a.s.l., locally even at higher
elevations (cf. Gao et al. 2018; Pepin et al. 2019;
Rangwala et al. 2020). High resolution temper-
ature trends over the Himalaya for the period
since the 1980s show a clear elevational gradient
in the pre-monsoon season with maximum values
of up to 1.2 °C per decade at higher elevations
(Gerlitz et al. 2014; Schickhoff et al. 2015).
Thakuri et al. (2019) confirmed elevation-
dependent warming based on stations up to
2600 m a.s.l. in Nepal. Higher warming rates at
intermediate elevations were reported by Negi
et al. (2020) for the NW Himalaya.

Trends in annual precipitation are difficult to
derive considering the widespread non-
availability of long-term observations and

Fig. 1.3 Annual mean temperature anomaly series (°C)
for the HKH region between 1901 and 2014 relative to
1961–90 mean values (a: Tmean; b: Tmax, Tmin, and

DTR); c: Grid-averaged trends of annual mean temper-
ature in the HKH region since 1901. (modified from
Krishnan et al. 2019a)
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distinct variabilities prevalent in different subre-
gions and seasons (Schickhoff et al. 2016a). Over
the last 100-plus years, the trend of annual pre-
cipitation in the entire HKH is characterized by a
slight decrease (Fig. 1.4) (Ren and Shrestha
2017; Ren et al. 2017; Krishnan et al. 2019a).
The marginal reduction in annual precipitation
(with concurrent interdecadal variability) over
quite a large part of the Indian subcontinent is
consistent with a weakening tendency of Indian
summer monsoon precipitation, associated with a
weakening land-sea thermal gradient, a decline in
the number of monsoon depressions and an
increase in the number of monsoon break days
(Krishnamurthy and Ajayamohan 2010; Kulkarni
2012; Lacombe and McCartney 2014; Roxy and
Chaithra 2018; Singh D et al. 2019; Basu et al.
2020). Nevertheless, all global and regional cli-
mate models and scenarios project an increase in
both the mean and extreme precipitation of the
Indian summer monsoon in the twenty-first
century, largely due to increased moisture flux
from ocean to land (Christensen et al. 2013;
Krishnan and Sanjay 2017). Observations in
subregions of the HKH over recent decades show
either slightly decreasing or slightly increasing
trends, but trends are rarely significant. Generally
increasing trends for winter precipitation, origi-
nating from western disturbances, and positive
trends at many stations for summer precipitation
(predominantly monsoonal) have been observed
in the Karakoram over recent decades (Khattak
et al. 2011; Palazzi et al. 2013; Hasson et al.
2017). Increasing trends of winter precipitation at

the majority of stations in the NW, W, and
Central Himalaya in India are overcompensated
by decreasing summer (monsoonal) precipitation
rates since the 1960s, resulting in prevailing
negative trends of annual precipitation (Sontakke
et al. 2008; Bhutiyani et al. 2010; Singh and Mal
2014; Bhutiyani 2016; Shafiq et al. 2019).
Decreasing trends of annual precipitation were
also observed in Far West Nepal (Wang et al.
2013; Pokharel et al. 2019), while the major
remaining parts of Nepal experienced a positive
trend of annual precipitation, in particular of
monsoonal precipitation, in the period 1979–
2016, notably in the years after 2000 (Shrestha
et al. 2019; see also Panthi et al. 2015 for the
Kali Gandaki River Basin). Further east (Sikkim,
Bhutan, Arunachal Pradesh, eastern Himalaya)
no significant longer-term trends or slightly
positive trends, if any, are observed (Qin et al.
2010; Li et al. 2011; Jain et al. 2013; Hoy and
Katel 2019). Annual precipitation on the Tibetan
Plateau has slightly increased since the 1960s,
although respective trends are not uniform across
the entire Plateau region (Hasson et al. 2016;
You et al. 2017).

A clear shift in temporal characteristics of
precipitation variation has been assessed after
1990 with greater interannual variability and
more frequent intense precipitation events and
less frequent light precipitation events (Krishnan
et al. 2019a). Higher-elevation areas, in particular
the Tibetan Plateau, have witnessed a significant
increase in annual mean daily precipitation
intensity (Ren et al. 2017; Zhan et al. 2017),

Fig. 1.4 Regional average annual precipitation percent-
age anomaly (PPA) during 1901–2014 in the HKH region
(green line: five-year moving average; black line: linear

trend) and spatial distribution of linear trends. (Modified
from Krishnan et al. 2019a)

10 U. Schickhoff et al.



subjecting alpine life zones to additional stress.
Over the western Himalaya, Priya et al. (2017)
and Krishnan et al. (2019b) identified a rising
trend of synoptic-scale western disturbance
activity and related precipitation extremes during
the recent few decades. For some parts of Nepal,
a significant increase of high intensity precipita-
tion extremes was observed during 1970–2012,
and at the same time, the number of rainy days is
significantly decreasing over the whole of Nepal
while the number of consecutive dry days is
significantly increasing (Karki et al. 2017).

Significant warming has also characterized
surface air temperature trends in other Asian and
Australasian mountain systems. Observations in
E and NE Asia (China, Taiwan, Korea, Japan)
indicate an abrupt increase of summer mean
surface air temperature since the mid-1990s
(Dong B et al. 2016), with extreme summer-
time droughts having increased in frequency,
severity and duration (Zhang J et al. 2019).
Substantial warming rates are to be expected for
the coming decades (Hsu and Chen 2002; Lee
et al. 2014; Murata et al. 2015). Mountains of
southern and eastern Siberia experienced an
outstanding 2–3 °C increase of mean annual air
temperature over the last three decades (Fedorov
et al. 2014; Desyatkin et al. 2015), while the
mean winter season temperature in the Siberian
Altai has increased by up to 4 °C (Kharlamova
et al. 2019). Strong positive temperature trends
associated with an increase in summer days and a
significant decline in frost days have also been
observed in Mongolian mountains (Dashkhuu
et al. 2015). High-elevation areas in the Tien
Shan and Pamir experienced warming rates of up
to 0.5 °C (mean annual air temperature) per
decade over recent decades (Chevallier et al.
2014; Deng et al. 2015; Hu et al. 2016). Signif-
icant, but slightly lower warming rates were
assessed in the Caucasus (Elizbarashvili et al.
2017), Pontic, Zagros and Arabian Mountains
(Donat et al. 2014; Ghasemi 2015; Yucel et al.
2015) as well as in the mountains of SE Asia
(Supari et al. 2017; Tang 2019). In Australia and
New Zealand, mean temperatures have warmed
strongly since 1900 (c. +0.9 °C), resulting in
warmer, less frosty winters (Mullan et al. 2010;

Reisinger et al. 2014). However, a reduced
increase of mean temperatures (0.06 °C/decade)
has occurred in New Zealand since 1970, while
no clear overall pattern can be derived from
precipitation variations which are connected with
the Southern Oscillation Index (SOI) and the
Interdecadal Pacific Oscillation (IPO) (McGlone
et al. 2010). Hawai’i has experienced strong
warming at higher elevations, with snowfall on
Hawai’i’s mountain peaks being projected to
almost completely disappear by 2100 (Frazier
and Brewington 2020).

Europe
In congruence with the global climate response
to increasing greenhouse gas concentrations,
distinctive long-term temperature trends have
been observed in European mountains, with
regionally and seasonally different rates of
warming. All of Europe has warmed signifi-
cantly, in particular since the 1960s, with Scan-
dinavia showing strongest winter warming, and
SW, Central, and NE Europe particularly high
summer warming (Fig. 1.5) (Kovats et al. 2014;
EEA 2017). In the European Alps, annual mean
temperatures increased by about 2 °C since the
late nineteenth century which is a rate more than
twice as large as the global or northern hemi-
spheric average (Auer et al. 2007; Brunetti et al.
2009; APCC 2014; Gobiet et al. 2014). Warming
rates increased distinctly to c. 0.5 °C per decade
since the early 1980s, with the most intense
warming since the 1990s, leading to an annual
mean temperature increase of more than 1 °C in
25 years (Weber et al. 1997; EEA 2009). In
Switzerland, the 1988–2017 summer average
was by far the warmest 30-year period over the
past 300 years (cf. Fig. 1.5), resulting in more
frequent and more intense heatwaves, less fre-
quent cold periods, and an upward shift of the
winter zero-degree line by 300–400 m since the
1960s (CH2018 2018). Rottler et al. (2019)
detected elevation-based differences in tempera-
ture trends during autumn and winter with
stronger warming at lower elevations. Precipita-
tion trends are sub-regionally differentiated. In
the southern Alps, precipitation trends are small
and not significant. Here, Brugnara and Maugeri
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(2019) assessed a significantly decreasing pre-
cipitation frequency over the period 1890–2017,
and related this trend to a step-like reduction in
cyclonic weather types over central Europe.
Considerable and significant precipitation
increases, however, were observed in northern
Switzerland for the winter season (*20% per
100 years) as well as in the Austrian Alps (a 10
to 15% increase) over the past 150 years (APCC
2014; CH2018 2018). Likewise, the frequency of
extreme precipitation events in the Alps
increased by about 25% since 1900. In summary,

precipitation evolution in the Greater Alpine
Region shows significant regional and seasonal
differences over the last century, with increases
in the NW and decreases in the SE (Auer et al.
2007). Simultaneous to accelerated warming in
the next decades, projected changes indicate less
precipitation and more severe droughts in sum-
mer, and more precipitation in winter (Gobiet
et al. 2014). The Carpathians experienced stron-
gest warming in summer seasons, with rates of
up to 2.4 °C from 1961 to 2010, and increasing
annual precipitation in most of the region, except

Fig. 1.5 Upper panel: European average temperatures
between 1850 and 2015 over land areas relative to the
pre industrial period; lower panel: Swiss and global
annual mean temperatures, relative to the means for
1961–1990 (left axis) and 1981–2010 (right axes, left:

Swiss series (CH) and right: global (glob)); the Swiss
mean values are shown as bars, the global values as a
black line; the linear trend fit to the Swiss values is shown
in green. (Modified from EEA 2017; CH2018 2018)
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for the western and southeastern areas (Werners
et al. 2014).

Climate observations in the Mediterranean
region indicate increasing temperatures and
decreasing precipitation, contributing to a pro-
gressive and substantial drying of the land sur-
face since 1900. For instance, mean surface air
temperature in the Pyrenees increased by 0.21 °C
per decade, while precipitation decreased by
2.5% per decade in the period 1950–2010,
leading to more frequent and intense droughts
(EEA 2017). Warming rates are predicted to be
in a similar magnitude in western and eastern
Mediterranean mountains over the coming dec-
ades, the western mountain ranges such as the
Sierra Nevada, the Pyrenees and the Apennines,
however, will suffer to a larger extent from
decreasing precipitation than the eastern
Mediterranean mountains (Dinaric Alps, Balkan,
Rhodopes, Pindos) (Nogués-Bravo et al. 2008,
2012). The mean temperature in Scandinavian
mountains has increased significantly since the
early twentieth century, with particularly warm
periods in 1930–1950 and after 1980. From 1964
to 2013, mean annual temperature in the northern
Scandinavian mountains increased approxi-
mately by 2.0 °C, and winter temperature (Jan-
uary–February) by 3.0 °C, associated with an
increasing trend in precipitation (Vuorinen et al.
2017). Significant increases in mean precipitation
were also observed in the Norwegian Scandes
between 1900 and 2014 (Vanneste et al. 2017).
A south-to-north gradient in the magnitude of
precipitation increase in the Scandes is projected
for the next decades (Christensen et al. 2015).

America
Over most of North America, mean annual
temperature has increased over the past century,
with higher latitudes of Canada and Alaska
experiencing the largest temperature anomalies
and warming rates more than double the global
rate (Fig. 1.6). Substantial warming has been
observed since the 1970s, accompanied by
decreases in frost days and cold spells, increases
in the occurrence of severe hot events over the
USA, and increases in extremely hot seasons in

northern Mexico, the USA, and parts of Canada
(Vincent and Mekis 2006; Kunkel et al. 2008;
Melillo et al. 2014; Romero-Lankao et al. 2014;
Bush and Lemmen 2019; Cuervo-Robayo et al.
2020). In western North America, twentieth-
century observations show temperature increases
over the entire mountain region, from the SW to
Alaska, which are higher than the global average
and range mostly between 1 and 2 °C, and with
minimum temperatures increasing to a greater
extent than maximum temperatures (Wagner
2009). Warming rates are considerably higher in
winter than in summer, exemplified by mean
temperature increase of 3.3 °C in winter, 1.7 °C
in spring, 1.5 °C in summer, and 1.7 °C in
autumn between 1948 and 2016 in Canada
(Fig. 1.7) (Bush and Lemmen 2019). As in
Scandinavia and North Asia, a crude south-to-
north gradient of increasing warming rates is
evident (Kittel et al. 2002), and, as in Asia and
Europe, higher elevations show greater temper-
ature increases than lower elevations (Minder
et al. 2018). Twentieth-century annual precipi-
tation trends are positive over the Rocky
Mountain/Great Basin region, although not
always significant, and with seasonally hetero-
geneous trends (Wagner 2009). Extreme precip-
itation events have become more frequent and
more intense in recent decades (Kunkel et al.
2008).

Across the system of the American Cordil-
leras, the Alaskan and Yukon subregions have
been warming at a faster rate than any other
subregion (mean annual temperature increase of
up to more than 3 °C in the past 70 years), with
considerably more warming in winter than in
summer (Chapin et al. 2014; Lader et al. 2016;
Zhang X et al. 2019). In the Pacific Coastal and
Rocky Mountain ranges of western Canada,
precipitation has slightly increased in most sea-
sons. However, a statistically significant decrease
in winter precipitation has been observed (Zhang
X et al. 2019). Over recent decades (1970–
2012), observations in the Pacific Northwest and
the northern Rocky Mountains of the USA show
accelerated average warming rates of c. 0.2 °C
per decade, associated with longer growing
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seasons, increased evapotranspiration across the
region, and increased climatic water deficits
(Mote et al. 2013; Abatzoglou et al. 2014). In the
southern Rocky Mountains and the Sierra
Nevada, the decade 2001–2010 was the warmest
in the 110-year instrumental record, with tem-
peratures up to 1 °C higher than historic aver-
ages, with relatively higher spring and summer
warming, fewer cold air outbreaks and more
heatwaves, and with spatially varying precipita-
tion trends (decreases in the southern part of the
region, with strongest percentage declines during
spring and summer, and increases in the northern
part) (Hoerling et al. 2013; Garfin et al. 2014).
Thus, it will get increasingly difficult to buffer
drought effects in the southern mountainous
regions of North America.

Significant warming, in the order of up to
1.0 °C since the 1970s, has also been detected
throughout Central America and South America
(Magrin et al. 2014). The tropical and subtropical
Andes are being subjected to significant changes
in mean climatic conditions, reflected in a mean
temperature increase of about 0.1 °C per decade
over the past 70 years (Fig. 1.8) (Bradley et al.

2006; Lavado Casimiro et al. 2013; Vuille 2013;
Lopez-Moreno et al. 2016). Significantly positive
temperature trends were also confirmed for the
Patagonian Andes in the past century (Masiokas
et al. 2008). After significant warming during
much of the twentieth century, subtropical
coastal regions experienced a recent cooling
trend, in particular in central and northern Chile,
related to the Pacific Decadal Oscillation (Falvey
and Garreaud 2009). Higher elevations in the
tropical Andes and further south to Central Chile,
however, show continued warming of currently
c. 0.2 °C per decade (Vuille et al. 2015). Tem-
peratures at higher elevations are obviously now
decoupled from the sea surface temperature
forcing in the Pacific, which served as a strong
predictor for cold or warm periods in the Andes
in previous decades (Vuille et al. 2018). Irre-
spective of this, patterns of elevation-dependent
warming have been observed throughout the
Andes (e.g. Mora and Willems 2012; Ruiz et al.
2012, Schoolmester et al. 2018).

Precipitation trends are weaker and spatially
much more heterogeneous. Stations in the Andes
of Ecuador, Peru, and Bolivia showed a trend

Fig. 1.6 Rate of temperature
change in the United States
1901–2015 (modified from
https://www.epa.gov)
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towards increased precipitation north of *11°S
between 1950 and 1994, while most stations
located further south showed a precipitation
decrease (Vuille et al. 2003), also in Patagonia
(Masiokas et al. 2008). However, precipitation
trends are not significant over recent decades,
and most of the variability in the data appears to
be associated with the ENSO (El Nino Southern
Oscillation) phenomenon (Lavado Casimiro et al.
2013; Salzmann et al. 2013; Rau et al. 2017). In
general, climate anomalies such as ENSO and
large-scale ocean-atmospheric indexes have a
considerable influence on temperature and pre-
cipitation fluctuations in South America.

Africa
Across the continent of Africa, mean annual
temperatures have increased by 0.5 °C or more
in the past 50–100 years (Fig. 1.9), with mini-
mum temperatures warming more rapidly than
maximum temperatures, and temperature
anomalies being significantly higher for the per-
iod 1995–2010 compared to previous decades
(Toulmin 2009; Collins 2011; Niang et al. 2014).
Observed and projected temperature rise is
comparatively high in NW Africa, in particular in
the Atlas Mountains. A very strong warming of
about 6 °C is expected here in the course of the
twenty-first century while the precipitation trend

Fig. 1.7 Trends in seasonal temperatures across Canada; observed changes (°C) in seasonal mean temperatures
between 1948 and 2016 for the four seasons. (Modified from Bush and Lemmen 2019)
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is distinctly negative, leading to an earlier onset and
longer duration of droughts (Patricola and Cook
2010; Bouchaou et al. 2011; Schilling et al. 2012).
Mountains and highlands of East Africa also expe-
rienced significant warming over recent decades, up
to 1.8 °C since 1950 (Jury and Funk 2013), while
long-term precipitation trends are not significant, but
rainfall is recently declining in some parts of the
region (Anyah and Qiu 2012; Viste et al. 2013;
Mengistu et al. 2014; Omondi et al. 2014). A recent
increase of warming rates to 0.5 °C per decade was
reported for the Rwenzori Mountains in Uganda
(Taylor et al. 2006). In Ethiopia, Kenya, and Tan-
zania, increases in maximum and minimum tem-
peratures are accompanied by increasing trends in
warm nights, warm days, warm spell days, and
mostly a non-significant change in precipitation
indices (Gebrechorkos et al. 2019). Ethiopia’s east-
ern highlands, however, experience significant
climate-induced drought and stress on crop and
livestock productivity, while large regions of west-
ern Ethiopia are becoming wetter (Brown et al.
2017). Most of southern Africa has also experienced
significant warming over recent decades (Kruger
and Sekele 2013), with marked recent temperature
increases in the Drakensberg system (Morris 2017).

1.2.2 Impacts on the Cryosphere
and Hydrosphere

1.2.2.1 General Overview
Over recent decades, considerable changes
have been observed in cryospheric components
(snow, ice, glaciers, permafrost) in mountains
of the world that serve as vivid illustrations of
mountains being at the forefront of climate
change impacts (Hock et al. 2019; Pihl et al.
2019). Changes in cryospheric land conditions
potentially induce important albedo feedbacks
to the regional and global climate. Climate
warming causes cascading effects on cryo-
spheric and related hydrological processes that
affect not only mountain catchments but also
the lowlands. The cascade of effects extends to
human livelihoods, economy, and ecosystems.
Widespread changes of the cryosphere and
associated changes in water cycle and balance
and river discharge regimes have inevitable
consequences for erosion rates, sediment and
nutrient fluxes, and the biogeochemistry of
rivers and lakes, and finally for water quality,
aquatic habitats, and respective biotic com-
munities (Huss et al. 2017). Changes of the
cryosphere also affect terrestrial communities
and ecosystems significantly, for instance, by
creating new habitats in glacier forefields, by
modifying the length of the growing season
and the phenology of plant production and
consumers, and by altering soil moisture con-
ditions and nutrient availability. Ultimately,
ecosystem functioning is affected due to a
novel constellation of site conditions and
competitive relationships, and associated
changes in species compositions and primary
productivity. Water supply from the cryosphere
is indispensable for socio-economic systems in
both mountains and lowlands. Meltwater from
snow and ice is essential for drinking water
supplies, irrigated agriculture, mining, hydro-
power generation, industries, tourism, and
other activities (Beniston and Stoffel 2014;
Huss et al. 2017).

The snow cover is the largest cryosphere
component. Global observations show that cli-
mate change has caused a general reduction in

Fig. 1.8 Observed and simulated annual mean air
temperature anomalies in the tropical Andes (departures
from 1961–1990 mean) derived from station data (green,
1950–2010), historical CMIP5 (grey, 1950–2005), and
future CMIP5 scenarios (light blue, RCP 4.5; red, RCP
8.5, 2006–2100). (Modified from Vuille et al. 2018)
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low-elevation snow cover in recent decades
(Fig. 1.10) (Bormann et al. 2018). In nearly all
mountain regions around the globe, snow cover
duration (SCD) has declined, particularly at
lower elevations, with an average decline rate of
5 days per decade (Hock et al. 2019). Snow-
covered area (SCA) and snow depth are also
decreasing significantly, albeit with high year-to-
year variation. Snow cover will further decline in
the next decades, a decrease by 10–40% is
expected for the period 2031–2050 compared to
1986–2005 (Hock et al. 2019). On the other
hand, increased snowfall will occur at higher

elevations where the rain/snow partitioning is no
longer affected by rising temperatures, and where
total winter precipitation is increasing (Kapnick and
Delworth 2013). Snow accumulation is critical for
water availability in many regions. Such snow-
dependent regions are expected to experience
increasing stress from the imminent shift towards
low snow years within the next three decades and
from extreme changes in snow-dominated water
resources (Diffenbaugh et al. 2013).

As key indicators and unique demonstration
objects of ongoing climate change, glaciers have
attracted tremendously increased scientific

Fig. 1.9 Annual mean near-surface air temperature
anomalies (K) between 1979 and 2010 for Africa and
selected subregions, with black lines indicating satellite

data (solid: RSS; dashed: UAH), and grey lines reanalysis
data (dashed-dotted: NNR; dotted: ERA-40). (Modified
from Collins 2011)
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interest and accelerating international media
attention. Numerous new records of annual mass
loss were observed in the past two decades,
indicating implications for the water cycle that
affect continental-scale water supply and even
global-scale sea levels. Glacier mass loss pro-
vides a more direct evidence of climate change in
remote mountains where meteorological obser-
vations are hardly available. Global glacier
recession is accelerating (Fig. 1.11), with atmo-
spheric warming considered to be the primary
driver, modified by other meteorological

variables and internal glacier dynamics (Mar-
zeion et al. 2014; Vuille et al. 2018; Hock et al.
2019). Over the last decades, declines in glacier
area, length, and mass have condensed to a
globally widely coherent picture of mountain
glacier recession, albeit with interannual and
regional variations (Zemp et al. 2015). At a
global scale, glacier mass loss increased by c.
30% between 1986–2005 and 2006–2015 (Zemp
et al. 2019). During the latter period, mountain
glaciers lost about 500 kg of mass per square
metre per year, a total of 123±24 Gt (billion

Fig. 1.10 Satellite-derived trends in snow cover extent
over the northern hemisphere and Europe 1967–2015; the
time series for the northern hemisphere is extended back

to 1922 by including reconstructed historical estimates.
(Modified from EEA 2017)
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tonnes) per year (excluding the Arctic and
Antarctic) (Hock et al. 2019; Pihl et al. 2019).
Most negative glacier mass budgets were
observed in the Southern Andes, Caucasus/
Middle East, European Alps and Pyrenees, with
total mass loss and corresponding contribution to
sea level between 2006 and 2015 being largest in
Alaska, followed by the Southern Andes and
High Asia (Hock et al. 2019). Notwithstanding
the global trend of glacier recession, glaciers in
various mountain ranges have shown intermittent
re-advances or mass gains due to locally
restricted climatic causes or internal glacier
dynamics (WGMS 2008). Century-scale projec-
tions for mountain glaciers show substantial
mass loss by 2100 relative to 2015 in the order of
18% for scenario RCP2.6 and 36% for scenario
RCP 8.5 (Hock et al. 2019).

Permafrost is another important component of
the cryosphere in high mountain regions, in par-
ticular in the Northern Hemisphere. Mountain
permafrost accounts for c. 25–30% of the global
permafrost occurrence, its distribution is spatially
highly heterogeneous (Hock et al. 2019). It sig-
nificantly influences energy balance, terrain
stability-related geophysical hazards, ground and
subsurface hydrology, water quality, river sedi-
mentation, and infrastructure. Permafrost degra-
dation due to global warming contributes to
mountain slope destabilization and increased
mass-movements and related hazards (Haeberli
et al. 2017; Patton et al. 2019). As the under-
standing of permafrost depends on ground and
subsurface temperature observations, which are
logistically demanding and expensive, it remains
largely understudied in many mountain ranges. At

Fig. 1.11 Glacier mass budgets for eleven mountain
regions; red and blue bars refer to regional budgets
averaged over the period 2006–2015 in units of kg

m−2 yr−1 and mm sea-level equivalent (SLE) per year,
respectively. (Modified from Hock et al. 2019)
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a global scale, mountain permafrost warming has
been shown to accelerate recently (Fig. 1.12) and
to exceed values of the late twentieth century, with
an average warming rate of 0.19 °C per decade
between 2007 and 2016 (Biskaborn et al. 2019),
while general warming, ground-ice loss and per-
mafrost degradation has been observed over longer
time periods (e.g. Cao et al. 2018; Noetzli et al.
2018;Mollaret et al. 2019). In general, temperature
increase in colder permafrost was greater than in
warmer permafrost. Mountain permafrost is
expected to undergo increasing thaw and degra-
dation during the twenty-first century, projections
reveal increased loss of permafrost under stronger
atmospheric warming (Hock et al. 2019).

Changes in the cryosphere have wide-ranging
consequences for freshwater availability in both
mountain and downstream regions since stream-
flow timing and magnitude is largely controlled
by the meltwater supply from cryospheric com-
ponents (Rasul and Molden 2019). Runoff from
alpine catchments is particularly critical for the
water supply in summer months when other water
sources in the lowlands are often limited. With
regard to climate-cryosphere-hydrosphere inter-
actions in mountain regions, reduced ice and snow
cover triggers major shifts in seasonal runoff

regimes. In snow and glacier-dominated river
basins, recent observations indicate emerging
trends of increased average winter runoff, earlier
spring snowmelt runoff peaks, and declining
summer runoff in many basins. A decreasing ratio
of snow to rainfall, increased snowmelt, and
local/regional precipitation increases contribute to
increased winter runoff, while less snowfall and
decreasing glacier melt after peak water result in
lower summer runoff. Peak water in glacier-fed
rivers (the turning point from annual glacier runoff
increases to declines) has already passed in
mountain regions with predominantly smaller
glaciers (e.g. tropical Andes, Canadian Rocky
Mountains, European Alps), while glacier runoff
will continue to increase in the next decades in
mountain catchments with large ice volumes
(northern North America, parts of the HKH
region, Central Asia) where peak water will be
reached in the late twenty-first century (Huss et al.
2017; Huss and Hock 2018; Hock et al. 2019;
Hoelzle et al. 2019).

1.2.2.2 Regional Overview
Asia and Australasia
Although comprehensive observations on snow-
pack parameters in Asian mountains are still
limited, growing and ample evidences from
satellite-based global to local studies suggest that
the snow cover has significantly declined, par-
ticularly since the 1960s (Dietz et al. 2013;
Rohrer et al. 2013; Singh et al. 2014; Bolch et al.
2019). The HKH and Tibetan regions show
overall negative trends in snow accumulation
rates (Bolch et al. 2019). Over the period of
2000–2010, the annual (−1.25%) and seasonal
snow-covered area (−1.04 to −0.01%) decreased,
except for the autumn season (5.6%) (Gurung
et al. 2011). However, westerly dominated basins
(Indus basin, NW Himalaya) show increases in
winter snow cover (Bolch et al. 2019; but see
also Li et al. 2018). Increasing snow-covered
area trends in the Karakoram/NW Himalaya
contrast with declining trends in the Ganga and
Brahmaputra river basins (Singh et al. 2014;
Bilal et al. 2019). Declining trends of annual and
seasonal snow-covered area were also assessed
for southern slopes of NW Himalayan river

Fig. 1.12 Mean annual ground temperature from bore-
holes in debris and bedrock in the European Alps,
Scandinavia and High Mountain Asia; the depth of
measurements is approximately 10 m. (Modified from
Hock et al. 2019 after Noetzli et al. 2018)
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basins (Jhelum and Shyok to Satluj and Beas),
except for winter seasons over 2001–2012
(Sharma et al. 2014). Barman and Bhattacharjya
(2015) reported a declining snow-covered area
trend in the Brahmaputra river basin, except in
winter seasons between 2002 and 2012. A slight
decline (0.01% a−1) over the Tibetan Plateau has
been observed since the early 2000s (Duo et al.
2014; Li et al. 2018). Based on long-term data
(1972–2017), Bormann et al. (2018) found
overall declining trends in High Asia, with a
slight increase in the Karakoram and in the East
Himalaya. In the Siberian region including
Kamchatka, the snow-covered area has declined
significantly (0.8 � 104 km2 a−1) over 1970–
2012 (Yu et al. 2017). Distinctly declining trends
(up to 0.8 � 102 km2 a−1) were assessed for the
Pamir, Alay, and Altai over 2000–2015, while
the Tien Shan and Kunlun show mixed trends
(Dietz et al. 2013; Liu J et al. 2017). In the Tien
Shan, negative trends in summer (−0.02% a−1)
and winter (−0.1% a−1) contrast with positive
trends in spring and autumn (0.1% a−1) (Tang
et al. 2017). Another significant decrease in
snowpack parameters was detected in the Zagros
Mountains and in the Greater Caucasus (Notar-
nicola 2020).

Snow cover duration, as affected by the pre-
cipitation and temperature changes in pre- and
post-winters, has decreased in the HKH region,
Tien Shan, Kunlun, Altai, and Kamchatka by up
to 30 days per decade between 1982 and 2013
(Bulygina et al. 2009; Dietz et al. 2013; Tang
et al. 2013; Ye and Cohen 2013; Chen et al.
2016). A large decrease of snow cover duration
(4 days a−1 between 2000 and 2015) was
detected in the Nyainqentanglha Mountains (SE
Tibet) (Wang et al. 2017; Notarnicola 2020). By
contrast, increases were reported from NE Tibet
and some Siberian mountain ranges (Chen et al.
2016). Significantly decreasing snow cover and
snow duration is projected for the Southern Alps
in New Zealand and alpine regions in Australia
(Hennessy et al. 2008; Hendrikx et al. 2012).

Glaciers across Asia have experienced sus-
tained mass loss since the mid-nineteenth cen-
tury, with accelerated loss in recent decades,
except for some of the glaciers in the Karakoram,

Pamir, Kunlun, Tien Shan, and Kamchatka
which have not changed significantly or, in case
of surge-type glaciers, have shown area increa-
ses. Recent estimates of total glacier mass change
in High Mountain Asia are in the order of −19.0
±2.5 Gt yr−1 for the period 2000–2018, with
greatest total mass loss across the Himalayas,
Nyainqentanglha, and the Tien Shan and positive
mass balance in the western Kunlun Shan and
eastern Pamir (Fig. 1.13) (Brun et al. 2017). The
average glacier area loss in the entire HKH
region was estimated at 0.35% a−1 between 1970
and 2000; the rate increased to 0.42% a−1

between 2000 and 2010 (Bolch et al. 2019).
Simultaneously, the glacier mass balance rate has
increased from −0.26 (m w.e.[water equiva-
lent]−1) (1970–2000) to −0.37 (m w.e.−1) in
2000–2010, with some regional variations and
even anomalies (Azam et al. 2018; Bolch et al.
2019). The Imja–Lhotse Shar glacier in the
Khumbu region in Nepal showed an exception-
ally large loss rate of −1.45±0.52 m w.e. yr−1

for 2002–2007, with enhanced ice losses by
calving into the Imja Lake (Bolch et al. 2011).
There is a strong E-W gradient of glacier retreat,
with average glacier area change rates of
−0.81% a−1 in the eastern Himalaya decreasing
to −0.37 and −0.34% a−1 in the central and
western Himalaya between 2000 and 2010; area
loss rates slightly slowed down in the central and
western Himalaya, while an increase was
observed in the eastern Himalaya during this
period (Bolch et al. 2012, 2019; Azam et al.
2018). On the contrary, glacier area changes in
the Karakoram show a divergent pattern that is
known as the ‘Karakoram anomaly’ (Hewitt
2005, 2007). Non-surge-type glaciers were rela-
tively stable and surge-type glaciers showed
large increases as well as decreases over the past
decade (Bhambri et al. 2017; Azam et al. 2018;
Bolch et al. 2019). Accordingly, most Karako-
ram glaciers had a positive mass balance in
recent decades (Kääb et al. 2012, 2015; Gardelle
et al. 2013; Pratap et al. 2016; Berthier and Brun
2019; Shean et al. 2020). The glacier mass bal-
ance anomalies in the HKH region can be
explained by contrasting meteorological condi-
tions, reflected in differing energy balances,
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accumulation regimes and melt dynamics at high
elevations (Bonekamp et al. 2019), but the
understanding is far from complete (Farinotti
et al. 2020). Strong variations in glacier mass
balances in High Mountain Asia vividly illustrate
that the sensitivity of glaciers to climate change
is regionally variable.

The spatial patterns of the terminus change
rates of glaciers (>−80 to >80 m a−1) across the
HKH correspond to glacier area changes. Over
recent decades, glacier terminus recession rates
have been assessed to be highest in the eastern
Himalaya, while a considerably lower glacier
recession is observed in the central and western
Himalaya, and partially a surging/advancement
(up to 2.5 km) in the Karakoram (Hewitt 2007;
Quincey et al. 2015; Mal et al. 2016; Bhambri
et al. 2017; Azam et al. 2018). Recently, reces-
sion rates of large glaciers in the central and
western Himalaya (Gangotri, Milam, Bara Shi-
gri) slowed down (Bhambri et al. 2012; Bhat-
tacharya et al. 2016; Chand et al. 2017; Mal et al.
2019), while the glaciers of the NW Himalaya
showed variable, often lower change rates or
were relatively stable (Schmidt and Nüsser 2009,
2012; Chand and Sharma 2015; Chudley et al.
2017). Nevertheless, over longer time scales
significant glacier retreat and thinning becomes
obvious, as exemplified by the Chungpare Gla-
cier at Nanga Parbat (Nüsser and Schmidt 2017).
The average glacier area loss rate on the Tibetan
Plateau was estimated to be slightly lower
(0.27% a−1, with <1.5% of glaciers advanced)
compared to the surrounding regions between
1970 and 2009, with higher rates in the SW and
SE, and lower rates in the inner, W, NE, E and N
parts of the plateau (Bolch et al. 2010b; Wei et al.
2014; Ye et al. 2017). Glacier recession has
fragmented larger glaciers into smaller ones, the
number of glaciers in Nepal and Bhutan, for
instance, increased by 11% and 15% (24% and
23% area loss), respectively, between 1980 and
2010 (Bajracharya et al. 2014a, b). Likewise, a
distinct increase in number and area of moraine-
dammed glacial lakes was assessed in recent
decades, formed due to thinning, flow stagnation
and recession of glacier tongues, and fed by
glacier meltwater (Fig. 1.14) (Gardelle et al.

2011; Somos-Valenzuela et al. 2014; Zhang et al.
2015; Krause et al. 2019). Hence, glacial lake
outburst floods (GLOFs), which have resulted in
catastrophic damages and fatalities in the past
decades, pose an increasing risk, with the
southern Himalaya being a GLOF hotspot region
(Fig. 1.15) (Nie et al. 2017; Veh et al. 2019).
GLOF frequencies are predicted to increase
during the next decades (Harrison et al. 2018).
Projections for different RCP scenarios show that
much of the glacier ice in High Mountain Asia
will disappear towards the end of the century,
with potentially serious consequences for regio-
nal water management and mountain communi-
ties (Kraaijenbrink et al. 2017; Mukherji et al.
2019; Immerzeel et al. 2020). Decreasing water
supplies from cryosphere change will affect
particularly irrigation-dependent agriculture in
the Indo-Gangetic Plains (Biemans et al. 2019)
and in arid mountain regions, where local farm-
ers are forced to develop adaptive strategies
(Nüsser et al. 2012, 2019a, b; Parveen et al.
2015; Rasul et al. 2020).

Siberian mountains have experienced a sub-
stantially high glacier area loss since 2000
(3.4% a−1) compared to the low recession rate
since the Little Ice Age (0.29% a−1) (Osipov and
Osipova 2014). In Kamchatka, the average gla-
cier area loss rate was 0.33% a−1 between 1950
and 2000 (Khromova et al. 2014); it increased
substantially to 1.7% a−1 in recent years, leading
to the disappearance of 46 glaciers between 2000
and 2014 (Lynch et al. 2016). Glacier reductions
on the Kamchatka Peninsula range from 10 to
70% over recent decades (Khromova et al. 2019).
The area shrinkage of glaciers in the Altai, the
Urals and the Tien Shan is also remarkably high
(between 0.32 and 0.62% a−1) over the period
from the 1950s until recently, associated with
respective negative mass balance rates (Shahge-
danova et al. 2010; Khromova et al. 2014; Far-
inotti et al. 2015; Wei et al. 2015; Ganyushkin
et al. 2017; Zhang et al. 2017; Barandun et al.
2018). In the Chinese part of the Tien Shan, 182
glaciers vanished in recent decades (Baojuan
et al. 2017), some glaciers, however, have shown
advances (Shangguan et al. 2015). Even higher
recession rates were assessed in the Pamir Alay
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Fig. 1.15 Glacial lakes in the Himalaya in 2015: Spatial distribution of rapidly expanded glacial lakes and historical
GLOF events in the Himalaya (potential vulnerable areas of GLOFs in orange boxes). (Modified from Nie et al. 2017)

Fig. 1.14 The fast retreat of
Himalayan glaciers has
resulted in the formation and
expansion of meltwater lakes
as in the former snout area of
Gangapurna glacier (3550 m),
Nepal, creating risks from
GLOF events. (Photo © Udo
Schickhoff, September 23,
2013)
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(0.84% a−1 over the period 1978–2001) (Khro-
mova et al. 2014), where a total of 142 glaciers
disappeared (Holzer et al. 2016), while some
fluctuations are also observed (Bolch et al. 2019).
Recent glacier area loss rates in the Caucasus
increased to 0.69% a−1 between 1986 and 2014
(Tielidze and Wheate 2018).

Tropical glaciers in Australasia show a dra-
matic recession over recent decades. The glacier
areas on Puncak Jaya (4884 m a.s.l.), the highest
mountain on the island of New Guinea, were
found to decrease by 85% between 1988 and
2015 (Veettil and Wang 2018a), suggesting that
these tropical glaciers might disappear before
2050 (Veettil and Kamp 2019). Specific climate
conditions may result in exceptional terminus
advance of some glaciers, opposed to the global
trend. This is the case in New Zealand where
several maritime glaciers advanced between
1983 and 2008, including the famous Franz Josef
and Fox glaciers, which are steeply inclined and
react swiftly and similarly to climate forcing. The
glacier advance phase resulted predominantly
from discrete periods of reduced air temperature,
associated with anomalous southerly winds and
low sea surface temperature in the Tasman Sea
region (Mackintosh et al. 2017; see also Cullen
et al. 2019). Nevertheless, the total ice volume of
the Southern Alps for the small and medium
glaciers has decreased from 26.6 km3 in 1977 to
17.9 km3 in 2018 (a loss of 33%), with acceler-
ating ice loss for the period 1998–2018 (Salinger
et al. 2019). Particularly, gentle-sloping, debris-
covered glaciers with terminal lakes in the
Southern Alps are in decline, as exemplified by
the Tasman Glacier which has undergone c.
5 km of retreat into a terminal lake since the
early 1980s (Dykes et al. 2011).

Permafrost research in High Mountain Asia is
still limited. Nevertheless, there is growing evi-
dence of permafrost warming and degradation. In
the extended HKH region, permafrost research
has focused on the Tibetan Plateau. It is generally
assumed that most permafrost has undergone
warming and thaw in recent decades (Zhao et al.
2010; Gruber et al. 2017; Bolch et al. 2019). The
Tibetan Plateau is estimated to have the highest
decadal permafrost area loss in the northern

hemisphere, considerably increasing from
1 � 104 km2 over the period 1901–2009 to
9 � 104 km2 between 1979 and 2009 (Guo and
Wang 2017). Thermal degradation of permafrost
and increasing thickness of the active layer is
widespread in Tibet, affecting c. 88% of the
permafrost area of the 1960s (Ran et al. 2018).
Local studies on the Himalayan South Slope
suggest widespread permafrost degradation and
the rise of permafrost lower limits by several
hundreds of metres since the 1970s (Fukui et al.
2007; Allen et al. 2016). Significant warming and
associated degradation of permafrost were also
ascertained for Siberian and Mongolian high
mountains and the Tien Shan (Marchenko et al.
2007; Sharkhuu et al. 2007; Guo and Wang
2017; Liu G et al. 2017; Biskaborn et al. 2019;
Munkhjargal et al. 2020). In New Zealand, a
connection between degrading permafrost and
the occurrence of rock avalanches and other
landslides is suspected (Allen et al. 2011).

Both climate change and anthropogenic
activities, especially hydropower projects and
irrigation, have significantly affected the hydrol-
ogy in Asian mountains (river discharge, hydro-
logical budgets) during the past century
(Bhutiyani et al. 2008; Xu et al. 2009; Haddeland
et al. 2014; Singh S et al. 2016; Scott et al.
2019). River runoff in eastern and Central Asian
river basins decreased up to 15% during 1971–
2000, even succeeded by the northwestern HKH,
Pamir, Kunlun Shan, Qilian Shan, and Caucasus
where the runoff decreased by 15–30% during
the same period (Haddeland et al. 2014).
Hydrological changes that have only been trig-
gered by climate change are difficult to assess in
detail due to, inter alia, poor understanding of the
role of snow and ice in the regime of catchment
basins, interannual variability of meteorological
conditions, hardly available long-term series of
river discharge, and multiple factors influencing
streamflow. Trends may change in space and
time within single basins, thus, conclusive evi-
dence of either declining or increasing stream-
flow trends in the extended HKH region cannot
yet be provided (Scott et al. 2019). Nevertheless,
several review-based and observational studies
on glacier- and snow-fed major basins indicate
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that river runoff has increased in some basins
(Brahmaputra, Salween, Mekong), has no sig-
nificant change/spatio-temporal mixed responses
(Indus, Yangtze), and has decreased in others
(Ganges, Yellow River) (Xu et al. 2009; Shrestha
and Aryal 2011; Miller et al. 2012; Singh S et al.
2016; Hasson et al. 2017; Scott et al. 2019).
Glacierized basins on the Tibetan Plateau show
increased discharge, correlated to increased
summer and winter temperatures and earlier
snowmelt (Ye et al. 2005; Yao et al. 2007; Lin
et al. 2008). Modelling studies for the HKH
region predict shifts in the timing and magnitude
of streamflows, but no significant changes or not
more than minor increases in overall annual
flows (Immerzeel et al. 2013; Lutz et al. 2014).

In general, runoff in catchments with large ice
volumes is projected to increase in the next
decades indicating later peak water while basins
with smaller ice volumes will face a decrease in
runoff indicating earlier peak water (Fig. 1.16)
(Hock et al. 2019).

The pattern of heterogeneous streamflow
responses has been observed in other Asian
mountain ranges and basins as well. Contrasts
between individual basins become obvious when
basins of the HKH region (Indus, Ganges,
Brahmaputra) with small melt-to-discharge ratios
due to the coincidence of glacier melt season and
monsoon season are compared with Central
Asian watersheds with a summer-dry climate
where glacier melt substantially contributes to

Fig. 1.16 Timing of peak water from glaciers in different
regions under the RCP8.5 scenario; shadings of the bars
distinguish different glacier sizes indicating a tendency for
peak water to occur later for larger glaciers; circles mark
timing of peak water from individual case studies, and

refer to results from individual glaciers regardless of size
or a collection of glaciers covering <150 km2 in total,
while triangles refer to regional-scale results from a
collection of glaciers with >150 km2 glacier coverage
(Modified from Hock et al. 2019)
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streamflow in July and August (Huss et al. 2017).
River discharge in the glacier-dominated Aksu
basin (Tien Shan) has increased in summer and
winter over the past 50–60 years (Chen et al.
2006; Krysanova et al. 2015; Duethmann et al.
2015), while downstream stations at the main
Tarim River show declining trends due to human
abstraction of water (Tao et al. 2011). Declining
snow cover thickness and duration in the central
and western Tien Shan is associated with a
decrease in river runoff (Aizen et al. 1997).
Increased discharge volumes are reported for the
Pamir (Chevallier et al. 2014), also for the
northern Caucasus (Rets et al. 2018), and for the
Southern Alps of New Zealand (Gawith et al.
2012). Discharge has recently decreased in some
Siberian and Mongolian basins (Frolova et al.
2017; Dorjsuren et al. 2018).

Europe
Over recent decades, changes in the mountain
cryosphere have already affected landscapes,
hydrological regimes, water resources, and
infrastructure, with significant downstream
impacts in terms of quantity, seasonality, and
quality of water (Beniston et al. 2011). Impacts
related to climate-cryosphere interactions will
continue to cause changes to such an extent that
Europe’s mountain landscapes will have a com-
pletely different visual appearance by the end of
the twenty-first century. Seasonal snow lines will
shift to much higher elevations, glaciers at low-
and mid-range elevations will have disappeared,
and even large valley glaciers will be character-
ized by significant retreat and mass loss (Benis-
ton et al. 2018).

Numerous long-term observations in the
European Alps show significantly negative cur-
rent snow cover trends below 2000 m a.s.l. and
negative or no clear trends above 2000 m, while
the decadal variability of the snow cover is
strong (Fig. 1.17) (Scherrer et al. 2004, 2013;
Durand et al. 2009). Recently, Klein et al. (2016)
detected a marked decline in all snowpack
parameters over the period 1970–2015 irrespec-
tive of elevation, with significantly shortened
snow cover duration by 8.9 days per decade on
average which is largely driven by earlier

snowmelt. Marty et al. (2017) provided evidence
of a large-scale decline in snow water equiva-
lents, while Schöner et al. (2019) found a clear
decrease in mean snow depth over much of the
Austrian and Swiss Alps. Similar trends are
observed in the Tatra Mountains (Gadek 2014).
The existence of a permanent snow cover during
summer is very unlikely towards the end of the
century, even at the highest elevations in the
Alps (Beniston et al. 2018). This has profound
implications for the remaining glaciers
(Figs. 1.18, 1.19) that have already experienced a
substantial mass loss since the nineteenth century
and will face an increasing pace of mass loss
(Zemp et al. 2015). The ice volume loss in the
European Alps is estimated to be c. 50% during
the period 1900–2011 (Huss 2012), while the
glacier area in Switzerland decreased by 28%
between 1973 and 2010 (Fischer et al. 2014), and
in Austria by 17% between 1969 and 1998
(APCC 2014), resulting in the disintegration of
many glaciers. The reduction in glacier area is
even more critical in the case of the small gla-
ciers in southern Europe. In the Pyrenees, Rico
et al. (2017) assessed a decline of the glacier area
by 88% between 1850 and 2016, with a rapid
wastage since the 1980s, confirming the recently
accelerated shrinkage trend. Small glaciers in
temperate and southern Europe are likely to
completely disappear, and even large valley
glaciers will have lost much of their current
volume by the end of the century (Jouvet et al.
2009; Linsbauer et al. 2013; Zekollari et al. 2014,
2019).

In Norway, Dyrrdal et al. (2013) observed a
decrease in snow depth and number of snow days
at lower elevations and in regions with warmer
winter climate since the early 1960s, only some
stations in higher mountain regions show posi-
tive trends, in particular in colder regions in the
western part of South Norway. Declining snow
depths at lower elevations and a shortened
duration of snow cover was also assessed in
northern Finland and related to large-scale cli-
matic indices (Kivinen and Rasmus 2015). The
glacier area in Norway has been reduced by c.
10% between 1960 and the 2000s (Winsvold
et al. 2014). While the mass balance of
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Norwegian glaciers is generally negative in the
past 50–60 years with the decade 2001–2010
being the most negative, many maritime glaciers
showed intermittent periods of positive mass
balance in the late 1980s and 1990s due to higher
snow accumulation (Andreassen et al. 2016,
2020), linked to the positive NAO (North
Atlantic Oscillation) phase during that period (cf.
Bonan et al. 2019). Massive volume losses in the
order of 64–81% are predicted for the Scandi-
navian glaciers for the twenty-first century, some
ice caps might lose up to 90% of their current
volume, and many glacier tongues will disappear
(Beniston et al. 2018).

Direct temperature monitoring and indirect
geophysical surveys show accelerated permafrost
warming in the Alps and in Scandinavia over
recent decades. At monitoring sites in the Alps,
the current mean annual ground temperature
trend (10–20 m depth) is up to 1.0 °C per decade
(Noetzli et al. 2018; Hock et al. 2019). In South
Norway, mean ground temperature increase at
6.6–9.0 m depth ranged from *0.015
to *0.095 °C a−1 between 1999 and 2009
(Isaksen et al. 2011). Increasing permafrost
temperatures and observed expansions of active-
layer thickness (PERMOS 2016) suggest ongo-
ing permafrost degradation, resulting in an
increased frequency of slope instabilities in
mountain ranges and to a higher magnitude of

mass wasting processes such as rockfalls, rock-
slides, icefalls, landslides, and debris flows
(Stoffel et al. 2014; Patton et al. 2019). Changes
in the cryosphere of Europe’s mountains will
have severe hydrological implications, including
a transition of runoff regimes from glacial to
nival and from nival to pluvial, as well as shifts
in the timing of discharge maxima (Beniston
et al. 2018). In glacierized catchments, the gla-
cier melt contribution to runoff will be reduced
significantly by the end of the century, with peak
discharge occurring 1–2 months earlier in the
year (Hanzer et al. 2018). The altered seasonality
of high-elevation water availability will have
serious consequences for water storage and
management in reservoirs for drinking water,
irrigation, and hydropower production (Beniston
et al. 2018).

America
Alaska has been one of the regions on Earth with
highest warming rates over recent decades, with
temperature increase being more than twice as
high as in the contiguous United States. As a
consequence, Alaska experienced a considerable
decrease of the snow cover and a significant
shrinkage of the ice mass of most of its glaciers,
still accounting for 12% of the global ice-covered
area outside the Antarctic and Greenland ice
sheets (Kienholz et al. 2015). More than 90% of

Fig. 1.17 Number of days with snowfall (daily new
snow sum � 1 cm) and number of days with snowpack
(daily snow height � 1 cm) at Swiss stations; the annual
values are shown as a bold line; the thin line represents a
20-year Gaussian smoother. Top: Eastern Switzerland

stations (Sils-Maria: red, Elm: blue, Chur: green). Bottom:
Central Switzerland stations (Einsiedeln: purple, Meirin-
gen: orange, Luzern: black). The dashed lines and
numbers show the linear trends in the period 1970–
2016. (Modified from CH2018 2018)

28 U. Schickhoff et al.



Alaska’s glaciers are retreating (Thoman and
Walsh 2019), as in other regions of North
America (Fig. 1.20). Some mountain ranges and
individual large glaciers are particularly affected,
vividly illustrated by the Chugach Mountains on
the south coast of Alaska, where a significant
decrease in glaciation was observed. Here, the

Columbia Glacier, one of the shrinking tidewater
glaciers, is currently in a dramatic retreat. With a
loss of about half of its volume since 1957 and
20 km of its length in the past three decades
(McNabb and Hock 2014; Carlson et al. 2017a,
b), the Columbia Glacier is one of the fastest
changing glaciers in the world. Mass losses of

Fig. 1.18 Length and surface
mass balance changes
documented with in situ
measurements for glaciers in
Scandinavia and in the
European Alps. (Modified
from Beniston et al. 2018).
Lower panels: Projected
glacier mass evolution for
Scandinavia and Central
Europe between 2015 and
2100 relative to each region’s
glacier mass in 2015 (100%)
based on three RCP emission
scenarios (modified from
Hock et al. 2019)
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Alaskan glaciers have been immense (Fig. 1.21).
Estimates are in the order of 75±11 Gt per year
between 1994 and 2013 (Larsen et al. 2015).
Projections suggest continued and substantive
glacier retreat and negative mass balances in the
coming decades, with volume losses between 32
and 58% by 2100, making Alaskan glaciers large
contributors to sea-level rise (Huss and Hock
2015) (cf. Fig. 1.11). The regional equilibrium
line altitude is also projected to shift upward by
105 to 225 m, associated with a considerable
decrease in snow precipitation (despite an
increase in total precipitation), a shift to rain-
dominated watersheds at lower elevations,
shorter snow seasons, and warming permafrost
(McGrath et al. 2017; Littell et al. 2018; Thoman
and Walsh 2019).

The effects of widespread warming on the
cryosphere such as shorter snow cover duration,

earlier spring peak streamflow, thinning glaciers,
and thawing permafrost are also evident in the
mountain ranges of western Canada and the
conterminous United States. These effects are
projected to intensify in the coming decades. In
the Rocky Mountains of Canada, a spatially
coherent pattern of decreasing snow depth and
snow cover duration and extent was detected for
the period 1950–2013 (Fig. 1.22), with an aver-
age decline of the annual snow cover duration of
about 4 days per decade, almost entirely due to
reductions occurring during the spring season
(DeBeer et al. 2016). Mountain glaciers in
western Canada are receding at all latitudes, with
rates of loss accelerating in the last few decades.
While glaciers have exhibited a wide range of
local changes from small net advances to com-
plete disappearance, a decline in glacier cover of
c. 25% over the past decades was observed in

Fig. 1.19 Retreat of Rhone glacier, Switzerland, from the end of the Little Ice Age (1856) to 2005. (Obtained/modified
from DFB AG; Copland 2011)

Fig. 1.20 North American
cumulative glacier mass
balance 1984–2013.
(Modified from www.
antarcticglaciers.org after M.
Pelto)
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most studies (Bolch et al. 2010a; Tennant et al.
2012; Beedle et al. 2015). A current hotspot of
glacier shrinkage is located in the southern Coast
Mountains in British Columbia, where the rate of
mass loss over the period 2009–2018 was −7.4
±1.9 Gt per year, about 20% higher than over
the period 1985–1999 (Menounos et al. 2019).
Projections for 2100 show drastic decreases of

glacier area and volume in western Canada, with
the volume of glacier ice shrinking by 70±10%
relative to 2005, triggering severe hydrological
implications and related impacts on aquatic
ecosystems, agriculture, forestry, alpine tourism
and water quality (Clarke et al. 2015).

The trend towards glacier recession, reduced
mountain snowpack and earlier spring snowmelt

Fig. 1.21 Top: Retreat of Muir Glacier, Alaska, 1941–
2004 (left photo by William O. Field; right photo by
Bruce F. Molnia, USGS). Bottom: Retreat of Pedersen
Glacier, Alaska, 1917–2005 (left photo by Louis H.

Pedersen; right photo by Bruce F. Molnia, USGS); photos
obtained from the Glacier Photograph Collection, Boul-
der, Colorado USA, National Snow and Ice Data
Center/World Data Center for Glaciology

Fig. 1.22 Trends in spring
season (February–August)
snow cover duration for the
period 1972–2013; spatial
patterns indicate an above-
average decline in the Rocky
Mountains. (Modified from
DeBeer et al. 2016)
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runoff peaks is also widespread in the western
United States, where glaciers cover an area of
only 533 km2, which is only 4% of the glacier
area in western Canada (Menounos et al. 2019).
Recent estimates suggest a decrease of the glacier
and perennial snowfield area by 39% since the
mid-twentieth century (Fountain et al. 2017). In
Glacier National Park (Montana), only 35% of
the Little Ice Age glaciers persisted by 2005
(Martin-Mikle and Fagre 2019). Glaciers in the
Pacific Northwest, the most glacierized region in
the conterminous United States, have displayed
ubiquitous patterns of retreat and long-term
negative trends in glacier area, resulting most
likely in an immense reduction in late summer
discharge volumes (up to 80%) by the end of the
century due to post-peak declines in glacier melt
and seasonal snowmelt (Frans et al. 2018).
Observed declines in snowpack are dramatic,
with over 90% of snow monitoring sites with
long records across the western United States
showing declines, regardless of phase changes in
the Pacific Decadal Oscillation (PDO). Snow-
pack has declined on average by 21% or 36 km3

since 1915, greater than the volume of water
stored in the West’s largest reservoir, Lake Mead
(Mote et al. 2018). Decreases in snow water
equivalent are generally larger at lower eleva-
tions. In the Cascade Mountains, area-averaged
snowpack decreased by c. 20% since the 1950s,
spring snowmelt occurred up to 30 days earlier,
the share of late winter/early spring streamflow in
annual flow increased by up to 20% or more,
while the summer flow fraction decreased by up
to 15% (Mote et al. 2014). Further shifts to ear-
lier snowmelts and to substantially lower summer
flows are projected (Elsner et al. 2010). Data
from the Colorado Front Range also indicate
ongoing degradation of mountain permafrost
(Leopold et al. 2014).

While southern Sierra Nevada stations at
higher elevations showed an upward trend in
snow water equivalent over the twentieth cen-
tury, with increased precipitation more than
compensating for the overall warming, massive
declines in peak snow water equivalent are pro-
jected for the Sierra Nevada and the southern
Rocky Mountains for the coming decades (Garfin

et al. 2014). Snowpack lows are particularly
evident at lower Sierra Nevada elevations.
2015 saw a record low snowpack in the Sierra
Nevada (Margulis et al. 2016). The estimated
return interval for the 2015 1 April snow water
equivalent value was calculated to be
3,100 years, highlighting its exceptional charac-
ter (Belmecheri et al. 2016). As many watersheds
in the Southwest of the United States depend on
snowpack to provide the majority of the annual
runoff, lower snow water equivalents imply
reduced reservoir water storage. Reductions in
runoff, streamflow, and soil moisture pose
increased risks to the water supplies needed to
maintain the Southwest’s cities, agriculture, and
ecosystems (Garfin et al. 2014). The glaciers of
the Sierra Nevada show recently accelerated
retreat rates, the absolute ice loss, however, is
rather low due to the small glacier mass. Glacier
areas have declined by more than half over the
past century, and most glaciers will disappear
completely from 2070 onwards if the current rate
of loss continues (Basagic and Fountain 2011).
An even faster disappearance is expected for the
small, rapidly receding glaciers on the Mexican
volcanoes which showed an overall glacier area
loss of 75% between 1973 and 2017, implying
water shortages in the surrounding areas. Ice-
covered areas are only left on Volcán Citlaltepétl
and Volcán Iztaccíhuatl, whereas Volcán Popo-
catepétl has lost its glaciers due to eruptive
activity, even though the glacier shrinkage has
started long before the appearance of eruptive
products (Veettil and Wang 2018b; Cortés-
Ramos et al. 2019).

A new map of snow cover changes in global
mountain regions shows the Andes, in particular
the southern Andes, as one of the hotspots of
negative trends in snow parameters, with the area
between Chile and Argentina (latitudes 29 to 42°
S) exhibiting an overall snow cover duration
decrease between 2500 and 4000 m of −26.6
days, and an earlier last snow day of −21.1 days
over the period 2000–2018 (Fig. 1.23) (Notar-
nicola 2020). Saavedra et al. (2018) observed
even more negative snow cover changes, with
more pronounced snow loss on the east side of
the Andes, and a significant increase in snowline
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elevation south of 29–30°. Malmros et al. (2018)
obtained similar results indicating adverse impacts
on downstream water resource availability to
agricultural, densely populated regions in central
Chile and Argentina. The tropical Andes exhibit
more heterogeneous snow cover trends. Mernild
et al. (2017) simulated nonetheless a decrease in
the number of snow cover days and in snow cover
extent for the period 1979–2014.

Glaciers along the Andes exhibited a large-scale
retreat over the past several decades; they are
considered to be among the fastest shrinking

glaciers on Earth. The recent dramatic recession of
Andean glaciers is unprecedented since the maxi-
mum glacier extension of the Little Ice Age. Total
Andean glacier mass change over the period 2000–
2018 is estimated to be −22.9±5.9 Gt yr−1, thus
comparable to the glacier mass change in entire
High Mountain Asia (see above). The most nega-
tive mass balances over this period were assessed
in the Patagonian Andes (−0.78±0.25 m w.
e. yr−1), followed by the Tropical Andes (−0.42
±0.24 m w.e. yr−1), while the Dry Andes showed
relatively moderate losses (−0.28±0.18 m w.

Fig. 1.23 Snow cover changes in global mountain
regions shown as spatial distribution of positive and
negative Sen’s slopes resulting from MODIS products in

the period 2000–2018; a: Snow-covered area (SCA
slopes); b: Snow cover duration (SCD slopes). (Modified
from Notarnicola 2020)
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e. yr−1) (Fig. 1.24) (Dusaillant et al. 2019). Braun
et al. (2019) detected lower values for Andean
glaciers and highlighted the massive ice loss of
Patagonian icefields. Across the Patagonian Andes,
the glacierized area was reduced by c. 20% within
the last *150 years (Meier et al. 2018). Dramatic
examples of glacier recession include the Jorge

Montt Glacier and the O’Higgins Glacier, the
fastest shrinking glaciers in Chile, which lost
20 km and 15 km, respectively, of its length over
the twentieth century (Schoolmeester et al. 2018).
Accelerated mass loss is recently reported for gla-
ciers of the dry Chilean Andes (Kinnard et al.
2020).

Fig. 1.24 Glacier regions in
South America and ice
thickness change rates 2000–
2011/15; a: glacierized areas
in purple, with black lines
delimiting glacier regions; b:
inner circles symbolize
average ice thickness change
rate of glacier regions; outer
circles show glacierized area
and proportion of respective
glacier types. (Modified from
Seehaus 2020 after Braun
et al. 2019)
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Mass loss from glaciers across the Andes of
Colombia, Ecuador, Peru and Bolivia has been
substantial, not seldom dramatic in recent dec-
ades, with a rather homogeneous pattern of gla-
cier shrinkage and an accelerated retreat rate after
1976, followed by further increases after 2000
and 2013 (Rabatel et al. 2013; Mernild et al.
2015; Seehaus et al. 2019, 2020). Since the
1950s, glacier surface area has decreased to
almost zero in Venezuela, which is about to
become an ice-free country (Braun and Bezada
2013). In Colombia, the current glacier extent is
36% less than in the mid-1990s, 62% less than in
the mid-twentieth century, and almost 90% less
than the Little Ice Age maximum extent, and it is
predicted that only the largest glaciers on the
highest peaks will persist until the second half of
this century (Rabatel et al. 2013, 2018). At the
Chimborazo volcano in Ecuador, the loss of
surface area was 72% between 1962 and 2016
(Schoolmeester et al. 2018). Many glaciers of the
tropical Andes show comparatively sensitive and
rapid responses to climatic changes, including an
enhanced recession during El Niño events. Small
glaciers at lower elevations (<5000 m a.s.l.) that
do not have a permanent accumulation zone have
already completely disappeared or will disappear
within the next years/decades (Rabatel et al.
2013; Seehaus et al. 2019). In the Cordillera
Blanca in Peru, the world ‘s most extensively
glacier-covered tropical mountain range, glaciers
have been rapidly receding as well over the past
few decades (Schoolmeester et al. 2018). Pro-
jected warming will also result in the loss of
permafrost. It is predicted that permafrost areas
in the Bolivian Andes will shrink from present
day extent by up to 95% under warming pro-
jected for the 2050s and by 99% for the 2080s
and that almost all of the currently active Boli-
vian rock glaciers will be lost by the end of the
century (Rangecroft et al. 2016).

Projections for the end of the century indicate
that the future rise of the equilibrium line altitude
may lead to further disappearance of glaciers at
inner tropical sites under high emission scenar-
ios, whereas outer tropical glaciers which are
more strongly affected by future changes in the
hydrologic cycle may persist as smaller glaciers

(Vuille et al. 2018). The high ice loss rates of
Andean glaciers result in a temporary increase in
dry season water supply downstream. Meltwater
supplies play a significant role in wetland cover
dynamics in the high Andes (Dangles et al.
2017). Peak water, however, has already passed
in many glacierized catchments, and, in the long
term, dry season river discharge will decrease
due to future glacier shrinkage, contributing to
emerging water resource crises and environ-
mental hazards for both urban and rural popula-
tions relying on glacier-fed streams for
agriculture and livelihoods (Thompson et al.
2017; Vuille et al. 2018).

Africa
Snowpack is on the decline in North Africa and
thus in accordance with trends in other
Mediterranean regions, notwithstanding the fact
that the persistence of snow cover is highly
variable in space and time (Fayad et al. 2017). In
the Atlas Mountains, a statistically significant
long-term trend has not been detected yet
(Marchane et al. 2015). However, a combination
of warming and reduced precipitation, associated
with earlier springtime melting, will result in
reduced snowpack, adversely affecting the sup-
plies of meltwater for lowland areas in Morocco
(García-Ruiz et al. 2011; Marchane et al. 2017).
The Drakensberg Range in the Lesotho High-
lands is characterized by a very high inter- and
intra-annual variability of snow coverage (Wun-
derle et al. 2016), and at the same time by a
decadal trend of declining snow depth and snow
cover duration, with much lower values in
comparison to the late nineteenth century (Grab
et al. 2017).

Climate change impacts on the cryosphere are
most obvious in East Africa where the only
African mountains are located which have
glaciations in their summit regions (Kilimanjaro
[5895 m], Mount Kenya [5199 m] and Rwenzori
[5109 m]). All these glaciers show an extraor-
dinary recession over the past century, with a loss
of more than 80% of the glacier area on all three
mountains (Fig. 1.25). Analysed mass and
energy fluxes on selected glaciers on Mount
Kenya and Kilimanjaro suggest that the
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frequency and amount of solid precipitation is
the dominant local climatic factor for the mass
balance of these glaciers, with decreasing
snowfall being interpreted to be a concomitant
effect of global warming (Mölg et al. 2009; Prinz
et al. 2016). Ice loss is particularly severe on the
Lewis Glacier, the largest glacier on Mount
Kenya, which has already lost 90% of its area
and 95% of its volume since the end of the
nineteenth century (Prinz et al. 2018; Chen et al.
2018). 8 glaciers vanished completely until 2004
(Hastenrath 2005). Since 2010, the mass loss of
Lewis Glacier has been accelerating due to gla-
cier disintegration, yet another glacier disap-
peared completely, and Prinz et al. (2018) predict
that Mt. Kenya’s glaciers will be extinct before
2030, if current retreat rates continue. The loss of
ice cover on Kilimanjaro is similarly dramatic
(Fig. 1.26), with glaciers having retreated from
their former extent of 11.40 km2 in 1912 to
1.76 km2 in 2011 (Cullen et al. 2013). About the
same magnitude of glacier recession was repor-
ted for the Rwenzori Mountains, where only the
higher elevated glaciers on Mt. Stanley have
shown a slower decrease (Kaser and Osmaston
2002; Mölg et al. 2006). Nevertheless, the
Stanley glacier had almost vanished by 2008
(Mumba 2008; Spinage 2012). The scenario of a
complete disappearance of all ice at Kilimanjaro
and Rwenzori is likely to occur between 2040
and 2060 (Mölg et al. 2003; Cullen et al. 2013).
The East African glaciers do not play a major

role in the regional water balance, however, they
are of great importance for the tourism potential
in the respective regions.

1.2.3 Biotic Responses

1.2.3.1 General Overview
High mountain ecosystems and their biodiversity
are affected by climate change at an accelerated
pace. It is evident from long-term ecological
monitoring and large-scale assessments that the
high levels of warming to which mountain
ecosystems are exposed have resulted in sub-
stantial redistributions and losses of habitats and
species, and in increased vulnerability to addi-
tional stressors such as invasive species or dis-
turbances (Jentsch and Beierkuhnlein 2003;
Pauchard et al. 2009; Pauli et al. 2012; Wipf
et al. 2013; Alexander et al. 2016; Dainese et al.
2017; Lamprecht et al. 2018; Steinbauer et al.
2018; Pauli and Halloy 2019; Petriccione and
Bricca 2019). Climate change effects on tem-
perature, snow, moisture, and nutrient regimes
potentially cause alterations in plant physiology
and phenology, species interactions, community
structure, species distributions, and ecosystem
processes (Körner 2003; Winkler et al. 2019),
with higher losses of biodiversity and habitats
occurring with higher levels of climate warming
(Nunez et al. 2019). Respective changes are
increasingly observed, the knowledge of the

Fig. 1.25 Loss of glacier area on Mt. Kenya, the
Rwenzori Mountains, and Mt. Kilimanjaro; absolute
values on left y-axes, percentage change, relative to the

first available area value on right y-axes; numbers in bold
show mean area loss between points in time (in
‘000 m2 a−1). (Modified from Prinz and Mölg 2020)
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alteration of mountain ecosystems, however, is
still profoundly deficient, in particular in many of
the underresearched mountain ranges in the
Global South (Schickhoff and Mal 2020). Spe-
cies responses to climate change are driven by
the capacity to persist in situ by altering fitness-
related traits through plastic adjustment or

genetic adaptation to novel stresses such as
longer growing seasons, increasing temperatures,
and less infertile soils. Plants at higher elevations
have a low capacity to persist in situ since traits
such as slow growth or dwarfism are genotypi-
cally determined, and the phenotypic plasticity is
constrained under harsh climatic conditions.
A greater potential for montane and alpine spe-
cies to adapt and to survive rapid anthropogenic
climate change lies in distributional shifts to
track preferred bioclimatic conditions (Schick-
hoff 2011, 2016a; Pauli and Halloy 2019; Win-
kler et al. 2019; Winkler 2020). However, clonal,
relatively slow dispersal strategies are not
uncommon at high elevations which restrict the
potential of shifting range limits. Magnitude and
rate of climate change as well as induced alter-
ations of abiotic and biotic site conditions will
overstretch the adaptive capacity of many spe-
cies, increased extinction risks and losses of
biodiversity are thus inevitable (Thuiller et al.
2005; Moritz and Agudo 2013). To date, only a
small percentage of countries is on track to
achieve respective national biodiversity targets
within the framework of the Convention on
Biological Diversity. A fundamental embedding
of mountain biodiversity in national biodiversity
conservation strategies is necessary in order to
better meet the objectives of the UN Sustainable
Development Goals (UN 2020).

Changes in species distribution ranges as a
complex response to novel constellations of
bioclimatic and other site conditions are
increasingly observed in mountain regions, with
range extensions to higher elevations being
considerably overrepresented, compared to range
contractions. Species from lower elevations are
now colonizing habitats on mountain summits at
a rate which is five times faster than half a cen-
tury ago (Fig. 1.27) (Steinbauer et al. 2018; Pauli
and Halloy 2019). Implications of the establish-
ment of these ‘neonative’ species (Essl et al.
2019) include the gradual transformation of
species composition and community structure of
resident communities, in particular in the alpine
and nival zones. Warmth-demanding and/or less
cold-adapted species become more dominant,

Fig. 1.26 Retreat of glaciers on Mount Kilimanjaro
1912–2006; 85% of the ice has disappeared during this
period. (Modified from Thompson 2010)
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while strongly cold-adapted high-elevation spe-
cies are declining in abundance and frequency.
Severe area losses of these cryophilic species are
expected since upward range shifts are con-
strained by limited available space (Engler et al.
2011; Elsen and Tingley 2015; Lenoir and
Svenning 2015; Freeman et al. 2018). Species-
specific migration rates are very different, sug-
gesting that the interaction of multiple internal
species-specific traits controls the response to
changed climatic conditions (cf. Roux and
McGeoch 2008). Asynchronous responses to
external driving forces result in ‘no-analogue
communities’ with modified competitive condi-
tions (Williams and Jackson 2007). Novel bio-
coenoses with modified dominance relationships,
competitive conditions and population densities
inevitably affect ecosystem functioning, and thus
the provision of ecological services and the
resilience to disturbances (Pecl et al. 2017).

Treeline ecotones are as well subjected to
reinforced dynamics in recent decades, though
not yet necessarily reflected in treeline advance.
Since the elevational position of natural alpine

treelines is primarily caused by heat deficiency
(Holtmeier 2009; Körner 2012, 2020), and tree-
line elevations have responded to climate oscil-
lations throughout the Holocene (Tinner and
Theurillat 2003), treelines are often considered to
be sensitive indicators of global warming. The
findings of observational studies on treeline
shifts, however, give evidence of both advancing
treelines and insignificant treeline responses
(Holtmeier and Broll 2005, 2007, 2017a;
Schickhoff et al. 2015). A global meta-analysis
of treeline response to climate warming showed
advancing treelines at 52% and persistent treeli-
nes at 47% of the studied sites (Harsch et al.
2009). A recent meta-analysis across the North-
ern Hemisphere found almost 90% of treelines
ascending over the past century and c. 10%
remaining stable while the mean hemispheric
shift rate was much lower than expected from
climate warming (Lu et al. 2020). Inconsistent
responses indicate a highly heterogeneous sen-
sitivity of alpine treelines to the effects of climate
warming which is not surprising given the mul-
titude of after-effects of treeline-landscape

Fig. 1.27 Short-lived plant
species exhibit a more rapid
upslope migration as
compared to long-lived plant
species; upward range shifts
may be constrained by limited
available space. (Modified
from Lenoir and Svenning
2013)
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history (past climate fluctuations, natural and
anthropogenic disturbances) that determine tree-
line position, spatial patterns and successional
stages (Holtmeier and Broll 2017a). For exam-
ple, human impacts are almost omnipresent at
treeline environments in Africa, Asia, and Eur-
ope where mountain regions are settled since
ancient times, and effects of land use history and
dynamics overlap with those of multiple eco-
logical and biophysical factors. Thus, a potential
advance of a particular treeline (at local scale) to
higher elevations is very difficult to predict.
A global comparison of the response variability
of different treeline forms revealed a certain
correlation between spatial patterns and response
dynamics of treeline ecotones, with the majority
of diffuse treelines showing an advance (Harsch
and Bader 2011; Bader et al. 2020). However,
other factors and interrelationships, for instance
species-specific traits and response patterns of
treeline-forming tree species, may superimpose
the response trend of treeline forms (Treml and
Veblen 2017). The interactions between climatic
changes as regional to global input variables and
facilitating, modulating or overriding site factors
at the local scale (the complex of abiotic and
biotic local site conditions and their interactions
and feedback systems including human impact
and the entire treeline-landscape history) control
current spatial patterns and temporal dynamics in
treeline ecotones (Wieser et al. 2014; Elliott
2017; Holtmeier and Broll 2017a; Schickhoff
et al. 2020). Lagged changes in treeline positions
should not obscure the fact that current warming
trends are favourable to growth, development,
and reproduction of tree species in many treeline
environments. Assuming that alpine treelines
would have tracked global warming some day
and reached a new steady state at higher eleva-
tions, the shrinking of lower and upper
alpine/nival life zones would be dramatic. An
upslope extension of mountain forests corre-
sponding to a 2.2 K warming is likely to lead to a
global loss of c. 24% of the lower alpine zone
and of c. 55% of the upper alpine and nival zones
(Körner 2012). Large-scale treeline shifts would
have serious implications for diversity and

function of high elevation ecosystems (Green-
wood and Jump 2014).

Mountain endemics and other species with
spatially restricted populations will be particu-
larly affected by large magnitudes of climate
change, fragmenting populations and reducing
vigour and viability of species. In addition,
endemic species are particularly vulnerable to
genetic swamping due to introgressive
hybridization (Gómez et al. 2015). Species in
regions with declining precipitation are exposed
to a higher risk as well (Engler et al. 2011).
Global meta-analyses give impressive evidence
of climate change-induced species migrations
and range extensions (cf. Tomiolo and Ward
2018). Low dispersal abilities and slow migration
rates, however, will prevent many species from
keeping pace with the relocation of climatically
suitable habitats (Settele et al. 2014). Many
alpine plants depend on a certain required day
length to become phenologically active (pho-
toperiodism) (Keller and Körner 2003). Many
other alpine plants, however, adjust sequences of
phenological events to the rise in temperatures
and to the advance in the timing of snowmelt.
Thus, phenological shifts are considered to be
sensitive indications of the response to climate
warming. A phenological fingerprint of climate
warming has been detected on a global scale,
most pronounced at higher latitudes and higher
elevations (Peñuelas et al. 2013; Piao et al.
2019).

The response of plants to climate change with
regard to fitness and primary productivity has
significant feedbacks to the global climate since
the terrestrial biosphere plays a key role in the
global carbon cycle, i.e. changes in primary
production imply changes in the carbon storage
of ecosystems. In recent decades, the global net
primary production has slightly increased (Set-
tele et al. 2014). Significant biotic responses also
include alterations of the dense network of
functional relationships, interdependencies and
mutual interferences between species. Ecological
or biotic interactions ensure a certain degree of
self-regulation and resilience of ecosystems.
Examples of spatial and temporal decoupling of
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interacting species, e.g. between herbivores and
their food plants, and other mismatches in
interactions with potentially adverse effects on
ecosystem services are increasingly documented
(Valiente-Banuet et al. 2015). Shifts in species
composition and community structure are to an
increasing extent caused by biological invasions
into mountain regions (Pauchard et al. 2009,
2016; Alexander et al. 2016). Invasive species
are predominantly climate change winners since
they are often thermophilic and very adaptive
due to wide ecological amplitudes. The expan-
sion of non-native species further contributes to a
reorganization of higher-elevation communities
and alters ecological interactions and the provi-
sion of ecosystem services. It also contributes to
homogenization effects of mountain ecosystems
and biota (Jurasinski and Kreyling 2007;
Malanson et al. 2011).

The focus in the following regional overview
of biotic responses is on terrestrial vascular
plants as the main primary producers in high
mountain ecosystems and on vegetation as major
structural component. Upslope extension of dis-
tribution ranges is also evident for numerous
animal species and has been documented for
many taxonomic groups (Gonzalez et al. 2010;
Chen et al. 2011).

1.2.3.2 Regional Overview
Asia and Australasia

Representing four of the 34 global biodiver-
sity hotspots and numerous ecoregions with
significant conservation value, the HKH repre-
sents a major centre of global biodiversity
(Myers et al. 2000; Pandit et al. 2014; Bhat-
tacharjee et al. 2017; Xu et al. 2019). Impacts of
climate change such as increasing temperature
variability and declining precipitation during the
dry season will affect the majority of species,
thus threatening biodiversity conservation and
the maintenance of mountain ecosystem integ-
rity. A recent assessment based on satellite-
derived NDVI datasets indicates that the length
of the growing season in the HKH has increased
by 4.25 days per decade over the last five dec-
ades (Krishnan et al. 2019a), in line with an
overall greening trend in NDVI magnitude and

an earlier green-up in most parts of the HKH
region (Panday and Ghimire 2012; Mishra and
Mainali 2017; Baniya et al. 2018). In particular,
subnival vegetation above 5000 m has expanded
(Fig. 1.28) (Anderson et al. 2020), and will have
more space available for future expansion
(Keenan and Riley 2018). Respective observa-
tions of shifts in species-specific phenological
patterns are still limited, but indicate large-scale
changes. Several Rhododendron and other spe-
cies were found to currently flower several weeks
earlier than in previous decades (Xu et al. 2009;
Gaira et al. 2011; Mohandass et al. 2015; Negi
and Rawal 2019; see also Yang et al. 2017 and
Dorji et al. 2020 for the Tibetan Plateau). Adhi-
kari et al. (2018) reported significant changes in
phenological patterns in a treeline ecotone in
Uttarakhand over recent decades, with the
majority of species showing advanced flowering
and extended vegetative phases. Mean date of
leafing and flowering in lower elevation forests
(Sal, Pine, and Oak forests) in the same region
has advanced by 1–2 weeks within a period of
30 years (1985–2015) (Singh and Negi 2016).
However, no significant changes over the past
century were found for flowering phenology of
Rosaceae species in the Hengduan Mountains,
indicating that phenological responses to climate
change are more complex than commonly
assumed (Yu et al. 2016).

In the vast HKH region, climate change-
induced shifts in species distributions and species
composition of communities have been occur-
ring, largely without being noticed or docu-
mented yet by science. In a first detailed study on
upslope migration, Telwala et al. (2013) pro-
vided evidence of warming-driven elevational
range shifts in 87% of 124 studied endemic plant
species in alpine Sikkim over the last 150 years.
Considering shifts of species’ upper elevation
limits of up to c. 1000 m, present-day plant
assemblages and community structures are defi-
nitely different from those of the nineteenth
century. In recent years, long-term research plots
have been established within the
Himalayan GLORIA (Global Observation
Research Initiative in Alpine Environments) sub-
network in order to monitor in detail species
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distribution patterns (Salick et al. 2014; Sekar
et al. 2017). First resampling of plots in the
eastern Himalaya (Hengduan Mountains) after
seven years yielded the result that alpine plants
on high-elevation summits increased in number
of species, in frequency and in diversity, and that
even Himalayan endemic species showed posi-
tive population trends (Salick et al. 2019, 2020).
Here, modelling studies also project upslope
expansion of distribution ranges (You et al.
2018). Likewise, the total number of vascular
plant species on summits in the Kashmir Hima-
laya increased between 2014 and 2018 (Hamid
et al. 2020). Warming-induced upward migration
of plants was also observed in Ladakh by Dolezal
et al. (2016), who resurveyed outpost populations
of subnival plants after ten years and found an
extension of the elevational range of 120–180 m.
On the Tibetan Plateau, experimental studies
highlighted the critical role of soil moisture for
plant communities’ response to climate warming:
Alpine meadows showed increases in net

primary productivity, while alpine steppes
experienced decreasing productivity, decreasing
cover of graminoids and forbs, and rapid species
losses due to warming-induced drought condi-
tions (Ganjurjav et al. 2016). The performance of
the dominant species in central Tibetan Plateau
alpine meadows, the shallow-rooted Kobresia
pygmaea, in terms of plant cover, reproductive
phenology/success and competitiveness was also
found to be largely controlled by soil moisture
which tends to decrease under climate warming
(cf. Dorji et al. 2013, 2018). In line with these
results, Lehnert et al. (2016) found that vari-
ability in precipitation and soil moisture out-
weighs overgrazing as the primary driver of
recent large-scale vegetation changes on the
Tibetan Plateau. Recently deglaciated terrain
represents another highly dynamic alpine habitat.
The surface area of deglaciated glacier forelands
has been increasing considerably due to the
ongoing recession of the vast majority of HKH
glaciers. Vegetation successions on glacier

Fig. 1.28 Boxplots of green pixel fraction values for the
broader HKH region (1993–2018), showing weakly
positive time series trends in vegetated ground, separated
by elevational zones; the extent of the boxes represent the
25th and 75th percentiles (quartiles), the bold middle line

is the 50th percentile (median), the whiskers are the
minimum and maximum values which fall within 1.5
times the interquartile range and the circles represent
values beyond this range (outliers). (Modified from
Anderson et al. 2020)
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forelands have not been addressed in greater
detail so far. Some preliminary studies are
available analysing the colonization of glacier
forelands by pioneer species (Mong and Vetaas
2006; Vetaas 2007; Miehe 2015; Bisht et al.
2016).

Treeline dynamics and treeline shifts in the
HKH region mostly result from combined effects
of land use change and climate change (Schick-
hoff et al. 2015, 2016b; Shrestha et al. 2015;
Suwal et al. 2016). HKH treelines are almost
exclusively lowered from their natural eleva-
tional position by long-lasting human impacts
(anthropogenic treelines). If these treelines are
moving upslope, recent land abandonment or
declining human impacts are the dominant dri-
vers whereas climate change plays a subordinate
role. Substantial treeline advances or shrub
encroachments of alpine meadows in recent
decades, reported in some studies (e.g. Baker and
Moseley 2007; Brandt et al. 2013; Singh et al.
2018), have to be mainly attributed to effects of
land use change. Bold statements in remote
sensing studies about exceptional short-term cli-
mate warming-induced treeline advances (e.g.
Mohapatra et al. 2019; Singh et al. 2020) must be
viewed with extreme caution, in particular if they
are not backed up by field data. Climate change,
however, is a more significant driver of near-
natural treeline dynamics. Only very few near-
natural treeline ecotones have persisted in remote
locations, mainly on north-facing slopes where
these treelines have to be categorized as
krummholz treelines (Schickhoff et al. 2015,
2016b; Schwab et al. 2017; 2020); they show
rather low responsiveness to climate warming
(see also Liang et al. 2011; Chhetri and Cairns
2015, 2018; Gaire et al. 2017; Sigdel et al. 2020).

Studies at the near-natural treeline in the
Rolwaling valley (Nepal Himalaya) showed that
the dense, self-sustaining and persistent krumm-
holz belt of Rhododendron campanulatum forms
a very effective barrier that largely prevents the
expected upslope migration of Abies spectabilis
and Betula utilis and other treeline tree species.
The site conditions in the krummholz belt,
modified by Rh. campanulatum itself in particu-
lar in terms of light and nutrient deficiencies,

lower soil temperatures, and allelopathic effects,
severely restrict the competitiveness of other tree
species, reflected inter alia in a negative corre-
lation between abundance and density of Rh.
campanulatum and recruitment of other tree
species. The elevational position of the Rolwal-
ing treeline can be regarded as rather stable,
suggesting a certain decoupling of treeline
dynamics from global warming. However, the
sensitivity is clearly evident in terms of stand
density, seed-based regeneration and tree growth
patterns, while a treeline shift is to be expected in
the medium to long term only (decades to cen-
turies) (Schickhoff et al. 2016b, 2020; Schwab
et al. 2016, 2017, 2020; Müller et al. 2016;
Bürzle et al. 2018).

Increasing stand densification as well as
intense tree recruitment within other Himalayan
treeline ecotones indicate the potential for future
treeline shifts (Lv and Zhang 2012; Gaire et al.
2014, 2017; Shrestha et al. 2015; Wang et al.
2016; Tiwari et al. 2017a; Yadava et al. 2017;
Tiwari and Jha 2018; Mainali et al. 2020; Sharma
et al. 2020). Moreover, remote sensing studies
indicate a general biomass increase in treeline
ecotones over recent decades (Rai et al. 2013,
2019), while modelling studies support the con-
cept of climate change-induced upslope range
expansion of treeline species (Forrest et al. 2012;
Joshi et al. 2012; Zomer et al. 2014; Rashid et al.
2015; Manish et al. 2016; Bobrowski et al. 2017;
Lamsal et al. 2017; Chhetri et al. 2018; Gilani
et al. 2020). Recent dendroecological studies at
HKH treelines indicate enhanced tree growth at
some high-elevation sites (Fan et al. 2009; He
et al. 2013; Huang et al. 2017; Thapa et al. 2017;
Shi et al. 2020), and a widespread strong sensi-
tivity of tree growth to pre-monsoon temperature
and humidity conditions (Fig. 1.29) (Dawadi
et al. 2013; Liang et al. 2014; Ram and Bor-
gaonkar 2014; Bräuning et al. 2016; Kharal et al.
2017; Panthi et al. 2017; Sohar et al. 2017;
Tiwari et al. 2017b; Schwab et al. 2018; Singh
SP et al. 2019). Warming-induced higher evap-
otranspiration and soil moisture deficits during
dry spring months adversely affect tree growth in
particular on sites which are prone to drought
stress. Moisture supply in the pre-monsoon
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season might become an effective control of
future treeline dynamics (Schickhoff et al. 2016b;
Mishra and Mainali 2017; Sigdel et al. 2018; Lyu
et al. 2019; Schwab et al. 2020). Correlations
between ring width and winter temperatures in
treeline ecotones were found to be largely posi-
tive (e.g. Bhattacharyya et al. 2006). However,
increasing winter temperatures can be detrimen-
tal to the growth of Rhododendron shrub species
above the treeline (Bi et al. 2017).

At elevations below the treeline, climate
change is as well a major threat for the integrity
of ecosystems (Chakraborty et al. 2018; Chettri
et al. 2020). Montane and subalpine forest
ecosystems in the HKH region are very critical
for biodiversity, watershed protection and liveli-
hoods of forest-dependent communities. Impacts
of climate change on species distribution pat-
terns, species composition of forest communities,
and ecosystem functioning might degrade the
capacity to maintain the provision of ecosystem
services. Recently, a considerable upward
migration of alien invasive species into the
Himalaya was observed (Bajracharya et al. 2015;
Negi and Rawal 2019), which is projected to

continue (Lamsal et al. 2018). The spread of
exotic species such as Ageratina adenophora (up
to 2800 m) or Lantana camara (beyond 1500 m)
over vast stretches of lower elevational zones
alters species composition and ecosystem ser-
vices of native plant communities. Higher native
species richness obviously facilitates the invasi-
bility of habitats (Bhattarai et al. 2014).

Similar trends of climate change-induced
biotic responses, summarized above for the
HKH alpine regions, prevail in other Asian and
Australasian mountain systems. With regard to
phenological changes, results of a meta-analysis
across 145 sites in China demonstrated that more
than 90% of the spring/summer phenophases
time series show earlier trends and 69% of the
autumn phenophases records show later trends
(Ge et al. 2015). Recent positive trends in veg-
etation growth and productivity have been
detected for the mountain regions of the Chinese
landmass (Xu et al. 2014; Fang et al. 2016) and
for some Mongolian mountain ranges (Kappas
et al. 2020), including partially substantial tree-
line advances (Du et al. 2018) and upslope
expanding distribution ranges (Zong et al. 2016).

Fig. 1.29 Static correlations (1972–2012) of the tree-
ring width chronology with temperature, precipitation and
drought indices (SPEI) for current and previous year’s

months and current year seasons; solid bars indicate
significant correlations (p < 0.05). (Modified from
Schwab et al. 2020)
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Considerable shifts of upper altitudinal limits of
mountain plant distributions were assessed in the
Central Mountain Range of Taiwan over the last
century, in parallel with rising temperatures in
the region (Jump et al. 2012). Treeline advance
on Mt. Fuji, Japan, is enhanced by climate
warming (Sakio and Masuzawa 2012).
Encroachment of subalpine bamboo species into
alpine meadows, resulting in declining plant
species richness, was reported from the Taisetsu
Mountains, Hokkaido, northern Japan (Kudo
et al. 2011). Warming-induced vegetation
dynamics in the Altai and Mongolian mountains
and in the Tien Shan and Pamir will be largely
controlled by moisture conditions (Dulamsuren
et al. 2010a, b; Poulter et al. 2013; Bao et al.
2015; Seim et al. 2016; Yin et al. 2016; Jiang
et al. 2017; Dubovyk 2018), which also drives
the extent to which forests will be transformed to
forest-steppes and steppes in southern Siberian
mountains in the next decades (Tchebakova et al.
2016). As temperatures in Inner Asia have
increased substantially since the mid-twentieth
century, tree growth has declined in many areas
of the forest steppe (Dulamsuren et al. 2010b,
2011, 2013; Liang et al. 2016). At treeline ele-
vations in the Chinese and Mongolian Altai,
Chen et al. (2012) and Dulamsuren et al. (2014)
assessed positive correlations of tree growth and
growing season temperature, and no drought-
induced growth limitation. Kirdyanov et al.
(2012) assessed a densification of formerly open
forests and an upslope shift of the treeline of
approximately 50 m over the last century in the
Putorana Mountains, northern Siberia, corrobo-
rating the large-scale treeline advances and tree
growth enhancements found over much of
Siberia by Esper and Schweingruber (2004), Soja
et al. (2007), Kharuk et al. (2010), Petrov et al.
(2015), Shevtsova et al. (2020) and others.

In the Russian Altai, a treeline shift of 150 m
during the past 50 years was reported, with the
rate of upslope movement having accelerated
until recently (Gatti et al. 2019). In the North
Urals, the upper limits of tree stands with dif-
ferent degrees of canopy closure have risen by
about 100 m of elevation since the mid-
nineteenth century (Moiseev et al. 2010;

Hagedorn et al. 2014). Accelerated forest growth
in the treeline ecotone has been detected in the
Tien Shan under conditions of rising tempera-
tures and sufficient precipitation (Qi et al. 2015).
Elevational belt shifts are expected in the Tien
Shan, while shifts of phenological dates have
already been observed (Dimeyeva et al. 2015;
Imanberdieva et al. 2018). A study of long-term
vegetation dynamics of alpine communities in
the Caucasus confirmed an upward shift of the
upper limit of species distributions and an
increasing abundance of species in upper alpine
zones (Elumeeva et al. 2013; see also Gigauri
et al. 2013). Treeline tree species in the Caucasus
(Betula litwinowii) expand their range to higher
elevations as well, caused by combined effects of
land use change (reduced grazing pressure) and
climate change (Akatov 2009; Hansen et al.
2018). Climate change-induced migrations will
most likely result in northward and upward shifts
of subalpine plant species in the mountains
around the Iran Plateau (Shamsabad et al. 2018),
treeline advances are expected in Pontic Moun-
tains (Kurt et al. 2015).

Preliminary observations in alpine zones of
SE Asian mountains point to phenological
changes and to subalpine/alpine grasslands
affected by shrub and tree encroachment (Hope
2014). Overall trends towards a longer duration
of the growing period were detected in different
study areas of the Australian and New Zealand
Alps (e.g. Thompson and Paull 2017). The
average advance of the timing of spring events,
based on long-term datasets of c. 350 species,
was calculated to be c. 4 days per decade
(Chambers et al. 2013). Shifts in species’ distri-
butions are predicted for many taxa in the
mountains of Australia and New Zealand, with
suitable habitats shifting and/or contracting as the
climate changes (Cabrelli et al. 2015). A tem-
perature rise of 3 °C may lead to a loss of c. 80%
of existing alpine lands in New Zealand and to a
loss of up to 50% of vascular plant taxa (Halloy
and Mark 2003). The New Zealand Nothofagus
treelines are relatively unresponsive to recent
climate warming, however, and show only little
evidence of treeline advance (McGlone et al.
2010; Harsch et al. 2012). Population dynamics
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at the alpine treeline in SE Australia were found
to be responsive to climate change, reflected in a
recent short-distance treeline advance, while
treeline dynamics is largely controlled by fire
(Naccarella et al. 2020). It needs to be high-
lighted that there are still tremendous knowledge
deficits with regard to climate change-induced
biotic responses in mountain life zones of Asia
and Australasia which need to be reduced in
order to develop appropriate management
strategies aiming at the maintenance of mountain
ecosystem integrity and the continuous provision
of essential goods and services.

Europe
Long-term greening trends prevail at higher ele-
vations in representative regions of the European
Alps. Significant increases of peak NDVI are
widespread over recent decades (Julien et al.
2006; Carlson et al. 2017a, b; Filippa et al.
2019). Accelerated greening of above treeline
habitats coincides with a pronounced increase in
the amount of snow-free growing degree-days.
Remote sensing studies confirm the observed
recent colonization of previously glaciated/non-
vegetated areas at higher elevations as well as
shrub/tree encroachment due to the abandonment
of agricultural practices, and highlight the inter-
play of climate and land use change in control-
ling greening dynamics in the Alps (Filippa et al.
2019). Reduced human activities also play a
major role in recent biomass increases in Scan-
dinavian mountains where regional case studies
suggest that climate warming is of subordinate
importance (Tømmervik et al. 2019). Growth
responses to climate are complex and spatio-
temporally unstable (Hofgaard et al. 2019),
however, the largely increasing trend in radial
growth of trees and in productivity of northern
vegetation over recent decades is considered to
be climate change-induced (Lopatin et al. 2008;
Park et al. 2016). Positive trends in maximum
NDVI detected in Arctic mountains are posi-
tively correlated with mean summer temperature
(Vickers et al. 2016). However, high latitude
greening is complex and browning drivers such
as extreme winter warming and loss of freeze
tolerance, drought stress, thermokarst

development, fire, defoliating insects, or rust
fungi may temporarily reduce greenness and
productivity in different parts of mountain land-
scapes (Buermann et al. 2014; Phoenix and
Bjerke 2016; Tei et al. 2017; Myers-Smith et al.
2020). Detected greening trends in treeline eco-
tones of the Scandes are attributed to expanding
shrub vegetation and densification of previously
sparse vegetation cover (Franke et al. 2019).
Increased greening was also observed in the
Pyrenees as long as productivity of alpine
grasslands is not compromised by high stocking
rates (Gartzia et al. 2016). Complex interrela-
tionships between climate and land use change
determine productivity and biomass in Mediter-
ranean mountains, with the current balance being
still towards greening since land abandonment is
still buffering the browning drivers (Pausas and
Millán 2019; Vicente-Serrano et al. 2020).

The emergence of longer and warmer growing
seasons is not only associated with high-
elevation plant communities producing more
biomass, but also with plants and animals dra-
matically altering their phenology (Fig. 1.30)
(Menzel et al. 2006; Amano et al. 2010; Fu et al.
2014; Garonna et al. 2014). Vitasse et al. (2009)
showed for tree species in Pyrenean mountain
forests that leaf unfolding is the major driver of
extending the growing season with increasing
temperature. Spring phenological phases, such as
budburst and flowering, occur 20 days earlier at
low elevations and 15 days earlier above 1000 m
in the Swiss Alps than 50 years before (Defila
et al. 2016). Considering the duration of the
vegetation period at both elevations, the advance
is much more pronounced at high elevation in the
Alps (Güsewell et al. 2017). Xie et al. (2017) and
Asam et al. (2018) detected correlations with
interannual differences in snow cover duration.
Climate warming not only affects the timing of
phenological events but also the underlying pat-
terns in phenology along environmental gradi-
ents. Vitasse et al. (2018) highlighted stronger
phenological advance at higher elevations and
showed that the elevation-induced shift in the
time of leaf-out in four common tree species in
the Swiss Alps between low and high elevation
has contracted by 35% from the 1960s until
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today (Fig. 1.31). This increase in the rate of
progression of spring leaf-out with elevation is
mainly attributed to an increasingly insufficient
number of chilling days at low elevations during
warmer winters (days with mean temperature of
0–8 °C between November and mean leaf-out
date), resulting in less pronounced phenological
shifts (see also Asse et al. 2018). Thus, lowland
trees are not keeping up with the pace of phe-
nological advance of their conspecifics at higher
elevations. The results of Vitasse et al. (2018) are
of far-reaching significance in that they suggest

that global warming has altered ‘Hopkins’ bio-
climatic law’ which specifies the progressive
delay in tree leaf-out with increasing latitude,
longitude, and elevation. Vandvik et al. (2018)
analysed the alteration of this law at other ele-
vation and environmental gradients across Eur-
ope and concluded that a change of this law
occurs at broader scales, suggesting far-reaching
consequences for species, communities, and
ecosystems since community composition,
trophic interactions, biochemical cycling and the
like are affected. A distinct advance in spring

Fig. 1.30 Top: Bud burst of
the horse chestnut (Aesculus
hippocastanum) in Geneva,
Switzerland, 1808–2020.
Bottom: Flowering of the
cherry tree (Prunus avium) in
Liestal, Switzerland, 1894–
2020; the red lines show the
respective 20-year weighted
average. (Modified from
www.meteoschweiz.admin.ch
)
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phenophases has been observed over much of
southern Fennoscandia during recent decades
while high mountains areas and northern
Fennoscandia showed a delay due to higher
winter precipitation and longer snow cover in
spring (Pudas et al. 2008; Wielgolaski and
Inouye 2013). In the Mediterranean region, warm
and dry springs have resulted in advances in
flowering, leaf unfolding and fruiting dates, and
in lengthening the growing season (Peñuelas
et al. 2002; Gordo and Sanz 2010). However,
severe drought conditions may reduce the length
of the growing season and affect flowering phe-
nology (Spano et al. 2013).

The anticipated shifts in climatic zones in
Europe within the next decades (Jylhä et al.
2010) will be associated with further shifts of
species distribution ranges and accelerated
transformations of montane and alpine vegeta-
tion. To date, climate-induced shifts in biodi-
versity patterns including upward migration of
plant species and transformations of plant com-
munities have nowhere been studied in greater
detail than in the European Alps. Long-term
vegetation monitoring series are available from

summit areas in the Alps, including detailed
surveys dating back to the nineteenth century.
First extensive resurveys of summit sites in the
alpine-nival ecotone in the 1990s and 2000s
provided compelling evidence of increasing
vascular plant species richness on most of the
summits and a general trend of upward migration
in the range of up to more than 100 elevational
metres per century, given that appropriate
migration corridors are available (Grabherr et al.
1995; Pauli et al. 2001; Bahn and Körner 2003;
Grabherr 2003; Walther et al. 2005; Holzinger
et al. 2008; Parolo and Rossi 2008; Vittoz et al.
2008a; Stöckli et al. 2011; Wipf et al. 2013).
Bergamini et al. (2009) reported a significant
upslope migration also for bryophytes (24 m per
decade). Based on a large dataset, Frei et al.
(2010) confirmed a strong trend towards
increasing species richness per summit and found
many plant species at an elevation higher than
any reported occurrence in the region one cen-
tury ago. Their results also pointed to a more
heterogeneous response at lower range limits,
suggesting species-specific differences in
response patterns. Increasing species richness of
alpine plant communities, albeit without distinct
upward shift processes, was reported in a
resampling study (1953–2003) by Cannone and
Pignatti (2014).

After establishing the GLORIA network in
the mountains of Europe, increasingly compre-
hensive and detailed studies on vegetation
dynamics in the alpine-nival ecotone of the Alps
have been conducted. It became evident that
distinct increases of alpine pioneer species are
accompanied by significant declines of subnival-
nival plant species, suggesting range contractions
at their rear edge (Pauli et al. 2007, 2012). The
pattern of expansions of more thermophilic
species to higher elevations and concurrent
declines of cold-adapted, long-established spe-
cies of the upper alpine and subnival belt was
corroborated in the first pan-European GLORIA
resurvey study which substantiated a widespread
thermophilization process in alpine vegetation
after a period of only seven years (Gottfried et al.
2012). The most compelling evidence of a
continent-wide acceleration in the rate of

Fig. 1.31 Changes of the elevation-induced phenological
shift for four tree species over the period 1960–2016 in
Switzerland; eleven-years moving averages are repre-
sented (black line) and slope of the linear regression
(dashed line) and SD (grey area) across species is also
shown. (Modified from Vitasse et al. 2018)
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Fig. 1.32 Average species richness change on European
mountain summits over time (lower parts of inset panels)
compared to mean annual temperature over time (upper
part of inset panels); Nobs, number of summits/surveys

within the mountain region providing data for the panel;
correlation between rate of change in species richness and
rate of change in temperature (DTcor) is positive for all
mountain regions. (Modified from Steinbauer et al. 2018)
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increase in plant species richness at high eleva-
tions was provided by Steinbauer et al. (2018),
who evaluated a dataset of repeated plant surveys
from 302 mountain summits across Europe,
spanning 145 years of observation. Species
enrichment between 2007 and 2016 was five
times higher than fifty years ago and found to be
strikingly synchronized with accelerated global
warming (Figs. 1.32, 1.33).

A recent resurvey of the largest alpine to nival
permanent GLORIA plot site in the Alps after
two decades showed increasing vascular plant
species richness over the entire period while
vegetation cover decreased due to the decline of
cryophilic species. The increase in richness was
reduced in the second decade when disappear-
ance events of more cryophilic species became
more numerous, suggesting an accelerating
transformation towards more thermophilic and
more drought-adapted vegetation (Lamprecht
et al. 2018). European GLORIA data also
showed larger increases in species richness and
higher numbers of newly established species on
the warmest slopes of summit zones (east- and
south-facing slopes) (Winkler et al. 2016). In the
context of increasing maladaptation to warmer
habitat conditions and a successive trailing-edge
decline of cryophilic species and a leading-edge
expansion of more thermophilic species, Stein-
bauer et al. (2020) highlighted that cryophilic
species declines preceded the onset of strong

competition pressure from advancing species,
suggesting physiological constraints of cold-
adapted specialists in adapting to a warmer
temperature regime having greater significance
than competitive displacement. Another com-
prehensive resurvey of more than 1500 vegeta-
tion plots confirmed that elevational ranges of
cold-adapted species tended to contract, while
those of thermophilic species which showed a
marked increase in species abundance tended to
expand (Rumpf et al. 2018). The results of this
study suggest that ‘losers’ of recent range
dynamics are overrepresented among high-
elevation, cryophilic species with low nutrient
demands, and that these species face the risk of
displacement by novel, superior competitors that
move up faster than they themselves can escape
to even higher elevations. The extinction risk of
high-elevation plants is alleviated, on the other
hand, by topographic complexity and the high
diversity of microhabitats, facilitative neighbour
interactions, and the longevity of many mountain
plants (Scherrer and Körner 2011; Rixen and
Wipf 2017; Graae et al. 2018). Nevertheless,
long-term warming effects will increase
mountain-top extinctions, in particular among
endemics, once the accumulated extinction debt
will be paid off (Dullinger et al. 2012).

Range shifts, species enrichment on mountain
summits, and plant community thermophilization
are pan-European phenomena, documented also

Fig. 1.33 Rate of change in species richness on Euro-
pean mountain summits over time (mean, black line);
positive values indicate an increase in species richness on
summits and negative values indicate a decrease; rates

(DSR per year = (SRt2 − SRt1)/(t2 − t1) where SR is
species richness and t is time) were averaged across all
summits. (Modified from Steinbauer et al. 2018)
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in Scandinavia (Klanderud and Birks 2003;
Kullman 2007a; Odland et al. 2010; Michelsen
et al. 2011; Felde et al. 2012), the Carpathians
(Czortek et al. 2018; Kobiv 2018), and in some
Mediterranean mountain environments (Molero
Mesa and Fernández Calzado 2010; Pérez-García
et al. 2013; Evangelista et al. 2016; Stanisci et al.
2016; Frate et al. 2018). Grytnes et al. (2014)
confirmed the widespread upward shifting of
species in their pan-European survey and found
elevational shifts in range limits not as clearly
related to climatic warming as latitudinal shifts.
The thermophilization process on Mediterranean
mountain summits is largely characterized by
declining species richness, with the loss of high-
elevation species, often endemics (Kazakis et al.
2007), outweighing the new appearance of more
widespread species. This shift in species com-
position is attributed to combined effects of
increasing temperature and decreasing precipita-
tion in spring and summer (García-Romero et al.
2010; Pauli et al. 2012; Fernández Calzado and
Molero Mesa 2013; Jiménez-Alfaro et al. 2014;
Giménez-Benavides et al. 2018). Among alpine
habitats, snowbeds experience substantial chan-
ges and a general homogenization in species
composition due to strongly modified snow
cover and soil moisture conditions, with the
invasion of shrubs and generalists from sur-
rounding grasslands, and increasing species
richness and plant cover (Virtanen et al. 2003;
Kullman 2007b; Matteodo et al. 2016; Liberati
et al. 2019). The ongoing glacier retreat in
European mountains extends the surface area of
recently deglaciated terrain which is already
colonized by first bryophytes and vascular plants
after one to three years (Cannone et al. 2008;
Burga et al. 2010). Climate warming enhances
the establishment of plants on glacier forelands,
favouring also other than true pioneer species,
and accelerates successional stages. Successful
establishment depends in particular on the grain
size of the substrate, the associated water
capacity, the available gene pool, and on the
distance to the seed source (Erschbamer et al.
2008; Erschbamer and Caccianiga 2016; Schu-
mann et al. 2016; Franzén et al. 2019). Compared
to vegetation dynamics in glacier forelands

100 years ago, Fickert et al. (2017) assessed an
accelerated colonization and more species
involved in early colonization. Examples in the
Alps (Goldbergkees, Jamtalferner) also show that
after 100 years of primary succession roughly
80% of the ground is covered by plants while the
number of species (vascular plants) increases to
40–50 per 10 m2 sample site (Fickert and Grü-
ninger 2018; Fischer et al. 2019).

Enhanced tree growth, intense regeneration
and infilling of gaps are common trends in
European treeline ecotones (Rolland et al. 1998;
Batllori and Gutierrez 2008; Vittoz et al. 2008b;
Hofgaard et al. 2009; Holtmeier and Broll 2011;
Vitasse et al. 2012; Mathisen et al. 2014;
Camarero et al. 2015, 2017; Kaczka et al. 2015;
Hedenås et al. 2016; Jochner et al. 2017, 2018;
Malfasi and Cannone 2020). Positive climate-
growth relationships were also found for shrubs
above treeline in most studies, suggesting den-
sification of shrub stands and further expansion
(Hallinger et al. 2010; Rundqvist et al. 2011;
Francon et al. 2017; Vowles et al. 2017; Weijers
et al. 2018). Most alpine treelines have advanced
to higher elevations over the past century
(Fig. 1.34). Some studies documented substantial
treeline shifts, with gains in elevation of 70–
100 m or more (Meshinev et al. 2000; Peñuelas
and Boada 2003; Cudlin et al. 2017). A recent
remote sensing-based study indicated widespread
strong treeline advances from the western Pyre-
nees to the eastern Carpathians over the last
40 years, with eastern European mountains
showing the most remarkable changes
(Fig. 1.35) (Dinca et al. 2017). In the Swedish
Scandes, treeline shifts to even more than 200 m
were assessed (Kullman 2007b, 2018, 2019;
Kullman and Öberg 2009) as well as upward
migration of thermophilic tree species such as
Betula pendula and Alnus glutinosa and of true
temperate tree species (Quercus robur, Ulmus
glabra, Acer platanoides) into treeline ecotones
(Kullman 2008). Many authors refer to correla-
tions of advancing treelines with increases in
mean temperatures. The effects of declining land
use intensity, however, are certainly often
involved, and appear to explain most cases of
particularly significant treeline shifts, at least in
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temperate and southern European mountains
(Gehrig-Fasel et al. 2007; Chauchard et al. 2010;
Kulakowski et al. 2016; Treml et al. 2016;
Cudlin et al. 2017; Kyriazopoulos et al. 2017;
Wielgolaski et al. 2017; Wieser et al. 2019). It is
evident, for instance, that the cessation of land
use has been the most important driver of the
large-scale forest expansion at higher elevations
in the Alps over the past century (Mietkiewicz
et al. 2017). Land use legacies are also consid-
ered the major drivers of stand densification
processes and treeline advances at anthropogenic
Mediterranean treelines (Palombo et al. 2013;
Ameztegui et al. 2016; Vitali et al. 2019). Like-
wise, recruitment patterns in treeline ecotones
and treeline advances in northern Europe are not
infrequently correlated with impacts of reduced
reindeer grazing or other abandoned human dis-
turbances (Bryn 2008; van Bogaert et al. 2011;
Aakala et al. 2014; Potthoff 2017).

Biotic responses are pervasive at mid- and
lower elevations, though less obvious compared
to alpine or treeline environments. General trends
include upslope and northward range shifts

(Lenoir et al. 2008; Amano et al. 2014), increases
of lowland and thermophilic species, and
decreases of cold-tolerant species of higher ele-
vations at rear edges of their ranges at lower
elevations (Lenoir et al. 2010; De Frenne et al.
2013). Significant upslope shifts over short time
periods can be observed in different taxonomic
groups as data from the national biodiversity
monitoring programme of Switzerland show
(Roth et al. 2014). Drought stress and climate-
induced disturbances result in vegetation shifts,
increasing forest damage and canopy mortality
(Martínez-Vilalta and Lloret 2016; Senf et al.
2018). Mountain forests have responded faster
over recent decades in terms of shifts in species
distribution and plant community composition
than lowland forests (Bertrand et al. 2011).
A comprehensive analysis in western European
temperate and Mediterranean mountains yielded
the result of a significant upward shift in species
optimum elevation over the twentieth century,
averaging 29 m per decade (Lenoir et al. 2008).
In Swiss forests, Küchler et al. (2015) detected a
strong signal of upslope shift in the understorey

Fig. 1.34 Temperature increase in °C (1961–2015) and treeline shift in m yr−1 (different time periods between 1915
and 2015) for selected European mountains (after data in Cudlin et al. 2017)
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vegetation of about 10 m per decade since the
mid-twentieth century. Significant upslope shifts
were observed for single temperature-sensitive
species. Dobbertin et al. (2005) resurveyed pine
mistletoe (Viscum album ssp. austriacum)
occurrences in pine forests of the European Alps

and showed that the current upper limit is
roughly 200 m above the limit found 100 years
ago. Some evidence suggests that elevational
shifts in European forest belts below the treeline
are only partly driven by climate warming, and
that forest successional changes such as the

Fig. 1.35 Spatial and temporal dynamics of forest line
and cover in 4 European mountain sites obtained from
supervised land cover classification of Landsat satellite
data between 1970 and 2015; dynamics are represented
using a 10 yr time-step interval for (1) Ordesa and Monte

Perdido National Park, Spain; (2) Nockberge Biopshere
Park, Austria; (3) Low Tatra Park, Slovakia; and
(4) Retezat National Park, Romania. (Modified from
Dinca et al. 2017)

52 U. Schickhoff et al.



closure and maturation of forest stands, associ-
ated with agricultural land abandonment, play a
major role (Bodin et al. 2013).

A well-known example of thermophilization
of temperate forests in the southern Alps is the
increase in abundance and frequency of indige-
nous evergreen broadleaved (laurophyllous)
species which become increasingly competitive

with lengthening of the growing season and
decreasing number of frost days (Fig. 1.36)
(Walther 2001). Even exotic evergreen species
including dwarf palms (Trachycarpus fortunei)
have succeeded in colonizing these forests, dri-
ven by mild winter temperatures and reduced
frost occurrence (Walther et al. 2007). Mean-
while, Trachycarpus fortunei is regularly recor-
ded and locally established in northern
Switzerland and further north (Essl 2019). Shifts
in species composition of communities and spe-
cies richness patterns are increasingly altered by
such non-native species invading European
mountains. Non-native species affect native spe-
cies richness and community dissimilarity,
resulting in biotic homogenization (Haider et al.
2018). In addition, invasive species affect trophic
levels, biotic interaction networks and other
ecosystem properties (Gallien et al. 2017). With
increasing elevation, however, non-native spe-
cies decline in probability of occurrence
(Fig. 1.37), and their high-elevation range limits
do expand, but not rapidly (Becker et al. 2005;
Pyšek et al. 2011; Seipel et al. 2016; Siniscalco
and Barni 2018). Thermophilic species are
prevalent in the alien species pool in the Euro-
pean Alps which has only a small number of

Fig. 1.36 Increase of exotic
evergreen species under
increasingly milder winter
temperatures on the lower
south slope of the European
Alps; dots: annual number of
frost days; solid line:
smoothed 5-year averages.
(Modified from Walther et al.
2002)

Fig. 1.37 Altitudinal distribution of neophytes in
Switzerland based on data from the Swiss Biodiversity
Monitoring Programme. (Modified from Nobis 2008)
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mountain specialists (Dainese et al. 2014). In
northern European highlands and mountain ran-
ges, an increased risk of non-native plant colo-
nization was assessed, mainly driven by human-
mediated dispersal (Wasowicz 2016).

Critical transitions of forest ecosystems in the
Alps with potentially severe consequences for
ecosystem services may already occur at warm-
ing levels of around +2 °C (Elkin et al. 2013;
Albrich et al. 2020). Such substantial transitions,
for instance, the progressive replacement of cold-
temperate ecosystems (Fagus sylvatica forests)
by Mediterranean ecosystems (Quercus ilex for-
ests) from lower elevations during the twentieth
century were reported from Mediterranean
mountains (Peñuelas and Boada 2003). Rear-
edge replacement of Mediterranean fir species
(Abies pinsapo, A. cephalonica) by more
drought-resistant pine species (Pinus halepensis)
also indicate a drought-induced shift in domi-
nance patterns of woodland vegetation (Linares
et al. 2009; Sarris et al. 2011). Increasing dura-
tion and intensity of drought periods have neg-
ative impacts on Mediterranean forests, resulting
inter alia in declining tree growth trends, crown
condition decline, and increasing tree mortality
rates (Carnicer et al. 2011; Linares et al. 2011;
Galván et al. 2014).

America
In high latitudes of North America, remote
sensing data provide evidence for heterogeneous
greenness changes. While the long-term satellite
record (1982–2019) in the Arctic indicates
greening, the interannual variability in greenness
has increased in recent years and browning
trends in some regions are increasingly observed
(Phoenix and Bjerke 2016; Lara et al. 2018; Frost
et al. 2020; Myers-Smith et al. 2020). NDVI
analyses in the boreal zone show that areas with
productivity decreases have gained predomi-
nance in recent decades. While in maritime
regions with sufficient precipitation a general
greening trend as a response to rapid warming
prevails (Ju and Masek 2016), also in alpine
treeline ecotones in the Boreal Cordillera eco-
zone (Bolton et al. 2018), the positive effect of
increased temperatures in many dry continental

regions is meanwhile offset or even exceeded by
the disadvantage of increased evapotranspiration
due to temperature rise. The areal fraction
exhibiting browning trends in recent years is
associated with high winter temperatures and
frost drought, fire, or drought limitations (Beck
et al. 2011; Beck and Goetz 2012). Tree-ring
analyses corroborate drought-induced growth
declines in boreal forests of the western Canadian
interior (Hogg et al. 2017). While vegetation
productivity in high latitude mountain regions
still shows a strong dependency on growing
season temperature, temperature-induced drought
stress has become an important limiting factor in
interior mountain regions unless the ongoing
warming is accompanied by a significant
increase in precipitation (Verbyla and Kurkowski
2019). Dendroecological studies in high-
elevation forests and at alpine treelines in
Alaska and Yukon point to complex growth
responses to continued warming and small-scale
differences in climate-growth relationships, with
soil moisture often mediating the sensitivity to
warm temperatures and affecting productivity
(Wilmking et al. 2004; D’Arrigo et al. 2008;
Ohse et al. 2012; Wolken et al. 2016; Sherriff
et al. 2017; Tei et al. 2017; Dearborn and Danby
2018; Lange et al. 2020). NDVI increases prevail
in the Canadian Rocky Mountains (Jiang et al.
2016). However, remote sensing-based studies
across the Rocky Mountains and the western US
also found water limitation, in particular early
summer drought conditions, to impose critical
controls on vegetation productivity under con-
tinued atmospheric warming (Sloat et al. 2015;
Berkelhammer et al. 2017; Berner et al. 2017;
Wainwright et al. 2020). In the southwest region
of the US, NDVI increases at higher elevations in
the southern Rocky Mountains and the Sierra
Nevada contrast with drought-induced decreases
at lower elevations and in the south of California
and the Four Corner States, with recent drought
periods accentuating the elevational transition
from water-limited to temperature-limited
ecosystems (Herrmann et al. 2016; El-Vilaly
et al. 2018; Dong et al. 2019). Recent prolonged
drought periods facilitated fire severity and
extensive tree dieback at low and mid-elevations
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(Byer and Jin 2017; Potter 2017; Crockett and
Westerling 2018).

The thermal potential growing season in
temperate and high northern latitudes has
lengthened over recent decades (Barichivich
et al. 2013; Melaas et al. 2018). This trend is
increasing and regionally accelerating. Accord-
ing to MODIS data, the growing season length in
the North American Arctic increased by about
14 days between 2000 and 2010, with a signifi-
cantly earlier start of the growing season of c.
11.5 days (Fig. 1.38) (Zeng et al. 2011). Species-
level phenological shifts result in a substantial
reshaping of various temporal components of
entire plant communities, affecting patterns of
temporal overlap among (mutualistic) species
and interactions within trophic levels and beyond
(phenological mismatch). Notwithstanding the
recognition that photoperiod constrains spring
plant phenology in alpine regions and the extent
to which the growing season can lengthen is
limited (Ernakovich et al. 2014), considerable
phenological shifts have been assessed at higher
elevations. Using a unique long-term record of
flowering phenology from the Colorado Rocky
Mountains, CaraDonna et al. (2014) showed that
the diversity of species-level phenological shifts
contributed to altered coflowering patterns within

meadow communities, a redistribution of floral
abundance across the season, and an expansion
of the flowering season by more than one month
between 1974 and 2012 (Fig. 1.39). Large shifts
in the phenology of rare Colorado Rocky
Mountain plants were found by Munson and
Sher (2015), who assessed an acceleration of
flowering dates by more than 40 days since the
late 1800s. With regard to plants of alpine
habitats, they found high spring temperatures
explaining the accelerated phenology. Corre-
spondingly, flowering initiation in alpine plants
of the Colorado Front Range was observed to
occur earlier with earlier snowmelt (Inouye and
Wielgolaski 2013; Winkler et al. 2018), poten-
tially generating a mismatch in the seasonal
timing of interacting organisms, e.g. plants and
pollinators (Forrest and Thomson 2011). In the
Catalina Mountains of south-central Arizona,
precipitation appears to play a much larger role
for flowering patterns in spring and summer than
further north (Crimmins et al. 2013). Shifts of
morphological and physiological phenophases of
trees in drier habitats seem to be less pronounced
(Hallman and Arnott 2015), despite a consider-
able lengthening of the growing season (Tang
et al. 2015). Climate warming-induced advance
in the timing of spring onset is consistent across

Fig. 1.38 Spatial patterns of the linear trends in SOS
(start of the growing season), EOS (end of the growing
season) and LOS (length of the growing season) from
2000 to 2010 based on MODIS data; positive values

(warm colors) indicate later onset (SOS), later finish
(EOS) and longer duration (LOS) of the growing season.
(Modified from Zeng et al. 2011)
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the mountain regions of the western and north-
eastern US (Ault et al. 2011; Schwartz et al.
2013).

As presented for Europe, upward migration of
plant species and transformation of montane to
alpine plant communities is pervasive across
North American mountain ranges as long as the
expansion of distribution ranges is not con-
strained by a decreased water balance and
drought stress or other non-thermal drivers (cf.
Rapacciuolo et al. 2014). Elmendorf et al. (2015)
analysed changes in plant community composi-
tion from repeat sampling and experimental
warming studies in varied arctic and alpine
habitats and found a general increase in the rel-
ative abundance of species with a warmer ther-
mal niche. Over vast areas of arctic mountain

ranges, climate warming-induced significant
changes in plant community composition have
occurred (Danby et al. 2011), in accordance with
a strong trend towards subarctic forest-tundra
ecotone advance which, however, is rarely cap-
able to keep pace with climate change within the
twenty-first century (Rees et al. 2020). The
velocity of latitudinal tree migration which is
predominantly northward is also lower than the
velocity of climate warming in temperate and
boreal forests in eastern Canada and the eastern
US, suggesting a constrained capacity to track
climate warming (Boisvert-Marsh et al. 2014; Fei
et al. 2017; Sittaro et al. 2017).

Upward range expansion of species, induced
or facilitated by climate warming, appears to be a
common change pattern across the Rocky

Fig. 1.39 Aggregate community-level shifts in flowering
phenology; a comparison of the season-wide flowering
curves for the first and last 10 years of the dataset; each
dot is the 10-y mean number of flowers; b phenological
shifts through time for first flowering of the community
(cyan), last flowering for the community (dark blue), and

timing of community-level spring peak (orange) and
summer peak (green); each dot represents a community-
level phenological measure in 1 y; c change in the length
of the flowering season; each dot represents the total
number of days on which open flowers were present in
each year. (Modified from CaraDonna et al. 2014)
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Mountains (Landhäusser et al. 2010; Sproull
et al. 2015), while climate change effects on the
abundance and distribution of tree species are
mediated in particular by ecological disturbances
such as wildfires and insect outbreaks (Keane
et al. 2018; see also Littell et al. 2013 for the
Cascade and Coast ranges). A thermophilization
of montane to alpine plant communities is
reflected in the results of a resurvey in the Col-
orado Rocky Mountains (2600 to 4100 m) after
65 years: Zorio et al. (2016) detected significant
changes in species composition and dominance,
with an upward shift of species’ mean elevation
of 41 m. Many species from lower elevations, in
particular graminoids and shrubs, expanded their
ranges into new communities. A study on shrub
encroachment into alpine tundra in the Colorado
Front Range showed a shrub cover (Salix plani-
folia, Salix glauca) expansion by 441% over
62 years (1946–2008) on a 18 ha study site
(Formica et al. 2014). Here, data from other long-
term monitoring plots (20 + years) showed
increasing species and functional diversity
(Spasojevic et al. 2013). Most resurvey studies in
North American mountain ranges reveal ther-
mophilization processes of plant communities.
Examples include shifts in herb community
composition in the Klamath-Siskiyou Mountains
(California/Oregon) over more than 50 years
(Damschen et al. 2010), expansion of subalpine
species into alpine plant communities in Cali-
fornia’s White Mountains over 49 years (Kopp
and Cleland 2014), and shifts in plant distribu-
tions with elevation in southern California’s
Santa Rosa Mountains over 30 years (Kelly and
Goulden 2008). The average elevation of domi-
nant plant species was found to have shifted
upslope by c. 65 m as a consequence of changes
in the regional climate in the latter study.
Increased dominance of evergreen oaks in foot-
hill woodland and montane hardwood forest of
the Sierra Nevada also suggests thermophiliza-
tion under warmer and drier conditions (Dolanc
et al. 2014). Changes in the geographic distri-
butions of species in the US Southwest mountain
ranges, strongly associated with observed chan-
ges in climate, were highlighted in general by
Fleishman et al. (2013). Range shifts are

documented for diverse groups of animals as
well (Moritz et al. 2008; Forister et al. 2010),
including pathogens, thus increasing the risk of
forest infestations at higher elevations (Bentz
et al. 2010).

Corresponding to recent results from the
European Alps, Lesica (2014) found plant spe-
cies restricted to highest elevations in the Mon-
tana Rocky Mountains to decline in abundance,
while lower-elevations species expand their
range upslope with climatic warming. In accor-
dance with these declines, long-term monitoring
(1988–2014) of arctic-alpine and boreal plant
species at their southern range limit in the Rocky
Mountains revealed overall declining population
trends (Lesica and Crone 2017). In the Santa
Catalina Mountains of southern Arizona, mon-
tane plant species showed significant upward
shifts of lower elevation range boundaries and
elevational range contractions over the past five
decades, attributed to the conditions of decreas-
ing precipitation and increasing temperatures
(Brusca et al. 2013). Warming-mediated drought
stress is also driving upslope retreat of Pinus
ponderosa in the Sierra Nevada, where low-
elevation ponderosa pine forests have been
replaced by montane hardwood forests and
annual grasslands (Field et al. 2016). Range
shifts in montane forests were reported as well
from eastern US and Canadian mountain ranges.
Beckage et al. (2008) found a rapid upward
movement of the northern hardwood-boreal for-
est ecotone in the Green Mountains (Vermont)
from 1964 to 2004, while Savage and Vellend
(2015) detected significantly increasing mean
elevations of species distributions (9 m/decade)
on Mont Mégantic (southern Québec) between
1970 and 2012 (Fig. 1.40), associated with biotic
homogenization at higher elevations.

Upslope elevational range shifts have also
been assessed for tree species at alpine treelines.
Accordingly, observational studies in many
mountain ranges detected a treeline advance.
Climatic treelines which still show persistence
are expected to shift to higher elevations in the
mid- or long term, unless non-thermal site factors
do not prevent advances. In particular, limitations
to seedling recruitment with warming can
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constrain the pace of tree range shifts at treelines
(Conlisk et al. 2017; Elliott 2017; Kueppers et al.
2017). Rapid upward advance of woody vege-
tation over the past 60 years (Dial et al. 2007,
2016; Terskaia et al. 2020), and significant
increases in treeline elevation and stand density
over the past 100-plus years were detected at
several boreal-subarctic alpine treelines in Alaska
and Yukon (Lloyd and Fastie 2003; Danby and
Hik 2007; Stueve et al. 2011). Other alpine
treelines at higher latitudes indicate moderate
upslope shifts (de Lafontaine and Payette 2012;
Trant and Hermanutz 2014), or show ongoing
treeline dynamics, for instance by stand infilling,
but more or less stagnating elevational positions
(Mamet and Kershaw 2012). A recent study,
covering nine alpine treeline ecotones in the
Canadian Rocky Mountains, revealed a wide-
spread increase in radial growth, establishment
frequency, and stand density since the mid-
twentieth century, and a concurrent treeline
advance at all sites, averaging 40–50 m (Davis
et al. 2020). Empirical evidence of increases in
tree density and treeline advance since 1950
across a latitudinal gradient of 1100 km in the
Rocky Mountains was provided by Elliott and

Kipfmueller (2011), Elliott (2012), and Elliott
and Petruccelli (2018), with treeline advance
ranging between 39 and 140 m. As elsewhere,
however, treeline dynamics in the Rocky
Mountains is complex, with site- and species-
specific responses modifying the general trend of
treeline advance (Malanson et al. 2007, 2009;
Holtmeier 2009; Elliott 2011; Holtmeier and
Broll 2010, 2012, 2017b; Davis and Gedalof
2018; Elliott et al. 2020). Across five mountain
ranges of the Great Basin, Smithers et al. (2018)
found a mean vertical treeline elevation shift of c.
20 m since 1950, associated with upslope
expanding ranges of Pinus longaeva and Pinus
flexilis, whose recruitment and radial growth is
controlled by water limitations that complexly
interact with temperature (Millar et al. 2015).
Millar et al. (2004) documented expansion of
subalpine conifers in the central Sierra Nevada,
reflected in snowfield and subalpine meadow
invasion, branch elongation, and vertical branch
release. Here, a resampling-based study revealed
a densification of high-elevation forests over the
past 75 years with widespread, multiple-species
increases in density of young trees, with inter-
actions between water balance and disturbance
factors playing a crucial role in future shifts in
vegetation composition and structure (Dolanc
et al. 2013).

As a result of the colonization from Europe,
non-native plant species richness is highest in
New World regions, with the US having the
highest number of recorded invasive alien spe-
cies globally (Seipel et al. 2012; Turbelin et al.
2017). In North American mountain ranges, as
elsewhere, the abundance of non-native plant
species declines with increasing elevation, while
their invasibility is facilitated by climate warm-
ing. Relative to lowland ecosystems, alpine
environments host few non-native plants
(Alexander et al. 2016; Malanson 2020). The
density of non-native plant species is related to
the density of native plant species (Stohlgren
et al. 2005), suggesting an increased invasion
risk in national parks and other protected areas
with high native species richness and high per-
centage of threatened and endangered plants
(Allen et al. 2009). Increasing rates of exotic

Fig. 1.40 Mean abundance-weighted elevation of spe-
cies distributions in 1970 and 2012; each point represents
a single species (n = 45 understorey species, n = 13
canopy trees); distributions of species above the diagonal
1:1 line increased in mean elevation, and vice versa.
(Modified from Savage and Vellend 2015)
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species introductions are expected in the boreal
zone as a result of human activities and climate
change (Sanderson et al. 2012). In the Rocky
Mountains, dominant exotic species comprise
intentionally introduced Eurasian grasses (e.g.
Phleum pratense, Poa pratensis, Bromus tecto-
rum, Bromus inermis) and herbs (e.g. Melilotus,
Medicago, Trifolium, Verbascum, Taraxacum
spp.) which particularly occur along roadways
and invade disturbed sites primarily in montane
steppes and open forests (Weaver et al. 2001;
Pollnac et al. 2012). In the southern Sierra
Nevada, non-native species have their main
range of elevational occurrence between 1500
and 2000 m, only a few alien species have been
ecologically successful invaders in
subalpine/alpine ecosystems (Rundel and Keeley
2016). Invasive grasses such as Bromus tectorum
occur in subalpine forests (Brooks et al. 2016),
but mainly invade lower elevations, in particular
grazing- and fire-affected sites, causing signifi-
cant changes in ecosystem composition, struc-
ture, and function (Blumler 2011; Grüninger
2015; Millar and Rundel 2016). The distribution
of the most common exotic invasive species in
California, Centaurea solstitialis, is mainly con-
fined to elevations below 1200 m (Pitcairn et al.
2006). Non-native species are a prominent veg-
etation component on the tropical island of
Hawai’i where these species are in an upward
niche expansion phase. Exotic species showed a
significant upward shift in both their upper and
lower elevation limits, by 126.4 and 81.6 m,
respectively, between 1970 and 2010 while
native species shifted significantly upward in
their lower elevation limit only (by 94.1 m),
resulting in a drought stress-related range con-
traction (Koide et al. 2017).

The number of studies on biotic responses to
climate change in Central and South American
mountain ranges is still comparatively limited. In
the Trans-Mexican Volcanic Belt, considerable
upward shifts in species distribution ranges are
projected, suggesting a high vulnerability of
species due to limited habitat space available at
higher elevations (Villers-Ruiz and Castañeda-
Aguado 2013). Current geographic distributions
of temperate/montane pines and oaks in Mexico

will most likely decrease significantly (Gómez-
Mendoza and Arriaga 2007). Climate change is
also threatening montane cloud forests in Mex-
ico. Ponce-Reyes et al. (2012) showed that cli-
matically suitable areas will get lost for more
than 90% of protected cloud forests, and that
almost three quarters of the entire cloud forests
could vanish by 2080. Concurrently, the respec-
tive area of suitable habitat for cloud forest
species, e.g. small mammals, will be substan-
tially reduced (Lorenzo et al. 2019). Analysing
tree species composition in annually censused
plots along an altitudinal gradient (70–2800 m)
in Costa Rica, Feeley et al. (2013) observed
directional compositional shifts, with increased
relative abundance of lowland species in 90% of
plots caused by disproportionate mortality of
highland species. The results point to the sig-
nificance of successful migrations in order to
persist under future warming.

Spatio-temporal patterns of vegetation pro-
ductivity and phenology along the Andes are
highly heterogeneous, affected to a large extent
by the moistening trend in the inner tropics and
the drying trend in the subtropical Andes, by the
precipitation and temperature anomaly patterns
associated with ENSO, and by the steep W-E
precipitation gradient in the southernmost Andes.
South of 9° S, NDVI-based monitoring (1981–
2011) alongside the Andes showed positive
trends in productivity for temperate forests in
Chile and subhumid/humid areas in Peru, Bolivia
and Brazil, while arid/semiarid and subhumid
vegetation types across Argentina, northern Chile
and SE Bolivia showed negative trends (van
Leeuwen et al. 2013). A reversal from greening
to browning trends around the mid-1990s was
assessed by Krishnaswamy et al. (2014).
A longer growing season was indicated in
southern Chile and southern Argentina. Bianchi
et al. (2020) confirmed positive NDVI-
temperature relationships over temperate forests
in western N Patagonia, while these relationships
are weaker east of the Andes and biome-specific.
A NDVI analysis in Patagonia covering the
period 2001–2016 revealed a greening trend over
the western zone, and a drying trend over the
eastern zone (Olivares-Contreras et al. 2019).
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Tree-ring growth of Nothofagus pumilio in
northern Patagonia is positively related to
growing season temperature and negatively to
precipitation at mesic and humid treelines, while
at xeric treelines the opposite is observed
(Lavergne et al. 2015). A study on the produc-
tivity dynamics of high Central Andean peat-
lands in the semiarid Chilean Altiplano over the
past three decades (1986–2017) found more or
less stable peatland productivity and a recent
regional greening trend over the last seven years
(Chávez et al. 2019). In the semiarid region of
Chile, Glade et al. (2016) detected negative
trends of vegetation productivity below 2000 m
and positive trends for higher elevations, asso-
ciated with an earlier start of the growing period
in mountainous ecosystems. On the other hand,
high-elevation East Andean ecosystems
(>4400 m) in N Argentina and S Bolivia showed
decreasing plant productivity over recent decades
(radial growth of Polylepis tarapacana), attrib-
uted to increased aridity (Carilla et al. 2013).

Upward range expansions of species in the
Andes under climate warming are predicted
(Anderson et al. 2011; Larsen et al. 2011;
Ramirez-Villegas et al. 2014), however, only a
few observational studies documenting range
shifts are available. Nevertheless, the results
show more or less consistent patterns of upward
species migrations and thermophilization effects
throughout elevational gradients, even though
wetter biomes and dry biomes may show
heterogeneous responses to climate change
(Tovar et al. 2013a; Cuesta et al. 2019). In the
tropical Andes, Morueta-Holme et al. (2015)
revisited the Chimborazo volcano in Ecuador
210 years after an expedition by Alexander von
Humboldt and found the limit of plant growth
having been strongly pushed upslope (Fig. 1.41).
Here, distinct upward shifts in the distribution of
vegetation zones are associated with increases in
maximum elevation limits of individual plant
taxa of >500 m on average. Duque et al. (2015)
detected thermophilization effects in N Andean
montane forests and adjacent lowlands in NW
Colombia, reflected in directionally changing
tree communities through time to include rela-
tively more thermophilic species, with

compositional shifts occurring primarily via
range retractions (high tree mortality at lower
elevations). Repeated censuses of forest inven-
tory plots spanning an elevational gradient from
950 to 3400 m in SE Peru showed that most
tropical Andean tree genera shifted their mean
distributions upslope over the study period
(2003/04–2007/08), while the observed mean
rate of change was less than predicted from the
temperature increases for the region, suggesting a
limited ability to respond to increased tempera-
tures and an increased extinction risks with fur-
ther climate change (Feeley et al. 2011).
Widespread thermophilization patterns in
Andean forests were confirmed in a recent study
based on almost 200 forest plots between 360
and 3360 m spread throughout the tropical and
subtropical Andes (Fadrique et al. 2018). The
results showed directional shifts in species
composition towards having greater relative
abundances of species from lower, warmer ele-
vations, while the rates of thermophilization were
heterogeneous throughout the elevation gradient,
with negative or non-significant rates at highest
(treeline) and mid-elevations (cloud base at the
transition from montane to cloud forests). A re-
peated resurvey of permanent plots on four high
Andean summits (4040–4740 m) in NW Argen-
tina revealed high rates of plant community
turnover and generally decreasing, but tempo-
rally fluctuating trends of plant cover, species
richness, and diversity, related to the ENSO-
influenced short-term temperature and precipita-
tion variability (Carilla et al. 2018). Analysing
chronosequences (38 years) in recently degla-
ciated terrain at high elevations (4700–4900 m)
in the Central Andes, Zimmer et al. (2018)
observed an overall increase in species richness,
abundance, and plant cover and showed that
colonization lags behind the velocity of warming
and associated glacier retreat, and leads to no-
analogue plant communities. As elsewhere,
upslope range shifts have also been assessed for
diverse groups of animals in the Andes (e.g.
Moret et al. 2016; Seimon et al. 2017).

Climate warming-induced treeline dynamics
is primarily reflected in tree growth (Lavergne
et al. 2015) and increased recruitment above
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treeline in some places, but not (yet) in distinct
treeline shifts. Based on a 42-year span of aerial
photographs and high resolution satellite imagery
in the high Peruvian Andes, Lutz et al. (2013)
found only minor treeline shifts, with migration
rates in protected areas being only 2.3% of the
rates needed to stay in equilibrium with projected
climate by 2100. In the semiarid Peruvian Andes
and also in the case of cloud forests in the trop-
ical Andes, initially stationary treelines suggest
that other factors (topographic controls, high
temperature variation, extreme cold events, water
stress, high levels of solar radiation, low seed
dispersal, competition with grasses, human
impact) override the influence of increasing mean
temperatures and may prevent cloud forest tree
species from shifting their leading range edges
upslope in response to climate warming (Bader
et al. 2007; Rehm and Feeley 2015, 2016;
Toivonen et al. 2018). Nevertheless, the results
of Kintz et al. (2006) and Young et al. (2017)
provide landscape-scale evidence of woody plant

encroachment, upward treeline shifts, increasing
shrubland areas, and increases in the number,
size, and connectivity of forest patches at
anthropogenic treelines in the Peruvian Andes.
At Nothofagus pumilio treelines in Patagonia,
Fajardo and McIntire (2012) found treelines
moving uphill in abrupt pulses until at least 40–
70 years ago, but declining tree growth in recent
decades. The complexity of treeline dynamics in
northern Patagonia was already highlighted by
Daniels and Veblen (2004), who stressed the
importance of moisture availability for seedling
establishment of Nothofagus pumilio, and the
small-scale differing und unstable relationships
of radial growth and seedling demography with
climate and ENSO over the late twentieth century
(see also Srur et al. 2016). In southern Patagonia,
Aravena et al. (2002) found positive correlations
between Nothofagus pumilio tree growth and
temperature at treelines, but a strong influence of
local site factors. Srur et al. (2018) corroborated
the sensitivity of abrupt Nothofagus pumilio

Fig. 1.41 An update of
Humboldt’s classic study of
1802, showing major changes
in overall vegetation limit,
average glacier limit, and
shifts in topmost vegetation
regions on Chimborazo from
1802 to 2012; the major
drivers of change, climate,
and land use change are
represented by the bars to the
right: a constant impact of
climate change—in particular,
increased temperature—the
stronger relative impact of
land use at the lower sites,
mainly through intensified
agriculture, and the effect of
grass harvesting and local
burning. (Modified from
Morueta-Holme et al. 2015)
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treelines to changes in climate variations in the
southern Patagonian Andes and found the rate of
seedling establishment to be strongly modulated
by the interaction between temperature increase
and variations in precipitation.

As elsewhere, few non-native plant species
have established in higher elevation habitats of
the Andes. Alien species are largely restricted to
disturbed sites, yet even protected mountain
areas have been invaded (Speziale and Ezcurra
2011; Barros and Pickering 2014). Potential
impacts of introduced species, e.g. competition
for pollination, vary with their density (Muñoz
and Cavieres 2008). Currently, the invasive nat-
ure of the common gorse (Ulex europaeus)
causes serious problems in Colombian high
Andean forests and paramos. The dense, com-
pact, and homogeneous colonies of this invasive
species impoverish or even eliminate native plant
communities (Osorio-Castiblanco et al. 2020).

Africa
The increased warming trend across the African
continent implies substantial impacts on ecosys-
tems and has triggered similar biotic responses in
mountains and highlands as reviewed above for
other continents. Remote sensing studies in the
Atlas Mountains suggest slightly positive land
productivity trends and increases in montane
forest cover and density (Del Barrio et al. 2016;
Barakat et al. 2018), however, productivity and
phenology are strongly controlled by precipita-
tion variability (Otto et al. 2016; Missaoui et al.
2020), and effects of land use changes are per-
vasive (Mohajane et al. 2018). Positive correla-
tions of radial growth of main tree species and
interannual NDVI values in the Ethiopian
Highlands suggest that precipitation variability
controls landscape-level patterns of vegetation
productivity (Siyum et al. 2018). However,
increased pressure of human activities often
overrides the effects of climatic variables. In the
NW Ethiopian Highlands, for instance, moni-
toring of long-term NDVI changes (2000–2014)
revealed a decline in vegetation productivity
despite a significant positive trend of annual
precipitation (Zewdie et al. 2017). The pattern of
positive correlations between rainfall and NDVI

and negative correlations between temperature
and NDVI is widespread, while the start of the
growing season in the highland ecoregions has
advanced and the length has extended over recent
decades (Workie and Debella 2018; Liou and
Mulualem 2019). Significant NDVI declines in
dry highland ecoregions suggest an increased
risk of land degradation, to be attributed to
interacting climate change and land use effects
(Gebru et al. 2020). Patterns of vegetation pro-
ductivity decline are reported for large tracts of
land in eastern Africa (Landmann and Dubovyk
2014; Kalisa et al. 2019), largely explained by
temperature-induced moisture stress (Krish-
naswamy et al. 2014). This does not apply for
most of the upper mountain regions of Mt. Kil-
imanjaro which have undergone a long-term
(1982–2011) increase in vegetative signal
(‘greening up’), to be mainly attributed to vege-
tation recovery after disastrous fires during the
outgoing twentieth century, while the seasonal
vegetation activity strongly responds to ENSO
and IOD (Indian Ocean Dipole) teleconnections
(Torbick et al. 2009; Detsch et al. 2016). Positive
trends of recent NDVI values (2002–2017) were
also assessed in the Drakensberg Mountains of
South Africa (Mukwada and Manatsa 2018).

Very few observational studies on warming-
induced changes in plant species distribution
patterns and range shifts are available for African
mountains and highlands. Modelling studies in
the Atlas Mountains suggest that forest species
such as Cedrus atlantica and Quercus suber will
disappear from many localities and shift their
distribution ranges, which become more con-
tracted and fragmented, to higher elevations
(Vessella et al. 2017; Bouahmed et al. 2019). In
Algerian mountain forests, fire is considered the
most important driver of forest degradation, with
fire occurrence being linked to increasing aridity
(Djema and Messaoudene 2009). In tropical
African highlands, range shifts are mainly driven
by anthropogenic pressure and fire as well
(Wesche et al. 2000; Wesche 2002), and it is just
as difficult to disentangle the role of climate
change from the impacts of other drivers. Jacob
et al. (2015a) pointed out for treeline environ-
ments in tropical African mountain ranges that
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treeline dynamics cannot be used as a proxy of
climate change since treelines are strongly dis-
turbed and have lowered due to high human and
livestock pressure. In case studies in the northern
Ethiopian highlands and in the Simien Moun-
tains, Jacob et al. (2015b, 2017) provided evi-
dence that treelines tend to shift upslope once
anthropogenic pressure is decreasing, suggesting
that the strong impact of land use outweighs
climate change effects. Notwithstanding, a shift
of 150 m of an almost inaccessible Erica
arborea treeline in the Simien Mountains
between 1905 and 2004 indicates involvement of
rising temperatures (Jacob et al. 2017). Predict-
ing advances of tropical treelines is, however, a
difficult task given the multi-faceted constraints
on tree regeneration above the uppermost forest
stands (Wesche et al. 2008a).

Nevertheless, climate change and the interac-
tion between climate drivers and land use change
have additional effects, causing far-reaching
alterations in Africa’s mountain ecosystems
(Niang et al. 2014). Future suitable habitats of
Juniperus procera, the endangered and most
preferred tree in the northern Ethiopian High-
lands, are predicted to shrink by 80–90% (RCP
2.6 and 8.5) by the mid-century (Abrha et al.
2018). Growth patterns of Juniperus procera are
strongly related to the amount of precipitation,
suggesting high sensitivity to future drought
periods (Couralet et al. 2007). Studies on Erica
arborea tree-rings in North Ethiopia showed that
tree growth is significantly and positively corre-
lated with minimum temperature in the growing
season, but negatively with minimum tempera-
tures in the rainy season in spring (Jacob et al.
2020). In the southern highlands, upward range
shifts will most likely create strong potential
risks in terms of lowland attrition and range-shift
gaps and lead to decreasing population sizes and
a higher extinction risk (Kreyling et al. 2010;
Kidane et al. 2019). Mekasha et al. (2013)
showed that projected warming could signifi-
cantly affect grassland herbaceous plant com-
munities and that successful migrations of
species are essential to mitigate range contraction
and habitat losses with range-shift gaps. This also

applies to diverse groups of animal species in
African highlands (e.g. Raxworthy et al. 2008).
Specialized high-alpine giant rosette plants are
likely to face very high risk of extinction fol-
lowing climate warming (Chala et al. 2016).

Recurrent fires with climate change-induced
higher frequency and intensity have resulted in
substantial shrinkage of upper montane forests
on Mt. Kilimanjaro, downward shift of the tree-
line, and in a biotic homogenization between the
subalpine and alpine belts (Hemp 2005a, 2009).
Increasing isolation of East African mountain
ecosystems due to anthropogenic impact increa-
ses the threats to diversity and endemism under
climate change (Hemp and Hemp 2018). Patterns
in plant–pollinator specialization along eleva-
tional gradients on Mt. Kilimanjaro suggest that
rising temperatures may destabilize pollination
networks (Classen et al. 2020). Changes in East
African highland ecosystems also include
upslope range shifts of malaria vector species.
Warmer temperatures at higher elevations facili-
tate range expansions and the creation of suitable
vector habitats in the highlands (Ermert et al.
2012; Kulkarni et al. 2016). Regarding South
Africa and Lesotho’s mountainous regions of
high biodiversity, substantial contractions in
species’ ranges towards higher elevations are
predicted, decreasing the potential regions of
occurrence of montane species (Bentley et al.
2019).

Invasive alien species in African highlands
sometimes generate conflicts of interest between
local communities and governments. On the one
hand, they may provide benefits to local people
as in the case of Mimosa (Acacia dealbata) in the
Highlands of Madagascar or Mesquito (Prosopis
juliflora) in East Africa (Kull et al. 2007;
Mwangi and Swallow 2008). On the other, they
adversely affect biodiversity and ecosystem ser-
vices and their control incurs enormous costs
across Africa each year (Boy and Witt 2013). At
higher elevations, non-native plant species
decrease in number and are largely confined to
anthropogenic vegetation along roadsides or
climbing routes, as exemplified by Poa annua on
Mt. Kilimanjaro (Hemp 2008).

1 The World’s Mountains in the Anthropocene 63



1.3 Effects of Land Use Changes
in Major Mountain Systems
of the World

1.3.1 General Overview

Humans have influenced and reshaped much of
the world’s mountain environments for millen-
nia. In particular, highlands in Africa, Asia and
Europe have been subjected to long-lasting land
use and anthropogenic landscape transformation
(Walsh and Giguet-Covex 2020). For instance,
the onset of pastoralism in the Tibetan highlands
dates back at least to 8000–9000 years BP
(Miehe et al. 2009a, b, 2014, 2019). In many Old
World mountain systems, the foundation of per-
manent settlements and the development of
associated land use systems date back at least to
the mid-Holocene. In adaptation to the chal-
lenges and constraints of harsh high mountain
environments, mountain dwellers have devel-
oped over many generations sophisticated, com-
plex resource utilization strategies for their
sustenance, including a wide spectrum of farming
and pastoral practices. Initially, mountain
nomadism evolved as a strategy to sustain
mountain-related livelihoods, often comple-
menting or replacing subsistence hunting and
gathering. It is characterized by animal hus-
bandry as the predominant base for economic
and labour activities of mobile communities
conducting large-scale seasonal migrations
between lowlands and highlands. After the
establishment of permanent settlements and vil-
lage lands, the combination of crop-farming and
livestock-keeping evolved as the dominant basis
of high mountain agriculture. Pastoral practices
in alpine life zones have been increasingly inte-
grated into more complex land use systems
including Alpwirtschaft (combined or mixed
mountain agriculture) and transhumance. How-
ever, nomadic pastoralism is still practised in Old
World mountain regions, for instance in North
and East Africa, Siberia and Mongolia, in the
Altai, Tien Shan, Pamir, in Tibet, the HKH
region, in the Zagros, and in parts of North and
South Europe (Rhoades and Thompson 1975;

Grötzbach 1980; Ehlers and Kreutzmann 2000;
Kreutzmann 2012; Cunha and Price 2013; Price
2015).

In mountain regions already settled in pre-
historic times, combined mountain agriculture
has become the most widespread form of tradi-
tional land use. The combination of crop culti-
vation and livestock-keeping reflected the need
to incorporate essential natural environmental
resources of various altitudinal zones (forests,
pastures) and different seasons into the land use
system. Developing sophisticated practices of
combined mountain agriculture involved inter-
ferences in mountain forests which have been
increasingly converted to croplands. It also
involved encroachments on alpine treelines
which have been shifted downslope, often by
several hundreds of metres, in order to enlarge
alpine grazing lands. However, as long as
mountain regions had been sparsely settled,
overall impacts remained limited for many gen-
erations, and remote mountain ranges probably
relatively undisturbed. In previous centuries,
mountains provided a degree of isolation from
the outside world for their permanent inhabitants
and were often characterized by distinct inac-
cessibility resulting in more or less independent
subsistence economies with limited trade and
exchange relations with the plains or other
mountain regions (Schickhoff 2011).

In some Old World mountain regions, far-
reaching transformations of mountain environ-
ments are associated with the colonial history.
Unlike Europe, where the growing demand for
cultivable and pasture land as well as for timber
and firewood led to an extensive clearing of
mountain forests since the Middle Ages or even
much earlier (e.g. in Mediterranean mountains), a
significant number of Asian mountains experi-
enced a considerable increase in mountain pop-
ulations and the concurrent intensification of land
use in the course of the past two centuries,
encompassing the arrival of colonialism in
mountain regions. Nevertheless, cultural land-
scapes associated with traditional land manage-
ment also evolved in mountains of Asia over
long time periods. In many mountain ranges,
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however, significant intensifications of agricul-
tural land use took place at a later stage. For
instance, rapid landscape transformations in the
Himalaya, i.e. large-scale deforestation and sub-
stantial changes in the distribution of forests and
agricultural lands, occurred only after the British
annexation of Himalayan regions in the first half
of the nineteenth century. In many Asian
mountain ranges, the nineteenth and the twenti-
eth century was a crucial period in the course of
cultural landscape evolution and saw a consid-
erable intensification of land use at higher ele-
vations (Schickhoff 1995, 2007, 2011).

During the twentieth century, mountain
regions in the Global South were largely char-
acterized by high population growth, poverty,
lack of economic opportunities, increased land
use pressure, and increased integration into the
economy of the lowlands. The primary sector
had still been growing in importance, and local
mountain farmers were often forced to intensify
land use in response to internal drivers, e.g.
population growth, and effects of economic
globalization, for instance the cultivation of cash
crops. Alpine zones were subjected to increased
grazing pressure, adversely affecting highland
integrity and biodiversity. Heavy grazing implies
potentially dramatic losses of biological richness,
soil degradation and erosion, and reduced site
productivity. Increasing livestock populations,
the transformation of traditional pastoral pro-
duction systems, and inappropriate management
practices initiated a general downward spiral in
the productivity of many alpine grazing lands
and resulted in a loss of biodiversity as well as an
increased marginalization of pastoral people
(Miller 1997; Schickhoff 2011). At the same
time, even the most distant and remote mountain
regions were influenced by effects of globaliza-
tion, and mountains in general have been affected
by far-reaching socio-economic transformation
processes, notably in the second half of the
twentieth century.

In mountain regions of Europe, livelihood
diversification has started to gain momentum in
the nineteenth century. In the course of the
twentieth century, these transformations have
eventually led to the extensification of traditional

land use and to land abandonment as well as to
the concurrent exploitation of mountain envi-
ronments for tourism, mining, power generation
or industrial-scale farming in favourable areas.
Traditional forms of agricultural use have been
abandoned and mountain farmers were increas-
ingly absorbed in the tourist economy, particu-
larly in winter tourism. The substantial shift from
the primary to the tertiary sector has significant
environmental implications, e.g. the development
of winter mass tourism has neglected many
environmental issues. Traditional land use on a
moderate level appears to be a key driver for
sustaining high levels of biodiversity, both at the
ecosystem and landscape scale. Both intensifi-
cation and abandonment reduce plant species
richness relative to traditional land use patterns
(Schickhoff 2011). In mountain regions of the
Global South, the replacement of farming and
herding by the tourism industry as the new eco-
nomic mainstay has not yet progressed so far as
in the European Alps, but the tourism industry
has greatly expanded, as evident, for instance,
from the mountain tourism in the Nepal
Himalaya.

Recently, globalization effects and socio-
economic integration into the larger world
enhanced modernization trends in mountain
agriculture in the Global South. Mountain farm-
ers seek to improve their livelihood by combin-
ing alternative farming systems (e.g.
agroforestry, cash crops), non-agrarian income
(e.g. tourism), and migrant labour remittances,
while taking full advantage of the well-
established access to lowland markets, provided
by the tremendously reinforced road construc-
tion. Another intensifying trend is the migration
of mountain people from remote locations to
surrounding lowlands which could already be
observed in the late twentieth century. Impover-
ished and marginalized mountain people, espe-
cially those which are young, energetic and
economically active, are increasingly attracted by
more diverse and favourable education, job and
income opportunities in urban centres of the
lowland. Highland-lowland migration, some-
times also stimulated by environmental or polit-
ical crises (Hugo and Bardsley 2014), often
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alleviates the population pressure on the scant
resource base and leads to a reduced land use
intensity at higher elevations. Decreasing popu-
lation numbers and reduced human pressure may
allow ecosystem and biodiversity recovery,
where alpine grazing lands had been degraded by
previous overuse. It also facilitates the imposi-
tion of new forms of land tenure, for instance the
establishment of national parks and other pro-
tected areas whose number has considerably
increased in recent decades. While conservation
of most terrestrial ecosystems is not trending
towards sustainability, any progress in protecting
biodiversity and ecosystems in mountain regions
is a vital support for achieving the land
degradation-related UN Sustainable Develop-
ment Goals (UN 2020).

1.3.2 Regional Overview

Asia and Australasia
In the vast HKH region, pastoral strategies are

still critically important for sustaining livelihoods
of a large human population (Kreutzmann 2012;
Dong SK et al. 2016). Livestock grazing in the
framework of combined mountain agriculture or
by mobile pastoral communities is the predomi-
nant land use strategy in the alpine life zone
(Fig. 1.42). Alpine grasslands cover more than
half of the total land area (including the Tibetan
Plateau) and are currently expanding at the
expense of snow/glacier cover (cf. Wu et al.
2013; Paudel et al. 2016), thus representing a
substantial resource base for animal husbandry.
However, as elsewhere, alpine pastoralism is
highly susceptible to ongoing social, economic
and cultural transformations, resulting in a sig-
nificant decrease in the importance attached to
highland livestock strategies and in a decline of
grazing intensity. Labour outmigration is the
most important driver of reduced alpine land use
intensity. In Nepal, for instance, the migrant
population is steadily increasing. Almost
500,000 workers left Nepal in 2014 to work in
India, Malaysia, the Gulf countries and other
destinations, and remittances have exponentially
increased in recent years and already contribute

more than 30% to the country’s gross domestic
product (Fig. 1.43) (Shrestha 2017; Siddiqui
et al. 2019). Rural–urban migration within Nepal
has also reached high levels and resulted in a
largely uncontrolled urbanization process in
Kathmandu, leading, inter alia, to severe envi-
ronmental degradation (Schickhoff 2019).
A general decline in pastoral lifestyle and in the
number of pastoralists has been assessed for the
eastern, central, and western HKH region
(Afghanistan might still be an exception), where
transformation processes, commercialization of
pastoral lands, youth migration and labour
shortage, inadequate policy support and institu-
tional arrangements, the decline of trans-
Himalayan exchanges (Fig. 1.44), and also the
establishment of parks and protected areas
aggravate maintaining accustomed pastoral
strategies (Nüsser and Gerwin 2008; Bhasin
2011; Schmidt-Vogt and Miehe 2015; Gentle
and Thwaites 2016). The livestock sector in the
HKH region is characterized by a general decline
in the cattle population, while land abandonment
and the decrease of traditional agricultural prac-
tices due to labour shortage are apparently more
pronounced at higher elevations (Chidi 2017;
Wang et al. 2019). Whereas the decline in graz-
ing intensity in the Himalaya mainly results from
modified pastoral strategies adopted by pas-
toralists themselves (e.g. Bergmann et al. 2012),
reduced high-elevation pasture utilization on the
Tibetan Plateau as well as in high mountain
ranges of E and S China is caused by external
interventions, i.e. state programmes in order to
transform the pastoral sector such as resettlement
schemes and sedentarization measures aiming at
modernization and at reducing grazing pressure
and ecological degradation (Ptackova 2012; Hua
et al. 2013; Kreutzmann 2013; Qiu 2016).

Over the past few decades, overgrazing by
livestock was a major stressor on alpine ecosys-
tems, livestock-environmental interactions had
resulted in degradation of alpine grazing lands
across the entire HKH region, in particular in
drier parts and on the Tibetan Plateau (Harris
2010; Paudel and Andersen 2010; Wu et al.
2013; Baranova et al. 2016; Miehe et al. 2019;
Niu et al. 2019; Breckle and Rafiqpoor 2020). In
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quite a few locations, however, local herders
have developed effective indigenous rangeland
management systems using effective grazing and
conservation practices (Dong SK et al. 2007,
2016; Aryal et al. 2014). The current extensifi-
cation of alpine pastoralism (e.g. Dangwal
2009a) gives grounds for cautious optimism that
pasturelands will no longer be grazed beyond
their carrying capacity, that formerly degraded
rangelands will recover, and livestock grazing
will sustain biodiversity and ecosystem services
(Cai et al. 2015).

In addition to transformations of high-
elevation grasslands, significant land use/land
cover changes in the HKH region over recent
decades include the conversion of forest to other
land uses, mainly farmland, at lower elevations
(Wang et al. 2019). However, the (pre)historical
dimension of land use/land cover change and
deforestation may not be disregarded. As indi-
cated by palaeoecological studies, humans have
changed forest environments and transformed
forests into replacement communities at least
since the mid-Holocene (Miehe et al. 2009a, b;

Fig. 1.42 Pastoralism is
declining, but still the
predominant land use strategy
in the alpine High Asia,
exemplified by Ladakhi
pastoralists with their goats
and sheep at Lake Tso Moriri
(4522 m). (Photo © Udo
Schickhoff, September 23,
2018)

Fig. 1.43 Changes in the
index of international
remittances received by HKH
countries in 2016
(2008 = 100). (Modified from
Siddiqui et al. 2019)
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Byers 2017), albeit with human interferences and
forest clearings having commenced at consider-
ably different times in various Himalayan valleys
(Jacobsen and Schickhoff 1995; Beug and Miehe
1999; Schlütz and Zech 2004). It needs to be
highlighted that the basic patterns of the present-
day cultural landscape in Himalayan valleys are
not much different from those of the late nine-
teenth century (Schickhoff 1995, 2007, 2012).
Even though the forests of the Himalaya were
considered to be more or less untouched and
inexhaustible in pre-colonial times, human
impact must have transformed the landscape in
many valleys for many centuries, in particular in
fertile basins such as Kathmandu or Kashmir
Valley which had been inhabited in early times.

For instance, the difference between the current
upper limit of forests and the potential alpine
treeline may be up to 500 m, on south-facing
slopes even more, resulting from long-lasting
human impact (Miehe 1997; Schickhoff 2005;
Miehe et al. 2015; Schickhoff et al. 2015). The
expansion of agriculture and trade after the Bri-
tish occupation of Himalayan territories in the
first half of the nineteenth century resulted in first
significant reductions of forest cover in colonial
times. Severe overexploitation of Himalayan
forests occurred during the railway building era
in the following decades which prompted the
constitution of the Imperial Forest Department by
the then British India government in 1864.
Despite the introduction of ‘scientific forestry’,
unsustainable use in large tracts of mountain
forests continued, while the protective influence
of silvicultural management was more or less
confined to less extensive forest stands, demar-
cated as ‘Reserved Forests’ (Schickhoff 1995;
Dangwal 2009b). Another phase of massive
deforestation arose during World War II and the
subsequent struggle for independence.

The first decades of the post-colonial era were
characterized by the extensive failure of central-
ized forest management systems, ultimately
resulting in a paradigm shift in forestry
(Schickhoff 2014). Continued depletion and
degradation of forest resources constituted a
threat to rural livelihoods and environmental
sustainability and gave rise to the generation of
environmental initiatives such as the ‘Chipko’
movement and to revised forest policies in the
1970s and 1980s, characterized by the introduc-
tion of participatory forest management approa-
ches. During this phase, disaster scenarios were
fabricated, based on simplified relationships
between population growth, deforestation, over-
grazing, soil erosion, and floods in the lowland,
assuming that the Himalaya was approaching a
complete loss of forest cover and catastrophic
levels of environmental degradation. Ives and
Messerli (1989) clarified that much of this
‘Theory of Himalayan Environmental Degrada-
tion’ is nothing but scaremongering, and
encouraged subsequent studies that clearly dis-
proved the theoretical construct (see Ives 2004,

Fig. 1.44 Desertion of settlements and abandonment of
terraced fields after the closure of the Trans-Himalayan
trade as exemplified by repeat photographs (1956/2004)
of the summer village Milam (3440 m) in Uttarakhand,
Indian Himalaya, also symbolizing the recent decrease in
land use intensity and the development of a new periphery
(upper photo by Bhup Singh Negi; lower photo by
Marcus Nüsser; photos courtesy of Marcus Nüsser).
(Modified from Nüsser 2006)
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2013). First positive outcomes of participatory
and community-based management practices
were reflected in an increase of forest areas in c.
25% of all Himalayan districts between 1960 and
1990, while c. 35% reported forest loss (Zurick
and Pacheco 2006; Schickhoff 2007). A substan-
tial loss of forest cover was observed in the
Karakoram and in the outer Himalayan ranges
(Schickhoff 2002, 2006, 2009). In recent dec-
ades, decentralized management systems fol-
lowing the ‘Community Forestry’ approach have
been successfully established across the HKH
region and have gained relevance for the cultural
landscape, in particular in Nepal (Figs. 1.45,
1.46) (Schickhoff 2014). To date, more than
18,500 community forest user groups are
managing almost 2 million ha of Nepal’s forest,
corresponding to c. 30% of the total forest cover
(Xu et al. 2019). Remote sensing data show that
only 12% of Nepal’s districts experienced a loss
of forest cover between 1990 and 2013, while
68% showed an increase (Figs. 1.47, 1.48)
(Nebelung 2016). Among the national-level for-
est assessments in Nepal since the 1970s, the

latest forest resource assessment 2010–2014
detected the largest forest cover (40%) in Nepal
(Fig. 1.49) (DFRS 2015).

In spite of multiple challenges and some
limitations and shortcomings such as inequitable
benefit-sharing and the exclusion of poor and
marginalized groups, the adoption of
community-based management approaches has
resulted in positive ecological, economic, and
social impacts, and most user groups succeeded
in regenerating areas of degraded forests and
reversing the trend towards forest degradation
and deforestation (Gurung et al. 2013; Pathak
et al. 2017; Luintel et al. 2018). This also applies
to mountain forests in Bhutan, Tibet, India, and
to some extent in Myanmar, while Pakistan and
Afghanistan are still concerned to achieving a
visible impact from community forestry (Xu
et al. 2019). On the other hand, the success of
community-based forest management should not
obscure the fact that forest degradation and
deforestation is still an issue at various locations
across the HKH (Nüsser 2000; Pandit et al. 2007,
2014; Qasim et al. 2013; Schmidt-Vogt and

Fig. 1.45 Repeat photographs of Charikot (1989/2010)
and Serabesi (1974/2010), Bhimeshwor cluster, indicating
the success of community-based forest management in

forest restoration. (Nepal Swiss Community Forestry
Project; modified from Pokharel et al. 2011; Niraula
et al. 2013)
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Fig. 1.46 Repeat photographs of Dandapakhar, Sindhu-
palchowk district (1975/2005) and Jiri, Dolakha district
(1968/2005), indicating the increase in forest cover

caused by the community forestry approach (Nepal Swiss
Community Forestry Project. (Modified from Pokharel
et al. 2011)

Fig. 1.47 Forest cover change in Nepal 1990–2013. (Modified from Nebelung 2016)
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Miehe 2015; Uddin et al. 2015; Garrard et al.
2016; Qamer et al. 2016; Nüsser and Schmidt
2017; Kanade and John 2018; Reddy et al.
2019). It also needs to be highlighted that forest
area statistics have little meaning for the quali-
tative condition of mountain forests. The loss of
structural complexity, shifts in species composi-
tion, decreasing species richness, erosion of
humus horizons and adversely affected ecosys-
tem functions are widespread side effects of

forest utilization in recent decades (Schickhoff
2002, 2009, 2012).

As tourism is one of the fastest growing sec-
tors in the world, it has become a significant
contributor to the national economy in develop-
ing mountain economies. In High Asia, Nepal
stands out as a particularly popular destination
for international tourism in recent decades,
receiving more than one million visitors in 2018.
The rapid development of tourism has

Fig. 1.48 District-wise percentage change of forest cover in Nepal 1990–2013. (Modified from Nebelung 2016)

Fig. 1.49 Extent of forest
cover in Nepal 1964–2010/14
according to national-level
forest assessments (after data
in Paudel et al. 2016; DFRS
2015)
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transformed Nepal’s economy, society and
environment. While the positive impacts of
tourism on local economic growth are widely
acknowledged, social and cultural impacts of
tourism are viewed critically due to observed
changes in local norms, values and behaviour
(Shakya 2016). It was feared that the environ-
mental carrying capacity of tourism in the Nepal
Himalaya could be exceeded, e.g. the growing
demand for firewood and timber was intermit-
tently an object of concern (Byers 2005). In the
meantime, tourism is better integrated with
environmental conservation, not least through the
involvement of locally based institutions and
enhanced local participation (Anup et al. 2015).
A major development impulse for remote
mountain regions is triggered by the expanding
rural road network that facilitates the adoption of
mobility as an adaptive livelihood strategy.
Beazley and Lassoie (2017) recently examined
the wide variety of influences on environmental,
socio-economic, and sociocultural spheres in the
Nepal Himalaya. Human and environmental
systems in formerly secluded mountain regions
have been tremendously impacted by road con-
struction, as evident from the case of the
Karakoram Highway (Kreutzmann 1991; Stell-
recht and Winiger 1997; Stellrecht 1998;
Schickhoff 2009).

Pastoralism has clearly predominated land use
systems at higher elevations in the Pamir, Tien
Shan, and Altai, playing a crucial role in Central
Asian economies, societies, and cultures since
time immemorial. In the former Soviet Central
Asian Republics, pastoral traditions and strate-
gies have undergone tremendous changes in the
course of the twentieth century, to be attributed
to strong external interventions. The first decades
of the Soviet era were characterized by forced
sedentarization and collectivization campaigns,
resulting in a considerable intensification of
pastoral land use and its integration into socialist
agro-industrial production (Dörre and Borchardt
2012). The pastoral strategy of Soviet times was
based on pastoral brigades and herding collec-
tives in the framework of kolkhozes (collective
farms) and sovkhozes (state farms) as well as on
permanent high-elevation grazing with short-

distance migrations only. This ‘detached moun-
tain pastoralism’ (Kreutzmann 2011) entailed
overuse of grazing resources and related degra-
dation problems that were addressed with pasture
irrigation, fertilization, and rotational grazing.
The disintegration of the Soviet Union in 1991
and the subsequent political and economic
transformation required once again fundamental
adaptations of pastoral strategies, now based on
private ownership of livestock, subsistence
farming, and low state interference in grazing
activities. Deindustrialization, the initial decline
of national economies, and the disappearance of
social securities have led, inter alia, to an
increased dependency on grazing land resources.
After three decades of post-Soviet transforma-
tion, an increased scope and diversity of pasture-
related socio-ecological challenges can be
observed including conflicts about access to
pasture resources, utilization rivalries, insuffi-
cient management practices, and degradation
processes (Borchardt et al. 2011, 2013; Dörre
2012; Vanselow et al. 2012a), in spite of efforts
to decentralize governance and to establish
community-based pasture management (Shi-
gaeva et al. 2016). The spatial pattern of pasture
degradation has changed in recent decades:
Grazing intensity on remote summer pastures at
higher elevations has declined due to abandoned
seasonal livestock migration (Fig. 1.50), while
winter pastures, located close to settlements,
have been subjected to more intense grazing
pressure with adverse effects on vegetation, plant
functional traits, and soils such as lower species
richness and diversity, lower biomass, decreased
plant height and specific leaf area, lower organic
matter content, and higher soil pH values (Akh-
madov et al. 2006; Vanselow et al. 2012b; Hoppe
et al. 2016a, b, 2018; Mirzabaev et al. 2016; cf.
also Liu and Watanabe 2016).

The relative proportion of land covered by
mountain forests in Central Asia is rather low.
Nevertheless, the natural resources of the fores-
ted zones have been an essential component of
local land use systems since time immemorial.
Forests have been subjected to grazing use and to
intensive use of timber and non-timber products
(timber, firewood, nuts, fruits, herbs, hay,
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mushrooms, etc.) ever since, resulting in frag-
mentation, degradation, and transformation. For
instance, the extensive walnut forests in the
western Tien Shan (Kyrgyzstan) are most likely
of anthropogenic origin. Most of these forests
replaced mixed juniper-deciduous forests and
were established 1,000–1,500 years ago, when
fire was used for agricultural purposes and
planting of walnut trees was promoted (Beer
et al. 2008). The walnut-fruit forests are of high
economic value and of essential importance for
sustaining the livelihoods of a large population
living in the forest area, however, they are
characterized by impoverished stand structures,
regressive successions, and insufficient regener-
ation (Borchardt et al. 2010). The deteriorated
state of the mountain forests in Central Asia
results from the legacy of silviculture practised in
the Soviet period and intensified, sometimes
unregulated forest utilization in the post-Soviet
phase when economic recession increased the
pressure on forest resources. Centralized and
formal forest management had started with the
Russian occupation in the nineteenth century and
was strengthened after establishing the planned
economy of the USSR. The recent transformation
process initiated by the collapse of the Soviet
Union and globalization effects have resulted in

intensified exploitation and degradation of
mountain forests, facilitated by the local popu-
lation’s insecure economic situation, the erosion
of managing institutions and institutional weak-
ness with unsustainable and inconsistent man-
agement practices, and the appearance of new
actors (Schmidt 2005, 2012). Accordingly, the
area covered by walnut forests has decreased
considerably in recent years (Hardy et al. 2018),
adding to the general negative trend of forest
cover in the Asian Dryland Belt (Chen et al.
2020).

The history of mobile pastoralists’ land use
strategies and livelihoods in Mongolian moun-
tain ranges in the twentieth century has many
similarities to the former Soviet Central Asian
Republics. The system of traditional land use has
undergone significant and to some extent dra-
matic changes, characterized by sedentarization
and collectivization during the period of the
People’s Republic, and by the revival of pastoral
nomadism in the early 1990s after the transition
to a democracy and market economy. The return
of Mongolian nomadism resulted in rapidly
growing livestock populations, shifts in herd
composition, and widespread degradation of
rangelands, also at higher elevations (Fernandez-
Gimenez 2002; Janzen 2005; Schickhoff et al.

Fig. 1.50 The decline in
seasonal livestock migration
has reduced grazing intensity
on remote summer pastures as
in Suusamyr valley,
Kyrgyzstan, Tien Shan.
(Photo © Udo Schickhoff,
September 26, 2004)
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2007; Zemmrich et al. 2010; Hilker et al. 2014).
Reduced livestock mobility, a lack of institutions
governing pasture use, and increased poverty
among herders are among the challenges to
manage rangeland sustainably. The ongoing
establishment of community-based rangeland
management—over 2000 formally organized
herder groups formed since 1999—is a promis-
ing institutional innovation which should support
implementing strategies towards sustainable
pastoral land use (Fernandez-Gimenez et al.
2015). Uncontrolled grazing in mountain forests,
fire, and logging are primary drivers of forest
degradation and forest depletion and have resul-
ted in substantial annual forest loss in the post-
socialist era (Tsogtbaatar 2013). The major
industrial sector in Mongolia is mining,
accounting for a higher share of the GDP than
nomadic animal husbandry. Exploitation of
mineral resources has caused severe environ-
mental problems in Mongolia’s mountain ranges
including devastated rivers and decreasing water
resources (Suzuki 2013).

Land use patterns and livelihoods of pas-
toralists in Russian mountain ranges (Siberia, the
Urals) have been affected by the implementation
of post-socialist land policy in a similarly fun-
damental way, subjecting herders to socio-
ecological challenges such as unequal allocation
of grazing land and localized high grazing pres-
sure (Intigrinova 2010; Istomin and Habeck
2016). In the Caucasus, post-socialist land
reforms have reshaped land use patterns mean-
while to that extent that subalpine and alpine
zones are currently characterized by outmigra-
tion, land abandonment, and increasing recre-
ational activities (Belonovskaya et al. 2016;
Gunya 2017). High mountain ranges of Iran have
been subjected to intense grazing since ancient
times, reflected in the dominance of thorn-
cushion formations. Recently, alpine ecosys-
tems are increasingly threatened by reinforced
grazing impact, even in protected areas (Noroozi
et al. 2008, 2020). Overgrazing has also caused
severe pasture degradation in the Pontic Moun-
tains (Curebal et al. 2015). Land use impacts on
alpine life zones in New Guinea are considered
to be relatively low, exceptions include mining

impacts on Mt. Jaya and recently developing
ecotourism on Mt. Wilhelm (Hope 2014). How-
ever, the mosaic of subalpine forests and grass-
lands and the fragmentation of the treeline in
some mountain areas originated from forest
clearings by fire over previous decades and
centuries (Hope 2020). Increasingly adverse
tourism impacts on the alpine environment have
also been assessed on Mt. Kinabalu, Borneo
(Latip et al. 2016).

Land use changes in New Zealand’s mountain
ranges are inextricably linked to the introduction
of a large number of non-native species, to which
unique island ecosystem biota are particularly
vulnerable. New Zealand is one of the most
invaded places in the world, many alien species
are considered to be invasive pests. Polynesian
settlement of New Zealand c. 800 years ago
resulted in the clearance of vegetation and in the
extinction of 27 bird species, including all moa
genera (flightless birds), not least through the
introduction of the Pacific rat (Rattus exulans)
(Bellingham et al. 2010). But only after the late
eighteenth century arrival of the Europeans
reinforced exploitation of mountain environ-
ments (logging, grazing, mining, quarrying)
commenced, resulting in large-scale deforesta-
tion and substantial landscape transformation
(Pawson and Brooking 2013). The period of
exploitative pastoralism in montane and alpine
grasslands was associated with the depletion of
palatable native grasses and herbs that was
countered since the 1950s by widespread over-
sowing with introduced grasses and legumes,
leading to the spread of pastoral weeds (Lord
2020). Recently, marginal pastoral high country
has been reverted to shrubland and forest.
However, indigenous forest, shrubland and
grassland vegetation showed a declining trend
between 1996/97 and 2012/13, with the excep-
tion of subalpine shrubland (Dymond et al.
2017). Numerous non-native plant and animal
species have been introduced by the Europeans,
some of them such as the brushtail possum
(Trichosurus vulpecula) and the red deer (Cervus
elaphus) constitute an important threat due to the
damage caused in mountain forests by trampling
and browsing (Allan and Lee 2006). As tourism
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is New Zealand’s fastest growing industry, alpine
areas are heavily used for sight-seeing, hiking
and skiing, placing considerable pressure on
higher elevations (Lord 2020). In the Australian
Alps, Aboriginal peoples already burned vege-
tation, however, vegetation physiognomy has
undergone more changes during the 200-plus
years of Anglo-Australian settlement, inter alia,
through the introduction of exotic grasses and
weeds. Currently, recurrent disturbance by fire
overrides other impacts regarding landscape-
scale changes (Collins et al. 2019).

Europe
In many respects, the European Alps can be
considered a role model for recent development
processes in mountain regions worldwide (Perlik
2019). Over the past 150 years, the Alps have
witnessed the process of a profound structural
change from an agrarian society to a post-
industrial service-based economy, associated
with an advanced transformation from a rural to
an urban society (Bätzing 2015). Accordingly,
land use systems have been reshaped, with
modified type and intensity of land use having
far-reaching consequences for Alpine landscapes
and ecosystems. After-effects of early land use
are still visible in the modern Alpine landscape.
Neolithic herdsmen already started to expand
grazing lands by slash and burn practices in parts
of the Alps about 7500 years BP (Conedera et al.
2017). Many centuries of forest clearing have
lowered the alpine treeline by 300 m on average,
in places by 600 m or more, a process which is of
landscape relevance until today. Several waves
of increase of the human population and human
migration into the Alps, notably between 5,000
and 3,500 and between 1,200 and 700 years BP,
entailed the foundation of permanent settlements
at higher elevations, leading to widespread
human impacts on mountain forests and to large-
scale deforestation (Bebi et al. 2017). Complex
livelihood systems evolved based on the combi-
nation of subsistence agriculture and animal
husbandry (Alpwirtschaft) in order to make
maximum use of resource extraction from mul-
tiple altitudinal belts. After the deforestation
phase of the Middle Ages, intensive exploitation

of mountain forests for energy (in particular for
salt processing) and construction materials con-
tinued, only slowing down in the aftermath of the
Black Death. Renewed population growth and
increased demand of wood resources due to the
beginning industrialization resulted in another
phase of accelerated deforestation across most of
the Alps in the late eighteenth and early nine-
teenth century (Bätzing 2015; Mathieu 2015).
Over the centuries the traditional cultural land-
scape of the Alps had been created, considered to
be of high aesthetic value, of vitally contributing
to human well-being, and to be the basis for
destination marketing of the tourism industry
(Schirpke et al. 2019).

In the early nineteenth century, the Alps
constituted a less developed region, with Alpine
inhabitants facing relative poverty, malnutrition,
starvation, and waves of out-migration. The
introduction of the potato in the early 1800s and
the building of roads and railways in the fol-
lowing decades allowed for some partial miti-
gation of poverty and hunger. At the same time,
the beginning of the industrial revolution led to a
successively reduced importance of farming,
crafts and mining, prompting the commencement
of tourism in the Belle Epoque towards the end of
the nineteenth century. Livelihood diversification
with the decline of traditional farming, the rise of
industry and commercial agriculture, and
increased economic activities related to tourism
has pushed the fundamental structural change
that is still unfolding today (Bätzing 2015). The
transformation of landscape patterns resulting
from the decline of the traditional cultural land-
scape became most notable after the Second
World War, in particular with the initiation of
mass tourism in the 1960s and the investment in
large-scale winter sports and winter tourist
facilities. The former agricultural society has
transformed itself into a leisure society (Licht-
enberger 1988), not least indicated by the fact
that in many Alpine regions income from tourism
has become more important than economic
returns from farming. Following a stagnation
phase (1985–2003), recent trends in Alpine
tourism are characterized by the redevelopment
of tourism centres and new major projects,
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associated with a strong centralization in fewer
tourism municipalities in more favoured areas
with a higher number of touristic beds and
overnight stays (Fig. 1.51) (Bätzing 2018).
Nowadays, the tourism industry contributes sig-
nificantly to the Alpine economy, even though
the number of jobs directly or indirectly linked to
tourism is less than 20%.

Apart from the expansion of touristic infras-
tructure, the abandonment of agriculturally used
areas and the subsequent regeneration of forests
has been the essential process of land cover
change across the European Alps over the past
150 years. Agricultural land has almost halved
between 1850 and 2005, while forest areas have
increased by about half and settlement areas
quadrupled (Egarter Vigl et al. 2016). In some
places, the cessation of land use encompasses as
much as 70% of previously used land areas
(Tasser et al. 2005). Agriculture in less accessible

and marginal areas, in particular on alpine pas-
tures, has tended to become more extensive or
has even been abandoned, whereas a trend
towards intensifying production can be observed
in easily accessible prime locations where much
of arable land has been converted to grassland
(Tasser et al. 2009; Zimmermann et al. 2010).
The observed abandonment of farms is particu-
larly striking in Italy and parts of France and
Switzerland (Fig. 1.52). The total number of
Alpine farms decreased from 570,000 in 1980 to
260,000 in 2010 (Elmi et al. 2018). The
decreasing significance of the agricultural sector
is also reflected in the low share of employees in
agriculture which was as high as 75% in 1850,
but accounts for only 2.5% of total employment
in the western Italian Alps and for only 2.3% in
the French Alps today (Permanent Secretariat of
the Alpine Convention 2015). While mountain
agriculture is generally becoming less and less

Fig. 1.51 Spatial pattern of tourism intensity in the European Alps, based on the ratio between overnight stays and
population. (Modified from Elmi et al. 2018)
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competitive under economic globalization, it is
still highly relevant for maintaining landscape
patterns in the Alps. Agriculture still plays a
larger role in the northern, German-speaking
Alpine countries, facilitated by mountain farming
subsidies and the practice of part-time farming
(Borsdorf et al. 2015). Forest cover has increased
across the entire Alps (Fig. 1.53), with average
rates recently accelerating from +3.7% per dec-
ade since 1930 to 4.3% per decade since 1990
(Bebi et al. 2017). Secondary forests mainly
established on former agricultural land by natural
reforestation (Borsdorf and Bender 2007; Tasser
et al. 2007). Free succession on abandoned areas
inevitably leads to the establishment of new
forest areas. Over the past decades, the most
rapid increase in forest cover has been observed
in the Italian Alps, in the southern Swiss Alps,
and in the Austrian province of Salzburg (Bebi
et al. 2017). The increase in forestland is a

conspicuous effect at landscape scale (Fig. 1.54),
associated with a trend towards more mono-
tonous landscapes with reduced structural
diversity.

Land abandonment as well as land use
intensification results in changes in biodiversity,
biogeochemical cycles, climatic and hydrological
processes, and related feedback effects on, inter
alia, erosion rates, magnitude of floods, snow
gliding, and avalanches. Observed biodiversity
changes in montane, subalpine and alpine
grasslands of the Alps were found to be mainly
driven by land management, suggesting that land
use change rather than climate change appears to
be the most prominent pressure acting on Alpine
biodiversity (Vittoz et al. 2009; Dullinger et al.
2020). While land use had a facilitating impact
on species and habitat diversity in previous
centuries, the transition towards modern high
intensity agriculture and the abandoning of land

Fig. 1.52 Spatial pattern of the abandonment of farms in the European Alps. (Modified from Elmi et al. 2018)
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use on marginal areas after the Second World
War has had the reverse effect (Stöcklin et al.
2007). Resampling of subalpine/alpine grass-
lands in the northern calcareous Alps revealed a
significant long-term decline of plant species
richness following land abandonment (Dullinger
et al. 2003). On the other hand, high land use
intensity has a negative effect on biodiversity on
agricultural land (Schmitzberger et al. 2005;
Niedrist et al. 2009). It is evident from several
studies that both intensification and abandonment
change species composition and reduce plant
species richness relative to traditional land use
patterns (Tasser and Tappeiner 2002; Tasser
et al. 2005; Spiegelberger et al. 2006). The loss
of biodiversity affects major ecosystem services
and ecosystem processes and may lead, in the
long term, to decreases in nitrogen mineraliza-
tion, decomposition rates, nutrient availability,
and soil respiration (Tasser et al. 2005). It can be
concluded that the goal of sustaining high levels

of biodiversity and preserving the diversity of
habitats and landscapes can best be achieved by
maintaining a wide range of land use types with
moderate management intensity (Maurer et al.
2006; Stöcklin et al. 2007; Fischer et al. 2008;
Rudmann-Maurer et al. 2008; Strebel and Bühler
2015). Moderate agricultural management
intensity also consolidates vegetation cover and
soil properties, thus reducing the vulnerability of
Alpine ecosystems to landslides, hillslope ero-
sion, and snow gliding processes (Tasser et al.
2003).

The initiation of mass tourism in the Alps, in
particular the development of winter sport resorts
(Fig. 1.55), has caused severe changes of Alpine
landscapes and ecosystems. Winter tourism
requires much more extensive technical infras-
tructures than summer tourism, and ski resorts,
ski runs, chairlifts and cableways, and snow-
making facilities are constantly being expanded.
Since the 1970s ski runs have been extended to

Fig. 1.53 Forest cover changes in different regions of the European Alps, indicating the omnipresent expansion of
forest areas. (Modified from Bebi et al. 2017)
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form wide ski highways, since the 1980s enor-
mous skiing areas have been created, since the
1990s artificial snowmaking has been introduced,
and since the 2000s even entire ridge and summit
zones in skiing areas are covered with artificial
snow, requiring the building of large reservoirs at
high elevations (Bätzing 2018). Currently, the
Alps capture 43% of total skier visits worldwide
and host 80% of the major global ski areas and
38% of the global ski lifts (Vanat 2020). More
than 10,000 ski lifts are located in the Alps,
covering c. 28,500 km of ski runs that are

distributed over ski slopes with high density per
massif, pointing to the high pressure exerted by
ski activities on mountain territories (Pintaldi
et al. 2017). Most winter sports areas in the Alps
have caused landscape damage and impairment
of ecosystem services that exceeds an acceptable
level (Rixen and Rolando 2013; Ringler 2016).
The construction of ski runs and skiing has
severe impacts on soils in alpine terrain
(Fig. 1.56), implying the perturbation of topsoils
and the removal of weathered soil horizons as
well as subsequent problems such as soil

Fig. 1.54 Forest cover changes in the European Alps
since the nineteenth century visualized by repeat pho-
tographs: a Ceüse, southern French Alps; b Davos,

Central Swiss Alps; c Vermiglio, Trentino, Italian Alps.
(Source Trento Autonomous Province Archive; modified
from Bebi et al. 2017)
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compaction and reduction of water and air per-
meability, depletion of organic matter, reduction
of soil aggregate stability, and nutrient imbalance
(Freppaz et al. 2013; Pintaldi et al. 2017; Bac-
chiocchi et al. 2019). The deterioration of phys-
ical, chemical and biological soil properties in
turn impairs the establishment and development
of plant communities which are also adversely
affected by snow compaction and the production
of artificial snow. Snowmelt on ski runs is
delayed by 2–3 weeks, and soil freezing under
compacted snow and snowmaking-related water,
salt and ion input are additional stressors that
prevent a full recovery of the vegetation (Rixen
2013). Climate warming and the decline in snow
cover is an increasing challenge to the winter
tourism industry. Austria and Italy bear the
highest weather-induced risk of decreasing win-
ter overnight stays related to skiing tourism in
Europe (Damm et al. 2017).

Other European mountain systems show
many similarities in terms of land use changes
over recent decades, but also major differences in
historical and political evolution. Integrated in
the geo-political context of Eastern Europe, the
Carpathians have experienced multiple abrupt
shifts in institutions, politics and economics,
related to the fall of empires, the collapse of
socialism, and the accession of the EU. Recurrent
dramatic political, institutional and socio-
economic changes have caused several shifts in
land management, with land use intensification
induced by economic and institutional drivers as
well as land abandonment as a result of other
socio-demographic and policy changes (Mun-
teanu et al. 2017). Cultural landscapes of the
mountain regions have evolved over several
thousand years, characterized by small fields,
scattered settlements, and large tracts of forests,
while larger-scale agriculture was confined to the
lowlands. Landscape transformation due to forest
clearing for agriculture and for pastures was a
dominant process in the Middle Ages up to the
nineteenth century. Over the past 200 years,
forest cover changes in the Carpathians reflect
the turbulent political history, expressed in
regionally varying change patterns, while the
overall long-term trend indicates an increase in

forest areas (Fig. 1.57) (Munteanu et al. 2014):
Throughout the nineteenth century until the end
of the Austro-Hungarian Empire (1918), forest
cover was reported to be stable or slightly
decreasing, with a decline in forest cover in the
Ukrainian, Romanian and Slovakian Carpathi-
ans. The following time periods are characterized
by generally increasing forest cover, but regional
deviations. During the Interwar and Socialist
period, forest cover increases prevailed in the
northern Carpathians, while cases of forest loss
occurred in Romania and Slovakia. After 1990,
forest cover increased with higher mean annual
rates, with notable exceptions in parts of the
Romanian Carpathians. As in other Carpathian
countries, Romania saw a substantial decline of
mixed and coniferous forests between 1985 and
2010. Simultaneously, a large-scale successional
encroachment of deciduous tree species onto
abandoned land has commenced, leading to a net
increase in forest cover since the mid-1980s
(Griffiths et al. 2014; Vanonckelen and Van
Rompaey 2015). Clear-cutting activities (both
legal and illegal logging) and widespread natural
disturbances, related to an increasing vulnera-
bility of spruce plantations to pests and patho-
gens, point to regionally highly dynamic forest
cover changes. Disturbance patterns in Romanian
and Ukrainian forests were attributed to loop-
holes in national forest laws and illegal harvest-
ing, causing severe damage in valuable old-
growth forests (Kuemmerle et al. 2009; Knorn
et al. 2013).

In general, forest cover increases in the
Carpathians have been synonymous to decreases
of agricultural land. Agricultural abandonment
on marginal lands and on large tracts of land
previously used by state farms accelerated after
1990 due to lack of agricultural subsidies,
decreased profitability and migration of labour to
western Europe (Kozak 2010; Baumann et al.
2011; Kuemmerle et al. 2011; Bucala-Hrabia
2018). Much cropland has also been converted to
grassland. A significant decline of transhumance
during the twentieth century has caused consid-
erable forest regrowth at treeline elevations
(Shandra et al. 2013; Weisberg et al. 2013).
Declining livestock numbers and widespread
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Fig. 1.55 Evolution of the number and size of skiing areas in the European Alps between 1954 (black) and 2012 (red).
(Modified from www.alpenverein.de)

Fig. 1.56 Large tracts of land in the European Alps were reshaped in order to develop the ski industry as here above
Ischgl, Austria, one of the top winter sport destinations in the Alps. (Photo © Udo Schickhoff, August 11, 2011)
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forest succession have reduced the diversity and
area of mountain pastures and meadows, result-
ing in significantly decreasing species richness
and to the entire disappearance of some unique
grassland communities (Bezák and Halada 2010;
Kricsfalusy 2013). Another significant recent
trend in land cover dynamics in the Carpathians
is a considerable increase in built-up areas,
related to urban sprawl in the lowlands and
tourism development and the building of second
homes in the mountains (Gerard et al. 2010;
Mika 2013).

Mediterranean mountains have one of the
longest histories of human intervention, with
multiple land use/land cover changes transform-
ing Mediterranean landscapes (Blondel 2006).
However, the conspicuous degradation of
mountainous environments is arguably a com-
paratively recent phenomenon, as evident from
massive deforestation and soil erosion occurring
between 1800 and 1950 (McNeill 1992). Accel-
erated population growth in the early nineteenth
century and improved road connections, acces-
sibility and transport facilities increased the

pressure on mountain resources and the
exploitation of forests. Deforestation slowed
down when large-scale emigration of mountain
people began in the late nineteenth century. After
the Second World War, Mediterranean moun-
tains have become largely marginal territories,
predominantly characterized by rural emigration,
abandonment of agricultural land, decline of
transhumance of sheep and goats, cessation of
grazing pressure, and reforestation of abandoned
hill slopes (Papanastasis 2012). Rural depopula-
tion, farmland abandonment and increases in
shrubland and forest cover are ubiquitous in
Spanish and French Mediterranean mountains
including the Pyrenees since the 1950s (Tatoni
et al. 2004; Lasanta-Martinez et al. 2005; Chau-
chard et al. 2007; Ameztegui et al. 2010). The
Spanish Pyrenees stand out as one of the Euro-
pean hotspots of forestland increase between
1990 and 2006 (Kuemmerle et al. 2016). In
recent decades, winter tourism with the con-
struction of ski resorts has emerged as a land
management alternative in the Pyrenees, albeit
still with limited territorial impact as compared to

Fig. 1.57 Conceptual
reconstruction of the long-
term forest and agricultural
land cover dynamics in the
Carpathians; mean annual
rates of land change based on
case studies in Munteanu
et al. (2014). (Modified from
Munteanu et al. 2017)
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the Alps (Lasanta et al. 2013). Similar land
transformation processes initiated by rural emi-
gration and manifested by abandoned agricultural
land, declining pastoralism and increase in
woodland are common and widespread phe-
nomena in mountains of Italy (Torta 2004; Fal-
cucci et al. 2007) and Greece (Papanastasis 2007,
2012). Terraced landscapes are a characteristic
anthropogenic imprint on the relief of Mediter-
ranean mountains. Agricultural terraces which
are subject to land abandonment and non-
maintenance pose an increased risk to gully
erosion, terrace failure and landslides which is
mitigated, however, in case of colonization by a
dense shrub cover or by reforestation (Garcia-
Ruiz and Lana-Renault 2011; Tarolli et al. 2014).
Land abandonment, cessation of pasture grazing,
and increased reforestation induce decreasing
availability of habitats for many species of open
habitats, but may have beneficial effects for
forest-dwelling species (Blondel et al. 2010).
While the decline in structural diversity of
Mediterranean landscapes may have caused a
decrease in floristic species richness in higher
successional stages, a recent meta-analysis
showed that the overall effect of land abandon-
ment is a slight increase in plant and animal
species richness and abundance, albeit with great
differences in effect size between taxa, spatial–
temporal scales, land uses, landforms, and cli-
mate (Plieninger et al. 2014).

Land use in mountains of northern Europe has
a long tradition of several thousand years,
regardless of harsh climatic conditions and
mountain environments being remote and less
densely settled. Prehistoric animal husbandry
evolved during the Late Neolithic, associated
most likely with mountain transhumance (Hjelle
et al. 2006). In the Bronze and Iron Age, the use
of mountain summer farms became established in
southern Norway (Kvamme 1988). The eventful
land use history includes a gradual intensification
from the seventeenth century onwards, and the
full development of Saami reindeer nomadism in
the sixteenth and seventeenth centuries in
northern Scandinavia where the use of seasonally
inhabited farms by farm households has been of
limited importance in most inland areas (Moen

2006; Müller-Wille et al. 2006). The high num-
ber of mountain summer farms in Norway in the
mid-nineteenth century indicates a peak in land
use intensity, followed by a strong decline in
seasonal farms (Setten and Austrheim 2012). The
transition from intensive reindeer herding to
more extensive large-scale herding still practised
today occurred towards the end of the nineteenth
century (Lundmark 2007). Modern land use/land
cover changes in Scandinavian mountain land-
scapes are predominated by forest succession as
in most other European mountain regions
(Emanuelsson 1987; Hofgaard 1997; Löffler
et al. 2004; Bryn 2008; Bryn and Hemsing 2012;
Potthoff 2017; Bryn and Potthoff 2018). How-
ever, the grazing regime controls establishment
of shrubs and trees and treeline expansion to a
comparatively greater extent, in particular in
northern Scandinavia where semi-domestic rein-
deer husbandry still exerts a strong influence on
mountain ecosystems (Moen 2006). Herd sizes
have increased considerably over recent decades
(Forbes and Kumpula 2009), and increased
reindeer grazing pressure has caused shifts in
plant species composition, declines in the cover
of lichen heaths, soil erosion, a decline in car-
rying capacity, and a decrease in productivity,
suggesting an overuse of grazing resources at
least in some parts of northern Europe (Löffler
2004, 2007; Pape and Löffler 2012). In Finnish
Lapland, deteriorating pasture conditions were
attributed by the media to intensive Saami rein-
deer farming and overgrazing. Harkoma and
Forbes (2020) highlighted that the underlying
causes are more complex and include, inter alia,
climate change, regulatory challenges, range
restrictions, and other uses of the land such as
forestry, infrastructure development, mining, and
recreation. Reindeer grazing was also observed
to counteract processes of climate-induced
encroachment of tall shrubs in tundra (Ims
et al. 2013; Bråthen et al. 2017). The recent
development in reindeer husbandry is in contrast
to the strong decrease of livestock grazing in
Norwegian unimproved land since the 1950s
(Austrheim et al. 2011). The decrease of live-
stock grazing is in line with the trend of aban-
donment of seasonal farming reported from all
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over Norway (Eiter and Potthoff 2016). Tourism
has been part of the mountain economy in
Scandinavia since long and has gained signifi-
cance for local and regional development in
recent decades with the decline in extractive
industries and agriculture (Fredman and Heber-
lein 2005). In a warmer future, a northward shift
of winter tourism is expected, however, potential
ski tourism development zones frequently inter-
sect with established protected areas (Demiroglu
et al. 2019; Fredman and Chekalina 2019).

America
With regard to North American mountains and
plateaus, a clear distinction must be made
between a long period when Native Americans
dominated land use and a period of Euro-
American dominance of land use that started in
the mid-nineteenth century (Vankat 2013). The
importance of Native American agriculture
increased after about 4,000 years BP with the
erection of permanent small settlements. It is
often assumed that the impact of Native Ameri-
cans on mountain environments had been largely
insignificant. However, to a certain degree their
activity had modified forest extent and compo-
sition, created and expanded grasslands, and
there is evidence of increased fire frequencies
and altered fire regimes at the landscape scale
(Denevan 1992; Allen 2002; Roos et al. 2010).
Land use effects have clearly reached another
dimension since the 1850s when the transition
period from Native American to Euro-American
dominance of land use ended—three centuries
after the first Spanish exploring party had entered
the Colorado Plateau. From the Rocky Moun-
tains to the coastal ranges, permanent Euro-
American settlements were established, mainly
driven by extractive industries such as logging,
mining, and grazing, and facilitated by the
development of transportation routes, in partic-
ular railroads (Wyckoff and Dilsaver 1995;
Wildeman and Brock 2000). In the Colorado
Front Range, a gold find in 1858 resulted in a
gold rush that marked the beginning of perma-
nent Euro-American settlement in the Rocky
Mountains (Veblen and Lorenz 1991). In Cali-
fornia’s mountains, mining emerged as the

dominant form of land use after the discovery of
gold in 1848 that ignited processes of economic
development, settlement, environmental modifi-
cation, and political adaptation still relevant for
California’s landscape of today (Dilsaver et al.
2000). In its initial stage, the California gold rush
had a comparatively minor effect on landscapes
and ecosystems. This changed drastically, how-
ever, after the introduction of hydraulic mining,
associated with enormous water consumption,
the use of dangerous chemicals, the practice of
dumping mining debris into mountain rivers, and
vast sediment loads. Following the legal ban on
hydraulic mining in 1884, the mining industry
declined, mining boomtowns became depopu-
lated, and agriculture in the Central Valley
became the driving force of California’s econ-
omy (Alagona et al. 2016). The transformation of
the semiarid Central Valley into one of the most
productive agricultural regions in the US has
required the extraction and diversion of vast
amounts of water, primarily from the Sierra
Nevada (Ives et al. 1992a). In general, mining
was the principal industrial activity that attracted
people and brought systematic settlement to the
western mountains in Canada and the US from
1850 to 1930 (Harris 1997).

Other significant anthropogenic disturbances
of the early phase of Euro-American land use
dominance included logging, grazing, and fire
management. The nineteenth-century mining
booms resulted in heavy demands on timber
resources for town construction, fuel, and mine
props, and led to large-scale logging of montane
forests. In many mining areas, nearly all the
timber was cut, causing erosion and soil deple-
tion. Even beyond the immediate mining areas, a
large percentage of forests had been logged for
fuel and construction purposes towards the end
of the nineteenth century, as in the present Rocky
Mountain National Park (Veblen and Lorenz
1991). Widespread logging of ponderosa pine
(Pinus ponderosa) forests commenced in the
1870s when logging became a major industry on
the Colorado Plateau, occasionally even at high
elevations (Vankat 2013). In the Sierra Nevada, a
large timber industry developed to exploit sugar
pine (Pinus lambertiana) and sequoia
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(Sequoiadendron giganteum) forests (Alagona
et al. 2016). After three decades of heavy log-
ging, the California Board of Forestry estimated
in 1886 that already one-third of the Sierra
Nevada’s timber had been harvested (Beesley
2004). During this deforestation phase, the
foothills treeline in the Sierra Nevada was raised
by up to 600 m (Dilsaver et al. 2000).

Livestock grazing was the first broad-scale
impact on the vegetation of mountains and pla-
teaus in the American West after European col-
onization. Livestock numbers and grazing impact
reached another order of magnitude in the second
half of the nineteenth century, when rapid
increases in large, commercial ranching opera-
tions were supported by the completion of the
transcontinental railroad, the final subjugation of
the nomadic Native American groups, expanding
markets, as well as by the entrepreneurial
resource utilization ethic that focused on maxi-
mum harvest for maximum profit (Raish 2004).
The intensification of the nineteenth-century
open-land sheep and cattle ranching also affec-
ted higher elevations as evident from severe
grazing damage on the Colorado Plateau by high
populations of these introduced herbivores (Cole
et al. 1997), while seasonal migrations to and
pressure on alpine grazing lands remained much
less significant compared to Old World mountain
regions (Bock et al. 1995). The commercial
livestock industry declined at the turn of the
century, mainly due to overstocked ranges,
droughts, and brutal winters (Huntsinger et al.
2010). As early as 1864, increasing concerns
about depleted forests, polluted waterways and
degraded rangelands resulted in the designation
of California’s Yosemite Valley and nearby
Mariposa Grove as a nature reserve for conser-
vation and recreation (Beesley 2004). This first
groundbreaking success of the American envi-
ronmental movement was followed eight years
later by the establishment of Yellowstone
National Park, the world’s first national park, and
by the establishment of federal forest
reserves/national forests around the turn of the
century.

The alteration of fire regimes was an impor-
tant effect of early Euro-American land use that

had a lasting impact on vegetation and landscape,
still unfolding today (Vankat 2013). Initially,
livestock herders set fires to clear vegetation and
stimulate forage growth, and many fires were set
by mining and other human activities, either
accidentally or intentionally. Post-fire stands
often showed a shifted dominance of tree species,
and post-fire recovery processes still influence
recent forest cover changes (Rodman et al.
2019). However, fire frequency decreased in
areas where livestock grazing expanded since the
shrub and herb layers in open forests and
meadows were greatly reduced. This culminated
in extensive and effective fire suppression, an
important legacy of public land management,
becoming widespread in the early twentieth
century since fires were then viewed as unnatural
events from which vegetation should be pro-
tected. For many decades, forests remained
unburnt, causing again changes in species com-
position, structure and dynamics. For instance,
pyrophytic species such as the giant sequoia have
not been exposed to fire for almost a century and
did not regenerate (Harvey et al. 1980). Fire
exclusion resulted in an unnatural level of fuel
load and increased tree densities in mountain
forests, leading to landscape-scale crown fires
(Fig. 1.58). In subalpine forests with longer
natural fire intervals, fire suppression had less
serious implications. In recent decades, fire
management practices such as prescribed burning
have been developed that are only partially suc-
cessful in countering the effects of long-term fire
exclusion, and bear as well the risk of excep-
tionally large and intensive crown fires (Fulé and
Laughlin 2007; North et al. 2015; Thompson
et al. 2018).

Land use management in North American
mountain regions remained to be driven by
extractive industries during the twentieth century,
albeit to a lesser extent, while the environmental
movement has strengthened, and tourism, recre-
ation, and residential development have become
increasingly important. Mining declined after the
global economic depression in the 1930s, but
retained its importance as major employer and
source of adverse environmental impacts (Fox
1997; Gardner et al. 2013). The migratory sheep
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and cattle industry rapidly declined since the
1930s. The Taylor Grazing Act ended open range
grazing in the western US in 1934, and herd
movements were further restricted by environ-
mental laws and the addition of more national
parks. The percentage of total land area used for
grazing in the Rocky Mountains decreased sig-
nificantly (Cline 2013). Today, transhumance is
no longer economically significant in North
American mountain regions (Cunha and Price
2013). At lower elevations, however, the influ-
ence of the western range livestock industry is
still strong and grazing-induced ecological
changes have long been debated (Donahue
2005). One of the responses to widespread forest

depletion was the establishment of the US Forest
Service in 1906, who tried to restore degraded
lands, severely limited grazing and regulated
logging during the twentieth century (Dilsaver
et al. 2000). Henceforth, national forests have
been managed under a multiple-use, sustained-
yield mandate, combining extractive uses as well
as recreation and conservation. The balance
among these uses has been spatio-temporally
differentiated (Alagona et al. 2016). In the first
half of the twentieth century, the focus was on
conservative use and resource protection, and
national forests were rarely logged (Fig. 1.59).
Large-scale timber extractions were resumed in
the 1950s, mainly triggered by the postwar

Fig. 1.58 Fire suppression
for decades has increased the
risk of landscape-scale crown
fires, with recent climate
change adding to this risk
(Yosemite National Park,
Sierra Nevada, USA). (Photo
© Udo Schickhoff, August
23, 2019)

Fig. 1.59 Timber sold and
harvested in the national
forest system of the United
States from 1905 to 2017
(sold data not available before
1940). (modified from www.
fs.fed.us)
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housing boom which was fuelled by the growing
prosperity of a fast growing population. More
stringent environmental legislation, rapid devel-
opment of plantations (mainly in the Southeast),
and foreign producers capturing the US wood
supply market were major reasons why the
national forest timber harvest plunged to prewar
levels in the 1990s (Bosworth and Brown 2007).
The sharp decrease in harvest from national
forests helped to ensure that the total forest area
in North America is currently roughly stable
(Masek et al. 2011).

Current land use in North American moun-
tains is characterized by an increasing dominance
of conservation, recreation, residential and com-
mercial development, while resource extraction
is losing importance. In recent decades, a sig-
nificant migration to mountain regions can be
observed as part of a national population shift to
the South and West and from urban to rural
areas. Rapid growth of mountain towns and
dispersed, landscape-consuming residential
development in rural areas reflect emerging land
use patterns created by amenity migration, as
described for the Colorado and Canadian Rocky
Mountains (Riebsame et al. 1996; Leinwand
et al. 2010; McNicol and Glorioso 2014) and for
the Sierra Nevada (Loeffler and Steinicke 2006).
Amenity migrants include semipermanent resi-
dents as well as homeworkers and retired per-
sons, establishing permanency in their mountain
homes (Moss 2006). Significantly increased
housing density has also been the most signifi-
cant land use change on lands surrounding US
national parks in recent decades (Hansen et al.
2014; Resler et al. 2020). At the same time,
tourism has received a huge boost and has
become an important element in the local econ-
omy. Ski area development has dramatically
increased (Humphries 2020). The Rocky Moun-
tains are now an international winter tourism
destination, giving rise to controversial discus-
sions on further expansion of ski resorts (Child-
ers 2012). The second pillar of the large-scale
two-season mass tourism is the increasing nature-
based summer tourism, for which the national
parks represent a major resource, and which
triggers diverse recreation impacts (e.g. Willard

et al. 2007). The recent transformation into
amenity landscapes is associated with extensive
infrastructure networks, a visible expression of
contemporary land use in many mountain areas
(Alagona et al. 2016).

The historical development of land use in
mountain regions of Central and South America
exhibits differences to that of North America in
the sense that indigenous highland peoples had a
much higher population density over many cen-
turies, and had reshaped the environment to a
comparatively greater extent. In the Andes, at least
thirteen to fourteen thousand years of continuous
human occupation had preceded European contact
(Erlandson and Braje 2015). Palaeo-Indian hun-
ters burned woodland to expand the game-rich
ecotone between forests and the alpine zone and
initiated the large-scale deforestation of the high-
lands. The transformation from woodland to
grassland continued to be driven forward when
agriculture and pastoralism appeared around 6–
7000 BP and land for cultivation and grazing use
was needed (Ellenberg 1979; Baied and Wheeler
1993; Gade 1999). This transformation resulted,
inter alia, in upper treelines being truly anthro-
pogenic (Miehe and Miehe 2000; Sarmiento and
Frolich 2002). Later, advanced civilizations such
as the Tiahuanaco and Inca empires developed a
highly successful agriculture including the
sophisticated management of raised fields and
irrigated terraced slopes, and thus remodelled the
landscape of whole valley systems. Agriculture
extended over a considerable range of altitude
from the lowlands to over 5000 m and sustained
more than 10 million people in the Central Andes
(Grötzbach and Stadel 1997; Borsdorf and Stadel
2015). In late Pre-Columbian times, intensive
agriculture was most widespread in the northern
and central Andes where, below about 3000 m,
maize cultivation resulted in massive landscape
transformation, and areas above 4000 m were
used for hunting and camelid (llama, alpaca)
grazing (Knapp 2007). Grasslands were main-
tained by clearing, grazing, and burning (Gade
1999). Humans have modified most forest,
shrubland, grassland, and wetland vegetation
types in the Andes for millennia (Young et al.
2007; Young 2009).
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The Spanish conquest (AD 1532) marked the
start of profound transformations of Andean
society, culture, economy, and environments.
Colonial rule aimed at exploiting natural and
human resources and at missionizing the
indigenous population, focusing on high-yield
mining areas, productive agricultural areas, and
generally on densely populated regions (Borsdorf
and Stadel 2015). The southern Andes were rel-
atively neglected, and have experienced to date a
much lower appropriation of land for human use
(Hoekstra et al. 2010; but see Inostroza et al.
2016). The Spaniards modified or destroyed tra-
ditional community organization, while indige-
nous agricultural techniques and land use
systems largely collapsed (Grötzbach and Stadel
1997). The introduction of land tenure systems,
crops, domesticated animals, tools, technologies,
institutions, and peoples can be termed an early
globalization, involving a variety of impacts on
the mountain environment that have been mas-
sive in the long term and sometimes substantial
or even devastating at a local or regional level
(Knapp 2007). In the wake of the Spanish con-
quest, fundamental socio-economic and admin-
istrative changes were introduced, leading to
severe societal disruption. The indigenous pop-
ulation started to decline drastically, mainly due
to the spread of European diseases or forced
labour (Ives et al. 1992b). Declining subsistence
needs of a shrinking population resulted in the
abandonment of a large number of terraces as
well as of raised fields that occupied large areas
in highland flats, reflecting that depopulation was
associated with disintensification of land use,
characteristic of the entire Andes in the 1600s
and 1700s (Knapp 2007; see also Butzer and
Butzer 1995 for Mexico). Nevertheless, cultiva-
tion patterns were continued incorporating a
wide range of introduced European crops, which
could be used particularly at higher elevations.
The most important change in traditional grazing
patterns was the replacement of domesticated
Andean animals (llamas, alpacas) by European
sheep, goats and cattle that contributed most
saliently to peasant livelihoods (Gade 1992). Due
to the dramatic depopulation of vast tracts of the
Andes after the Spanish conquest, large land

areas were available for grazing, which was less
labour-intensive than traditional farming (Bors-
dorf and Stadel 2015). Whereas traditional
Andean grazing patterns are associated with
sustainable production systems, large-scale soil
erosion problems and drastic changes in vegeta-
tion structure in the post-conquest era are com-
monly attributed to overgrazing by introduced
livestock to which the native vegetation is not
adapted (Browman 1974; Millones 1982).
Grazing-ecological studies confirm that grazing
systems with introduced cattle have a lower
efficiency in the use of pastoral space, show a
concentration of cattle in fewer places, and have
a higher magnitude of environmental impact
(Molinillo and Monasterio 2006).

Nevertheless, the colonial period with the
population decline of indigenous Andean high-
land peoples was generally associated with
environmental recovery, with the exception of
impacts originating from mining activities and
from the demand of wood (Denevan 1992;
Knapp 2007). The demise of much woodland
accelerated since greater quantities of wood were
needed for diversified uses including mining
activities and charcoal production, controls on
wood cutting were far less strict than in Inca
times, and forest grazing by introduced livestock
caused severe damage. In the course of time,
human agency has destroyed over 90% of native
Andean forests (Gade 1999). Wood shortages are
meanwhile alleviated by ecologically detrimental
plantations of exotic eucalyptus and pine species
that accounts for a part of the recent increases in
woody cover of mid-elevation areas and highland
grasslands in the tropical Andes (Balthazar et al.
2015; Aide et al. 2019; but see Restrepo et al.
2015 for the Colombian Andes). At the time of
the Spanish American wars of independence in
the early nineteenth century, the population
started to expand again, followed by an expo-
nential growth since the 1920s that has been
attenuated in recent years. The increasing inte-
gration into the global system of trade and
transfer and the high population growth have
resulted in highland resources having been more
intensively exploited, and European modification
of the environment having accelerated. The
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colonization of the highlands was reinforced, the
agricultural frontier moved up into the páramo,
and the agricultural production intensified, char-
acterized by an increased use of chemical fertil-
izers and pesticides, indiscriminate use of fires,
overgrazing, construction of drainage systems
and roads (Monasterio 1980; Hess 1990). Human
disturbance still plays a primary role in shaping
páramo vegetation patterns, diversity and
ecosystem services (Suárez and Medina 2001;
Vasquez et al. 2015; Hofstede and Llambi 2020).
In general, extensive road construction played a
crucial role for land reclamation, with facilitated
access to remote valleys supporting deforestation

and agricultural intensification (Fig. 1.60) (Peters
et al. 2013; Quintero-Gallego et al. 2018).

Intensified use of highland resources applies
in particular to mining-related resource extrac-
tions. Industrial-scale silver and gold mining in
the Andes was already a widespread source of
livelihood in Inca times and continued through
the colonial and post-colonial periods. One of the
largest cities in America at the beginning of the
seventeenth century was Potosí, an old silver
mining town at 4100 m in present-day Bolivia
which had grown to 150,000 inhabitants (Bors-
dorf and Stadel 2015). With the globalization of
economy in recent decades, the exploitation of

Fig. 1.60 Impacts of
expanding rural road
networks in the Andes; a road
networks of Ecuador in 1938,
1969, 2000 and 2011;
b evolution of land use forms
along the main road in the
upper Rio San Francisco
valley over a 40-year period.
(Modified from Peters et al.
2013)
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Andean mineral resources of global interest, such
as copper, gold, zinc, tin, and molybdenum, has
greatly expanded, controlled by multinational
corporations. Water consumption, contamination
of water and soils and other negative environ-
mental impacts of large-scale projects are sub-
stantial, as vividly illustrated by the case of the
open-pit mining project Pascua Lama at an ele-
vation above 4000 m across the border of
Argentina and Chile, strongly resisted by rural
communities (Romero et al. 2009). This project,
aiming at extracting gold, silver and copper,
exemplifies the increasing number of conflicts
created among enterprises, native ethnic groups,
and residents of the lowlands who depend on
highland resources such as water and wood
withheld from them for the extraction of indus-
trial minerals (Marchant 2010). The huge
investment in mining in the Andes has provoked
a surge in social mobilization and conflict
(Bebbington et al. 2008). Unsustainable highland
resource use in the wake of economic global-
ization is obvious from the fact that Chile, the
main producer of copper and associated minerals
in the world, concentrates the national mining
investment in the Atacama Desert where water
resources are extremely scarce and water is even
imported from Bolivia (Romero et al. 2009).

Mining accounts for an increasing value share of
Chile’s exports and a significant proportion of
GDP, while the importance of the primary sector
is further declining (Fig. 1.61).

A common consequence of the deep social,
economic, cultural and environmental transfor-
mations that have affected the mountain regions
in Central and South America was the migration
of highland population to the lowland. The
decline of traditional mountain economies based
on agriculture and livestock had triggered con-
spicuous migration trends from highland to
lowland and from rural to urban in the second
half of the twentieth century (Escobar and Beall
1982; Ives et al. 1992b; Lauer 1993; Romero and
Rivera 1996; Izquierdo et al. 2018). The huge
rural exodus reflected the need to improve
livelihoods through getting employment, hous-
ing, education, and health services, and resulted
in an explosive population growth and slum
development in expanding cities. In recent years,
these migration trends and the growth of cities
have weakened. Globalization and international
mobility support in places the emergence of a
new rurality, in which international migration
patterns stimulate development by increasing the
remittance income of households (Yarnall and
Price 2010; Borsdorf and Stadel 2015). Recently,

Fig. 1.61 Value share of
exports by sector in Chile
2003–2011. (Modified from
Simpson et al. 2014)
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páramos and puna grasslands have been
increasingly converted to other land uses such as
more intensive agriculture and afforestation,
involving higher water-demanding trees and
crops (Hofstede et al. 2002; Tovar et al. 2013b;
Bello et al. 2014).

Spatial patterns of rural settlements are in a
process of change as well, exemplified, for
instance, by increasing amenity migration, in the
case of Santiago de Chile supported by the state's
withdrawal from regional planning, deregulation,
privatization of the land market and other factors,
all of which are linked to globalization (Borsdorf
and Hidalgo 2009). Other examples, caused by
changing socio-ecological systems at higher
elevations, include the concentration of pastoral
settlements in the Peruvian puna (Charbonneau
2009) and the expansion of the permanent fron-
tier of agriculture and dwellings to higher ele-
vations in the Ecuadorian páramo (López-
Sandoval and Maldonado 2019). The latter case
study also illustrates positive conservation out-
comes after the establishment of communal
governance of natural resources. Unlike the
Himalaya (see above), the implementation of
community-based management models is less
advanced in the Andes and faces diverse chal-
lenges, but needs to be promoted in order to
contribute to the achievement of sustainability
goals (Wilson 2016; Mathez-Stiefel et al. 2017).

The view that it is imperative to protect valuable
or representative natural and cultural landscapes
has increasingly gained ground over recent dec-
ades, reflected in a strong increase in protected
areas since the 1960s, both in number and sur-
face area (Fig. 1.62). With extraordinary scenic
and cultural diversity, the Andes have a
tremendous tourism potential. Tourism is con-
sidered a key sector of the national economy and
an effective strategy to counter poverty and
marginalization and to contribute significantly to
regional development (Borsdorf and Stadel
2015). In Peru, for example, tourism has become
the second most important economic sector after
mining, with strongly increasing arrivals of
international tourists (more than 4 million in
2017) and annual tourism-induced foreign
exchange revenues of more than USD 4 billion
(Baumhackl 2019). It is a major challenge for
governments and local authorities to alleviate
environmental impacts resulting from the spatial
concentration of tourist flows, and to make
tourism compatible with the ways of living of the
local population.

Africa
Since time immemorial African mountains and
highlands have been more attractive for human
land use than surrounding lowlands since cli-
matic and ecological conditions for agriculture

Fig. 1.62 Number and
surface area of protected areas
have increased considerably
in the Andes in recent
decades, exemplified by the
Laguna Miscanti (4140 m),
Atacama Altiplano, Chile,
part of the National Reserve
Los Flamencos. (Photo ©
Udo Schickhoff, March 24,
2017)
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and for sustaining livelihoods are much more
favourable (Grosjean and Messerli 1988; Hurni
et al. 1992; Messerli and Winiger 1992).
Mountain regions also provided refuge areas for
ethnic groups as well as better protection from
severe vector-borne human and animal diseases.
Accordingly, most of African highlands are areas
of large population concentrations, illustrated by
the case of Ethiopia where some 10% of the
population only is living in areas below 1500 m
(Abate 1993; Piguet and Pankhurst 2009). The
Atlas Mountains are just another example of
sustaining higher population densities than sur-
rounding lowlands by providing economic
resources and ecosystem services (Bencherifa
1990; Montanari 2013). Abundant natural
resources of varied mountain environments may
have facilitated hominid evolution in eastern and
southern Africa, while notable human impact
dates back to Stone Age populations that had
colonized most of East Africa’s biomes with very
low numbers of individuals by c. 100,000 BP
(Spinage 2012). The use of fire, supporting the
expansion of savannahs, was the first major
impact changing the ecology of Africa, followed
much later by pastoralism that, in turn, paved the
way for agriculture. The first appearance of goats
and sheep in East Africa can be assumed for c.
5,000 BP, coinciding with the terminating Afri-
can Humid Period. Cattle followed subsequently,
spreading slowly from there to southern Africa,
while the presence of cattle north of the Sahara is
dated back to the eighth-seventh millennia BP
(Gifford-Gonzalez 2000, 2017). The introduction
of domesticated livestock and the expansion of
pastoral communities diversified land use and
marked the start of a sequence of significant land
cover change (Marchant et al. 2018). After the
Bantu expansion in Sub-Saharan Africa and
since the Iron Age, impacts from (semi)-perma-
nent settlements, cultivation, pastoralism, and the
use of fire became a more widespread and dom-
inating force, resulting in widespread anthro-
pogenic degradation of vegetation and
deforestation over the past 2,000–2,500 years
(Spinage 2012).

Palaeoecological studies give evidence of
human-induced forest clearing, often associated

with soil erosion, beginning around 2,000 BP in
the Atlas Mountains and in the interlacustrine
highlands of East Africa (Lamb et al. 1991;
Taylor 1990, 1996; Jolly et al. 1997; Marchant
and Taylor 1998; Cheddadi et al. 2015). Large-
scale anthropogenic forest destruction appears to
have also started at higher elevations in the
Rwenzoris and in the Ethiopian Highlands
between 1,000 and 2,000 BP, whereas mountains
in Kenya and Tanzania retained more forest
cover up to modern times (Hamilton 1982;
Nyssen et al. 2004; Umer et al. 2007). In East
Africa, forest clearings have mainly focused on
productive mid-elevation areas. Thus, very little
primary forest remained between 1500 and
2500 m, and montane forest vegetation is now
largely restricted to protected areas (Marchant
et al. 2018). For instance, the submontane forest
in the eastern Arc Mountains in Tanzania has lost
more than 90% of its mid-Holocene area (Hall
et al. 2009). Early deforestation in Ethiopia has
been on an exceptionally large scale. The
resulting environmental degradation was held
partly responsible for the demise of the Axum
civilization during the first millennium AD
(Butzer 1981).

Over the last several centuries, population
growth, migration of peoples, the introduction of
new crops and technologies, effects of colonial-
ism, and economic globalization were significant
drivers of extensive and pervasive land cover
change. Mountain ranges in the Maghreb coun-
tries experienced a general decline in forest cover
and a matorralisation process, with most of the
forests being transformed into various replace-
ment communities including dehesa-like park-
lands due to high frequency of fires and the
intensification of land clearance and grazing
pressure (Cheddadi et al. 2015). Reconstructions
of human–environment interactions show that
the phase of Islamization was associated with
population increase and development, including
expanded pastoralism, deforestation and agri-
culture (McGregor et al. 2009). Another phase of
agricultural intensification related to colonialism
in the Atlas Mountains occurred in the late
nineteenth and during the twentieth century,
when the mountain ranges and intermontane
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valleys served as delivery systems for resources
for the focal areas of development in the low-
lands (Hurni et al. 1992). This function has been
maintained in the post-colonial period (in Mor-
occo since 1956), with forests and silvopastoral
areas further declining in recent decades, attrib-
uted to the interaction of drivers such as drought,
fire, soil erosion, and the increasing pressure on
resources associated with socio-economic change
(Hammi et al. 2010; Chebli et al. 2018; Kouba
et al. 2018). Recent transformation processes in
mountain livestock farming systems are widen-
ing the gap between the utilization of natural
resources and the carrying capacity of mountain
ranges, in particular in the Middle Atlas where
pastoralism always played a predominant role.
Socio-ecological changes include the commer-
cialization of pastoralism and a general decline of
transhumance, manifested in increasing sedenta-
rization, the decline of traditional institutions
regulating herd mobility, reduced pastoral terri-
tories and herd mobility, and increased livestock
numbers, spatial concentration of herds and
grazing season duration (Breuer 2007; El Aich
2018). The ongoing overuse of rangeland
resources is a striking contrast to the mountain
ranges in the northern Mediterranean basin.
Although migration to lowland cities or abroad
has a long tradition (in Morocco over the entire
post-independence period), and remittance gen-
eration has considerably improved living condi-
tions (de Haas 2009; Berriane et al. 2015),
unsustainable use of economic resources has not
been significantly alleviated. International
migration has resulted in increasing agricultural
productivity rather than in retreat from agricul-
ture (de Haas 2006; Rössler et al. 2010), while
farmers diversify their sources of income with,
inter alia, tourist-related activities. Climate
change will add a significant challenge to envi-
ronmental and anthropogenic systems in the
Atlas Mountains (Linstädter et al. 2010; Schilling
et al. 2012).

The Ethiopian Highlands have been almost
entirely reshaped into an anthropogenic agricul-
tural landscape. Favourable natural resources
have attracted human settlers ever since, thus
deforestation is a very old phenomenon. Many

centuries of land resource utilization by a grow-
ing population, mainly subsistence agriculture
with crop cultivation and animal husbandry, have
reduced the original forest cover of c. 80% to
below 5%, with the remaining forests located in
the southwestern part of the highlands (Hurni
et al. 1992). The eventful history explains the
spatio-temporal differentiation of land cover
changes, with political stability/instability, for-
eign invasions, population growth, droughts,
locusts, repeated famines, and economic pros-
perity being most important drivers of land use
intensity and cultural landscape evolution. Eval-
uations of historical travel accounts revealed that
over the past centuries phases with widespread
land degradation alternated with phases of
recovery, and that in many parts of the highlands
closed forests were already completely absent in
the early nineteenth century, in particular within
the well-populated elevational belts between
1500 and 2700 m (Ritler 1997, 2003; Munro
et al. 2008). A series of historical photographs of
1868 clearly shows that the status of natural
resources in northern Ethiopia was already very
degraded 150 years ago (Nyssen et al. 2009).
After recovery from the major famine and epi-
zootic of 1889–92 and the influenza pandemic of
1918–19, the highlands experienced steady
population growth under higher political security
over the following decades, resulting in local
migration to agriculturally marginal zones where
population pressure on land resources (fuelwood,
grazing lands, new cultivation areas) increased.
Cultivation expanded to steeper slopes and from
the long-term mid-elevation settlement zones
into lower elevations, while the upper limit of
cultivation was shifted to just below the frost line
(McCann 1995). An expansion of land use into
higher elevations was also observed in the Bale
Mountains (Miehe and Miehe 1994; Kidane et al.
2012; Hailemariam et al. 2016). Several studies
confirmed a deforestation trend in favour of
cultivation over the second half of the twentieth
century (Kebrom and Hedlund 2000; Zeleke and
Hurni 2001; Bewket 2002), continuing in places
to the present day, partly driven by the govern-
ment policy on land resources and land rights,
and by the market-oriented production of high
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value crops (Lanckriet et al. 2015; Tolessa et al.
2017; Solomon et al. 2018; Strobelt and von
Kocemba 2020). It also needs to be highlighted
that the population has increased from 6.6 mil-
lion in 1868 (Nyssen et al. 2009) to 115 million
in 2020 (according to UN data), while over 90%
of the population’s energy requirement is still
obtained mainly from biomass (Lemenih and
Kassa 2014). Small remnants of the forest climax
vegetation only remained in sacred groves
around churches and in isolated areas (Wassie
et al. 2010; Aerts et al. 2016). Even sacred
church forests are threatened by human distur-
bance (Cardelús et al. 2019).

In general, processes of deforestation, over-
grazing, and soil erosion over long time periods
have resulted in tremendous land degradation
(Nyssen et al. 2004, 2015). The northern high-
lands appear to be the most severely eroded part
of Ethiopia, showing high to extremely high soil
loss rates, decreased agricultural productivity
(crop and livestock), and increased famine vul-
nerability (Hurni et al. 1992). Erosion surveys in
the late 1960s prompted the initiation of nation-
wide soil and water conservation programmes
and reforestation activities (eucalypt plantations),
supported by international development aid after
the disastrous drought in the early 1970s (Munro
et al. 2008). Meanwhile, positive outcomes of
these land rehabilitation programmes, being
facilitated by the growing awareness of land-
holders (Fig. 1.63), are clearly visible
(Fig. 1.64), reflected in new eucalypt woodlands,
regeneration of indigenous trees and shrubs, and
improved soil protection (Bewket 2002; Nyssen
et al. 2004, 2009, 2015; de Mûelenaere et al.
2014). Recovery of vegetation was also assessed
in subalpine and afro-alpine zones including
treeline advance, while a decrease of areas with
dense forest has occurred, on the other hand,
even in some protected areas (Wondie et al.
2011; Jacob et al. 2017). A promising approach
to halt the process of deforestation and forest
degradation is participatory forest management
which was introduced with pilot projects in the
1990s and found to provide mixed results so far
in terms of livelihood and ecological benefits
(Ameha et al. 2014, 2016). Even though the

depletion of resources continues in places, the
positive impact of improved land husbandry
shows that land degradation in the Ethiopian
Highlands is not principally irreversible (Nyssen
et al. 2009). Land rehabilitation programmes
should be supported by a rural development
policy promoting livelihood strategies that are
both environmentally friendly and economically
sound. A promising path of rural development
could be the shift from the traditionally preferred
‘cereal crop-livestock mix’ dominated livelihood
strategy to one dominated by cash income-based
activities such as off-farm business, honey pro-
duction, poultry, and horticulture (Babulo et al.
2008). To relief pressure from the chronically
food-insecure highlands, the government has
conducted (much-criticized) resettlement pro-
grammes. Rural–urban migration continues to
occur at high levels, while international migra-
tion flows out of Ethiopia are relatively small
(although a much-desired possibility) as are the
impacts on the local economy by remittances
(Fransen and Kuschminder 2009).

According to historical accounts (compiled in
Spinage 2012), mountain regions in Uganda,
Rwanda, Kenya and Tanzania have lost much of
its forest cover during the past 200 years, often
resulting in increased soil erosion and more fre-
quent landslides. In the highlands of Kenya,
traditional land use patterns were completely
transformed during colonial times, when the
colonial rulers established ‘white highlands’,
with white settlers developing export-oriented
agriculture on large-scale farms. Following
independence in 1963, highland areas were
subdivided and transferred to indigenous small-
scale farmers, resulting, inter alia, in intensified
mixed farming systems, expansion into agricul-
turally marginal areas, economic marginalization,
forest depletion, and land degradation (Hurni
et al. 1992). Rapid population growth over recent
decades and economic globalization has resulted
in substantial agricultural expansion in the
Mount Kenya area (Kiteme et al. 2008). Pressure
on water and land in the foothills has more
recently increased by the expansion of horticul-
tural agribusinesses, while land use in the region
remains dominated by small-scale crop and
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livestock farms, producing both for their own
subsistence and for the local markets (Zaehringer
et al. 2018). The increase of (increasingly irri-
gated) cropland is associated with a further
decline of small forest patches, bush- and
shrubland, but also with enlarged forest planta-
tions. At higher elevations, the adoption of
agroforestry systems has increased tree cover,
while the land cover of protected areas including
Mount Kenya National Park and National Forest
remained rather stable over the past 30 years

(Eckert et al. 2017). It needs to be highlighted
that, even though not free from human impact,
almost 100% of the afro-alpine zones in East
Africa are under various forms of formal pro-
tection (Wesche et al. 2008b; Carbutt 2020).

The forest cover on the slopes of Mt. Kili-
manjaro is reported to have been much more
extensive in the early nineteenth century (Spi-
nage 2012). However, logging and burning have
resulted in significant land cover changes over
the twentieth century. Land use pressure has

Fig. 1.63 Land rehabilitation
programmes, such as the
construction of terraces for
soil and water conservation,
enjoy firm support from local
communities and are actively
supported (Tigray, northern
Ethiopian Highlands). (Photo
© Udo Schickhoff, February
21, 2020)

Fig. 1.64 A vivid illustration of successful land rehabil-
itation at Bolago, northern Ethiopian Highlands: Tree
cover has much improved since 1868, afforestation started

in the late 1980s. (Photos courtesy of Jan Nyssen;
modified from Nyssen et al. 2009)
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increased due to enormous population growth,
with the local population having multiplied 20
times since 1895 (Hemp 2005b). Recurrent fires,
mainly started by humans, have played an
increasingly destructive role in recent decades
(Hemp 2006a). Over the past century, Mt. Kili-
manjaro has lost some 300 km2 of high altitude
forests, and the upper closed forest line was
lowered by 900 m because of fire (Hemp 2006b).
Fire frequency is expected to increase with rising
temperatures and decreasing precipitation. In
addition to the impact of fire, clear-cutting of
montane forests reduced the forest area by
450 km2 since 1929, resulting in a total loss of
the nineteenth-century forest cover of c. 50%
(Lambrechts et al. 2002; Hemp 2006b). This
forest depletion affects the fog water collection
and thus the water balance of the whole moun-
tain. Cutting of trees and illegal logging has been
reduced after the introduction of stringent bylaws
in 2000 (Kilungu et al. 2019). Current land use
changes at lower elevations include the increas-
ing transformation of savannah woodlands into
maize fields, the emergence of commercial coffee
plantations within the altitudinal zone of the
traditional agricultural system of the local
Chagga people (Chagga home gardens and
grasslands), and the enlargement of forest plan-
tations (Hemp 2006b; Ensslin et al. 2015). Cul-
tivation has expanded to more marginal land
down the slopes, associated with the disappear-
ance and extreme fragmentation of bushland and
appearance and expansion of settlements (Soini
2005). Logging is insignificant in the upper for-
est zone, and above the forest belt, grazing and
agriculture are non-existent. However, the Kili-
manjaro National Park attracts an increasing
number of visitors each year, generating
increasing human impact on the sensitive alpine
zone. Nevertheless, the development of eco-
tourism is a promising economic alternative for
the poverty-stricken, rapidly growing population
(Agrawala et al. 2003). While non-agricultural
activities and paid employment are becoming
increasingly important, considerable entry barri-
ers to remunerable off-farm jobs persist for many

households, restricting access to attractive non-
farm opportunities (Soini 2005). On the other
hand, experiences from Mt. Kenya and the
Rwenzori Mountains in Uganda show that alpine
tourism has so far failed to meet up to expectations
in terms of economic benefits and the promotion
of sustainable development, even though a stabi-
lizing effect on the livelihood of rural households
is discernible (Neuburger and Steinicke 2012).
After the establishment of the Rwenzori Moun-
tains National Park in 1992 (Fig. 1.65), land use
restrictions directed the population pressure to the
foothills, causing there high population density,
unsustainable resource use, and social tensions
with adjacent ethnic groups (Steinicke 2011). Poor
households in the sub-counties bordering the
national park still exhibit a great dependence on
forest resources inside the park, which are illegally
collected and have a significant impact on reduc-
ing income inequalities and making the poor less
poor. In order to protect the park, encouraging a
pro-poor conservation approach rather than
increased law enforcement is required (Tumusiime
et al. 2011). In southern Africa, prolonged grazing
pressure, originating from prevailing extensive
livestock farming mainly practised by commercial
farmers, has accelerated soil erosion processes in
the Drakensberg mountain region. Lesotho was
considered one of the most severely eroded
countries in Africa, commonly attributed to over-
stocking and overgrazing of cattle and sheep on
communal lands (Acocks 1988). However, the
landscapes of the Drakensberg region have been
shaped by multiple factors including legislated
disenfranchisement and territorial segregation
since the 1800s (Salomon et al. 2012). The high-
land grasslands have been to some extent con-
verted to cultivation and plantations, while
especially the Lesotho Highland basalt grassland
is heavily utilized for grazing and subject to severe
erosion (Mucina et al. 2006; Brown and du Preez
2020). Recent conservation initiatives including
the important Maloti-Drakensberg Transfrontier
Park should be accompanied by promoting off-
reserve conservation on privately or communally
owned land.
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1.4 Conclusions

An unprecedented dimension of change in the
world’s mountains is obvious from this review,
triggered by global climate change and economic
globalization. This novel dimension of change is
increasingly well documented in relevant publi-
cations (see the comprehensive list of recent
references), that allow to identify globally sig-
nificant trends and processes of transformation,
but also regional variations. The dramatic change
in magnitude and rate of cryospheric and biotic
responses and the rapid pace of implementing
adaptation strategies in response to changing
socio-economic frame conditions completes the
overall picture known as the Great Acceleration
which describes accelerating Earth system trends
in the Anthropocene. Elevational zones in
mountains of the world are experiencing strong
levels of temperature increase in the frame of
anthropogenic climate change, causing cascading
effects on physical, biological, and human sys-
tems that, in turn, trigger feedbacks to the climate
system. Pervasive cryosphere changes including
glacier retreat, snow cover decline, and per-
mafrost degradation increase natural hazard risks,
and affect seasonal water supply in river systems,
with potentially severe implications for agricul-
ture, hydropower generation, and local water

resources availability. Declining water supply
from mountains will threaten livelihoods and
food security of millions of lowland people, in
particular in South and East Asia, and may lead
to conflicts over water resources. Biotic respon-
ses to climate change such as phenological shifts,
changing species distributions, invasion of non-
native species, and changes in primary produc-
tion will modify species composition of com-
munities and thus structure and functioning of
ecosystems, affecting the provision of ecosystem
services for millions of people in downstream
areas. Given the low capacity of alpine plant and
animal species to adapt to novel climatic condi-
tions, it must be assumed that loss of species,
biodiversity decline, and impairment of ecosys-
tem services will be inevitable. Human systems
in the world’s mountains are passing through a
process of implementing adaptations to an
increasing magnitude of impact from climate
change and globalization processes. Conforming
to the heterogeneity of poverty and marginal-
ization levels within and between mountain
regions in the Global South, in emerging markets
and in industrialized countries, a wide spectrum
of adaptations and responses depending on socio-
economic conditions, political guidelines, and
environmental changes is discernible. Transfor-
mations in mountain agriculture, extractive
industries, tourism and other sectors are reflected

Fig. 1.65 The establishment
of protected areas in the East
African mountain system in
recent decades such as the
Rwenzori National Park (in
1992) in Uganda has
increased land use pressure in
the surrounding foothills.
(Photo © Udo Schickhoff,
February 12, 2019)
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in land use/land cover changes. In the majority of
examined mountain systems in this review, cur-
rent transformations provide the chance to
counter the downward spiral of resource degra-
dation, rural poverty, and livelihood insecurity.
From an ecological point of view, the recent
trend of reduced land use intensity in alpine
zones and of the increase and enlargement of
protected areas in mountain regions offers the
chance for ecosystem recovery and more efficient
biodiversity conservation. However, establishing
land use systems in high mountain regions which
safeguard livelihood and ecological sustainability
remains a considerable task. It needs to be
embedded in the overriding priority of mitigating
adverse effects of drivers of environmental and
socio-economic change in the world’s moun-
tains. In order to accelerate the implementation of
the UN Sustainable Development Goals, the
recognition of the global significance of moun-
tain regions needs to be further consolidated and
disseminated.
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Part I

Climate Change and Response
Processes of Mountain Environments

Introduction

This part of the book consists of a collection of
18 case studies from mountains across the world
which address climate change itself (past, current
and future changes of temperature and precipi-
tation) and its impacts on the cryosphere,
hydrosphere, biosphere, and human-environment
systems. The case studies illustrate climate
change effects on various components of moun-
tain systems and ongoing processes of change,
including glaciers, water availability, snow
fields, sediment fluxes, vegetation and treeline
dynamics, plant species composition, and socio-
economic changes, using a variety of methodical
approaches including field-based investigations,
remote sensing, ground-based observations and
modelling techniques. The case studies are
arranged in a way that cascading effects of tem-
perature and precipitation changes on the cryo-
sphere, hydrosphere, biosphere, and on socio-
economic systems can be retraced.

The first two case studies analyze temperature
and precipitation changes in the Himalayan
region. An analysis of temperature indices in the
western Indian Himalaya (Himachal Pradesh)
and its lowland plains (Punjab) over the past six
decades (1951–2013) suggests that winters have
particularly warmed in the region (M. R. Sharma
et al.). In the neighbouring Himalayan state of
Uttarakhand declining rainfall over the last cen-
tury was assessed (S. Mal et al.). Long-term

trends of annual and monsoonal precipitation
were found to be negative, with a more evident
and pronounced decline after the 1960s. Mon-
soonal precipitation is correlated to the large-
scale Southern Oscillation Index (SOI).

Climate change effects on the cryosphere and
hydrosphere of the Himalaya are illustrated in the
next five case studies. Strongly negative changes
in glacier length, surface area and mass balance
over the last century across the western Hima-
layan region have become obvious (S. Kaushik
et al.), in line with significant shrinkage of the ice
facies of the Satopanth Glacier in the Garhwal
Himalaya over a 11-year period (B. Yousuf
et al.). Hydrological implications of climatic and
cryospheric changes are potentially dramatic.
The analysis of historical and future moisture and
thermal zones for different seasons under differ-
ent climate scenarios in the Nepal Himalaya (R.
Talchabhadel and R. Karki) reveals the shift of
agro-climatological zones, presenting new
options and new challenges for agricultural pro-
duction. Runoff simulation using a hydrological
model (SWAT) in the framework of analyzing
climate change impacts on water availability in
the Thuli Bheri River Basin of Nepal (A. Aryal
et al.) indicates considerable uncertainty related
to differences in the selected climate models. In
the context of climate change-induced modifica-
tions of hydrological systems, another case study
(J. Grießinger et al.) highlights the significance of
local water availability, access to water resources



and its sustainable management for securing
local livelihoods from irrigation-based land use
systems in the Mustang Himalaya (Nepal).

A Holocene time scale is applied in the next
three case studies. Palaeoperspectives have a
long research tradition in the European Alps.
Here, a broad overview is presented of climate
and environmental changes, glacier dynamics,
natural hazards, and land use changes in the
Stubai Valley (Austria) from the early Holocene
to the Anthropocene (A. Fischer et al.). Early
Holocene glacier retreat had exposed the land
surface for the development of human settle-
ments and land uses, which are still being
threatened due to time-lag effects on exposed
slopes (e.g. slope failures). In Norway, the
majority of glaciers are facing overall mass los-
ses, resulting in enhanced paraglacial activity,
increased natural risk potential, and changes of
glacier foreland ecosystems (Ph. Marr et al.).
Widespread glacier retreat adversely affects the
high-revenue glacier tourism and hydropower
production industries in Norway, however, both
natural and socio-economic systems appear to be
comparatively rather resilient. The sensitivity of
medium- to long-term hillslope sediment fluxes
to climate change is in the focus of a case study
from the Appalachian Mountains of eastern
Canada (D. Germain and L. Stabile-Caillé). The
analyzed talus slopes have remained active
throughout the Holocene, being characterized by
high sediment fluxes and a nonlinear response to
climate change, affected by antecedent condi-
tions, geological controls, and climate variability
at different spatiotemporal scales.

The subsequent case studies cover a range of
biogeographical topics and focus on climate
change effects on habitats, plant species, and
vegetation dynamics. In the Glacier National
Park, Montana (USA), retreating snowfields and
glaciers have caused significant changes in the
distribution of plant growth forms, plant func-
tional traits and species, with xeromorphy being
an important response to water limitation (M.
E. Apple et al.). In the treeline ecotone of the

Rolwaling Himal (Nepal), analyzed vegetation-
environment relationships, plant communities
and population densities of tree species indicate
that the dense Rhododendron krummholz belt
largely prevents the upward migration of other
tree species and thus constrains the future
response of Himalayan krummholz treelines to
climate warming (N. Schwab et al.). Modelling
the ecological niche of treeline tree species in
remote mountain regions faces several challenges
as highlighted in the case study on the Himalayan
birch which serves as a baseline for projecting
the distribution of Betula utilis under future cli-
matic conditions (M. Bobrowski). Two case
studies from the Altay-Sayan Mountain Region
(V. I. Kharuk et al.) analyze tree growth-climate
relationships of conifer trees. Results suggest that
suitable habitats of the Siberian pine (Pinus
sibirica) will shrink at middle and low elevations
and that the pine will be substituted by drought-
resistant larch and softwood species. Drought
stress is also a major driver for high recent
mortality rates of the Siberian fir (Abies sibirica)
which is retreating from its low and middle ele-
vation ranges in the southern Siberian Moun-
tains. An overview of climate change-induced
vegetation dynamics is presented in a case study
from the Lesser Caucasus (G. Fayvush and A.
Aleksanyan). Fundamental changes in vegetation
structure and in species composition of plant
communities are to be expected, with far-
reaching consequences for ecosystem function-
ing and the provision of ecosystem services.

The final two case studies address climate
change effects on human-environment systems. In
the Darma Valley (Uttarakhand, Indian Hima-
laya), the severity of climate change is compared
with the perceptions of climate change among
local pastoral communities, and the socio-
economic dimensions of climate change impacts
on local communities and the environment are
examined (D. Rawat and U. Schickhoff). A sub-
stantial number of pastoralists perceives adverse
effects of climatic change and associated impacts
on the environment and on their livelihoods. The
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Drakensberg Mountains in southern Africa expe-
rienced significant warming in recent decades,
coupled with increasing frequency of extreme and
severe droughts (G. Mukwada). Climate adapta-
tion policies need to be redesigned to ensure secure
and sustainable livelihoods of affected local
communities and to avert socio-political

upheavals in the future. The case studies presented
in this part of the present volume illustrate that in
line with the UN Sustainable Development Goals
urgent action is imperative to combat climate
change and its impacts and that it ismore important
than ever to accelerate the transitions needed to
achieve the Paris Agreement.
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2Markers of Climate Change:
Analysing Extreme Temperature
Indices Over the Himalayan
Mountains and Adjoining Punjab
Plains

Manu Raj Sharma, Vishwa B. S. Chandel,
and Karanjot Kaur Brar

Abstract

Temperature as a central element of weather
and climate exerts a strong influence on
environment at every spatial and temporal
scale. Long-term patterns and trends indicate
the direction in which temperature regime has
changed in the past and are likely to shape up
in the future. Of equal significance is the
likelihood of extreme temperature events and
their impacts. Climate researchers in the past
20 years have revealed occurrence of signif-
icantly longer heat waves in many regions.
Large geographical extent and climatic varia-
tions produces contrasting patterns of change
in temperature extremes in India. A highly
diverse landscape of Himalayas has experi-
enced warming in recent decades with signif-
icant mean annual and winter warming.
Consequently, temperature extremes in such
regions are likely to impact the regional
development and economy. This paper
explores long-term trends, variations, direc-
tion and degree of change in temperature
extremes over Himachal Pradesh and Punjab.

The analysis reveals that warming of the study
area has taken place especially during the
winter season. The fact which attracts atten-
tion is the maximum rate of change over
extreme climatic zones especially in the
northern Himachal Pradesh and southwestern
Punjab Plains. These observed changes may
have far-fetching ramification on general cli-
matic regime, environment and
human-economic activities.

Keywords

Temperature extremes � Regional
development � Winter warming

2.1 Introduction

Climate change on earth is not a rarity (Knoll
2003) but a common phenomenon. The direc-
tion, magnitude and patterns of climate have
been changing at different spatial and temporal
scales ever since the earth originated. However,
these deviations were never linear. Some changes
were gradual while others were rapid wherein
climate shifted at faster rates between the warm
and cold phases. Temperature as the most crucial
element of weather and climate has a strong
influence on earth’s environment. The long-term
trends and variability of temperature express a
general direction of climate change and indicate

M. R. Sharma
University Department of Geography, L. N. Mithila
University, Darbhanga, India

V. B. S. Chandel (&) � K. K. Brar
Center of Advanced Study in Geography (CAS),
Department of Geography, Panjab University,
Chandigarh, India

© Springer Nature Switzerland AG 2022
U. Schickhoff et al. (eds.), Mountain Landscapes in Transition,
Sustainable Development Goals Series, https://doi.org/10.1007/978-3-030-70238-0_2

149

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_2&amp;domain=pdf
https://doi.org/10.1007/978-3-030-70238-0_2


its expected behaviour in future. One of the facts
that have become significant today is associated
with the nature and likelihood of extreme tem-
perature events. “Widespread changes in
extreme temperature have been observed over
the last 50 years… cold days, cold nights and
frost have become less frequent, while hot days,
hot nights and heat waves have become more
frequent” (Easterling et al. 2000; IPCC 2007). It
is evident that significantly longer heat-waves are
increasing (Kawahara and Yamazaki 1999; Zhai
and Pan 2003; Ryoo et al. 2004; Batima 2005;
Cruz et al. 2006 and Morak et al. 2013; Rohini
et al. 2015; Sippel et al. 2016; Mitchell et al.
2016, and King and Karoly 2017). The Southeast
Asia is the only region apart from the Amazon
Basin where heat extremes are likely to increase
strongly (Sillmann et al. 2013). India is also a
hot-spot for frequent hot days and multiple-day
heat-waves (De and Mukhopadhyay 1998 and
Lal 2003) and it is expected that human activities
might enhance the adverse impacts of heat waves
(Van Oldenborgh et al. 2018).

From the observed records, it is clear that there
are wide regional variations in the direction and
degree of climatic change (Brohan et al. 2006); it
is predicted that some regions may expect
extreme aridity (Dai 2013) while others will
become relatively wet and hot (Fowler and Wilby
2010). Moreover, such temperature extremes may
induce severe hydrological changes (Betts et al.
2018) and enhance the vulnerability of small
islands, deltas and coastal cities (Nicholls et al.
2018). Such extremes may also heighten the
environmental risk and biodiversity loss (Ford
and Perace 2010; Ford and Goldhar 2012; Smith
et al. 2018) that will have an exceedingly nega-
tive impact on global economy (Pretis et al.
2018). IPCC in its ‘Synthesis Report on Climate
Change 2014’ with a very high confidence level
predicted increase in the severity of climate-
related extremes, such as heat waves, drought,
floods, cyclones and wildfires (IPCC 2014). The
nature and impact of temperature extremes in
India are likely to vary spatially for it is a geo-
graphically and climatically heterogeneous
region. Regions like Punjab and Himachal Pra-
desh that has very sharp spatial temperature

gradients and rely on agriculture, horticulture,
tourism and hydropower for economic develop-
ment are expected to suffer from temperature
extremes in a big way. Therefore, it is important
to understand the behaviour of temperature
extremes in such vulnerable regions. With this
idea in mind, the chapter attempted to highlight
the manifestation, patterns and trends of extreme
temperature events in the study region.

2.2 Study Region

The study region is a part of Himalayan system
and adjacent Punjab plains in the northwest
India. The region can be divided into four broad
physiographic zones: Punjab Plains, the Siwalik
Hills, the Inner Himalayas (Dhauladhar and Pir
Panjal ranges) and the Great Himalayas. Forming
roughly a quadrilateral shape between 29°30′N to
33°12′N latitudes and 73°55′E to 79°04′E lon-
gitudes, this region has altitude ranging from 200
to 7000 m above mean sea level (Fig. 2.1). Sit-
uated between hot desert in the southwest and
cold desert in the northeast, the study region
spreads over the states of Punjab and Himachal
Pradesh. These two states form a physically
contiguous geographic unit with strong physio-
graphic, climatic and hydrological links. The
study region is climatically pivotal; the Hima-
layas in the north and east restrict frigid katabatic
winds from the Tibetan plateau and the Central
Asia. The temperature regime in the southwest-
ern parts of the study area over Punjab Plains and
the Thar Desert is critical for the behaviour of
southwest monsoons that provide over 60% of
total annual rainfall.

The region has conspicuous topographic
contrasts that produce several microclimates. The
Punjab plains has dry semi-arid, dry sub-humid,
moist sub-humid, humid sub-tropical climate
while mountains of Himachal Pradesh possess
sub-humid tropical climate in south and south-
eastern parts to temperate wet and moist climate
in the central parts (Fig. 2.1). The northern and
eastern mountainous region possess cold semi-
arid and cold arid climate. The physiographic and
bioclimatic disposition exposes the area to a high
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degree of climatic variability and extremes. The
areas like Dharamshala and Madhopur receive
very high annual rainfall (3000 mm) while
northeastern Himachal Pradesh and southwestern
Punjab receive scanty rainfall. The precipitation
is highly variable over space and time; maximum
rainfall takes place during July–September with
some rainfall induced by western disturbances in
January-March. The high mountainous regions
receive heavy snowfall during December-
February. Similarly, temperature regime over
study region is highly diverse. A high annual
temperature range of over 60 °C (maximum
temperature of 48 °C in Amritsar, Punjab and
minimum temperature of −15 °C in Keylong in
Lahaul-Spiti district, Himachal Pradesh) makes
this region climatically diverse.

2.3 Database and Methodology

2.3.1 Database

This study is based on daily gridded temperature
data at 1°� 1° spatial resolution for the period
1951–2013 acquired from India Meteorological
Department (IMD). It examines six extreme
temperature indices, viz. hottest day, warmest
night, coldest day, coldest night, summer days
and tropical nights. These indicators were
grouped into two categories of frequency indices
and intensity indices (Table 2.1). The frequency
indices measure absolute number of days
wherein a particular extreme event occurs over a
specified period of time, i.e. days per unit of

Fig. 2.1 Study Region- Himachal Pradesh and Punjab
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time. On the other hand, intensity indices calcu-
late the rarity of events in terms of magnitude,
i.e. absolute temperature.

2.3.2 Methodology

The daily gridded data is based on interpolated
station wise data. A number of interpolation
methods are available to create gridded data.
There are many Objective Analysis (OA) tech-
niques such as Barnes (1973), Cressman (1959),
Gandin (1965) and Shepard (1968) to interpolate
unevenly distributed data that have been applied
by researchers on climatic gauge data for con-
version into a regular grid data. A comparative
analysis of these techniques shows that modified
Shepard’s method is one of the best OA tech-
niques (New et al. 2000; Kiktev et al. 2003;
Caesar et al. 2006). This method is used by IMD
as it is easier to implement for preparation of
gauge based gridded especially in the data sparse
regions. The method is represented as:

F x; yð Þ ¼
Xn

i¼1

wifi

where n is the number of points used to
interpolate, fi are the prescribed function values
at the points and wi are the weight functions
assigned to each point.

Another advantage of using this method is
that the datasets processed using Shephard’s
interpolation technique does not have the effect
of data inhomogeneity and therefore can directly
be used for analysis. However, temperature
indices are sensitive to any change in location,
exposure, equipment and observation practice.
Therefore, a quality control procedure suggested
by Haylock et al. (2006) to remove data errors
and inconsistencies was applied on climate
dataset using QC module of ‘RclimDex 1.1’
software. The methodology developed by Zhang
et al. (2005) was followed to identify presence of
any outliers in the dataset. It was checked for
every mean value of daily temperature variable
whether or not it falls within the range of ±4
standard deviations. The mean values outside
this range of standard deviation were treated as
outliers. An outlier is a value that falls outside a
particular range defined as unrealistic. In tem-
perature series, such range is plus or minus four
times the standard deviation. The daily temper-
ature value outside this threshold is considered as
potentially erroneous. For this study, the direc-
tion and rate of change in temperature indices
were analysed using least square linear fit. The
least-square trends are easy to understand and
estimate the uncertainty in the fitted trends that
arises from sampling variability. Statistically
significant trends were identified at 95% confi-
dence level.

Table 2.1 Indicators for temperature indices

ID Indicator name Definitions Unit

Intensity indices

1 TXx Hottest day Monthly max. value of daily max. temperature °C

2 TNx Warmest night Monthly max. value of daily min. temperature °C

3 TXn Coldest day Monthly min. value of daily max. temperature °C

4 TNn Coldest night Monthly min. value of daily min. temperature °C

Frequency indices

5 SU25 Summer Days Annual count when TX (daily max. temperature) is >25 °C days

6 TR20 Tropical Nights Annual count when TN (daily min. temperature) is >20 °C days

Source Compiled from WMO/CLIVAR List for Climate Extreme Indices (WMO 2009)
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2.4 Results and Discussion

2.4.1 Intensity Indices

Four intensity indices, viz. TXx; TNx; TXn and
TNn explain temperature behaviour in absolute
terms, i.e. °C. The following significant obser-
vations have been recorded about spatial pat-
terns, direction and rate of change.

2.4.1.1 Hottest Day (TXx)
TXx explains monthly maximum value of daily
maximum temperature, i.e. the hottest day of
each month. The spatial patterns of hottest day
temperature (Max Tmax) during a year depict
peak summer temperature conditions. The
southwestern Punjab exhibits maximum TXx
(�45 °C); the values decrease in southwest-
northeast direction and attain the lowest value
(�35 °C) in the cold semi-arid region of Hima-
chal Pradesh. The entire Punjab plains has hottest
day temperature (TXx) � 44 °C while such
values vary between 42 °C in low hilly regions
of Punjab to just below 35 °C in northeast and
eastern Himachal Pradesh. This clear-cut direc-
tional decrease is influenced by variations in
altitude and attitude of slopes that controls the
daily and seasonal receipt of insolation and
radiational heating/cooling. A larger range of
hottest day temperature in the mountainous

region of northern and eastern Himachal Pradesh
is due to micro-climates produced by the topo-
graphic variations, factor of continentality and
resultant climatic regime.

The study area has recorded increase in the
hottest day temperature by approximately 0.4 °C
during peak summers since 1950s (Fig. 2.2). The
majority of grids covering about 81.82% area has
experienced rise in hottest day temperature with
significant increase observed over 18.18% grids.
The southwestern semi-arid region of Punjab
plains has witnessed statistically significant
increase of more than 0.30 °C per decade while
northern Punjab and adjacent Himachal Pradesh
shows an increase of 0.05–0.15 °C/decade. Such a
change is less conspicuous in southeastern Punjab
and central Himachal Pradesh. While most of the
study area has experienced increase in hottest day
temperature, the northeastern, eastern, southeastern
and southern Himachal Pradesh shows a decline in
hottest day temperature although this negative
change in TXx is negligible (Fig. 2.3a and b).

2.4.1.2 Warmest Night (TNx)
TNx indicates warmest night temperature con-
ditions during a month. The spatial patterns of
TNx are analogues to TXx; Punjab plains have
higher night temperature (� 28 °C) with warm-
est nights observed over the dry semi-arid and
the dry sub-humid zones. A sharp temperature
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R² = 0.0122
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Fig. 2.2 Trends in hottest day (TXx) temperature (1951–2013)
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gradient exists over mountainous region of
Himachal Pradesh; TNx values ranges between
25 and 26 °C in temperate wet and moist regions
while cold semi-arid region have warmest night
temperatures below 24 °C during peak summers
with lowest values of 22 °C in extreme eastern
parts.

There is an overall decrease of 0.5 °C in
warmest night temperatures since 1950s
(Fig. 2.4). The region has witnessed a dip in
warmest night temperature over 90.91% grids but
statistically significant decline is recorded for
only 9.09% grids. The most noticeable decrease
can be seen over Himachal Pradesh and northern
and eastern Punjab. Although, the maximum
decline of −0.19 to −0.15 °C per decade is
recorded for south and southeastern parts of
Himachal Pradesh; this decrease is not

statistically significant (Fig. 2.5a and b). Simi-
larly, the northern and western Himachal Pradesh
also shows non-significant decrease. The situa-
tion is somewhat similar over Punjab where a
statistically significant decrease is observed only
in the northwestern area. The only area with a
miniscule increase in warmest night temperature
is the southern and southwestern Punjab.

2.4.1.3 Coldest Day (TXn)
The coldest day during a year defines the lower
limit for day time temperatures during peak
winters. The spatial pattern based on minimum
values of daily maximum temperatures during a
year explains the coldest day of the year. The
average temperature for coldest day in study area
is 13.65 °C with a spatial range of 8–16 °C. The
southwestern Punjab experiences maximum

Fig. 2.3 Direction and rate of change in hottest days (TXx)
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Fig. 2.4 Trends in warmest night (TNx) temperature (1951–2013)
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temperature during the coldest day that gradually
decreases towards the northeast. The temperature
gradients during the coldest day are sharper in
Himachal Pradesh; TXn values vary between
10 and 12 °C in the middle Himalayan temperate
zone whereas such values in the cold semi-arid
zone drops to as low as 8 °C over extreme
northeast mountains. Overall, the coldest day
temperature during peak winters have almost
declined by 0.7 °C with noticeable spatial vari-
ations in the rate of decline (Fig. 2.6). About
90.91% grids have observed decline in temper-
ature with statistically significant decrease over
as many as 36.36% grids (Fig. 2.7a and b).

The most prominent statistically significant
decrease is recorded for south and southwestern

Punjab (−0.35 to −0.20 °C per decade). For rest of
the Punjab plains, the decline is non-significant.
Almost the entire Himachal Pradesh except for the
northern areas has experienced decrease in coldest
day temperatures but rate of change is very small.
The only area where coldest day temperature has
increased by 0.06 °C to 0.11 °C per decade
includes northern high mountainous Himachal
Pradesh over Chamba, Lahaul and northern Spiti.
Such increase in peak winter day temperature may
influence the snowfall pattern.

2.4.1.4 Coldest Night (TNn)
The minimum value of daily minimum temper-
ature in a year represents the coldest winter night;
it defines the lower limit for the temperature

Fig. 2.5 Direction and rate of change in warmest nights (TNx)
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Fig. 2.6 Trends in coldest day (TXn) temperature (1951–2013)
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range. The average coldest night temperature in
the region remains at 1.44 °C with spatial
variation from 3 °C to just below −1.0 °C. The
coldest night temperatures remain around 2.5 °C
in northern and southeastern Punjab while min-
imum values are recorded for north and north-
eastern Himachal Pradesh where TNn goes well
below the freezing point in temperate wet and
cold semi-arid zones. There has been a noticeable
increase in coldest night temperature by 0.5 °C
over study area (Fig. 2.8); the entire grids show
increase in temperature with statistically signifi-
cant rise over 9.09% gridded. A significant
increase from 0.16 to 0.20 °C per decade is
noticeable over southwestern Punjab (Fig. 2.9a
and b) whereas increase is rather small for central
and southeastern Punjab. The moist sub-humid

and humid sub-tropical zones of Punjab and
entire Himachal Pradesh show an increase from
0.10 to 0.15 °C per decade. The uniform direc-
tion of change in coldest night temperature sug-
gests warming of peak winters in the study area
and the maximum warming is observed to be in
the southwestern Punjab plains and northeastern
region of high mountains in Himachal Pradesh.

2.4.2 Frequency Indices

Frequency indices analyse the occurrence and
behaviours of extreme temperature events in
terms of absolute number of days, i.e. number of
days per year. The degree and direction of change
in these frequency indices is discussed as below.

Fig. 2.7 Direction and rate of change in coldest day (TXn)
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2.4.2.1 Summer Days (SU25)
SU25 indicates annual count of days when daily
maximum temperature remains above 25 °C. This
indicator represents the length of warm spell. The
study region gets on an average 259 summer
days/year with inter-annual variation between 235
and 288 day/year. The occurrence of SU25 is
highest (280–290 days/year) in southwestern dry
semi-arid Punjab. The frequency decreases to
250 days/year around the Siwalik Hills which
further drops to 220–240 days/year over temperate
wet and moist regions. For the cold semi-arid zone
this duration is less than 200 days/year. The region
as a whole shows a slight increase in summer days
(Fig. 2.10) that indicates expansion of intra-annual
warmer period.

A contrasting pattern of change can be
observed over the plains and the hilly regions;
most of the Punjab plains show negative/
declining summer days while the trend is just
the opposite in the Himalayan Mountains
(Fig. 2.11a), however the change in statistically
insignificant. The southern and central Punjab
plains show a slight decrease in summer
(Fig. 2.11b) whereas the hilly tracts around the
Siwaliks and the high elevation zones of Hima-
chal Pradesh has experienced an increasing trend
with maximum increase over northern Himachal
Pradesh. The temperate and cold-semi arid
regions also exhibit rise in summer days but
at much lower and statistically insignificant
rates.

Fig. 2.9 Direction and rate of change in coldest night (TNn)
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2.4.2.2 Tropical Nights (TR20)
Tropical Nights (TR20) indicates total annual
count of days when daily minimum temperature
exceeds 20 °C. It indicates the length of warm
nights; increase in TR20 values indicates
lengthening of warmer nights and vice versa. The
study area receives 137 days/year (4–5 months)
with TR20 conditions. The count over Punjab
plains is about 150–170 days/year which indi-
cates existence of tropical night conditions for
almost half of the year. Towards the Siwalik
Hills, the proportion is 140–150 days/year while
it drops to about 100 days/year over temperate.
The high altitude cold semi-arid zone has only
30 days/year when night temperature exceeds
20 °C. An overall increase in tropical nights has

been observed in the study area (Fig. 2.12) which
implies expansion in warmer night conditions.
Such increase is statistically significant in the
southwestern and southern Punjab (Fig. 2.13a
and b) area while rest of the area shows non-
significant increase. The highest rate of increase
(1.6 to 1.4 days/decade) in tropical nights is
recorded for two contrasting geographical areas.
The first zone is the warm semi-arid southwest-
ern and southern Punjab while other area
includes the cold semi-arid region in eastern
Himachal Pradesh. This overall rise in TR20
frequency over cold semi-arid region and other
parts of Himachal Pradesh signifies expansion of
tropical night conditions thereby indicating a
possible spread of night time warming period.

Fig. 2.11 Direction and rate of change in summer days (SU25)
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2.5 Conclusions

The temperature regime of study area exhibits
noticeable alterations in the long-term tempera-
ture conditions. Although, the trends are not very
glaring and in some case the change in very
small, certain extreme temperature indices hint
towards potential warming of the study area. The
hottest day temperatures representing peak sum-
mers has increased by almost half a degree since
1950 with maximum rise in the southwestern
semi-arid Punjab plains. Interestingly the warm-
est nights representing summer night conditions
show an overall decline by 0.5 °C. However,
southwestern Punjab is an exception to such
trends and overall increase in hottest day and
warmest night temperatures in this part of study
area implies warming of summer season in semi-
arid Punjab plains. On contrary, it appears that
winter days over Punjab and large parts of
Himachal Pradesh have witnessed cooling. The
magnitude of such cooling is relatively higher
and statistically significant over Punjab plains
especially in southern and southwestern plains.
While large parts of Himachal Pradesh do not
show much change in coldest-day winter tem-
peratures, the northern mountainous region have
experienced warming even during the coldest
winter days. It is important to note that the entire
study area exhibits increase in the coldest night
temperatures which implies that winter nights
have definitely become warmer over the time.

Such warming is found to be statistically signif-
icant over southwestern Punjab. A conspicuous
change in peak winter and summer temperature
regime is evident. The growing proportion of
summer days and tropical nights also suggests
overall warming of summer season. Although,
Punjab plains do not show much rise in summer
days but increased proportion of tropical nights
clearly indicate night-time upswing in tempera-
ture conditions.

A visible growth in the frequency of summer
days is discernible over hilly regions of Hima-
chal Pradesh; the warming of summer season is
taking place at higher rates in the temperate and
cold semi-arid regions. It is important to note that
the rate of warming is noticeable over areas of
extreme climatic conditions, i.e. the hot semi-arid
southwestern and southern Punjab and the cold
semi-arid Himachal Pradesh. The overall sce-
nario points towards warming during peak sum-
mers as well as peak winters. The warming of
summer days is pronounced over the Himalayan
region only whereas summer night warming has
taken place for both the Punjab plains and the
mountainous region. In addition, the rates of
change are much higher for summer night
warming than summer days. Such similar results
but with varying degree of change has also been
either observed or projected in several studies
focussed on spatial and inter-annual variability in
extreme indices depicting an increase in hottest
days, coldest nights and summer days within and
around the study region, such as River Satluj

Fig. 2.13 Direction and rate of change in tropical nights (TR 20)
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basin (Singh et al. 2015); Hindu Kush Himalayas
(Kothawale et al. 2010; Wu et al. (2017; Xiu-Bao
et al. 2017); Tibetan Plateau Region Rangwala
et al. (2013); Nepal Himalayas (Baidya et al.
2008) northwestern India (Alexander et al.,
2006).

The fact that draws attentions is the warming
of winter nights as well as winter days especially
over high Himalayan region. With such trends in
place it is likely that winter snowfall patterns
may get altered. Similarly, the rise in summer
day temperature conditions might accelerate
snow ablation leading to upsurge in rivers during
early summers. These changes may further
introduce hydrological shift with likely reper-
cussions for the Himalayan region as well as the
Punjab plains. The manner in which extreme
temperature indices might accelerate disaster risk
is another serious issue that needs further
exploration. It would not be indiscreet to con-
clude that observed changes in extreme temper-
ature indices hint impending water related issues
in the study area. Under such a scenario, it is
expected that regional cropping patterns, horti-
culture productivity, tourism and hydropower
generation may face serious distress thereby
burdening the regional development.
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3Spatial Variations and Long-Term
Trends (1901–2013) of Rainfall
Across Uttarakhand Himalaya, India

Suraj Mal, Manohar Arora, Abhishek Banerjee,
R.B. Singh, Christopher A. Scott, Simon K. Allen,
and Ramchandra Karki

Abstract

Understanding spatial and temporal variations
of rainfall is crucial for the ongoing and future

socioeconomic and infrastructure develop-
ments in the Indian Himalayan region. How-
ever, despite such importance, the studies on
rainfall distribution, variability and trends are
limited and rare in theUttarakhandHimalayan
region. To bridge the gap, this study presents an
exploratory analysis of spatial distribu-
tion variations and long-term trends of annual
and seasonal rainfall in Uttarakhand. At first,
spatial variability is investigated, followed by
long-term trend analysis using nonparametric
Mann–Kendall trend test with trend-free
pre-whitening (TFPW) procedure and Theil–
Sen’s slope estimator. Further, dry and wet
periods in Uttarakhand region and their link-
ages with the large-scale Southern Oscillation
Index (SOI) are also explored and investigated.

Annual rainfall is dominated by monsoonal
rainfall (*82%), while winter rainfall contri-
bution is only *9%. There is a clear eleva-
tional gradient of rainfall in the winter season,
but monsoon season does not feature such an
elevational pattern. Mostly long-term trends
of annual and monsoonal rainfall are negative,
which are contributed mainly by a more
evident and pronounced decline after the
1960s. Nevertheless, some areas in western
and southeastern regions show positive rain-
fall trends. Likewise, a significant reduction in
winter rainfall has been observed in Uttarak-
hand. Pre-monsoon rainfall experienced
mostly negative trends in the central and
eastern parts of the study area, while some
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observatories in western and southeastern
indicate increasing trends. Post-monsoon rain-
fall trends are mostly positive, though statis-
tically insignificant. Monsoon rainfall in
Uttarakhand region is highly correlated with
large-scale Southern Oscillation Index (SOI),
but other seasons’ rainfall shows low correla-
tion. These robust findings can be useful for
adaptation strategies for different sectors,
including agriculture and allied activities.

Keywords

Rainfall trends �Mann–Kendall �Uttarakhand �
Himalaya � India

3.1 Introduction

The understanding of the spatial distribution of
rainfall and its trends in the Himalayan Mountain
regions is crucial due to its major agro-economic
and hydro-environmental implications in the
densely populated Himalayan Mountain and
adjacent lowlands (Sen Roy and Singh 2002;
Basistha et al. 2008, 2009; Smadja et al. 2015;
Schickhoff et al. 2016; Kumari et al. 2017;
Schickhoff and Mal 2020). The Himalayan river
basins are inhabited by *1.3 billion population,
and the Ganga basin, including Uttarakhand, is
among the most densely populated basins
(401 persons/km2) of the world mountains
(Eriksson et al. 2009b). As a result, lower avail-
ability of both surface and groundwater (Gosain
et al. 2006; Eriksson et al. 2009a; Scott and
Sharma 2009) leads to many socioeconomic
issues in the Himalayan catchments (Shiva 2009).

The long-term seasonal and annual trends of
rainfall are not well explored in the high Hima-
layan Mountains (Basistha et al. 2009) due to
(1) paucity of long-term climatic records,
(2) significant data gaps, and (3) poor network of
meteorological stations, particularly at <2500 m
asl (Duan et al. 2006; Kumari et al. 2017;
Schickhoff et al. 2016). Inaccessible terrain and
prolonged harsh winters in the Himalayan
Mountain regions are the main constraints in
maintaining the high altitude observatories (Duan
et al. 2006; Palazzi et al. 2013); thus, many of

them have been already discontinued (Basistha
et al. 2008; Kumari et al. 2017). Consequently,
few studies on rainfall trends in the Himalayas
have been primarily based on the scarce network
of observatories (Table 3.1) or coarse resolution
re-analysis and satellite-based data (Palazzi et al.
2013; Mukherjee et al. 2015). However, it is so
far understood that the coarser gridded dataset
does not represent the localized characteristics of
rainfall trends and variability across the highly
complex Himalayan Mountain slopes and valleys
(Ghosh et al. 2009; Palazzi et al. 2013). Conse-
quently, the studies based on the different spatial
resolution gridded data reveal significant dis-
similarities at various levels (Goswami et al.
2006; Ghosh et al. 2009). For instance, a com-
parison of various resolution gridded datasets by
Palazzi et al. (2013) reveals contrasting results
concerning precipitation trends in the Hindu-
Kush Karakoram Himalayan Mountains. A com-
prehensive review of the major studies based on
the stations and gridded data over the Himalayas
further supports the regional disparity and con-
trasting rainfall trends (Table 3.1).

The studies based on station data reveal
detailed rainfall trend patterns. For instance,
mostly positive trends for annual and seasonal
rainfall for most of the stations in the upper Indus
Basin in northwestern Himalaya (NWH) are
reported (Archer and Fowler 2004). In contrast, a
decline in annual, pre-monsoon, and monsoon
precipitation is observed, while the winter pre-
cipitation mostly increased over the same region
(Hasson et al. 2017). However, limited studies on
rainfall trends in Western Himalayan (WH) re-
gions show a consistent decreasing trend of
monsoon, winter, and annual rainfall (Table 3.1).
Nevertheless, inconsistent trends for annual and
seasonal rainfall in the Satluj Basin have been
observed (Mir et al. 2015). Post-monsoon trends
are mostly positive for WH, while some regional
anomalies have been found for pre-monsoon
rainfall. In the central Himalaya, monsoonal
rainfall also shows mostly the declining trends
with some local anomalous trends, whereas
winter rainfall has considerably decreased.

In contrast, the eastern Himalayan regions
show no clear trends of rainfall (Immerzeel 2008;
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Table 3.1 Major studies analyzing the rainfall trends in the Himalayan region

Region Major findings References

Indus Basin, Northwestern
Himalaya

Conflicting precipitation trends (Archer and
Fowler 2004)

Winter precipitation mainly increased
Pre-monsoon, monsoon, and annual precipitation
mostly declined
Post-monsoon shows mixed trends

(Hasson et al.
2017)

Kashmir Valley, NW and W
Himalaya

The decreasing trends in annual, monsoon, and
winter rainfall and increasing in pre- and post-
monsoon season

(Kumar and Jain
2010)

Jammu and Kashmir and Himachal
Pradesh, NW and W Himalaya

The decreasing trends in annual, winter, and
monsoon precipitation over the last century

(Bhutiyani et al.
2010; Bhutiyani
2016)

Jammu and Kashmir and Himachal
Pradesh, NW and W Himalaya

A decreasing trend of winter rainfall (Dimri and Dash
2010; Dimri et al.
2016)

Satluj River Basin, Himachal
Pradesh, Western Himalaya

The increasing trends for annual and seasonal rainfall
except in winter season

(Mir et al. 2015)

Jammu and Kashmir, Himachal
Pradesh, and Uttarakhand, Western
Himalaya

Annual and seasonal rainfall declined except in post-
monsoon season

(Kumar and
Jaswal 2016)

Uttarakhand, Western Himalaya The decreasing trends of annual and summer
monsoon rainfall

(Basistha et al.
2009)

Rainfall has declined in December (Singh and Mal
2014)

Nepal, Central Himalaya Winter rainfall has significantly declined (Adhikari and
Devkota 2016)

Mixed trends of pre-monsoon and monsoon rainfall.
Post-monsoon and winter rainfall declined

(Karki et al. 2017)

Lack of long-term rainfall trend (Shrestha 2000;
Shrestha et al.
2000)

Eastern Himalaya There is no clear trend of rainfall (Jain et al. 2013)

There is no clear trend in precipitation (Immerzeel 2008)

Assam plains, Eastern Himalaya Spatially variable trends (Jhajharia et al.
2012)

Tibet Spatial variability of precipitation changes. Increase
in annual precipitation

(Kuang and Jiao
2016)

Chinese Himalayas No trend in seasonal totals (Yang et al. 2013)

The Hindu-Kush and Karakoram
Himalayas

Summer monsoon rainfall declined,
APHRODITE (–0.0 mm/d–1 yr–1), and GPCP data
(–0.02 mm/d–1 yr–1). Winter rainfall increased
(0.005 mm/d–1 yr–1) based on CRU data

(Palazzi et al.
2013)

Indian Himalayas Unclear trends in summer monsoon rainfall in
western and central Himalaya, while in eastern
Himalaya a negative trend

(Mukherjee et al.
2015)
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Jain et al. 2013). The Tibet region, on the con-
trary, shows a slight increase in annual rainfall,
while the seasonal rainfall is overall trendless
(Table 3.1). In general, the declining winter
rainfall trends are statistically insignificant across
large areas of Himalaya, while annual and
monsoon rainfalls trends are significant. Inter-
estingly, highly localized and peculiar charac-
teristics of rainfall trends identified only in some
station-based studies (Basistha et al. 2009; Dimri
and Dash 2012; Hasson et al. 2017; Karki et al.
2017) suggest the need of station-based analysis
to identify the local-scale variability for various
local-scale impact assessment and adaptation
strategies development.

Uttarakhand is a highly vulnerable region for
climate change impacts due to its unique geo-
graphical location in the dominant summer
monsoon regime (Kumari et al. 2017). Primarily,
the seasonal distribution of rainfall determines
the water availability in the region, thereby sig-
nificantly influencing the livelihood and well-
being of downstream communities. The Hima-
layan regions are prone to extreme precipitation
and subsequent floods and landslides due to an
influence of orography (Guha-Sapir et al. 2014;
Allen et al. 2016). The change in rainfall patterns
and trends either due to natural and or anthro-
pogenic forces may thus affect the socioeco-
nomic and environmental settings of the region.
Despite such enormous importance, studies on
rainfall variability and trends in Uttarakhand are
limited with sparse station data for shorter peri-
ods, viz. 1902–1980 by (Basistha et al. 2009) and
1957–2007 (Singh and Mal 2014). Therefore,
local-scale spatial rainfall variability and long-
term trends covering recent decades are mostly
unknown over Uttarakhand region.

Given the limited number of rainfall vari-
ability and trend studies in the region, the present
research focuses on a comprehensive analysis of
spatial and temporal characteristics of rainfall for
the longer period (1901–2013) across Uttarak-
hand, based on a number of rainfall observatories
with continuous and high-quality data. To our

understanding, this is the first study in Uttarak-
hand region, focusing on rainfall trends for such
a long period (1901–2013). In this study, spatial
variations of mean seasonal and annual rainfall
are analyzed at first, followed by long-term
trends analysis. Besides, the dry and wet periods
that contributed to overall rainfall trends are
explored. Moreover, the linkages of rainfall
variability with large-scale circulation
features/teleconnections (SOI) are also presented
in the end.

3.2 Data and Methods

3.2.1 Study Area

The present study region, i.e., Uttarakhand, is
bordered by Uttar Pradesh on the south and
southwest, Himachal Pradesh on the west and
northwest, Nepal on the east, and Tibet on the
north (Fig. 3.1a). Extending between 28°43′ and
31°27′ N latitudes and 77°34′ and 81°02′ E
longitudes, the total area of Uttarakhand
is *53,484 km2. The study area is predomi-
nantly characterized by the rugged and high
elevation terrain difference, ranging from 184 to
7817 m asl. Broadly, the study region features a
north–south elevational gradient, where the
Greater Himalayan region (north) is character-
ized by extremely rugged topography and
mountain peaks (e.g., Nanda Devi (7817 m) and
Kamet (7756 m, etc.,)), while the southernmost
region features the plains (Basistha et al. 2008;
Joshi 2004; Kumari et al. 2017) (Fig. 3.1a).

Based on the analysis of SRTM data (https://
earthexplorer.usgs.gov), more than 31% of the
total geographical area of the state lies >3000 m
asl, while between the elevations 1000–2000 m
asl and <1000 m asl are *32.6% and 25.8%,
respectively.

The study region is affected by two large-scale
weather systems, i.e., southwest monsoon in the
summer (JJAS) and western disturbances in the
winter (DJF) (Palazzi et al. 2013). The mean
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Fig. 3.1 a Location of Uttarakhand in India along with
the spatial distribution of elevation zones (m) based on
Shuttle Radar Topography Mission (SRTM). The solid
circles represent locations of rainfall observatories in

Uttarakhand; b geographical area (%) under different
elevation zones based on SRTM, and c the number of
observatories in different elevation zones
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climatology of Uttarakhand (1981–2013) indi-
cates two rainfall seasons, i.e., summer monsoon
(JJAS) and winter (DJF) and two relatively drier
seasons, i.e., pre- (MAM) and post-monsoon
(ON) (Fig. 3.2). The monsoonal system con-
tributes *81% of annual rainfall, whereas winter
rainfall only receives *9% through the western
disturbances. The pre- and post-monsoon seasons
receive 7% and 3% of annual rainfall, respec-
tively (Fig. 3.2). Generally, rainfall decreases
from south to north under the influence of ele-
vation and local physiography (Basistha et al.
2009; Kumari et al. 2017). The mean monthly
temperature (1981–2013) in the study region
varies from *25 °C in the summer season
(May–June) to *11 °C in winter (January)
(Fig. 3.2), which indicates the conditions up to
2000 m asl only, since the observed temperature
records for higher altitudes contains significant
data gaps and hence not used. Generally, the
temperature decreases from south to north with
increasing elevation (Sah et al. 2005).

3.2.2 Database and Methodology

The monthly rainfall records (1901–2013)
available from 128 surface meteorological
observatories in Uttarakhand state were collected
from the India Meteorological Department
(IMD), Pune, India. However, large numbers of
rainfall observatories have considerable missing
data and thus are inconsistent for a century-long
rainfall trend study. Therefore, to identify the
observatories with continuous data for 1901–
2013, at first visual check was performed by
plotting the time series in Excel to detect the data
gaps, outliers (extreme values), and negative
rainfall (You et al. 2008; Karki et al. 2017;
Shrestha et al. 2017). Wherever the available
records for an observatory were less than 85%
and consist of gaps of more than five consecutive
years (Hasson et al. 2017; Karki et al. 2017),
those stations were excluded from the study. For
the remaining stations, outliers (detected for a
few stations) and missing data were filled with a

Fig. 3.2 Mean climatology
of the study area between
1981 and 2013. The blue line
indicates the monthly rainfall,
while the red line indicates
mean temperature. The blue-
shaded regions show rainfall
seasons, while the red-shaded
regions show drier periods of
the year
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long-term monthly mean of the respective sta-
tion. Finally, such a strict quality control resulted
in nineteen observatories with consistent rainfall
data. Out of the nineteen observatories, thirteen
have rainfall records for 1901–1990 and six for
1901–2013. Therefore, we analyzed two trends
of the standard periods: (1) 1901–1990 for all the
nineteen observatories and (2) 1901–2013 for six
observatories (Fig. 3.3) (based on Kumar and
Jain 2010). These observatories represent rela-
tively balanced network in terms of spatial cov-
erage, but not in elevation as the climate
observations in the Himalayas are biased to
lower elevations and valley floors (Fig. 3.1c)
(Duan et al. 2006; Kumari et al. 2017). In our
study region, the long-term consistent rainfall
records for only three high altitude observatories
(>2000 m asl) were available (Fig. 3.1a and c).

Further, the all-India and three subregional
(Western Uttar Pradesh, Haryana, and Punjab)
rainfall time series were obtained from the Indian

Institute of Tropical Meteorology (IITM), Pune,
India (https://www.tropmet.res.in/). The subre-
gional time series were averaged using the arith-
metic mean to prepare a regional time series
termed as Northwestern Indian plains (NWIP).
Further, the seasonal and annual rainfall data series
for all-India, NWIP, and all-Uttarakhand were
also prepared to conduct a comparative assess-
ment of variability and trends (Basistha et al.
2009). We further used the Southern Oscillation
Index (SOI) data (https://www.bom.gov.au/
climate/current/soi2.shtml) to analyze the influ-
ence of large-scale circulations/teleconnections
on the rainfall of the region (Archer and Fowler
2004; Fowler and Archer 2006; Basistha et al.
2009). The seasonal rainfall analysis has been
conducted for four seasons, viz. winters
(DJF), pre-monsoon (MAM), monsoon (JJAS),
and post-monsoon (ON) for Uttarakhand
(Shrestha 2000; Basistha et al. 2009; Kumari et al.
2017).

Fig. 3.3 Details of the
rainfall observatories used in
this study, along with
elevation (m) and available
rainfall records (%)
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3.2.2.1 Trend Analysis
Mann–Kendall (MK) Test and Trend-free
Pre-whitening (TFPW)
The statistical significance, as well as the
direction of the trends of climatic time series, has
been widely estimated based on the nonpara-
metric MK test (Zhang et al. 2009; Kumar and
Jain 2010; Kumar et al. 2010; Drápela et al.
2011; Jain and Kumar 2012). It is a robust test
and less sensitive to outliers and gaps (Jhajharia
et al. 2012; Hasson et al. 2017). It is, however,
essential to analyze the serial correlation in the
climatic data series and minimize its impact
before its application (Yue and Pilon, 2004;
Dinpashoh et al. 2014). Previous studies in
Uttarakhand and adjacent regions (Basistha et al.
2009; Hasson et al. 2017; Karki et al. 2017)
detected serial correlation in some stations and
thus suggested the use of the modified MK test
and pre-whitening procedures.

Different researchers (Hamed and Ramachan-
dra Rao 1998; Zhang et al. 2000; Yue et al. 2002,
2003) have proposed several pre-whitening pro-
cedures. In the study, we use the TFPW (Yue
et al. 2003: Yue and Hashino, 2003) (at a 90%
confidence level) to minimize the impact of serial
correlation in rainfall time series of Uttarakhand
to prepare it for the MK test following Karki et al.
(2017) and Hasson et al. (2017).

Theil–Sen’s (TS) Slope
We apply the TS slope estimator to calculate the
magnitude of rainfall trends. The TS test was
developed by Theil (1950) and Sen (1968) and
has been widely used since then in hydro-
climatic data series (Hirsch et al. 1982; Kumar
and Jain 2010; Singh and Mal 2014). The TS
slope estimator test can be successfully applied
to the data series, which is distribution-free and
is less affected by data gaps/missing values and
outliers (extreme values) (Hasson et al. 2017;
Karki et al. 2017).

Inter-annual Variability of Annual and Sea-
sonal Rainfall
To estimate dry and wet (below and above the
normal) periods, percentage departures for each
time series from respective normal rainfall (long-

term mean) have been estimated (Shrestha 2000)
as.

Rainfall departure ¼ Ri� R

R
� 100

where Ri is rainfall for ith year, and R is the
mean rainfall. This analysis has been limited to
annual and seasonal rainfall time series for all-
India, NWIP, and all-Uttarakhand.

3.3 Results

3.3.1 Spatial Distribution of Rainfall

The spatio-seasonal distribution of rainfall is
highly uneven in Uttarakhand (Figs. 3.4 and
3.5). Uttarakhand receives *1426 mm rainfall
annually, of which *82% (1164 mm) occurs in
monsoon season. Therefore, the high contribu-
tion of monsoon rainfall dominates the annual
rainfall distribution, and hence, both follow
similar spatio-seasonal patterns in the study area.
The southern foothills of the Himalaya (Shiva-
liks) and Mid-Himalayan ranges receive a rela-
tively higher amount of monsoon and annual
rainfall as compared to southern plains and
northern Greater Himalayan regions (Figs. 3.4
and 3.5). Overall, the share of monsoon rainfall
to yearly rainfall decreases from the south
(>85%) to the northern Greater Himalayan
regions (<75%). Some sporadic parts of the
northern inner river valleys (e.g., Okhimath) also
receive a high amount of rainfall. The relatively
lower contribution from the monsoonal rainfall is
received in northern-most observatories of the
Greater Himalayan region (e.g., Joshimath,
63%). Within the monsoon season, most of the
rainfall (62–73% of monsoon rainfall) is con-
centrated in the two months (July and August).
Subsequently, in the post-monsoon season, the
rainfall in the region declines (3.6%) with the
retreat of the prevailing monsoonal system.

In the winter season, *9% of annual rainfall
is observed, which occur due to the influence of
western disturbances in the region (Dimri and
Dash 2012; Palazzi et al. 2013). The seasonal
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total and contribution of winter rainfall decrease
from the northwest and Greater Himalayan parts
(<11%) to the eastern, southern, and lower ele-
vations (>6%) (Figs. 3.4 and 3.5). The south-
eastern parts of the study area receive the
smallest amount of winter rainfall. The winter
season is followed by a relatively lower rainfall
amount and hence a drier (6% of annual rainfall)
pre-monsoon season, which is often an extension
of the winter rainfall caused by western distur-
bances (Dimri and Dash 2012; Dimri et al. 2015).

3.3.2 Spatial Patterns of Rainfall
Trends

3.3.2.1 Rainfall Trends for 1901–1990
The rainfall trends for the period of 1901–1990
are based on nineteen observatories (Fig. 3.3).
The study shows the mixed spatial patterns of
annual rainfall trends across the study area.
About 73% of the observatories, mostly con-
centrated in the eastern sides of the region,
indicate declining yearly rainfall trends.

Fig. 3.4 Spatial distribution of mean and annual seasonal rainfall (mm) in Uttarakhand between 1901 and 2013
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However, statistically significant negative trends
are observed only for 37% observatories, pri-
marily located in the mid-Hills and Shivaliks.
Statistically significant positive trends are
observed for only two observatories located in
the northern and northwestern parts of the sutdy
region (Fig. 3.6).

The trends of the monsoonal rainfall roughly
align with the annual rainfall trends and reveal
the spatial concentrations of positive and nega-
tive trends. Consistent with spatial patterns of
yearly rainfall trends, the eastern part of the study
area mainly shows negative trends except for a
few cases.

Overall, *57% of the observatories present
negative trends in the monsoon season, where
around one-fourth of observed rainfall trends are
statistically significant. On the contrary, the
western parts reveal the positive trends, where

statistically significant trends are observed for
two observatories only. In the post-monsoon
season, the rainfall features an increasing trend in
most of the observatories; though, the trends are
mostly statistically insignificant. Central parts of
the study area indicate no trends in the post-
monsoon season.

In contrast, the winter rainfall has declined over
most of the study area. These trends are statistically
significant for *47% of observatories, mostly
concentrated mostly in the mid-hills of the study
area. Conversely, the rainfall trends in the eastern
parts of the study area are statistically insignificant.
Likewise, the pre-monsoon rainfall features nega-
tive trends for*63%of the observatories, ofwhich
*16% have statistical significance. The negative
trends are most evident in the central and eastern
parts, whereas positive trends were largely
observed in the western and northern regions.

Fig. 3.5 Spatial variation of percentage share of mean
seasonal rainfall to mean annual rainfall in Uttarakhand
during 1901–2013, indicating a more significant share of

monsoonal rainfall in southern observatories, while the
northern high elevation observatories receive a relatively
high contribution from the winter rainfall
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Fig. 3.6 Trends of annual and seasonal rainfall in
Uttarakhand during 1901–1990 and 1901–2013
(mm/year) at a 90% confidence level. The positive and
negative trends are marked with regular and inverted

triangles, respectively. The solid and hollow triangles
show statistically significant and insignificant trends,
respectively
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3.3.2.2 Rainfall Trends for 1901–2013
The rainfall trends for 1901–2013 are estimated
for only six observatories because of the limited
consistent long-term data availability. The trend
patterns from this period are mostly congruent to
the trends for the 1901–1990 period, presented in
the previous section (Fig. 3.6). Five observato-
ries reveal negative trends of annual rainfall, with
statistical significance in three observatories. One
observatory on the western side indicates a sta-
tistically significant positive trend. Following the
yearly rainfall trends, the monsoonal rainfall
trends are also negative for five observatories,
while only one shows a positive trend. Overall,
western parts show positive trends for annual and
monsoonal rainfall, while negative in other
regions. The post-monsoonal rainfall trends are
negative for three observatories and positive for
one, while two observatories reveal no trends.
The trends in the post-monsoon season are,
however, without statistical significance. Winter
rainfall trends are negative for all the observa-
tories during 1901–2013, similar to those
observed from 1901 to 1990. In the following
pre-monsoon season, the rainfall features nega-
tive trends for the majority of the observatories,
where only two have statistically significant
trends (Fig. 3.6).

3.3.2.3 Rainfall Variability
The inter-seasonal rainfall variability of Uttar-
akhand, as estimated by calculating the percent-
age departure from the long-term means, is
discussed in this section.

The positive (negative) departures from the
long-term rainfall means have been considered as
wet (dry) periods. Smoothing of inter-annual
rainfall variability by seven years moving aver-
age allows us to draw a clearer picture of dry and
wet periods (Fig. 3.7).

The study shows comparable patterns for the
annual and monsoon rainfalls of Uttarakhand.
The annual and monsoonal rainfall significantly
declined during the post-1960s (Fig. 3.7). The
all-Uttarakhand annual rainfall indicates two
significant dry (1960–1980 and 1990 to
2000: >10% deficit) and wet (1901–2025 and
1950–1960) periods. The monsoonal rainfall,

conversely, indicates a more evident and pro-
longed dry period post-1960s to 2000 (>15%
deficit). The monsoon rainfall also experienced a
general surplus before the 1960s, with minor
deficit period between 1925 and 1935. There is
no apparent cyclic behavior in annual and mon-
soonal rainfall of Uttarakhand. However, an in-
creasing annual and monsoonal rainfall has been
observed after the 2000s (Fig. 3.7c and e). In the
post-monsoon season, the rainfall has been
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Fig. 3.7 Temporal relationships of percentage departure
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monsoon, and e: annual
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relatively more erratic compared to other seasons
(Fig. 3.7d), with a dry period after the 1940s, and
a significant wet period between 1945 and 1970.

High rainfall variability has been observed for
the winter rainfall when compared to other sea-
sons, except for the post-monsoon (Fig. 3.7a).
Overall, the winter rainfall has been in a declin-
ing phase, since the 1940s, which weakened in
the recent decades. The pre-monsoon rainfall has
been relatively stable over Uttarakhand com-
pared to the other seasons (Fig. 3.7b). For this
season, one major wet (1910–1920) and one dry
period (1970–1980) have been observed. How-
ever, the pre-monsoon rainfall, in general, has
been in the declining phase between 1950 and
1980s, while a stronger surplus seen over 1980–
2005, later following a drier period (Fig. 3.7b).

3.4 Discussion

The results of the present study about seasonality
and rainfall trends are broadly consistent with all-
Uttarakhand, NWIP, and all-India rainfall as well
as with previous studies in the adjacent Hima-
layan regions (Basistha et al. 2009). It is to note
that the rainfall observatories in Uttarakhand
region are primarily located at low-mid-elevation
(183–2673 m asl) of lower and middle Hima-
layas (Fig. 3.1a and c). The network of weather
observatories in Greater Himalayan parts of the
study region and other similar Himalayan regions
is rather weak (Duan et al. 2006) due to complex
topography, inaccessibility, and prolonged
harsh winters, making manual maintenance and
data collection from these observatories very
difficult and in many cases an impossible task
(Basistha et al. 2008; Palazzi et al. 2013; Hasson
et al. 2017; Karki et al. 2017; Kumari et al.
2017).

Therefore, the understanding of rainfall and
related implications on agro-economic systems,
hydrology, and the cryosphere in Greater Hima-
layan Mountain regions remains a crucial chal-
lenge (Immerzeel et al. 2015). Besides, longer
duration (>100 years) observations for a large
number of stations are reasonably rare in the
Himalaya (Basistha et al. 2008; Bhutiyani et al.

2010; Singh and Mal 2014; Bhutiyani 2016;
Kumari et al. 2017) as most of the presently
functional observatories were installed in the late
1950s (Duan and Yao 2003; Duan et al. 2006;
Karki et al. 2017; Kumari et al. 2017).

The study shows that *82% of the rainfall in
Uttarakhand occurs during the monsoon season,
which is congruent to the monsoonal rainfall
contributions from the all-India and NWIP
(Fig. 3.9). Previous studies on the rainfall at all-
India (Ghosh et al. 2009; Kumar et al. 2010; Jain
and Kumar 2012), all-Uttarakhand (Basistha
et al. 2008; Khandelwal et al. 2015; Kumari et al.
2017), and adjacent Himalayan regions levels
(Arora et al. 2006; Mir et al. 2015; Karki et al.
2017) confirm the dominance (*80%) of mon-
soonal rainfall in the region. It is well known that
the contribution of monsoon rainfall weakens
from the central Himalaya toward the Western
Himalaya as the monsoonal system moves from
east to west in the region due to the east–west
orientation of the Himalayan Mountain (Palazzi
et al. 2013; Bharti et al. 2016; Mal et al. 2021).
Consequently, western Himalayan areas, e.g.,
Satluj Basin, receive *60–70% (Mir et al.
2015), and Chenab, located further west, *42%
of annual rainfall during the monsoon season
(Arora et al. 2006). Far northwestern Himalayan
Kashmir Valley receives only *15–25% rainfall
in the monsoon season (Kumar and Jain 2010).

In the present study, the monsoon rainfall was
observed to decline from Shivaliks and southern
slopes of the Mid-Himalayan areas to the north-
ern Greater Himalayan region (Figs. 3.4 and 3.5)
but without an evident elevational gradient
(Fig. 3.8).

The dominance of valley-based observatories
and poor network in the Greater Himalayan
region might have resulted in such a weak
dependence of monsoon rainfall on the elevation
patterns. Although, other studies on the rainfall
in western Himalayan states and the Chenab
River Basin (Arora et al. 2006; Bharti et al. 2016)
also show significant dependence of monsoon
rainfall on local physiography. The southern
Shivalik and Mid-Himalayan Mountains present
the first orographic barrier to the prevailing
moisture-laden monsoon winds approaching
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from the south and force them to precipitate
locally in the windward Himalayan slopes
(Kulkarni 2012). Consequently, these windward
slopes in Shivaliks and Mid-Himalayan ranges
(Satluj and Chenab Basins and Nepal Himalaya)
observe the high amount of rainfall (Arora et al.
2006; Mir et al. 2015; Karki et al. 2017). Inter-
estingly, some parts of the northern inner valleys
(e.g., Okhimath) also observed relatively higher
monsoon rainfall, which may be attributed to the
transverse orientation of the major river valleys,
leading to continuous moisture supply to even
deep inner valleys of Greater Himalayan region.
Thus, the orientation of valleys and mountain
ridges appears to have strong control on rainfall
distribution, rather than merely elevation
(Kumari et al. 2017).

About 9% of the annual rainfall in Uttarak-
hand occurs during the winter months, while it is
7% in NWIP and only 3% for all-India (Fig. 3.9).
In the present study, the winter rainfall has been
observed to decline from northwestern parts to
the southeastern parts and from Greater Hima-
layan regions (north) to the lower plains (south).
Such a spatial pattern of the winter rainfall is due
to the west–east movement of western distur-
bances with upper-level westerly circulation,
which primarily generate precipitation in the
Himalayan Mountains by orographic forcings
(Dimri and Niyogi 2013; Dimri et al. 2015,
2016). Consequently, the contribution of winter
rainfall declines from the northwestern Hima-
layan regions to central and further to the eastern
Himalayan region as well (Dimri and Dash 2012;
Palazzi et al. 2013; Dimri et al. 2015, 2016).
According to a study (Kumar and Jain 2010), the
Kashmir Valley in northwestern Himalaya
receives *38–48% of the rainfall during win-
ters, while only *27% in Chenab basin, Hima-
chal Pradesh, positioned east (Arora et al. 2006).
The winter rainfall contribution declines further
eastward over the Central Himalaya of Nepal,
receiving only *3.5% of the annual rainfall
(Karki et al. 2017), indicating a strong west–east
gradient of winter rainfall over Himalaya. Nev-
ertheless, it is worth mentioning that present
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Fig. 3.8 Altitudinal dependence of seasonal rainfall in
Uttarakhand (1901–2013). a: Winter, b: Pre-monsoon, c:
Monsoon, d: Post-monsoon, and e: Annual
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precipitation measurement methods highly
underestimate the solid precipitation that occurs
in high elevation areas (Hasson et al. 2017; Karki
et al. 2017). The comparison of mean seasonal
rainfall for all-Uttarakhand, NWIP, and all-India
rainfall is depicted in Fig. 3.9.

The seasonal rainfall of Uttarakhand state is
positively correlated with NWIP and all-India
rainfall except for the winters (Table 3.2). It
indicates that the seasonal rainfall of Uttarakhand
is greatly influenced by seasonal rainfall of the
NWIP and all-India rainfall, except for the win-
ters. Weak correlation of winter rainfall of
Uttarakhand with NWIP and all-India is because
the rainfall in the region primarily occurs through
the western disturbances, where southern non-
mountainous and Shivalik parts of the study area,
NWIP, and India are less influenced by this
weather system (Dimri et al. 2016). A previous
study (Basistha et al. 2009) also indicated a
strong relationship of all-Uttarakhand annual and
monsoon rainfalls with regional rainfall for the
period of 1902–1980.

We further attempted to explore the relation-
ships of annual and seasonal rainfall of Uttarak-
hand with large-scale phenomena/telecon
nections, i.e., SOI (Table 3.3). All-Uttarakhand
annual and monsoon rainfalls show high rela-
tionships with monsoon and annual SOI. It is so
because the monsoon rainfall primarily

contributes to the annual rainfall (Bhalme and
Jadhav 1984; Shrestha 2000). Previous studies
(Bhalme and Jadhav 1984; Shrestha 2000) sug-
gest that Indian and Nepal summer monsoon
rainfalls are highly correlated with seasonal SOI.
The post-monsoon rainfall of Uttarakhand shows
a relatively weaker but positive correlation with
seasonal and annual SOI, while the winter and
pre-monsoon rainfall shows a negative relation-
ship with seasonal SOI. It is, thus, that the winter
rainfall in the study area occurs mostly due to
western disturbances and is more related to the
source region, while the pre-monsoon rainfall
occurs primarily due to the extension of western
disturbances (Dimri and Dash 2012; Palazzi et al.
2013; Dimri et al. 2015).

The comparative trends of all-Uttarakhand,
NWIP, and all-India rainfall for the period of
1901–1980 and 1901–2013 are presented in
Tables 3.4 and 3.5, respectively. There are mixed
trends of seasonal and annual rainfall in the study
area, with a broadly decreasing trend in the
seasonal and annual rainfall except for the post-
monsoon rainfall in 1901–1990 (Fig. 3.6). More
than half of the trends are generally statistically
insignificant, similar to the results from other
studies in and adjacent regions (Basistha et al.
2009; Bhutiyani et al. 2010; Kumar and Jain
2010; Singh and Mal 2014; Bhutiyani 2016;
Karki et al. 2017). A study (Nuzzo 2014) argues

Fig. 3.9 Comparison of % of seasonal rainfall of all-Uttarakhand, NWIP, and all-India (1901–2013)

Table 3.2 Correlation co-
coefficients of all-
Uttarakhand rainfall with
NWIP and all-India rainfall

Regions Winter Pre-monsoon Monsoon Post-monsoon

NW Indian Plains −0.03 0.56 0.51 0.74

All India −0.01 0.43 0.54 0.46

Values in bold are significant at 5% confidence level
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that the statistical significance is not a robust
measure of the statistical validity of the time
series trend results; nonetheless, may be of
practical use in many sectors (Radziejewski and
Kundzewicz 2004; Basistha et al. 2009).

As a result of declining monsoonal rainfall,
the declining trend of the annual rainfall of
Uttarakhand has been observed for all-
Uttarakhand rainfall during 1901–1990 and
1901–2013, whereas these trends are positive for
NWIP and all-India rainfall (Tables 3.4 and 3.5)
(Naidu et al. 1999; Basistha et al. 2009). The
peculiar negative trend of monsoon and annual
rainfall for all-Uttarakhand may be linked to the
weakening of ISM, as caused by various factors
including reduction in the land–ocean thermal
contrast, etc. (Kulkarni 2012; Paul et al. 2016;
Sandeep et al. 2018; Xu et al. 2018). Therefore,
the other nearby Himalayan areas also experi-
enced negative trends of monsoon and annual
rainfall (Bhutiyani et al. 2007, 2010; Bhutiyani
2016; Kumar and Jaswal 2016; Karki et al. 2017;
Shafiq et al. 2018). As with previous studies, the

most prominent negative rainfall trends are
observed in the monsoon season (Bhutiyani et al.
2010; Palazzi et al. 2013), consistent with larger-
scale decreasing trends observed in monsoon
indices, such as the South Asian Summer Mon-
soon Index (SASMI) (Ma et al. 2019). In con-
trast, it is to note that the model results, both for
historical and projected time horizons, typically
reveal positive trends in mean precipitation over
this region (Kulkarni et al. 2013; Palazzi et al.
2013; Panday et al. 2015; Maharana et al. 2020).
With the vast majority of rainfall occurring dur-
ing the monsoon months, these contrasting
results (model vs. observations) highlight that
climate models do not yet adequately capture the
complexities of the Himalayan monsoon system
and processes influencing its variabilities, such as
aerosols and black carbon, snow cover, and
influence of orography. Hence, there remains
only low confidence in future projections of
monsoon timing and intensity for this region
(Christensen et al. 2013), which cast uncertainty

Table 3.3 Correlation co-
coefficients of all-
Uttarakhand rainfall with
annual and seasonal SOI

Annual Winter Pre-monsoon Monsoon Post-monsoon

SOIDJF 0.01 0.06 −0.13 0.06 0.13

SOIMAM 0.31 −0.11 −0.13 0.32 0.24

SOI JJAS 0.49 −0.23 −0.19 0.45 0.29

SOION 0.37 −0.15 −0.29 0.38 0.21

SOI Annual 0.40 −0.14 −0.25 0.41 0.29

Values in bold are significant at 5% confidence level

Table 3.4 Comparison of rainfall trends of all-Uttarakhand, NWIP, and all-India rainfall (mm/year) during 1901–1990

Annual Winter Pre-monsoon Monsoon Post-monsoon

Uttarakhand −1.3 −0.4 −0.1 −0.9 0.2

NW Indian Plains 1.3 −0.1 0.0 1.3 0.1

All-India 0.4 −0.1 0.0 0.3 0.1

Bold values are significant at 90% confidence level

Table 3.5 Comparison of rainfall trends of all-Uttarakhand, NWIP, and all-India rainfall (mm/year) during 1901–2013

Annual Winters Pre-monsoon Monsoon Post-monsoon

Uttarakhand −1.6 −0.2 −0.1 −1.3 0.1

NW Indian Plains 0.1 −0.1 0.0 0.2 0.0

All-India 0.2 −0.1 0.0 0.1 0.1

Bold values are significant at 90% confidence level
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on the understanding of related hydrological
impacts (Maharana et al. 2020).

On the contrary, consistent negative trends of
winter rainfall for all the time series were
observed, which are consistent with other studies
in the Himalayas (Bhutiyani et al. 2007; Dimri
and Dash 2012; Bhutiyani 2016; Karki et al.
2017) and linked to the decreasing frequency of
western disturbance in the region during the
winter months (Cannon et al. 2014; Dimri et al.
2015). The pre-monsoon rainfall decreased in
Uttarakhand, while rainfall series in other regions
(all-India and NWIP) features no trend. The post-
monsoon rainfall trends are slightly stronger and
positive when compared with other large-scale
time series of NWIP and all-India.

Given the robust and relatively homogenous
signal of decreasing rainfall across Uttarakhand
observed over the twentieth and early twenty-first
century reported in this and previous studies
(Basistha et al. 2009; Singh and Mal 2014;
Khandelwal et al. 2015; Karki et al. 2017), there
can be expected impacts on water availability in
the Ganga Basin, with implications particularly
for agriculture and allied activities, irrigation, and
hydropower sustainability (e.g., as outlined in the
Government of Uttarakhand State Action Plan on
Climate Change 2014). Furthermore, glaciers are
sensitive to changes in precipitation, and the
observed decrease in precipitation in winter and
monsoon months will strongly affect the accu-
mulation of snow high up in the glaciated catch-
ments (Bolch et al. 2019). This combination of
reduced accumulation and observed increasing
temperatures is responsible for the generally
widespread retreat of Himalayan glaciers (Bolch
et al. 2012, 2019; Azam et al. 2018). Conse-
quently, the glaciers’ contribution to maintaining
the base flow of streams during pre- and post-
monsoon, or during unusually dry periods, will be
lost, placing further stress on dependent stake-
holders and ecosystems (Immerzeel et al. 2010).

While, in general, the decreasing rainfall
quantities might suggest a reduced threat of
rainfall-induced floods and landslides, but this is
inconsistent with increased incidences of such

disasters in the region reported over recent dec-
ades (Bhambri et al. 2016; Allen et al. 2016). It,
to some extent, highlights that many recent dis-
asters have probably been inappropriately linked
to changing precipitation. In fact, underlying
causes are related more to human settlements and
activities occurring in high-risk locations, like
floodplains, poor land management (e.g., defor-
estation and road cutting), land degradation, and
expansion of pilgrimage and tourism, as well as
other assets within the exposed areas (Pande
et al. 2002; Pande 2006; Sati and Gahalaut
2013). Also, it must be noted that such flood and
landslide disasters are typically related to
extreme meteorological events, which are not
generally captured by the monthly data that were
analyzed in this study. Events such as the
flooding disaster of 2013 of Uttarakhand have
been linked to exceptionally heavy rainfall epi-
sodes, which have become more likely as a result
of atmospheric warming (Singh et al. 2014).
Such events are anticipated to increase in fre-
quency and/or intensity in the future (Seneviratne
et al. 2012; Panday et al. 2015). Hence, it is
possible that while total seasonal or annual
rainfall has decreased, extremely intense rainfall
events could have increased over the same per-
iod. Unfortunately, a lack of daily (or sub-daily)
data in this study has prevented a further inves-
tigation of this aspect.

3.5 Conclusion

The present study analyzes the spatial variations
and long-term trends of annual and seasonal
rainfall in the Uttarakhand Himalaya, India, for
the period of 1901–2013. We applied a non-
parametric MK test with TFPW and TS’s slope
estimator to analyze the rainfall trends. Further,
the wet and dry periods and their linkages of
large-scale circulations/teleconnections with
rainfall are also explored. Regional consistencies
of rainfall variability and trends of all-
Uttarakhand rainfall were compared with NWIP
and all-India rainfall as well.
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The rainfall mostly declined across the study
region except in the post-monsoon season.
A significant decline in annual and monsoonal
rainfall primarily after the 1960s contributed to
the overall negative rainfall trend in the study
area. Specifically, concerning annual rainfall
from 1960 to 1980 and 1990 to 2000 are dry
periods, and 1901–1925 and 1950–1960 are wet
periods, while the monsoonal rainfall experi-
enced more pronounced and prolonged dry
periods between 1960 and 2000. The pre-1960s
period is generally a wet period with a minor dry
period between 1925 and 1935. Pre-monsoon
rainfall in western and southeastern parts of the
study area increased, while negative trends are
observed for central and eastern regions. Besides,
a general decline in winter rainfall post-1940s
has contributed to a significant decrease in winter
rainfall in Uttarakhand. Annual and monsoon
rainfalls in the region are found to be highly
correlated with large-scale SOI, but other sea-
sons’ rainfall shows low correlation.

This variation of all-Uttarakhand rainfall
roughly aligns with other regional and all-India
rainfall series with some periodic differences,
which needs further investigations. Identifying
the causes of declining rainfall is another critical
area of research to be conducted in the region as
the rainfall variation is resulted by the interaction
between synoptic and local topographic features.
More importantly, the present study is limited to
monthly analysis, but a daily rainfall analysis is
urgently needed to identify the trends in
droughts, floods, and landslides in the region
because such events have very high socioeco-
nomic and ecological impacts, as compared to
mean seasonal precipitation. Nevertheless, the
present findings of declining and highly variable
nature of rainfall have significant implications on
the agricultural, hydrometeorological, and social
milieu in the region. Studies based on current
findings and suitable adaptation strategies
development in different sectors are needed to
cope with these changing patterns of rainfall to
ensure the food and water security of the region.
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4Spatio-Temporal Heterogeneity
in Glaciers Response Across Western
Himalaya
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Abstract

The Himalayan cryosphere hosts the largest
concentration of glaciers, outside the polar
regions, thereby provides extensive resource
and opportunity for irrigation, hydro-power
generation, and eco-tourism to the people of
Central and Southeast Asia. Like any other
mountain region, Himalayan glaciers are
responding to climate change in terms of
length, area, volume, equilibrium line altitude,
flow velocity and elevation change. However,
the rate of change of these glaciers remains
controversial which causes gaps in our under-
standing of current state of Himalayan gla-

ciers. Through this chapter, we provide a
comprehensive picture of glaciers in the
Western Himalaya (WH) on the basis of
published scientific data and to bridge in
some of these gaps. Here, a multi-parametric
approach is adopted in order to provide a
coherent picture of glacier health in WH.
Further, a detailed analysis is carried out at
basin scale in order to demonstrate the spatial
heterogeneity among glaciers across WH. The
chapter also highlights factors responsible for
spatial heterogeneneity of glaciers across WH.
Additionally, increasing risk of Glacial Lake
Outburst Flood (GLOF) to the downstream
region is discussed in brief.

Keywords

Himalayan glaciers � Mass balance � Remote
sensing � Climate change � Heterogeneity

4.1 Introduction

The Hindu-Kush-Himalaya including the
Karakoram mountains comprise the largest con-
centration of glaciers outside the polar region,
and thereby it is often referred to as the “Third
Pole” (Bajracharya and Shrestha 2011; Kaushik
et al. 2019a). Out of this the Himalayan-
Karakoram (HK) region extends about 2500 km
in length from Afghanistan in the west to Yunnan
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Province in the east through Pakistan, northern
India, southern Tibet, Nepal and Bhutan (Azam
et al. 2018). The HK region is imperative to the
people of South and Central Asia, as it con-
tributes significantly to the hydrology and con-
trols run-off regimes of major perennial river
systems, e.g. Indus, Ganga and Brahmaputra
(Azam et al. 2018). Therefore, this region is
termed as the “water tower of Asia”, as a recent
estimate reveals that the major river basin
(Ganga, Indus and Bharamputra) provides 23.8
km3 water seasonally. This seasonal run-off act
as drought-resilient source of water helps to
sustain basic, municipal and industrial need of
221 ± 59 million people (Pritchard 2019).
Moreover, HK provides extensive opportunity
for irrigation, hydro-power generation and eco-
tourism which act as the major drivers of regional
economy. The HK region also bears a greater
significance in terms of climate change owing to
its sensitivity towards changing climate and its
capability to preserve the past record of climate
change. On the basis of climatic settings, the
glaciers of HK can be broadly divided into two
categories, i.e. (1) Asian Monsoon type and
(2) Westerlies fed (Bolch et al. 2012). Glaciers of
central and eastern Himalaya belong to the for-
mer category which receive maximum precipi-
tation from Asian Monsoon while glaciers of
Karakoram belongs to the later where westerlies
provide precipitation in winters (Bolch et al.
2012). Whereas glaciers of Western Himalaya
(WH) lie in a transitional zone, resultant they
receive precipitation from both climate systems
(Azam et al. 2019). This is one of the motivations
to carry out the present review of the state of
glaciers in WH. The glacierized area for the HK
region varies from 36,845 to 50,750 km2

(Table 4.1). These disparities in the area may be
primarily attributed to the differences in adopted
methodology (semi-automated or manual), type
of data used, scale of mapping, cloud cover,
subjectivity in the identification of terminus due
to the presence of debris cover and inclusion or
not of steep avalanche walls (Azam et al. 2018;
Bhambri and Bolch 2009; Kaushik et al. 2019b).

The oldest information of glacier area extents
is present in the topographic maps prepared by

Survey of India (SOI) in the early 1960s. How-
ever, these SOI maps have serious accuracy
issues specifically due to the presence of seasonal
snow (Bhambri and Bolch, 2009) which has led
to an overestimation of glacierized area in some
of the studies (e.g. (Kulkarni et al. 2006;
Kulkarni et al. 2011). In the recent decade, the
proliferation of satellite imageries with increased
availability and improved quality (i.e. spatial,
spectral and temporal resolutions) has led to fast
and cost-effective monitoring of glacier parame-
ters (Kaushik et al. 2019b). Employing various
satellite data, numerous studies have estimated
glacier parameters at different scales (Bajra-
charya and Shrestha 2011; Chand et al. 2017;
Kaushik et al. 2019a; Kulkarni et al. 2011; Garg
et al. 2017; Scherler, Leprince, and Strecker
2008; Shukla and Qadir 2016; Satyabala 2016;
Azam et al. 2012; Thakuri et al. 2014; Nuimura
et al. 2015; Kulkarni et al. 2007; Kulkarni et al.
2005; Pandey and Venkataraman 2013).

The glaciers of HK region gained global
attention after an erroneous statement by Inter-
governmental Panel on Climate Change (2007)
in its fourth assessment report (AR4) that glaciers
of this region will vanish by 2035 (Cogley et al.
2010). However, this error has now been
acknowledged and corrected by several later
studies (Bolch et al. 2012; Scherler et al. 2011).
During the last decade considerable advancement
in the knowledge of HK glaciers has taken place
mainly due to the increasing interest of scientific
community, increase in data availability (satellite
and in situ) and development of recent image
processing and machine learning algorithms, e.g.
(Zhang et al. 2019). The improvement in the
satellite image resolution (i.e. spatial, spectral
and temporal) along with advancement in Syn-
thetic Aperture Radar (SAR), Interferomet-
ric SAR (InSAR), Unmanned Aerial Vehicle
(UAV), Light Detection and Ranging System
(LiDAR) techniques have made it possible to
observe multiple parameters of glaciers which
were not possible earlier (Kaushik et al. 2019a).
As most of the previous studies (Bajracharya
et al. 2014; Kulkarni et al. 2011; Bhambri et al.
2011) could only estimate the snout and length
fluctuation in order to assess glacier health, the
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current advanced techniques have allowed esti-
mation of multiple parameters (e.g. surface flow
velocity (SFV), mass balance, equilibrium line
altitude (ELA), elevation change, glacier facies
characterization and their relationship with cli-
mate) for better assessment. As a consequence,
the glaciers of HK region have been investigated
extensively by the scientific community. This
expansion of knowledge has motivated several
reviews (Azam et al. 2018; Bolch et al. 2012;
Kaushik et al. 2019a; Bhambri and Bolch 2009;
Bhardwaj et al. 2016a; Bhardwaj et al. 2016b)
which attempt to provide an up-to-date status of
glaciers in HK region and report new emerging
areas of scientific research. Yet there are limited
studies which reports glacier health taking into
account multiple parameter (i.e. area, length,
MB, ELA, SFV, etc.) of glaciers to provide a
comprehensive picture of their heterogeneity.

The available literature explicitly states that
glaciers of HK region exhibit heterogeneous
behaviour particularly owing to their geometry
(size, slope and curvature), debris cover and pre-
cipitation regime (Bolch et al. 2012; Azam et al.
2012; Ali et al. 2017; Wang et al. 2019; Kaushik
et al. 2019a; Patel et al. 2018; Scherler et al. 2011;
Dehecq et al. 2019; Brun et al. 2017). In general,
small glaciers (< 1 km) at lower elevations with
thin debris cover are receding faster (Kaushik et al.
2019a; Pandey and Venkataraman 2013; Bhambri
et al. 2011; Das and Sharma 2019). A comparative

analysis of geographic regions reveals that mean
mass loss of High Mountain Asia (HMA) is -
0.18 ± 0.04 m w.e.yr−1, whereas Lahual-Spiti
and Karakoram show mass budget of -
037 ± 0.09 and -0.03 ± 0.07 m w.e.yr−1 (Brun
et al. 2017). Glaciers of Karakoram and Kunlun
region have shown anomalous behaviour as they
are stable or advancing (Brun et al. 2017). More-
over, the glacier’s response within the same geo-
graphical region (e.g. river basin) is quite diverse as
each glacier exhibits its own individual behaviour
(Scherler et al. 2011; Bolch et al. 2012). Such
heterogeneity is the premise of the present study
and is further motivated by the recent advancement
in knowledge of glaciers, in particular, the HK
region. This chapter aims to highlight hetero-
geneity among glaciers of WH using multi-
parametric approach (length, snout, SIV, MB,
ELA) and attempt to identify factors responsible
for such response. Additionally, review provides
comparison of glacier response with other parts of
HK region. Moreover, anticipated risk of Glacial
Lake Outburst Flood (GLOF) in HK is discussed
briefly.

4.2 Western Himalaya (WH)

The Indus River marks the western boundary of
the Himalaya and separates it from the adjoining
Karakoram Range. The WH extends southeast

Table 4.1 Glacier inventory for Himalaya-Karakoram (HK) region compiled from various studies as referred in the
text

Glacierized area (km2)

Himalaya Karakoram Himalaya-Karakoram References

33,050 15,400 48,450 (Dyurgerov and Meier 2005)

33,050 15,145 48,195 (Raina 2009)

21,973 21,205 43,178 (Cogley 2011)

20,279 13,646 33,925 (Bajracharya and Shrestha 2011)

22,829 17,946 40,775 (Bolch et al. 2012)

29,000 21,750 50,750 (Kääb et al. 2012)

25,692 ± 700 19,680 ± 1052 45,372 (Pfeffer et al. 2014)

19,460 17,385 36,845 (Nuimura et al. 2015)
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(approximately 560 km) from the bend of the
Indus River in the north-west to the Sutlej
River in the southeast (Zurick et al. 2005).
The WH region bears great significance in terms
of climate change studies as it falls under tran-
sitional zone between the Westerlies influence
zone and Asian Monsoon influence zone (Ageta
and Higuchi 1984; Azam et al. 2019). The region
remains an area of interest for the scientific
community for climate change studies using
various glacier parameters and climate data. This
section is subdivided on the basis of major gla-
cier parameters in order to paint a vivid picture of
glacier status in the region (Fig. 4.1).

4.2.1 Glacier Area and Length

Survey of India (SOI) and Geological Survey of
India (GSI) are the two nodal agencies involved
in mapping and monitoring of Himalayan gla-
ciers, and thereby the custodians of the earliest
information of glacial extent (in particular, the
SOI topographical maps published in 1960s).
A brief history of glacier mapping in Indian
Himalaya is reported by (Bhambri and Bolch
2009; Kaushik et al. 2019b). Accordingly, the
estimation of glacier area and length (snout
retreat) is the most widely used parameter to
demonstrate glacier response towards on-going

Fig. 4.1 a Map of Himalaya showing major river basin
and benchmark glaciers of Western Himalaya. b Mean
precipitation in January 2015 using APHRODITE data.

c Mean precipitation in July 2015 using APHRODITE
data (http://aphrodite.st.hirosaki-u.ac.jp/products.html#)
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climate change, as these parameters are com-
paratively easy to estimate. Studies carried out in
the WH with a view to estimate glacier length
and area were generally carried out at basin-wide
scale with few individual glaciers (Fig. 4.2).
Variable rates of glacier loss are quite evident
from the compilation of literature which clearly
suggest that Himalayan glaciers are receding
with heterogeneous rates since post-Little Ice
Age (Fig. 4.2). The longest historically recorded
glacier fluctuations in WH are available for Bara-
Shigri, Chhota Shigri, Samudra Tapu and Ham-
tah glaciers (Kulkarni et al. 2006; Azam et al.
2014; Chand et al. 2017).

Most of previous studies carried out on single
or several glaciers since 1960s use SOI maps and
time series remote sensing data along with lim-
ited field observation. The highest loss of glacier
area (−11.51 km2 yr−1) in this region is reported
(Kulkarni et al. 2011) between 1962 and 2001
which carried out an analysis on 466 glaciers
(Table 4.2). Glaciers of Chandra-Bhaga basin
were studied extensively at different scales, e.g.
(Pandey and Venkataraman 2013; Kulkarni et al.
2011; Kaushik et al. 2019a). However, as a

consequence, various studies reported variable
rates of deglaciation. Kulkarni et al. (2011)
reported much higher rate of deglaciation (−3.64
and −2.79 km2 yr−1) for Chandra and Bhaga
basin, whereas recent studies (Kaushik et al.
2019a; Das and Sharma 2019; Pandey and
Venkataraman 2013; Birajdar et al. 2014)
reported much lower rates of deglaciation (-0.36,
-0.4, -0.19 and -0.31 km2 yr−1) for the Bhaga
basin. In addition, average retreat rate varies
from 4.72 ± 0.8 to 20.6 ± 7.6 m yr−1. Simi-
larly, considerable differential rates
(0.017 ± 0.0001and -0.14 ± 0.12 km2 yr−1) of
glacier loss is reported for Ravi basin (Chand and
Sharma 2015; Chand et al. 2016). Discrepancies
among these rates of glacier losses could be
attributed to number of glaciers involved, scale
of mapping, method of mapping, data used,
scene characteristics (e.g. cloud cover) and
observation period. They are even further com-
plicated owing to the use of SOI topographic
maps as base maps in which seasonal snow was
marked in the glacier boundary (Pandey and
Venkataraman 2013; Bhambri et al. 2011;
Kaushik et al. 2019a) which were reported as

Fig. 4.2 Basin-wise loss of
glacier area in the Western
Himalaya. (CB Chandra-
Bhaga basin; ZB Zanskar
basin; RB Ravi basin; BB
Baspa basin; MB Miyar
basin; PB Parbati basin; TB
Trikhund basin; LB Lidder
basin; WB Warwan basin)
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early as 1980 (Vohra 1980). Recent studies
(Pandey and Venkataraman 2013; Garg et al.
2017; Mir 2018; Ali et al. 2017; Chand et al.
2016) have reported lower rates of deglaciation
compared to previous studies (Fujita and Nui-
mura 2011; Kulkarni et al. 2007; Kulkarni et al.
2006), particularly, owing to exclusion of SOI
topographic maps. Therefore, it is quite clear that
errors in SOI topographic maps led to an esca-
lated statement about glacier health in the
Himalaya and ensuing furore highlighted limited
knowledge and actual fate of Himalayan glaciers
(Inman 2010).

It is quite obvious that glaciers of the WH are
receding at variable rates; thus, differential loss in
glacier area causes fragmentation of large glaciers
and ultimately increase in number of glaciers
(Kulkarni et al. 2007; Kulkarni et al. 2011). On
the basis of available literature, it can be con-
cluded that change in glacier length (e.g. advance
or retreat) is a dynamic aspect of ice flow which is
primarily governed by glacier geometry, debris
cover and regional climate (Fig. 4.2, Table 4.2).
Debris cover, climate and geometry of glacier (i.e.
slope, extent and aspect) generally govern the
glacier response. Small and low elevation glaciers
are responding much faster to climate change
rather than larger and high elevation glaciers
(Scherler et al. 2011; Kaushik et al. 2019a; Patel
et al. 2018; Sharma et al. 2016; Bhambri et al.
2011). According to Cogley (2016) unweighted
average shrinkage rate for High Mountain Asia
(HMA) between 1960 and 2010 is −0.57% a−1

and weighted mean shrinkage rate is −0.40% a−1

for the same period, whereas the average area
shrinkage for HK region is −0.36% a−1 (Azam
et al. 2018). Thick debris (> 5 cm) cover acts as
an insulator and retard the ablation rate, whereas
glaciers covered with thin debris cover indicates a
higher rate of deglaciation (Banerjee 2017). On
the hand, clean ice glaciers are typically charac-
terized by linear mass balance profile (i.e. higher
ablation rate towards terminus). Scherler,
Bookhagen, and Strecker (2011) explicitly stated
higher rate of deglaciation in WH (� 60 myr−1),
northern central Himalaya andWest Kunlun Shan
owing to low proportion of debris-covered

glaciers. Moreover, several studies (Scherler,
Bookhagen, and Strecker 2011; Thakuri et al.
2016; Shukla and Qadir 2016; Garg et al. 2017)
have indicated that down-wasting is dominant
mode of glacier retreat than area loss particularly
in case of debris cover. Thus, there is a general
consensus in glaciological community that based
on snout monitoring solely imperative conclu-
sions about the overall health of a glacier cannot
be made. However, the mass balance of glaciers is
a direct and key indicator for assessment of gla-
cier response towards climate change. Further,
recent studies (Dehecq et al. 2019; Yao et al.
2012; Garg et al. 2017) suggest a multi-
parametric approach in which associated param-
eters (i.e. ELA, SIV and AAR) and provide a
vivid picture of the overall glacier health.

4.2.2 Glacier Mass Balance

Glacier mass balance is difference between mass
gain (via snowfall and/or avalanche) and mass
loss (i.e. ablation) within a specific hydrological
year (Oerlemans 2001). This resultant net gain
and loss in glacier mass have a direct implication
for water resource management, glacial hazards
and climate change studies. Glacier mass balance
is generally considered as an un-delayed and
direct method to exhibit overall glacier health
under the influence of climate change (Oerle-
mans 2001). Methods of mass balance estimation
can be broadly classified in the following cate-
gories: glaciological method, geodetic method
and glacier mass balance modelling method.

4.2.2.1 Glaciological Method
Glaciological method is generally considered as
most accurate method to assess glacier mass
balance, although this method is quite difficult, as
it involves in situ measurements at rugged terrain
in harsh climate condition (Pratap et al. 2016;
Singh et al. 2018). This method uses stakes and
pits placed over representative points (ablation
and accumulation) on the glaciers (Pratap et al.
2016). The GSI initiated mass balance studies
for Indian Himalaya using glaciological method
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in 1974 (Gara glacier, Himachal Pradesh).
Unfortunately, in terms of mass balance obser-
vation, Himalayan range is still limited as there
are only 24 glaciers surveyed using glaciological
methods (Azam et al. 2018). Out of these 11
glaciers are situated in the WH (Fig. 4.3), Chhota
Shigri, Hamtah and Gara are well-studied gla-
ciers of WH in terms of mass balance measure-
ments (Fig. 4.3).

Spatio-temporal variability (−0.11 to −1.43
w.e.yr−1) in mass balance across WH is evident
from previous studies (Fig. 4.3; Table 4.3). The
highest loss of glacial mass (-1.43 m w.e.yr−1) is
reported for Hamtah glacier during 2000-2009,
whereas Rulung glacier showed the lowest rate
of loss (-0.11 m w.e.yr−1) during 1979-1981.
Higher rate of mass loss in Hamtah glacier is
attributed to the presence of high debris cover
over ablation zone and steep headwalls on the
glacier. Azam et al. (2018) classified Hamtah
glaciological series under ‘dubious category’
owing to fact that it is surveyed only in its lower
part and contribution of avalanches from head-
walls was not included. The mean mass balance
of Hamtah glacier (–1.43 m w.e. yr-1) was two
and half times more negative than Chhota Shigri
(–0.59 m w.e. yr-1) over the common observed
period (Azam et al. 2018). From the in situ mass

balance observation, it is quite clear that rate of
mass loss has increased after 1990 and debris
cover glaciers are losing mass even with stable
front. Azam et al. (2018) classified glaciological
observation (Fig. 4.3) as good, fair, excellent and
dubious on the basis of several parameters (e.g.
geodetic verification of glaciological mass
balance, uncertainty analysis, stake density, stake
material and accumulation measurements etc.).

4.2.2.2 Geodetic Method
Glaciological method requires enormous amount
of man-power and financial support, whereas the
geodetic method is cost effective and simpler to
estimate mass balance for larger region over a
longer duration (Azam et al. 2018; Pratap et al.
2016). Geodetic method involves differencing of
digital elevation models (DEMs) derived from
stereo remote sensing imageries (Kumar et al.
2018; Berthier et al. 2007). DEM differencing
provides change in glacier thickness which is used
to determine the mass balance (Pratap et al. 2016;
Cogley 2009). However, the accuracy of DEM
and uncertainty estimation is of utmost importance
in order to draw inferences from results. This
method has limitation due to the unavailability of
higher resolution DEM and aerial photographs
with reference to DEM in public domain.

Fig. 4.3 Glaciological mass
balance studies in Western
Himalaya. Dark red line
shows mean mass balance of
all 24 glaciers surveyed using
glaciological method
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Table 4.3 Glaciological mass balance studies in Western Himalayan region

Glacier name
(region/country)

Area
(km2)

Debris
cover area
(%)

Aspect MB period Mass balance
(m w.e. yr−1)

References Classification by
Azam et al 2018

Glaciological mass balance

Chhota Shigri
(CS),

15.5 3.4 N 2002–2014 –0.56 ± 0.40 (Wagnon et al.
2007)

Excellent

Lahaul-Spiti,
India

(Azam et al.
2012, 2016)

Hamtah (HT), 3.2 *70 N 2000–2009 –1.43 GSI (2011) Dubious

Lahaul-Spiti,
India

2010–2012 (Mishra, Kumar,
and Singh 2014)

Gara (GR), 5.2 17 NE 1974–1983 –0.27 (Raina, Kaul,
and Singh 1977)

Fair

Baspa Basin,
India

(Sangewar and
Siddique 2006)

Gor Garang
(GG),

2.0 *60 S 1976–1985 –0.38 (Sangewar and
Siddique 2006)

Fair

Baspa Basin,
India

Kolahoi (KH), 11.9 clean N 1983–1984 –0.27 (Kaul 1986) Dubious

Jhelum Basin,
India

Naimona’nyi
(NN),

7.8 clean N 2005–2010 –0.56 (Yao et al.
2012)

Fair

Karnali Basin,
China

Naradu (ND), 4.6 *60 N 2000–2003 –0.72 (Koul and
Ganjoo 2010)

Fair

Baspa Basin,
India

2011–2015

Neh Nar (NN), 1.3 clean N 1975–1984 –0.43 GSI (200) Good

Jhelum Basin,
India

Rulung (RL), 1.1 clean NE 1979–1981 –0.11 (Srivastava et al.
2001)

Zanskar Range,
India

(Sangewar and
Siddique 2006)

Excellent

Shaune Garang
(SG),

4.9 24 N 1981–1991 –0.42 GSI (1992); Fair

Baspa Basin,
India

(Sangewar and
Siddique 2006)

Shishram (SR), 9.9 clean N 1983–1984 –0.29 (Kaul 1986) Fair

Jhelum Basin,
India

Source (Azam et al. 2018)
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Notable studies carried out in WH with view
to estimate glacier mass balance using geodetic
method are listed in Table 4.4 and shown in
Fig. 4.4. Lahaul-Spiti is the most widely studied
region in the WH in terms of mass balance
observations using geodetic method. Variable
rates (−0.37 to −0.70 m w.e. yr−1) are reported
for the same region during different periods
(Table 4.4). Chhota Shigri is a benchmark gla-
cier of WH (Vincent et al., 2013) with compa-
rable results of mass loss using geodetic
(−0.52 m w.e. yr−1; Fig. 4.4) and glaciological
methods (−0.56 m w.e. yr−1; Fig. 4.3). The
lowest loss (−0.17 m w.e. yr−1) of Chhota Shigri
is reported during 1988–2010 which shows an
increasing trend of mass loss in recent years due
to a combined effect of increasing temperature
and decreasing precipitation (Azam et al., 2014).
Recently, Kumar et al. (2018) reported mass
balance (−0.26 and −0.29 m w.e. yr−1) of Patsio
glacier during 2000–2013 for two density
functions.

At regional scale, Hindu-Kush-Karakoram-
Himalaya (HKKH) showed (−0.21 m w.e. yr−1)
mass loss during 2003–2008. A similar rate
(−0.20 m w.e. yr−1) is reported for Himalayan
region. Recently, a notable contribution is made
by Brun et al. (2017) on glacier mass balance
observation of 92% of glacierized area of HMA
using time series of DEMs over 2000 and 2016
(Fig. 4.4). Except Kunlun region, every other
region and glaciers have shown negative mass
balance. However, the positive mass balance of
Kunlun region may be attributed to its continental
setting which leads to marginal influence of East
Asian Monsoon (EAM). Azam et al. (2018)
reported that conventional glaciological mass
balance methods involve error in case of highly
debris-covered and avalanche fed glaciers.
However, the selection of clean ice glacier at
lower elevation as representative of the whole
basin will introduce high bias and more negative
mass balance of basin. Therefore, remote sensing-
based methods are recommended for highly
debris-covered glacier and avalanche fed glaciers.

However, in situ measurements are significant in
terms of glacier-climate interactions, glacio-
hydrological modelling, ground control and val-
idation of results obtained from remote sensing
methods (Azam et al., 2018).

4.2.2.3 Glacier Mass Balance Modelling
In the WH, several studies have exploited mod-
elling approaches to estimate glacier mass bal-
ance in which AAR-ELA and temperature index
(TI) are quite common (Fig. 4.4). AAR-ELA
method is based on the relationship between
AAR, ELA and specific mass balance, e.g.
Kulkarni, Rathore, and Alex (2004) developed a
model (Eq. 1) for mass balance estimation using
AAR and specific mass balance relationship. This
model is based on a series of in situmeasurements
of Shaune Garang during 1982–1988 and Gor
Garang glaciers during 1976–1984.

Y ¼ 2:4301� X � 1:20187 ð4:1Þ

where Y = specific mass balance in m w.e. and
X = AAR

In WH, (Tawde et al. 2017, 2016) reported
glacier mass balance (−0.71 and 0.61 m w.e.
yr−1) of Chandra basin using AAR and TI
method. Here also, the variable rates of mass
wastage are due to difference in observation
period and number of glaciers studied. Several
studies have exploited temperature-index model
together with an accumulation model for esti-
mation of glacier mass balance (Azam et al.
2014; Hock 2003). This model computes amount
of ablation with positive air temperature and
proportionality factor called degree-day-factor
which requires daily temperature and precipita-
tion as input. Variable rate mass loss is reported
for Chhota Shigri using TI and AM model
(−0.30 and −0.68 m w.e. yr−1) during 1969–
2012 and 2000–2019 (Table 4.5). However,
discrepancies in rates could be attributed to dif-
ferent observation periods. For Chhota Shigri
glacier over 2000–2013 period, different methods
such as TI and AM (Albedo Methods) method
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have reported variable rate of mass loss (−0.52
and −0.68 m w.e. yr−1) (Brun et al., 2015).
Recently, Azam et al. (2019) has reconstructed
mean mass balance (−0.30 ± 0.36 m w.e.yr−1)
and mean catchment-wide run-off (1.56 ±

0.23 m w.e.yr−1) for Chhota Shigri glacier dur-
ing 1969–2016. This study exploits glacio-
hydrological model which is an ensemble of
accumulation module, ablation module and rain
module.

4.2.3 Surface Velocity

The preceding sections discuss that the glaciers
of Himalayan region have heterogeneous rates of
change since the 1970 (Fig. 4.3; 4; 5). The gla-
ciers of some regions, e.g. Lahul-Spiti
(−0.37 ± 0.09 m w.e. yr−1) are experiencing
mass loss close to global mean mass wastage
(−0.42 m w.e. yr−1). However, the link between
associated changes in surface flow velocity
(SFV) which leads to mass redistribution are

Table 4.4 Geodetic mass balance observation in Western Himalaya

Region/glacier Area
(km2)

Period Mass balance
(m w.e. yr−1)

Year of
observation
(periods)

Reference

Western Himalaya

Lahaul & Spiti
(LS1)

915 1999–2004 −0.70 to −0.85 5 (1) (Berthier et al.
2007)

Lahaul & Spiti
(LS2)

2110 1999–2011 –0.45 ± 0.13 12 (1) (Gardelle et al.
2013)

Lahaul & Spiti
(LS3)

1796 2000–2012 –0.52 ± 0.32 12 (1) (Vijay and Braun
2016)

Chhota Shigri
(CS1)

15.5 1988–2010 –0.17 ± 0.09 22 (1) (Vincent et al.
2013)

Chhota Shigri
(CS1)

15.5 1999–2010 –0.44 ± 0.16 11 (1) (Vincent et al.
2013)

Chhota Shigri
(CS3)

15.5 2005–2014 –0.39 ± 0.24 9 (1) (Azam et al. 2016)

Hamtah (HT) 3.2 1999–2011 –0.45 ± 0.16 12 (1) (Vincent et al.
2013)

Jammu and
Kashmir (JK)

4900 2003–2009 –0.55 ± 0.08 6 (1) (Kääb et al. 2012)

Lahul & Spiti (LS4) 7960 2000–2016 −0.37 ± 0.09 16(1) (Brun et al. 2017)

Patsio 2.37 2000–2013 −0.26 ± 0.11(1)*
−0.29 ± 0.16(2)

13(1) (Kumar et al.
2018)

Regional Means

HKKH 60,100 2003–2008 –0.21 ± 0.05 5 (1) (Kääb et al. 2012)

PKH 21,900 1999–2008/11 –0.14 ± 0.08 *10 (1) (Gardelle et al.
2013)

HMA 1 118,200 2003–2009 –0.20 ± 0.10 6 (1) (Gardner et al.
2013)

HMA 2 100,000 2000–2016 −0.18 ± 0.04 16 (Brun et al. 2017)

Nyainquentanglha 6380 2000–2016 −0.62 ± 0.23 16 (Brun et al. 2017)

Kunlun 9910 2000–2016 +0.14 ± 0.08 16 (Brun et al. 2017)

HKKH = Hindu-Kush-Karakoram-Himalaya; PKH = Pamir-Karakoram-Himalaya; HMA = Himalaya *Mass balance
is reported for two different ice density function
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Fig. 4.4 Geodetic mass balance studies in Western Himalaya

Table 4.5 Mass balance modelling studies in the Western Himalaya

Glacier name
(region/country)

Location Area
(km2)

MB period Mass balance
(m w.e. yr−1)

Model Reference

Western Himalaya

4. Chhota Shigri
(CS1),

32°28’N 15.5 1969–2012 –0.30 ± 0.36 TI (Azam et al. 2014)

Lahaul-Spiti,
India

77°52’E

5. Chhota Shigri
(CS2),

32°28’N 15.5 2000–2013 –0.68 ± 0.10 AM (Brun et al. 2015)

Lahaul-Spiti,
India

77°52’E

Chandra Basin
(12 Glaciers)

32°05’N
32°45’
76°15’E–
77°50’E

209.91 1999/2000–
2008/2009

–0.71 ± 0.34 AAR
and TI

(Tawde et al.
2016)

Chandra Basin
(146 Glaciers)

32°05’N
32°45’
76°15’E–
77°50’E

703.64 1984–2012 −0.61 ± 0.4628 AAR
and TI

(Tawde et al.
2017)

Chhota Shigri 32°28’N
77°52’E

15.5 1955–2014 −0.34 ± 0.33 CM (Engelhardt et al.
2017)

Chhota Shigri 32°28’N
77°52’E

15.5 1989–2017
2003–2014

−0.37 ± 0.51
−0.56 ± 0.72

ELA (Chandrasekharan
et al. 2018)

Chhota Shigri 32°28’N
77°52’E

15.5 1969–2016 −0.30 ± 0.36 GHM (Azam et al. 2019)

CM, Climate model; uses downscaled gridded climate data from different sources in order to evaluate glacier mass
balance; AM Accumulation model; GHM Glacio-hydrological model
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poorly understood (Dehecq et al. 2019). It is
evident from field measurements that glacier ice
flow fluctuates with mass changes at decadal
scales. Generally, glacier flow slowed down in
regions with negative mass balance (Dehecq
et al. 2019). However, no direct link could be
established between glacier flow and mass bal-
ance at regional scale in Himalaya. Previous
studies suggested SFV is of utmost importance in
case of debris cover glacier particularly where
mass balance information is lacking (Scherler,
Bookhagen, and Strecker 2011; Dehecq et al.
2019). Debris-covered glaciers experience down-
wasting more than frontal retreat, thereby several
studies reported direct link of glacier recession
with decreasing SFV and formation of proglacial
lakes (Thakuri et al. 2016; Garg et al. 2017;
Dehecq et al. 2019; Scherler, Bookhagen, and
Strecker 2011; Scherler, Leprince, and Strecker
2008; Satyabala 2016; Dobhal, Kumar, and
Mundepi 1995). There are limited studies which
are carried out to demonstrate spatio-temporal
variation in glacier flow velocity across the
Himalayan and Karakoram Range. In 2011,
Scherler et al. (2011) reported SFV for 289 gla-
ciers across Himalaya and Karakoram range in
order to assess the impact of debris cover glacier
on glacier terminus. Out of 64 studied glaciers of
WH 1.5% glaciers were found to be stagnant
with stable glacier front, whereas Hindu-Kush
and southern Himalaya has higher percentage of
stagnant and stable front (16% and 1.5%).
A study by Garg et al. (2017) reported SFV of
Sakchum, Chhota Shigri and Bara-Shigri glaciers
located in Chandra basin. Results show
decreasing trend of SFV for Sakchum (13.5. to
10.63 m yr−1), Chhota Shigri (27.33 to
20.90 m yr−1) and Bara-Shigri (32.50 to
25.30 m yr−1) during 2003/04 to 2013/14. The
highest dropdown in SFV is found for Sakchum
glacier (21.43%). Moreover, detailed analysis
reveals that slowdown in SFV is more prominent
in upper ablation zone (UAZ), whereas the
accumulation zone (ACZ) exhibits minimum
slowdown in SFV. For the same glacier, Dobhal
et al. (1995) reported flow rate of * 46–52 m
yr−1 in UAZ during 1987–1989. A study (Azam
et al. 2012) made notable contribution, as it

attempt to demonstrate how mass wastage is
affecting SFV and ice fluxes using field obser-
vation. Study reveals negative mass balance of
Chhota Shigri glacier (−0.67 ± 0.40 m w.e.
yr−1) and decrease in SFV and ice fluxes (24–
37%) during 2002–2010. Another study (Tiwari
et al. 2014) demonstrated the SFV of Chhota
Shigri glacier over the period of 2003–2009
which varies from * 20 m yr−1 to 40 m yr−1.
Moreover, the study reports 10% difference in
remotely sensed and field-based SFV. However,
recently, remarkable contribution is made by
Dehecq et al. (2019) who has reported change in
ice flow of all HMA glaciers over the period
2000–2017 using one million pairs of optical
satellite images. Trend analysis of study reveals
that 9 out of 11 surveyed regions exhibit slow-
down concomitant with ice thinning. The WH
(i.e. Lahaul and Spiti) exhibits the second largest
slowdown (−34.3 ± 4.5% decade−1) after
Nyainqentanghla (−37.2 ± 1.1% decade−1).
Karakoram (3.6 ± 1.2% decade−1) and West
Kunlun (4.0 ± 2.1% decade−1) region shows
exceptional behaviour with slightly accelerated
glacier flow. The study reveals that slowdown in
glacier flow was more pronounced during 2005–
2008 afterwards more stable condition is
observed.

4.3 Comparison of Glacier
Fluctuation with Other Parts
of Himalaya

Heterogeneous behaviour of the Himalayan gla-
ciers attained global significance as it is imper-
ative to a large population and hydro-economies
of south and central Asia in terms of their needs
of freshwater resources, hydro-power, eco-
tourism, agriculture and regional climate. How-
ever, the existing information of Himalayan
glaciers is limited in terms of mass balance
observation and SFV estimation as most of the
studies focussed on area/length change assess-
ment as an indicator of climate change. In
Garhwal Himalaya, there are only four (i.e.
Dunagiri, Tipra Bank, Chorabari and Dokriani)
glaciers which have glaciological mass balance
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observations (Azam et al. 2018). Dunagiri glacier
showed negative mass balance of −1.04 m w.e.
yr−1 during 1984–1990 (GSI 1991), whereas
Tipra Bank showed much lower rate of mass loss
−0.14 m w.e. yr−1. Dokriani glacier exhibits
negative mass balance (−0.25 m w.e. yr−1)
during 1992–1995 and 0.39 m w.e.yr−1 during
1997–2000 (Gautam and Mukherjee 1992). On
the other hand, the Chorabari glacier showed
slightly higher rate of mass loss (−0.73 m w.e.
yr−1) (Dobhal, Mehta, and Srivastava 2013). In
Dudh Koshi basin (i.e. Nepalese Himalaya), four
glaciers (AX10, Mera, Pokalde and West Chan-
gri Nup) have mass balance records. Fujita et al.
(2001) reported mean mass balance of AX10
glacier (−0.69 ± 0.08 m w.e.yr−1) during 1978–
1979 and 1995–2010. Mera glacier exhbits neg-
ative mass balance (−0.03 ± 0.28 m w.e.yr−1)
over the period of 2007–20015 (Wagnon et al.
2012; Sherpa et al. 2017), whereas West Changri
Nup glacier showed comparatively higher rate of
mass loss (−1.24 ± 0.7 m w.e. yr−1) (Sherpa
et al. 2017; Wagnon et al. 2012). Numerous
studies (Bhambri et al. 2011; Kulkarni et al.
2011; Bajracharya and Shrestha 2011; Bajra-
charya, Maharjan, and Shrestha 2014) are carried
out in Central Himalaya in order to quantify
glacier area/length changes, which reports vari-
able rate of deglaciation. However, higher rates
of glacier loss (e.g. −4.79 and −4.26 km2 yr−1)
(Kulkarni et al. 2011 Jin et al. 2005) are reported
by studies which utilize SOI topographic map as
base map for change assessment. Studies
regarding spatio-temporal variation in glacier
SFV is very limited, although Satyabala (2016)
demonstrates SFV of Gangotri glacier, study
explicitly highlight summer speed up in SFV
(* 57% –162%) compared to winter.

Changmekhangpu (India) and Gangju La
(Bhutan) are the only representatives from East-
ern Himalaya which have in situ mass balance
records (GSI 2001; Tshering and Fujita (2016).
Changmekhangpu (5.6 km2) showed lower mass
wastage of −0.26 m w.e.yr−1 during 1979–1986
as compared to Gangju La (0.3 km2)
−1.38 ± 0.38 m w.e.yr−1 during 2003–2014.
This contrasting response is due to difference in
observation period, glacier geometry and debris

coverage (e.g. Gangju La is a clean ice, low
altitude glacier). However, several studies carried
out estimation of glacier area/length changes in
Eastern Himalaya (Kulkarni et al. 2011; Basnett,
Kulkarni and Bolch 2013; Racoviteanu et al.
2014; Bajracharya and Shrestha 2011). General
deglaciation is observed for the region with
increasing debris cover and resultant expansion of
glacial lakes. The highest number of glaciers (i.e.
817) is studied by Bajracharya, Maharjan, and
Shrestha (2014) and the study reports loss in
glacier area with −6.52 km2 yr−1. Another study
by Bajracharya, Maharjan and Shrestha (2014;
and Racoviteanu et al. 2014) reported loss in
glacierized area with 4.85 km2 yr−1 during 1962–
2000. Recession rate of Sikkim Himalayan gla-
ciers was found to be higher (−3.36 km2 yr−1) as
compared to Nepal Himalaya (−1.44 km2 yr−1).

Recently, the focus has shifted to monitoring
of glacial lake expansion, identification of
potential glacial lakes and risk assessment for
GLOF (Shukla, Garg, and Srivastava 2018;
Aggarwal et al. 2017; Sattar, Goswami, and
Kulkarni 2019). Expansion of proglacial lakes
and development of supraglacial lakes are more
profound in the Eastern Himalayan region as
compared to North–West Himalaya (NWH) and
Karakoram (Nie et al. 2017). In order to highlight
heterogeneity of glacier response, recently,
remarkable contribution is made by Brun et al.
(2017) and Dehecq et al. (2019) which report
mass balance and glacier flow for all HMA gla-
ciers. Total mass change of −0.18 ± 0.04 m w.e.
yr−1 between 2000 and 2006 is reported (Brun
et al. 2017), and the standard deviation of glacier
to glacier for regions was of * 0.25 m w.e.yr−1

which suggest high variable response of glaciers
across the HMA.

Existing literature provides strong evidence of
increasing temperature, decreasing precipitation
which drives deglaciation in the Himalayan
region along with reduction in SFV of glacier
and expansion of glacial lakes (Azam et al. 2018;
Bolch et al. 2012; Dehecq et al. 2019; Nie et al.
2017; Scherler, Bookhagen, and Strecker 2011;
Shukla, Garg, and Srivastava 2018; Aggarwal
et al. 2017; Bhambri et al. 2011; Kaushik et al.
2019a; Thakuri et al. 2016). In the recent decade,
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scientific community has widely reported
expansion of existing glacial lakes and develop-
ment of new glacial lakes and identification of
potentially dangerous lakes and risk assessment
of GLOF. In the HK region, spatially heteroge-
neous behaviour of glacial lakes is observed,
although expansion of such lakes is more
prominent in southern slope of central Himalaya
(Nie et al. 2017). A study (Nie et al. 2017)
reported the presence of 4590 glacial lakes in
Himalaya which cover 455.3 ± 72.7 Km2. Out
of these, 118 glacial lakes are identified as
potentially vulnerable lakes in terms of GLOF.
The GLOFs have emerged as pre-eminent natural
hazards in Himalaya which pose serious threat to
livelihoods and infrastructure. The past records
of GLOF show 15 in Nepal, 6 in the Tibet
Autonomous Region of China (with conse-
quences from Nepal) and 5 in Bhutan (Bajra-
charya et al. 2007). Recent event of GLOF in
2013 occurred in Central Himalaya (i.e. Kedar-
nath) which caused loss of *6000 lives and
damage of 204 structure (i.e. 96 fully washed out
while 108 were partially damaged) (Rafiq et al.
2019). Increasing human settlements along with
development activities have further increased
vulnerability of GLOFs, which is anticipated to
increase significantly in the near future owing to
glacial recession. Therefore, the synergistic
approach using a combination of techniques of
hydrodynamic breach modelling and remote
sensing data processing along with consideration
of socio-economic factors can provide overall
mitigation plan within in the framework of IPCC
climate risk concept. Administrative authorities
and research centres need to develop an overall
strategy to address the possible risk from this
anticipated GLOF (Kaushik et al., unpublished
data).

4.4 Conclusion

The increasing interest of scientific community
and proliferation of satellite imageries have led to
huge data generation regarding glacier health in
Himalayan region. Yet spatio-temporal

information regarding glacier health is very
limited in Himalaya as compare other mountain
range of the world. The present state of Hima-
layan glaciers suggests that glaciers are retreat-
ing, losing mass and area, ELA shifting upward,
decreasing in flow velocity, expansion of glacial
lakes and increasing concentration of supragla-
cial debris. Overall glacier recession corresponds
with climate warming and reduced precipitation.
Except Karakoram with variable rate and Kulun
region which have shown slight but significant
positive mass balance. The spatially variable
climatic regimes are one of the major reasons the
spatially heterogeneous behaviour of glaciers,
whereas glacier geometry and debris cover act as
controlling factor in glacial response. Further
investigation is needed for glacier mass balance
and SFV in order to understand changing regime
of climate, implication for sea level change and
sub-glacial process.
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5Temporal Variability
of the Satopanth Glacier Facies
at Sub-pixel Scale, Garhwal
Himalaya, India

Bisma Yousuf, Aparna Shukla,
and Manoj Kumar Arora

Abstract

Growing concern about climate-related glacier
change underscores the need to quantify the
temporal changes in glacier facies. Classifica-
tion of glacier facies and assessing their
temporal area changes are among the key
applications of optical remote sensing in
cryosphere. High radiometric resolution
(HRR) optical data have an added advantage
of overcoming the snow-saturation problem,
sometimes observed in medium-to-high-
resolution optical sensors. Sub-pixel classifi-
cation is also known to retrieve the accurate
landscape area and addresses the mixed pixel
problem in most of the HRR data. Therefore,
this paper utilizes the support vector machine
(SVM)-based sub-pixel classification
approach on bi-temporal HRR data to deter-
mine the variability in the surface facies of the
Satopanth glacier (SPG), Central Himalaya.
Considering the limitations of spectral data in
classification, both input Advanced Wide
Field Sensor (AWiFS) and reference fine
multispectral instrument (MSI) data were

aided with the ancillary data like terrain
factors, thermal data, band ratios, spectral
indices and texture measures. Sub-pixel esti-
mates of SPG facies derived from input
AWiFS 2016 image showed good agreement
(r >0.7) with their reference MSI-derived
estimates. Significant variations were
observed in the sub-pixel estimates of SPG
facies during the 11-year period (2005–2016).
A minimum of *2% reduction was observed
in fresh and slightly metamorphosed snow
(FS) area, whereas ice facies showed maxi-
mum shrinkage in area (*16%). The maxi-
mum expansion of *8% and *7% was
observed for supraglacial debris (SGD) and
ice-mixed debris (IMD), respectively.
Wet-snow (WS) and firn coverages slightly
increased by *2 and *1%, respectively.
These changes correspond well with the
meteorological data of the SPG obtained from
Climate Research Unit Time Series (CRU TS)
v.4.01 dataset.
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5.1 Introduction

Glaciers around the world possess diverse sur-
face facies that are sensitive to the changes in the
annual processes of winter accumulation, subse-
quent metamorphism and summer melt (Zhou
and Zheng 2017). Changes in these facies can
affect the glacier’s melt characteristics, mass
balance, firn-line altitude and global sea level
(Wolken et al. 2009). Thus, the temporal
assessment of glacier facies is crucial to deter-
mine the overall state of the glaciers and their
response to the climate change. The advance-
ments in space technology have allowed the
rapid and frequent monitoring of glaciers. A wide
variety of optical sensors (Terra Advanced
Spectral Emission and Thermal Radiometer
(ASTER), Landsat Thematic Mapper (TM),
Landsat Enhanced Thematic Mapper Plus (ETM
+), Landsat 8 Operational Land Imager (OLI),
WorldView-2, Satellites Pour l’Observation de la
Terre (SPOT) series, Resourcesat Linear Imaging
Self-Scanning System (LISS-I/II/III), Resource-
sat Advanced Wide Field Sensor (AWiFS) and
Sentinel-2A Multispectral Instrument (MSI))
ranging from coarse (56 m) to high (2 m) spatial
resolution are available for the extraction of
glacier facies (Bhardwaj et al. 2015; Keshri et al.
2009; Paul et al. 2016; Pope and Rees 2014a, b;
Shukla and Ali 2016; Shukla and Yousuf 2017;
Jawak et al. 2018). Recently, Yousuf et al.
(2019) and (2020) recognized that higher radio-
metric resolution (HRR) data such as AWiFS
(10- and 12-bit for Resourcesat-1 and 2, respec-
tively), OLI (12-bit) and MSI (12-bit) are more
ideal for the mapping of glacier facies. The study
reported that despite the equal potential of
AWiFS and MSI data for the accurate charac-
terization of glacier facies, the use of HRR data
with coarse-spatial resolution like AWiFS data in
the detailed classification of glaciers remains
undermined. Moreover, the long archive of
AWiFS than OLI and MSI data favors its use for
the temporal monitoring of glacier facies.

In order to extract the glacier facies using
satellite data, image classification is the standard
method (Shukla and Yousuf 2016, 2017;

Jawak et al. 2018; Zhang et al. 2019; Yousuf et al.
2020). Depending on the dataset used for facies
extraction, the selection of the appropriate clas-
sification approach becomes an important con-
sideration to obtain the accurate results. For
instance, the HRR AWiFS data is able to capture
the spatial heterogeneity in our study glacier
bearing six facies, namely fresh and slightly
metamorphosed snow (FS), wet-snow (WS), firn,
ice, ice-mixed debris (IMD) and supraglacial
debris (SGD) (Fig. 5.1a–c). However, due to its
coarse-spatial resolution (resampled to 60 m),
AWiFS data are fraught with the mixed pixels.
Figure 5.1d illustrates an example where the
AWiFS pixel showing the firn reflectance actually
contains WS, firn and ice on MSI data. Each
AWiFS pixel here corresponds to 36 MSI pixels.
Hence, if per-pixel classification (PPC) is applied
on this AWiFS pixel, it will be assigned to firn
only. Contrastively, sub-pixel classification
(SPC) techniques will assign the fractions of each
facies (WS, firn and ice) to this pixel depending
on its constituent spectra. Thus, the application of
PPC approach will decrease the classification
accuracy here. Whereas, SPC will produce more
accurate results by estimating the proportion of
each glacier facie within the AWiFS pixel. Con-
sidering this, SPC was performed on AWiFS data
of the Satopanth glacier (SPG) by the application
of support vector machines (SVMs). SVM is a
supervised machine learning technique that per-
forms classification by constructing hyperplanes
in a multidimensional space separating the dataset
into discrete predefined number of classes. SVM
details are provided by Kavzoglu and Colkesen
(2009). SVMs have been successfully imple-
mented for the PPC/SPC of various land cover
types (Huang et al. 2002; Kumar et al. 2010; Liu
et al. 2016; Salah 2017). In glaciology, SVMs are
exploited for the SPC of snow cover mostly
(Zhang et al. 2005; Çiftçi et al. 2017) and rarely
for the glacier facies (Yousuf et al. 2020). An
exhaustive literature search revealed countable
studies documenting the work on snout elevation,
geomorphology, field-based and modeled ice
thickness/volume, area, length, debris cover,
mass balance, velocity and black carbon aerosol
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measurements, ponds and ice-cliffs, and ava-
lanche contribution to mass balance of the SPG to
understand the glacier’s behavior toward the cli-
mate change (Sah 1991; Heim and Gannser 1939;
Nainwal et al. 2007, 2008 and 2016; Bhambri
et al. 2011; Scherler et al. 2011; Nair et al. 2013;
Panwar et al. 2014; Laha et al. 2017; Mishra et al.
2018; Sharma et al. 2018; Sattar et al. 2019;
Remya et al. 2020; Kneib et al. 2021; Panicker
et al. 2021). However, to-date, no work has been
done on the estimation or variation of glacier
facies on the SPG. This is an important aspect to
cover as there is a mutual feedback between the
glacier facies variations and glacier dynamics.
Glacier facies affect and get affected by the
changes in glacier dynamics (Ali et al. 2017). So,
changes in glacier facies might serve as a reliable
indicator of glacier health. Hence, the study
aimed to determine the over-decadal change in
the SPG facies at sub-pixel scale using SVMs.

5.2 Study Area

The study focuses on the Satopanth glacier
(SPG) located between 79°17’35’’–79°24’45” E
and 30°43’10”–30°46’45” N in the Alaknanda
Valley, Chamoli district, Uttarakhand, India
(Fig. 5.1a). SPG is a compound valley and east–
west flowing glacier, occupying the central region
of Indian Himalaya. It is the source of Alaknanda
River, a major tributary of the River Ganga.
The SPG is*13 km long with its debris-covered
tongue spread over 11 km (Source: MSI image
dated September 19, 2016). The ablation zone of
SPG is thus significantly larger than its accumu-
lation zone. The mean elevation and mean slope
of SPG are 4747 m above sea level and 21°,
respectively (Source: 30 m Shuttle Radar Topo-
graphic Mission (SRTM) Digital Elevation
Model (DEM) version 3). The low surface gra-
dient in its debris-covered zone facilitates the
formation of supraglacial lakes and ice-cliffs.

The SPG is one among the benchmark
Himalayan glaciers which is being continuously
monitored in the field (Nainwal et al. 2008, 2016;
Laha et al. 2017; Mishra et al. 2018; Sharma
et al. 2018). The SPG has experienced

continuous recession, area loss, thinning and
negative mass balance for different time periods
between 1936 and 2017 (Bhambri et al. 2011;
Panwar et al. 2014; Nainwal et al. 2016; Remya
et al. 2020; Laha et al. 2017). This urges the
continuous monitoring of SPG as it may ulti-
mately affect the hydrology of both the Alak-
nanda and Gangotri Rivers.

5.3 Datasets and Study Techniques

Resourcesat-1 AWiFS images with 56 m spatial
resolution (dated August 14, 2005 and July 25,
2016) were exploited to monitor the sub-pixel
changes in SPG facies. Sentinel-2A MSI image
with 10 m spatial resolution in visible and near-
infrared bands (VNIR) and 20 m in shortwave-
infrared (SWIR) bands (dated September 19,
2016) was used as reference. Few ancillary layers
(Table 5.1) were also included as they assist in
the glacier facies characterization (Racoviteanu
and Williams 2012; Alifu et al. 2016; Yousuf
et al. 2019). Terra ASTER kinetic temperature
(KT) product (dated August 19, 2005) and ther-
mal band 10 of Landsat OLI/TIRS (dated
September 19, 2016) available at 90 m and
100 m spatial resolutions were used for KT
extraction. The meteorological data (mean tem-
perature and precipitation) of SPG were obtained
from the Climate Research Unit Time Series
(CRU TS) v.4.01 dataset (Harris et al. 2014) to
relate the changes in climatic conditions of SPG
with its facies changes.

The research methodology involved the fol-
lowing basic steps:
(a) Pre-processing: The raw satellite images were

pre-processed for the required geometric,
atmospheric (dark object subtraction 4 (DOS
4) approach) and topographic (C-correction
approach) corrections (Song et al. 2001;
Gupta et al. 2007; Lantzanakis et al. 2017).
The OLI/TIRS thermal DN values (band 10)
were converted to KT values using emissivity
normalization method (Kealy and Hook
1993; Landsat 8 user manual).

(b) Data generation: Two input and one refer-
ence datasets were generated at 60 m and
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10 m spatial resolutions, respectively, for the
duration 2005–2016. Each input dataset was
a combination of one AWiFS image and a set
of nine AWiFS/ASTER/OLI/DEM-derived
ancillary layers (Table 5.1). Likewise, the
reference dataset consisted of MSI (VNIR
and SWIR) bands alongside these nine
MSI/OLI/DEM-derived ancillary layers. The
relevance of these ancillary layers for the
segregation of glacier facies is explained by
Yousuf et al. (2019). Each input and refer-
ence datasets were segmented into the illu-
minated and shaded images (Shukla et al.
2010) to avoid misclassification of facies due
to the differential illumination.

(c) Facies identification: Six distinct sets of
spectral profiles were observed on the SPG
surface (Fig. 5.1c), labeled as FS, WS, firn,

ice, IMD and SGD depending on their
reflectance values and the extracted ancillary
information.

(d) SPC: SPC was done using SVMs with radial
basis function (RBF) kernel using the pair-
wise classification strategy. RBF kernel was
chosen because it outperforms other kernels
in image classification, and involves less
numerical difficulties and less hyper-
parameters than the polynomial kernel (Sri-
vastava and Bhambu 2010). Each of the
illuminated (input and reference) and shaded
(input and reference) image segments was
classified individually. The resultant illumi-
nated and shaded fraction images corre-
sponding to six glacier facies were then
merged for each input and reference datasets.
Area of each glacier facies was then

Table 5.1 List and source of ancillary layers used along with the spectral data for sub-pixel classification of glacier
facies

Ancillary data Source

Elevation 30 m Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model
(DEM) version 3Slope

KT OLI/TIRS band 10 and ASTER KT (AST08) product

Green/SWIR ratio AWiFS and MSI

KT/(green/SWIR) ratio AWiFS, MSI, OLI/TIRS band 10 and AST08 product

NDSI= (green – SWIR)/
(green + SWIR)

AWiFS and MSI

SGI= (NIR – SWIR)/(NIR +
SWIR)

AWiFS and MSI

Variance Second principal component (PC) of principal component analysis
(PCA) performed on AWiFS and MSI images

Homogeneity Second PC of PCA performed on AWiFS and MSI images

b Fig. 5.1 Location, heterogeneity and sub-pixel classifi-
cation process of the study glacier. a False color
composite of Sentinel-2A MSI image (September 19,
2016) showing the Satopanth glacier (SPG) overlaid on a
shaded relief map. Yellow symbol shows its location in
the Uttarakhand state on the SRTM DEM version 3 of the
Indian Himalaya. b Longitudinal spatial profile showing
surface heterogeneity across the SPG in the AWiFS red
and SWIR reflectances (transect A–B shown as white line
in upper panel a). c AWiFS-derived mean spectral
reflectance of identified glacier facies. d Illustration of
sub-pixel classification (SPC) process by overlaying MSI
subset (blended) on AWiFS (resampled to 60 m) subset.

These subsets are the zoomed-in views of an area marked
by red in upper panel a. AWiFS pixel is outlined by
yellow and MSI pixels by green. The graph in right panel
displays the spectral signatures of facies identified in
these pixels. SPC produces fraction images as output
while per-pixel classification (PPC) generates a thematic
map as output. e Meteorological records of the area
during 1901–2016. The decreasing precipitation (PPT)
and increasing temperature (Temp) trends are highlighted
by green for the study period. FS= Fresh and slightly
metamorphosed snow; WS= Wet-snow; IMD= Ice-mixed
debris; SGD= Supraglacial debris
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estimated from these bi-temporal AWiFS-
derived fraction and MSI-derived reference
fraction (RF) images. AWiFS-derived frac-
tional areas of glacier facies during 2016
were compared with their MSI-derived RF
areas for validation. While AWiFS (2005)
and AWiFS (2016) fraction images of glacier
facies were analyzed to determine the 11-
year variability in the glacier facies. Sen’s
slope estimator was used to determine the
magnitude of the trends in precipitation and
temperature in terms of percent change over
mean (Sen 1968), while the statistical sig-
nificance was determined by applying the
nonparametric Mann-Kendall test (Racov-
iteanu et al. 2008).

5.4 Results

The comparison between AWiFS (2016)-derived
fractional and MSI-derived RF estimates
revealed close match between WS, ice, IMD and
SGD than FS and firn which showed maximum
deviation (Table 5.2 and Fig. 5.2). High corre-
lation (r= 0.79–0.99) and low standard deviation
(SD= 0.002–0.024) values were obtained for all
the facies, excluding FS where r and SD were
observed to be 0.11 and 0.031, respectively
(Fig. 5.3). SPG has undergone significant chan-
ges over the period of 11 years (Table 5.2 and
Fig. 5.2). While FS area has reduced, snow

wetness, ice melting, exposed firn, IMD and
SGD surfaces have enhanced.

5.5 Discussion

Results illustrate that AWiFS (2016)-derived
fractional estimates of SPG facies are close but
not identical to the MSI-derived ones (Table 5.2
and Fig. 5.2). The difference could be mainly
due to the seasonality effect and partly due to the
slight misregistration between the AWiFS and
MSI images. This is also emphasized through the
absence of correlation between the AWiFS
(2016) and MSI-derived estimates of FS
(Fig. 5.3). It is possible that solid precipitation
might have occurred between July–September
2016 leading to large differences in the FS cover
on AWiFS (2016) and MSI images. Glacier
facies are highly dynamic in nature; thus, their
distribution can change at any point of time as a
result of the prevailing meteorological conditions
and the glacier phenomena of metamorphism
(Yousuf et al. 2019). Therefore, the observed
variations among the AWiFS- and MSI-derived
estimates of SPG facies may be related to the
differences in their image acquisition time.
Moreover, the high r and low SD values between
most of the facies estimates derived from the
AWiFS (2016) and MSI RF images (Fig. 5.3)
prove the efficacy of the AWiFS data for facies
mapping. The error in our results, expressed as
average deviation between the fractional and RF

Table 5.2 AWiFS-derived fractional area, MSI-derived reference fractional (RF) area and AWiFS-derived over-
decadal change for the Satopanth glacier facies

FS WS Firn Ice IMD SGD

AWiFS (2005)-derived area 3.09% 8.96% 7.71% 21.46% 5.79% 53.00%

AWiFS (2016)-derived area 1.29% 11.23% 8.28% 5.80% 12.63% 60.78%

Area change during 2005–2016 −1.80% 2.27% 0.57% −15.65% 6.84% 7.78%

MSI (2016)-derived area 5.68% 12.73% 3.05% 4.34% 9.73% 64.47%

Deviation between AWiFS (2016)-
and MSI (2016)-derived areas

4.39% 1.5% −5.23% −1.46% −2.90% 3.69%

Average deviation ±Standard
deviation

1.25 –1.54%

Facies area is expressed as percentage of the total glaciated area. FS= Fresh and slightly metamorphosed snow; WS=
Wet-snow; IMD= Ice-mixed debris; SGD= Supraglacial debris
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estimates of SPG facies (Table 5.2), was of the
order <2%. Our results are valid since the error is
less than the acceptable mean error (5–10%) as
reported by Painter and Dozier (2004) and
Painter et al. (2009), Stroeve et al. (2005), and

Czyzowska-Wisniewski et al. (2015) for sub-
pixel snow cover mapping. The use of AWiFS
for sub-pixel snow cover or per-pixel
snow/glacier mapping is already explored in
prior studies (Kulkarni et al. 2006 and 2010;

Fig. 5.2 Fraction and reference fraction images of var-
ious glacier facies generated from the sub-pixel classifi-
cation of Satopanth glacier using AWiFS and MSI data

acquired during 2005–2016. FS= Fresh and slightly
metamorphosed snow; WS= Wet-snow; IMD= Ice-
mixed debris, and; SGD= Supraglacial debris
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Mishra et al. 2009; Negi et al. 2009; Shukla et al.
2010; Arora et al. 2011; Subramaniam et al.
2011; Yousuf et al. 2020). However, the above
results reiterate its potential applications in the
detailed SPC of glaciers.

Results further indicate noticeable variations
in the SPG facies during the 11-year study period
(Table 5.2 and Fig. 5.2). All the facies except FS
and ice have increased in area. The highest
change is observed in the coverage of ice facies
(* −16%) followed by SGD (* +8%) and IMD
(* +7%). While as, the lowest change is seen in
firn (* +1%) area followed by FS (* −2%). and
WS (* +2%). Changes in these facies are
interlinked and follow the general transition
sequence: FS–WS–firn–ice–IMD–SGD. The
transition in these facies evolves with the chan-
ges in surface temperature and accumulation rate
of glacier which are governed by prevailing
meteorological conditions. 26% and 38%
increasing change in annual mean temperature
and precipitation, respectively, in SPG is
obtained from CRU TS data (Fig. 5.1a) during
2005–2016, though these results are not statisti-
cally significant. Despite the increase in annual
precipitation, FS area has reduced which could
be probably due to the occurrence of monsoon

precipitation in the form of rain. This is also
supported by Fujita (2008) who concluded that
warming on summer-accumulation type glaciers
significantly reduces the snow accumulation.
Increased annual precipitation and annual mean
temperature would have triggered the snow and
ice melt, thus increasing WS and firn coverages
while decreasing ice area. The most striking
feature is the significant (*16%) reduction in ice
coverage which is likely to be associated with the
subsequent increase in firn (*1%), IMD (*7%)
and SGD (*8%) areas, thus, contributing to the
total ice melted. This is because ice melting
occurs at different elevations and its extent may
change either due to the transformation of firn to
ice or ice to IMD/SGD. The meltwater can fur-
ther speed up the metamorphism of wet-snow
(Pomeroy et al. 2006), thus, expanding firn area.
These results are consistent with Ali et al. (2017)
showing that ice melting predominantly controls
the transition of glacier facies. SGD cover on the
SPG surface has expanded at an average rate of
0.17 km2 a−1 during 2005–2016. Increase in the
IMD and SGD areas are an indicative of its
negative glacier health.

There are no comparative studies to validate
the variability of SPG facies over the period

Fig. 5.3 Relationship between input AWiFS-derived and reference MSI-derived sub-pixel estimates of the Satopanth
glacier facies. r= Correlation coefficient; SD= Standard deviation
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2005–2016. However, Bhambri et al. (2011)
reported 1.5% reduction in ice area during 1968-
2006. This corroborates the rapid melting of
surface ice on the SPG in the recent times.
Nainwal et al. (2016) observed that the recession
rate of SPG has lowered in the recent decades
(11.8 ±3.8 m a−1 for 1999–2005 and 4.1 ±0.6
ma−1 for 2005–2013). They also reported glacier
thinning of 9 ±11 m and 21 ±11 m in the lower
and upper ablation zones of SPG for the duration
1962–2013. Laha et al. (2017) estimated a neg-
ative mass balance (−2.0 m w.e. a−1) for SPG
during 2015. Remya et al. (2020) reported a
mass loss rate of −0.55 ± 0.06 m w.e. a−1 for
the SPG during 2000–2017. Assuming the
retreat and thinning rates to be constant after
2013, the slowdown of retreat rates from 2005
onwards and mass loss of SPG can be linked to
increase in its SGD cover, as evidenced by other
studies (Bolch et al. 2008; Bhambri et al.
2011; Kirkbride and Deline 2013; Scherler et al.
2018). This shows that the variability of SPG
facies are in sync with the meteorological data of
the study area, and other reported glacier
parameters (retreat, ice thickness and mass bal-
ance), reflecting the climatic effect on the SPG.
The high melting rate of ice exposes more debris
on the glacier surface. Decrease in SPG ice with
subsequent increase in IMD and SGD are thus
linked with the overall response of the glacier. As
stated earlier, investigations on SPG have con-
firmed its degenerating nature, thus, validating
our results. This authenticates the usage of
spatio-temporal variability of glacier facies as a
reliable measure of glacier health.

5.6 Conclusions

The variability in glacier facies is an ideal indi-
cator of climate change. Therefore, the intension
of this research was to determine the 11-year
variability in the SPG facies using AWiFS data
of two time periods (2005 and 2016) and link it
with the climate variability. AWiFS data were
coupled with ancillary data to avoid misclassifi-
cation among glacier facies due to their spectral
similarity (e.g., between shaded snow and ice

facies). SVM-based SPC approach was
employed to determine the fractional estimates of
glacier facies as it could better represent the
intrinsic heterogeneity of the SPG captured with
the coarse AWiFS pixels. AWiFS-derived frac-
tional estimates of glacier facies for the year
2016 were compared with their MSI-derived
ones for the same year. Nevertheless, it was
found that:

i. High r and low SD values between the
AWiFS fractional and MSI RF images of
glacier facies prove the efficacy of
AWiFS data in their detailed SPC.

ii. Owing to the temporal differences among the
input and reference data and high dynamicity
among glacier facies, RF estimates of glacier
facies can never perfectly match their pre-
dicted estimates, thus, impacting the SPC
accuracy. The deviation in the fractional and
RF estimates of SPG facies (particularly FS)
is mainly due to the changes in the local
meteorological conditions of the area during
July–September 2016.

iii. The variability of glacier facies is strongly
controlled by the annual precipitation and
temperature changes in the area which alter
the glacier’s accumulation and ablation rates.
Rise in the annual mean temperature and the
annual precipitation (probably liquid) caused
FS shrinkage by *2% and ice melting by
*16% This might have in turn increased the
wetness in snow, thus, expanding the WS
and firn areas by *2% and *1%, respec-
tively. The melting of surface ice further
explains *7% and *8% increase in IMD
and SGD areas respectively.

This work explores the potential of coarse-
resolution data for successful classification of
glacier facies at sub-pixel scale. However, the
spatial location of constituent facies within the
coarse pixels remains still unknown. Several sub-
pixel mapping techniques are available to
address this issue and generate fine resolution
maps using coarse fraction images These maps
can enable precise determination of the changes
in firn-line altitudes and glacier termini, particu-
larly at basin level.
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6Anticipated Shifting of Thermal
and Moisture Boundary Under
Changing Climate Across Nepal

Rocky Talchabhadel and Ramchandra Karki

Abstract

The zonation of climate helps to understand
climate behaviors in different regions better
and is widely useful for ecological modeling
and climate change impact assessments.
Thornthwaite’s schemes (original and/or
revised) are the most indicated for agricultural
application. In this method, the water surplus
and deficit in relation to the water need are
assessed according to a moisture index (MI).
The moisture zonation in a combination with
thermal zonation provide a sound knowl-
edge for growing suitable crop/vegetation
(s) as per the potential of the zones for
maximum harvests. Moist climates have pos-
itive MI values; dry climates have negative MI
values. We employed a modified Thornth-

waite approach based on Thornthwaite (1948)
for the classification of MI. Nepal is an
agricultural country having more than 60%
of people directly engaged in agriculture. The
country possesses several microclimates due
to the complex topographical settings. Thus,
the country is richly endowed with
agro-diversity. Expected shifts in such cli-
mate boundary under changing climate might
be important information in the field of
agriculture. In this study, we present compre-
hensive picture of historical (1960–1990:
baseline) and future (2041–2060: F1 and
2061–2080: F2) moisture and thermal zones
across Nepal. We used an ensemble of ten
selected general circulation models (GCMs) of
the fifth phase of the Coupled Model
Inter-comparison Project (CMIP5) under two
Representative Concentration Pathways
(RCPs) scenario biz. RCP 4.5 and RCP 8.5.
The rate of increment of temperature is
comparatively higher in a non-monsoon sea-
son than in summer monsoon season (SMS:
Jun–Sep). Even though the annual precipita-
tion is anticipated to increase in the future,
winter season (WS: Dec–Feb) is expected to
be drier by more than 15%. Therefore, the
severity of dryness is anticipated to increase in
the non-monsoon season because of twofold
effects: (1) increased temperature and (2) de-
creased precipitation. The multi-model
ensemble (MME) of selected ten GCMs
provides an indication of more than 30%
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reduction of the polar thermal zone and more
than 60% increment of the tropical thermal
zone in the coming days. It is anticipated that
crop production at higher altitudes could
increase as a positive impact of climate
change under the warming scenario. The
diversity of agro-climatological zones allows
tropical crops to be grown in highlands during
the SMS. The assessment of shifting of
moisture and thermal zone can serve as
valuable information for exploring the effects
of climate change in agricultural practice and
irrigational interventions.

Keywords

Moisture zone � Nepal � Representative
concentration pathway (RCP) � Thermal zone� Thornthwaite

6.1 Introduction

Climate zonation helps to understand behaviors
of climate in different regions and is widely
useful for ecological modeling and climate
change impact assessments. The climatic char-
acteristics of the region play an important role in
assessing crop/vegetation selection and irriga-
tional facilities design (Talchabhadel et al.
2019). Crop yield is mainly influenced by water,
climate, and soil. A clear understanding of the
supply-demand of water resources is necessary
for better food security (Forsythe et al. 2015).
Thornthwaite’s scheme is based on surplus and
deficit of water balance in relation to water
needs. Different moisture and thermal zones are
identified using the information of climate vari-
ables like precipitation and temperature.

Unequivocal phenomena of a warming cli-
mate, and abrupt changes in climate variables
such as solar radiation, temperature, precipita-
tion, and others, will have serious impacts on the
moisture and thermal boundary. Increment of

greenhouse gases (GHG) and rapid urbanization
are the major causes of existing warming sce-
narios. The environment, biodiversity (flora and
fauna), and human activities are significantly
dependent on existing climate conditions and are
prone to be affected under changing climate. The
warming of the climate system is fast-tracking
than our expectations. The required growing
degree days (GDD) for the growth and devel-
opment of plants/insects/animals and available
GDD under changing climate affect the selection
of crops at different places and different seasons.
The GDD and optimum range of temperature and
moisture needed are different for different crops,
allowing agricultural diversity according to the
climate. There are some possibilities that tropical
crops to be grown in the summer season of
highland under the warming environment
(Talchabhadel et al. 2019). To develop adapta-
tion strategies to minimize the impacts, under-
standing anticipated shifts of climate boundary
(especially moisture and thermal zones) for
future periods is vital. This study aims to quan-
tify the anticipated shifts in moisture and thermal
boundary under changing climate.

Similar to the objective of this study, Talch-
abhadel and Karki (2019) assessed the climate
boundary shifting under changing climate using
Köppen–Geiger (KG) scheme. The main promi-
nence of the KG scheme is on temperature limits,
whereas Thornthwaite’s scheme equally focuses
on the effectiveness of precipitation. As crop
growth and yield are mainly dependent on water
availability on soil (i.e., surpluses or shortages
than required), Thornthwaite’s scheme is the
most indicated for agricultural application. Many
researchers [(Aparecido et al. 2016), (Feddema
1994, 2005), (Grundstein 2009), (Guofeng et al.
2016), (Li and Sun 2015), Sun (2015), (Zaman
and Rasul 2004) and many others] have
employed Thornthwaite’s method.

Nayava (1975) and Jha and Karn (2001) cat-
egorized the climate boundary across Nepal
using Thornthwaite’s model. The prior one is
limited to only 15 stations for a data period of
5 years during the 1970s, whereas the latter one
classified for the administrative districts of Nepal
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using the meteorological data published during
the 1970s in “Mechidekhi Mahakali” (HMG
1975). For the recent 30 years (1986–2015),
Talchabhadel et al. (2019) updated moisture and
thermal zonation using 75 climate stations dis-
tributed across the country incorporating a high-
resolution spatial interpolation. However, there
still exists a research gap exploring the antici-
pated shift of moisture and thermal zones across
the country. We attempted to assess the climate
boundary shifting from the baseline period
(1960–1990) to two future scenarios (F1: 2041–
2060 and F2: 2061–2080). We used bias-
corrected and downscaled data from ten differ-
ent GCMS under two warming scenarios (RCP
4.5 and RCP 8.5). RCP 4.5 is a medium stabi-
lizing warming scenario, whereas RCP 8.5 is a
very high emission scenario. We believe this
study complements the delineation of agro-
climatic potential for different crops under
changing climate.

6.2 Study Area

The study domain consists of an entire country
Nepal. The country, officially the Federal
Democratic Republic of Nepal, is bounded by
China in the north and India in the south, east,
and west (as shown in Fig. 6.1a). The area of the
country is 147,181 km2. The latitudinal (north–
south) extent ranges only 140–250 km, but the
elevation varies from 60 m above sea level
(asl) in the south to 8848 m asl (Mt. Sagarmatha,
the highest peak of the world) in the north. The
distribution of temperature is strongly dependent
on topography. Intra-annual variability of pre-
cipitation is very high. Almost 80% of the annual
precipitation occurs during SMS. Importantly,
precipitation throughout the study domain varies
both temporally and spatially. Nayava (1980)
highlighted that precipitation in SMS is higher in
southeastern parts of the country, whereas
northwestern areas experience significant
amounts of precipitation in WS. The mean
annual precipitation and temperature for the
baseline period (1960–1990) are shown in
Fig. 6.1b, c, respectively.

6.3 Data and Methods

6.3.1 Data

This study used the freely available WorldClim
(http://worldclim.org) gridded data, which has
been widely used in many disciplines [(Uddin
et al. 2018), (Acharya et al. 2018), (Thapa et al.
2015), (Talchabhadel and Karki 2019)] across
Nepal. For a baseline period, this study used
monthly climatological WorldClim data in its
version 1.4 for 1960–1990 (Hijmans et al. 2005),
at a spatial resolution grid of 30 arc second. Our
team, Talchabhadel and Karki (2019), analyzed
and recommended the performance of World-
Clim with observed data (from 247 precipitation
and 68 temperature stations) maintained by
the Department of Hydrology and Meteorology
(DHM), Government of Nepal in different
physiographical regions of Nepal. The spatial
interpolation was conducted for the observed
data, considering the elevation as one of the
dominant drivers (Karki et al., 2016).

This study used climate data for future periods
(F1 and F2) available from WorldClim, which
were downscaled and bias-corrected using the data
version 1.4 (Hijmans et al. 2005). WorldClim is a
freely available set of global climate layers (gridded
climate data). The climate variables available in
WorldClim are the monthly minimum and maxi-
mum temperature and precipitation for 19 GCMs
of the CMIP5. This study considered ten GCMs
(biz. ACCESS1-0, BCC-CSM 1-1, CNRM-CM5,
HadGEM2-AO, HadGEM2-CC, HadGEM2-ES,
MIROC-ESM-CHEM, MIROC-ESM, MIROC5,
and MPI-ESM-LR) of the CMIP5.

Table 6.1 shows the detail of the selected ten
GCMs. Different GCMs result in different cli-
mate variables. Selection of GCMs and under-
standing their ranges are important while
analyzing projected data. In order to increase the
confidence in the use of the output of GCMs,
validation against the observed historical climate
conditions is therefore required. We used a multi-
model ensemble (MME) of selected ten GCMs
for projected analysis. This study also analyzed
moisture and thermal zonation using each GCM
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to discuss the range of selected GCMs. A mod-
erate (RCP 4.5) and the highest (RCP 8.5)
warming scenarios were selected among four
RCPs (Vuuren et al. 2011) of GHG emission
scenarios for the future periods F1 and F2.

6.3.2 Methods

We followed the methodologies adopted by
Talchabhadel et al. (2019) using modified
Thornthwaite’s scheme. Talchabhadel et al.
(2019) used station-wise data from 75 climate
stations, whereas this study employed gridded
data to calculate the same. The indices for
moisture and thermal zonation are calculated on a
monthly and annual basis. Moist climates have
positive MI values, whereas dry climates have
negative MI values. Cold climates have lower
potential evapotranspiration (PET) values, and
hot climates have larger PET values. Table 6.2
shows the categorization of thermal and moisture
zones.

6.4 Results and Discussions

6.4.1 Anticipated Change
in Precipitation
and Temperature

Figure 6.2 shows the country’s average mean
monthly precipitation and temperature (mini-
mum, average, and maximum) for the baseline
period. The six-month precipitation from May to
Oct is almost 90% of the annual precipitation,
predominantly with southeastern warm and moist
winds from the Bay of Bengal. In general, SMS
is hot and humid, whereas WS is dry and cold.
During WS, the westerly moisture from the
Arabian, Caspian, and the Mediterranean Sea
brings few spells of precipitation in the country.
If we look into the North–South section of the
country, the southern plains are the hottest parts
of the country, and the high Himalayas in the
north are all-round covered with snow.

Projection in the future shows that different
GCMs display a mixed pattern of increasing and

Fig. 6.1 a Location of the study area, b mean annual precipitation in mm, and c mean annual temperature in °C for the
baseline period (1960–1990)
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decreasing precipitation. The MME, in general,
shows an increasing pattern of precipitation in
the future. During the future F1, the mean annual
precipitation is projected to increase by 3.97%
(ranging from −16.26% to 38.9%) under RCP
4.5 and 6.16% (ranging from −18.05% to
50.02%) under RCP 8.5. Similarly, during the
future F2, the mean annual precipitation is pro-
jected to increase by 7.4% (ranging from
−16.47% to 40.75%) under RCP 4.5 and 10.69%
(ranging from −17.15% to 58.2%) under RCP
8.5.

All GCMs show the increasing temperature in
future periods. During the future F1, the mean
annual average temperature is anticipated to
increase by 2.22 °C (ranging from 1.23 °C to

3.27 °C) under RCP 4.5 and by 2.74 °C (ranging
from 1.54 °C to 4.28 °C) under RCP 8.5. Simi-
larly, during the future F2, the mean annual
average temperature is anticipated to increase by
2.77 °C (ranging from 1.58 °C to 4.03 °C) under
RCP 4.5 and by 4.03 °C (ranging from 2.42 °C to
5.76 °C) under RCP 8.5. Figure 6.3 shows
the country’s averaged projected mean monthly
precipitation and average temperature for differ-
ent scenarios. The spread (range) of selected
GCMs is higher under RCP 8.5 than RCP 4.5.
The MME shows that the projected increment of
temperature is lower in SMS than in a non-
monsoon season. For instance, during the future
F2, the projected increment of average tempera-
ture is 3.16 °C during SMS and is 4.46 °C during

Table 6.1 Detail of selected ten GCMs

SN Selected
CMIP5
model

Institute Country Resolution

1 ACCESS1-
0

Commonwealth Scientific and Industrial Research
Organization (CSIRO) and Bureau of Meteorology

Australia 1.25o x 1.875o

2 BCC-CSM
1-1

Beijing Climate Center (BCC), China Meteorological
Administration (CMA), based on National Center for
Atmospheric Research (NCAR) CCSM 2.0.1

China 2.8o x 2.81o

3 CNRM-
CM5

Centre National de Recherches Me´te´orologiques
(CNRM)/National Centre for Meteorological Research

France 1.4o � 1.4o

4 HadGEM2-
AO

Met Office Hadley Centre UK 1.25o � 1.875o

5 HadGEM2-
CC

Met Office Hadley Centre UK 1.25o � 1.875o

6 HadGEM2-
ES

Met Office Hadley Centre UK 1.25o � 1.875o

7 MIROC-
ESM-
CHEM

University of Tokyo (UoT), National Institute for
Environmental Studies (NIES), and Japan Agency for
Marine-Earth Science and Technology (JAMSTEC)

Japan 2.8o � 2.81o

8 MIROC-
ESM

UoT, NIES, and JAMSTEC Japan 2.8o � 2.81o

9 MIROC5 UoT, NIES, and JAMSTEC Japan 1.4o � 1.4o

10 MPI-ESM-
LR

Max Planck Institut für Meteorologie/Max Planck Institute
(MPI) for Meteorology

Germany 1.865o � 1.875o

ACCESS: Australian Community Climate and Earth System

BCC-CSM: BCC Climate System Model

HadGEM: Hadley Global Environment Model; AO- Atmosphere Ocean, CC- Carbon Cycle, ES-Earth System

MIROC: Model for Interdisciplinary Research On Climate; ESM-Earth system model, CHEM-chemistry coupled

MPI-ESM-LR: MPI-ESM running on Low Resolution grid
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the non-monsoon season. In contrast, the %
change of precipitation is positive (i.e., increas-
ing) during SMS and is negative (i.e., decreasing)
during non-monsoon season. In all future sce-
narios, the WS precipitation is expected to be

drier by more than 15%. Therefore, the severity
of dryness is anticipated to increase in the non-
monsoon season because of twofold effects:
(1) increased temperature and (2) decreased
precipitation.

Table 6.2 Categories,
symbols of different
moisture and thermal
zones, and their limits.
[Adopted from
Talchabhadel et al. (2019)]

Based on PET values (thermal zones)

Categories PET limits (mm/year)

Tropical > 1200

Hot 900 to 1200

Warm 600 to 900

Cold 300 to 600

Polar 0 to 300

Based on MI values (moisture zones)

Categories Symbol MI limits (%)

Arid A < −50

Semi-arid SA −50 to −25

Dry subhumid SH1 −25 to 0

Moist subhumid SH2 0 to 25

Humid H1 25 to 50

H2 50 to 75

H3 75 to 100

Per humid PH1 100 to 200

PH2 200 to 400

PH3 > 400
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Fig. 6.2 Country’s averaged
mean monthly precipitation
and temperature for the
baseline period (1960–1990).
Corresponding labels are
depicted in their respective
colors
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6.4.2 Anticipated Change in Thermal
Zones

Figure 6.4 shows thermal zonation of the coun-
try: (a) for the baseline period using observed
data maintained by DHM (left panel) and
WorldClim data (right panel), (b) for the F1
period using the MME of selected ten GCMs
under RCP 4.5 (left panel) and under RCP 8.5
(right panel), and (c) for the F2 period using
the MME of selected ten GCMs under RCP 4.5
(left panel) and under RCP 8.5 (right panel). The
overall pattern of different thermal zones for the
baseline period derived from WorldClim data is
almost congruous with that derived from
observed data maintained by DHM (Fig. 6.4 a).
It ensures the reliability of using WorldClim data
for projected analysis under different scenarios
(Fig. 6.4 b and c). There exists a prominent
increment of the tropical zone and a slight
reduction of the polar zone across the country.

The quantitative assessment of changes in areal
coverage of different zones is summarized in
Fig. 6.5 and Table 6.3.

Figure 6.5 shows the total coverage of dif-
ferent thermal zones (expressed in %) for the
baseline and future periods using the MME of
selected ten GCMs (spatial patterns shown in
Fig. 6.4 b and c). Due to the northward shift of
the boundary of the tropical thermal zone, the
areal coverages of hot and warm thermal zones
are reduced. Similarly, due to a noticeable
reduction in polar zones, an increment of the cold
thermal zone could be found. A closer exami-
nation shows the increment of areal coverage of
cold thermal zone is not from the shift of
boundary from the warm thermal zone but the
significant shift of boundary from the polar
thermal zone. Table 6.3 shows the areal coverage
of different thermal zones during baseline and
anticipated % change in different future scenarios
with respect to the baseline across the country.

Fig. 6.3 Country’s averaged projected mean monthly
precipitation and average temperature for the different
scenarios. Black color represents precipitation in
mm/month, and blue color represents temperature in °C.

Shaded regions represent the ranges of selected ten
GCMs, whereas solid lines are the MME of selected ten
GCMs. The dotted lines represent the values at the base-
line period
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Future scenarios are estimated using the MME
of selected ten GCMs, and their ranges are
shown. The selected ten GCMs showed a huge
variability. For instance, during the future F2, the
areal coverage of the polar thermal zone is

anticipated to change by −55.6% (ranging from
−83.5% to −33.9%), and the tropical thermal
zone is projected to change by +104.9% (ranging
from +63.5% to +146.4%) under RCP 8.5 with
respect to the baseline across the country. In

Fig. 6.4 Thermal zonation of Nepal based on modified
Thornthwaite’s scheme: a for the baseline period using
observed data (left panel) and WorldClim data (right
panel), b for the F1 period using the MME of selected ten
GCMs under RCP 4.5 (left panel) and under RCP 8.5

(right panel), and c for the F2 period using the MME of
selected ten GCMs under RCP 4.5 (left panel) and under
RCP 8.5 (right panel). The PET limit for the thermal zone
represented can be found in Table 6.2
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general, the inter-model variability is higher
under RCP 8.5 compared to RCP 4.5 and during
the F2 period compared to the F1 period.
The MME of selected ten GCMs provides an
indication of more than 30% reduction of the
polar thermal zone and more than 60% increment
of the tropical thermal zone in the coming days.

During the future F1, the % deviation of the
change of areal coverage of the polar thermal
zone is anticipated to reach −30% under RCP 4.5
and −38% under RCP 8.5 with respect to the
baseline. Similarly, during the future F2, the %
deviation of the change of areal coverage of

the polar thermal zone is anticipated to reach
−37% under RCP 4.5 and −56% under RCP 8.5
with respect to the baseline. During the future F1,
the % deviation of the change of areal coverage
of the tropical thermal zone is anticipated to
reach +60% under RCP 4.5 and +74% under
RCP 8.5 with respect to the baseline. Similarly,
during the future F2, the % deviation of the
change of areal coverage of the tropical thermal
zone is anticipated to reach +75% under RCP 4.5
and +105% under RCP 8.5 with respect to the
baseline. Due to these two noticeable shifts, the

areal coverage of the cold thermal zone is
anticipated to increase, and the areal coverages of
hot and warm climates are anticipated to
decrease. Importantly, the thermal zones are
mainly governed by the anticipated change in
PET (a function of only temperature in the cur-
rent study). The unequivocal warming climate
expects an overall increment in PET and a clear
shift toward the torrid climatic condition. A sim-
ilar analysis for the anticipated shift of moisture
zones is conducted in the subsequent section. For
the determination of moisture zone, information
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Tropical Hot Warm Cold Polar

Fig. 6.5 Total coverage of different thermal zones (ex-
pressed in %) for the baseline and future periods using
the MME of selected ten GCMs

Table 6.3 Areal coverage of different thermal zones during baseline and anticipated % change in different future
scenarios with respect to baseline in Nepal. Future scenarios are estimated using the MME of selected ten GCMs, and
their ranges are shown in []

Thermal
zones

Baseline Delta (RCPx.x yy - Baseline)/Baseline in %

Area
(km2)

RCP4.5 F1 RCP4.5 F2 RCP8.5 F1 RCP8.5 F2

Polar 24,714.65 −29.8 [− 46.8 to
−18.7]

−36.6 [− 62 to
−23.2]

−37.8 [− 79.2 to
−23.2]

−55.6 [− 83.5 to
−35.9]

Cold 9824.46 16.3 [10.5 to 29.6] 18.1 [14.5 to
39.3]

21.2 [14.2 to 37] 27 [21.1 to 31.1]

Warm 44,098.69 −13.8 [− 18.3 to
−7.6]

−16.4 [− 18.9 to
−9.7]

−17 [− 18.1 to
−9.2]

−20.7 [− 22.2 to
−15]

Hot 42,787.11 −8.2 [− 13.4 to
−1.8]

−10.9 [− 16.9 to
−3]

−10.1 [− 13 to
−2.3]

−15.9 [− 26.2 to
−6.9]

Tropical 25,756.09 59.6 [30 to 87.2] 74.5 [38.4 to
104.9]

74.1 [36.5 to
114.6]

104.9 [63.5 to
146.4]

Values inside [] show the ranges derived from selected ten GCMs.
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of anticipated precipitation (as a moisture supply)
and PET (as a moisture demand) are exchanged.

6.4.3 Anticipated Change in Moisture
Zones

Figure 6.6 shows moisture zonation of the
country: (a) for the baseline period using
observed data maintained by DHM (left panel)
and WorldClim data (right panel), (b) for the F1
period using the MME of selected ten GCMs
under RCP 4.5 (left panel) and under RCP 8.5
(right panel), and (c) for the F2 period using
the MME of selected ten GCMs under RCP 4.5
(left panel) and under RCP 8.5 (right panel). The
overall pattern of different moisture zones for the
baseline period derived from WorldClim data is
nearly congruous with that derived from
observed data maintained by DHM (Fig. 6.6 a).
A closer examination indicates a noticeable
variation around the higher mountains and in the
northwestern region of the country. Talchabhadel
and Karki (2019) already reported that the devi-
ation of precipitation between observed and the
WorldClim is higher in the high mountain region
of the country, and it was also confirmed that the
station density in the high mountain is very much
limited complying us to rely on the interpolation.
Importantly, the difference in the interpolation
scheme (although elevation was taken as one of
the dominant drivers) between the two datasets
could be another reason for the discrepancy
because elevation dependency for precipitation is
not robust compared to that of temperature.

The amount of moisture is higher for the
observed data than the WorldClim in the north-
western region of the country. WS precipitation
mainly caused by westerly disturbances con-
tributes almost 6% of the total precipitation in the
western region (80–83° longitude) of the country,
whereas it contributes only 2.5% of the total
precipitation in the eastern region (86–89° lon-
gitude) of the country (Talchabhadel et al. 2018).
WorldClim lacks to capture the local phenomena
of WS precipitation across the country, therefore,
it has underestimated the moisture in the north-
western region of the country. Apart from high

mountains and the northwestern region of the
country, the spatial patterns of different moisture
zones are almost congruous. Without making
bias correction in those areas in the current study,
we used the WorldClim data for projected anal-
ysis under different scenarios (Fig. 6.6 b and c).
There is an emergence of arid moisture zone,
increment of semi-arid and subhumid moisture
zones, and a significant reduction of per humid
moisture zones across the country in the coming
days. The quantitative assessment of changes in
areal coverage of different zones is summarized
in Fig. 6.6 and Table 6.4.

Figure 6.7 shows the total coverage of dif-
ferent moisture zones (expressed in %) for the
baseline and future periods using the MME of
selected ten GCMs (spatial patterns shown in
Fig. 6.6 b and c). Table 6.4 shows the areal
coverage of different moisture zones during
baseline and anticipated % change in different
future scenarios with respect to the baseline
across the country. Future scenarios are esti-
mated using the MME of selected ten GCMs,
and their ranges are shown. The selected ten
GCMs show a huge variability. For instance,
during the future F2, the areal coverage of semi-
arid (SA) moisture zone is anticipated to change
by +1540.8% (ranging from −94.7% to
+5552.2%) and the dry subhumid is projected to
change by +97.3% (ranging from −94.9% to
+122.9%) under RCP 8.5 with respect to the
baseline across the country. The MME of selec-
ted ten GCMs anticipates an emergence of a new
moisture zone (i.e., arid) with an area of 42 km2

under RCP 8.5 during the F2 period. Similarly, a
small areal coverage with an area of 641.1 km2

of semi-arid moisture zone during the baseline is
projected to increase significantly in the coming
days. It is projected to reach 3047 km2 under
RCP 4.5 and 3996 km2 under RCP 8.5 during
the F1 period. Similarly, it is projected to reach
3744 km2 under RCP 4.5 and 10,519 km2 under
RCP 8.5 during the F2 period.

During the future F1, the % deviation of the
change of areal coverage of per humid (PH1,
PH2, and PH3) moisture zone is anticipated to
reach −27% under RCP 4.5 and −31% under
RCP 8.5 with respect to the baseline. Similarly,
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during the future F2, the % deviation of the
change of areal coverage of per humid moisture
zone is anticipated to reach −27% under RCP 4.5
and −39% under RCP 8.5 with respect to the
baseline. During the future F1, the % deviation of

the change of areal coverage of subhumid (SH1
and SH2) moisture zone is anticipated to reach
+30% under RCP 4.5 and +35% under RCP 8.5
with respect to the baseline. Similarly, during the
future F2, the % deviation of the change of areal

Fig. 6.6 Moisture zonation of Nepal based on modified
Thornthwaite’s scheme: (a) for the baseline period using
observed data (left panel) and WorldClim data (right
panel), (b) for the F1 period using the MME of selected
ten GCMs under RCP 4.5 (left panel) and under RCP 8.5

(right panel), and (c) for the F2 period using the MME of
selected ten GCMs under RCP 4.5 (left panel) and under
RCP 8.5 (right panel). The category name and MI limit
for the symbol represented can be found in Table 6.2
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coverage of subhumid moisture zone is antici-
pated to reach +32% under RCP 4.5 and +41%
under RCP 8.5 with respect to the baseline.

Figure 6.8 shows the anticipated monthly
moisture zonation of the country under RCP 8.5
for the F2 period using the MME of selected ten
GCMs. Similar patterns exist in other future
scenarios and the baseline period (not shown). In
general, the spatial distributions of moisture
zonation follow the patterns of monthly precipi-
tation. From the start of December, the country
receives few downpours from the northwestern
direction as westerly disturbances. The eastern
region of the country starts becoming wetter from
early April and evolves fully in SMS up to
September, resulting in a humid to per humid
environment. After the withdrawal of the mon-
soon around the end of September, the country
starts experiencing a cooler and drier
environment.

Table 6.4 Areal coverage of different moisture zones during baseline and anticipated % change in different future
scenarios with respect to baseline in Nepal. Future scenarios are estimated using the MME of selected ten GCMs, and
their ranges are shown in []

Moisture
zones

Baseline Delta (RCPx.x yy - Baseline)/Baseline in %

Area
(km2)

RCP4.5 F1 RCP4.5 F2 RCP8.5 F1 RCP8.5 F2

A 0.00 Emergence Emergence Emergence Emergence

SA 641.12 375.4 [− 90.4 to
4623.2]

484 [− 94.1 to
5154.7]

523.4 [− 94.1 to
5662.1]

1540.8 [− 94.7 to
5552.2]

SH1 14,561.36 70.7 [− 90.7 to
112.6]

82.2 [− 93.5 to
123]

87.6 [− 95.4 to
159.7]

97.3 [− 94.9 to
122.9]

SH2 23,755.23 5.3 [− 43 to 34] 1.6 [− 40.2 to 44] 2.8 [− 54.9 to
51.2]

7 [− 55.1 to 47.3]

H1 24,871.17 10.4 [− 34.2 to
25.4]

7.7 [− 34.3 to
27.8]

8.9 [− 49.6 to
27.7]

0.3 [− 45.5 to 18]

H2 26,935.24 −9.8 [− 64.1 to
5.2]

−11.4 [− 73.8 to
3.9]

−10.3 [− 78.6 to
6.1]

−14.3 [− 81 to
6.2]

H3 23,440.69 −20.7 [− 77.4 to
−18.7]

−22.6 [− 79.7 to
−19.4]

−25.9 [− 79.8 to
−23.3]

−38.8 [− 82.3 to
−22.5]

PH1 23,478.32 −20.2 [− 54 to
146]

−22.1 [− 59.5 to
148.9]

−23.8 [− 67.7 to
151.7]

−30.2 [− 77.1 to
143.9]

PH2 9372.21 −45.3 [− 94.8 to
106.4]

−40.2 [− 96.3 to
103.8]

−48.3 [− 97.6 to
192.1]

−60.6 [− 98.5 to
172]

PH3 125.67 −49.7 [− 100 to
524.6]

−52.1 [− 100 to
422.8]

−56.9 [− 100 to
692.2]

−77.8 [− 100 to
819.2]

Values inside [] show the range derived from different GCMs.
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Fig. 6.7 Total coverage of different moisture zones
(expressed in %) for the baseline and future periods using
the MME of selected ten GCMs. The category name and
MI limit for the symbol represented can be found in
Table 6.2
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Fig. 6.8 Monthly moisture zonation of Nepal based on modified Thornthwaite’s scheme for the F2 period under RCP
8.5 using the MME of selected ten GCMs. The MI limit for the moisture zone can be found in Table 6.2
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6.4.4 Discussions

This paper presents the anticipated shifts of
thermal and moisture zones across the country
under climate change. It is expected that under
a warming scenario, crop production at higher
altitudes could increase as a positive impact of
climate change. The combined information of
moisture zonation and thermal zonation provide
a better understanding of growing appropriate
crop/vegetation (s) as per the potential of the
zones for maximum harvests. In general, local
farmers follow their typical cropping patterns,
cropping rotations over centuries by learning
from the experience. They are well known about
the crop suitability at their spatial locations dur-
ing different seasons. The understanding of pos-
sible shifts of thermal and moisture zones could
help manage the cropping schedule. Soil mois-
ture mainly determines the planting and growing
date of different crops. Precipitation, tempera-
ture, and soil are key factors influencing moisture
availability. Our study could be an initial step
toward agro-climatic zonation for different crops
under climate change.

The information of soil parameters, crop
growing days, and the output of this study
(thermal and moisture zonation) may help
delineate quantitative agro-climatic potential for
different crops. The major crops of Nepal are
rice, maize, and wheat. Other crops are millet,
potato, barley, buckwheat, vegetables, fruits,
pulses, and so on. Our future work includes the
preparation of crop suitability mapping for each
major crop. The cropping frequencies (one or
two times a year) for different crops like rice
could be assessed for different thermal and
moisture zones. In the southern region of the
country, where a tropical thermal zone exists,
rice can be produced two times a year, and fruits
like mango could easily be cultivated. In con-
trast, no potential agriculture could be done in the
high mountains where the frigid polar environ-
ment exists. Cold and temperate crops like bar-
ley, buckwheat, millet, potato are suitable in
a cold climate, limiting mostly one crop in a
year. An irrigation intervention could help reduce

the moisture demand for many crops and produce
a maximum yield.

6.5 Conclusion

This study presented the anticipated shifts in
moisture and thermal boundary across the
country under changing climate from the base-
line (1960–1990). We selected ten GCMs of
CMIP5 under two RCPs for the projected anal-
ysis. In general, the inter-model variability is
higher under RCP 8.5 compared to RCP 4.5 and
during the F2 period compared to the F1 period.
The severity of dryness is anticipated to increase
in the non-monsoon season because of twofold
effects: (1) increased temperature and (2) de-
creased precipitation. Due to the northward shift
of the boundary of the tropical thermal zone, the
areal coverages of hot and warm thermal zones
are reduced. Similarly, due to a noticeable
reduction in polar zones, an increment of the cold
thermal zone could be found. The MME of
selected ten GCMs provides an indication of
more than 30% reduction of the polar thermal
zone and more than 60% increment of the trop-
ical thermal zone in the coming days.

There is an emergence of arid moisture zone,
increment of semi-arid and subhumid moisture
zones, significant reduction of per humid mois-
ture zones across the country in the coming days.
A small areal coverage with an area of 641.1 km2

of semi-arid moisture zone during the baseline is
projected to reach 3047 km2 under RCP 4.5 and
3996 km2 under RCP 8.5 during the F1 period.
Similarly, it is projected to reach 3744 km2 under
RCP 4.5 and 10,519 km2 under RCP 8.5 during
the F2 period. This is due to the combined effect
of increased PET (a function of temperature) and
decreased precipitation. The intra-annual vari-
ability of precipitation and resulting MI is very
high. The spatial patterns of the moisture zone
are quite different for different seasons. The
assessment of shifting of moisture and thermal
zone can serve as valuable information exploring
the effects of climate change in agricultural
practice and irrigational interventions. We
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believe our results to be useful for different
stakeholders especially related to agriculture and
crop production.
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7Quantifying Uncertainties in Climate
Change Projection and Its Impact
on Water Availability in the Thuli
Bheri River Basin, Nepal

Anil Aryal, Manisha Maharjan,
and Rocky Talchabhadel

Abstract

Increase in global mean surface temperature
due to greenhouse gases and rapid urbaniza-
tion has resulted in climate change in both
regional and global scale. The Intergovern-
mental Panel on Climate Change (IPCC)
estimated the change in global mean surface
temperature in the range of 0.3–0.7 °C for a
period of 2016–2035 relative to 1986–2005
under four Representative Concentration Path-
ways (RCPs). In this study, we aim to quantify
the uncertainties associated with projecting the
future climate and their impacts on the water
availability in the Thuli Bheri River Basin of

Nepal. We used Soil and Water Assessment
Tool (SWAT) as a hydrological model to
simulate the runoff from the basin. Five
COordinated Regional Climate Downscaling
EXperiment-South Asia (CORDEX-SA)
regional climate model (RCM) experiments
have been used to analyze the impact of
different climate models (CMs) on the future
river discharge of the basin. The CMs were
bias-corrected using quantile mapping
(QM) method. Change in river discharge is
evaluated for three future time windows,
namely near future (2021–2040), mid-future
(2041–2070), and far future (2071–2099).
Further, we aim to outline the range of
uncertainty arising from different projections
of the CMs under the two RCPs 4.5 and 8.5
using the probability density function (PDF).
The climate projection analysis indicated a
significant increase in temperature in the
future. Annual precipitation was projected to
change from −4% to 16% under five CMs and
two RCPs. The ensemble of the five CMs for
both RCPs predicted the change of 9–13% in
the future period. This uncertainty in climate
projection has impacted water availability in
different time periods. It also revealed that the
uncertainties due to CMs are significantly
higher during the high flow season. The
results of this research would be helpful to
practitioners, researchers, and decision/poli-
cymakers to regulate the issues of water
availability in the future.
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7.1 Introduction

With the onset of the industrial revolution in the
early twentieth century, the use of fossil fuel as a
source of energy started increasing. Use of fossil
fuel, as a major source of energy, has resulted in
the emission of harmful air pollutants. In addi-
tion, the burning of fossil fuel has embarked in
the production of a large number of carbons that
are responsible for current global warming. As a
result of the global warming, various climate
phenomena, such as sea-level rise (IPCC 2013)
and loss of glaciers in the Himalayas (NRC
2012), have occurred and are termed as the cli-
mate change. Since more than three decades, the
debate on global warming and climate change has
begun. The impact on the availability of fresh-
water has ignited the discussion toward climate
change and global warming. Global change in the
average surface temperature and precipitation
using multi-model ensemble under RCP 2.6 (low
emission scenario) and RCP 8.5 (high emission
scenario) shows that average surface temperature
will increase by 13 °C under RCP 8.5, whereas
average precipitation will increase by 60% rela-
tive to the base period 1986–2005 (Allen et al.
2013). The study revealed that increase in surface
temperature and average precipitation is more
pronounced in the polar while the increase in
surface temperature is more prominent in the
desert of Africa and China. This will lead to
extremities in the weather pattern.

The impact of climate change has a direct and
indirect impact on the water availability of
freshwater resources (Pandey et al. 2019).
Depletion in the freshwater resources has drawn
the attention of researchers, scientists, practi-
tioners, planners, and policymakers to improve

the understanding of climate change impacts and
hydrologic uncertainties for the sustainable
management of water resources (Clark et al.
2016). Many researchers have evaluated the cli-
mate projections with an ensemble of different
CMs for the hydrological analysis using different
hydrological models (Chen et al. 2012; Zhang
et al. 2016; Kundzewicz et al. 2018). In snow-
fed Koshi Basin of Nepal, future runoff is found
to be altered by −35 to +51% as the result of
increasing temperature and precipitation under
the changing climate (Shrestha et al. 2015).
Similarly, Mishra et al. (2018) concluded that
there is a significant impact of climate change on
the freshwater availability in the large Bheri
River Basin of Nepal. Also, SWAT has been
applied to assess the climate change impacts in
different basins of Nepal such as in the Tama-
koshi (Aryal et al. 2018), the Bheri (Mishra et al.
2018), the Tamor (Bhatta et al. 2019), and the
Mahakali (Pandey et al. 2019).

Uncertainties in future climate projections
arise from the boundary and initial condition,
emission scenarios, physical feedbacks, carbon
cycle ,and structure uncertainty (Knutti 2008;
Knutti et al. 2008). These sources of uncertainty
are typically classified into three types, including
internal variability, inter-model variability, and
greenhouse gas emissions scenarios uncertainty.
A proper understanding of sources of uncertainty
and its impact is necessary to develop a robust
and reliable plan for climate change analysis
(Dankers et al. 2014; Her et al. 2019). Aryal et al.
(2018) quantified the plausible sources of
uncertainty in projecting the hydrological
responses under various CMs and hydrological
models in the Tamakoshi River Basin of Nepal.

This study mainly focuses on uncertainties
associated with different CMs (five selected)
under different emission scenarios (RCP 4.5 and
8.5) for different future time periods (up to 2100)
using only one hydrological model. The future
climate projections and its uncertainties are
quantified, and their impacts on the water avail-
ability in the Thuli River Basin are analyzed.
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7.2 Study Area

The Thuli Bheri River Basin with an area of
6888 km2 (Fig. 7.1), a tributary of large Karnali
River, originates in the Chhakra region of Dolpa
district. The basin lies in the higher Himalaya
geographic region of the country extending from
82o 16’E to 83o 40’E and 28o 41’N to 29o 10’N.
The elevation varies from 742 to 7724 m above
mean sea level (amsl) with snowcapped moun-
tains covering the 1/4th of the entire area.
Snowmelt is the major source of water in this
river during winter and spring. Most of the basin
is sparsely populated containing little agricultural
land which leads to the requirement of lesser
water for irrigation. Therefore, this basin is suit-
able to serve as a water donor basin to the more
populated and arable river basins around it.
Recently, a water transfer project is under con-
struction to transfer water from the Bheri River to
the neighboring Babai River (water deficit basin).

7.3 Data and Methodology

7.3.1 Data Collection

In this study, daily meteorological and hydro-
logical data for the period of 1981–2014 were
obtained from the Department of Hydrology and
Meteorology (DHM), Government of Nepal
(Table 7.1). Because of steep geographic terrain,
it is difficult to establish the climate stations in
the upper geographic regions of the basin which
leads to lesser number of stations. The daily
discharge data were acquired at Rimma gauge
station.

In this study, the Shuttle Radar Topography
Mission (SRTM) Digital Elevation Model
(DEM) of 90 m resolution was used. The land
use map (Fig. 7.2) of 30 m resolution developed
by the International Centre of Integrated
Mountain Development (ICIMOD) was used
(Uddin et al. 2015). The soil map of 1:1,000,000

Fig. 7.1 Spatial location of the study area along with hydrometeorological stations
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resolution and its properties were acquired from
the Soil and Terrain Database (SOTER) for
Nepal (https://www.isric.org/projects/soil-and-
terrain-soter-database-programme).

7.3.2 Climate Model

The present study includes RCM downscaled
using five different global climate model
(GCM) forcings (Table 7.2) over the CORDEX-

Table 7.1 Detail configuration of the different types of data used in the research

SN Station index Station name Lat. (Deg.) Long. (Deg.) Elevation (masl) Station type

1 303 Jumla 29.28 82.17 2300 Synoptic

2 304 Guthi Chaur 29.28 82.32 3080 Precipitation

3 310 Dipal Gaun 29.27 82.22 2310 Climatology

4 312 Dunai 28.93 82.92 2058 Climatology

5 404 Jajarkot 28.70 82.20 1231 Precipitation

6 418 Maina Gaun 28.98 82.28 2000 Precipitation

7 501 Rukumkot 28.60 82.63 1560 Precipitation

8 513 Chaur Jhari Tar 28.63 82.20 910 Climatology

9 514 Musikot (Rukum) 28.63 82.48 2100 Climatology

10 616 Gurja Khani 28.60 83.22 2530 Climatology

11 265 Rimma 28.71 82.28 550 Discharge

Fig. 7.2 Land use and land cover map for the Thuli Bheri River Basin
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SA domain at a horizontal resolution of 0.44°
(* 50 km). The CMs data were downloaded
from Center for Climate Change Research
(CCCR), Indian Institute of Tropical Meteorol-
ogy (IITM), Pune Web site (http://cccr.tropmet.
res.in/home/cordexsa_datasets.jsp).

7.3.3 Bias Correction and Uncertainty
Quantification

Every CM demonstrates biases (systematic
errors) in the projected output because of the
limitation in horizontal and vertical (spatial)
resolution, complex climate system processes,
and improved material science and thermody-
namics forms. Such biases are to be corrected
assuming that the change in bias behavior is not
altered by time for the model. In this study, the
QM method is used as the bias correction
approach to calibrate the cumulative distribution
function (CDF) of the modeled data into the CDF
of observed data using transfer function (Gud-
mundsoon et al. 2012; Chen et al. 2013).

There arises uncertainty in climate change
projections due to use of different CMs, emission
scenarios, hydrological models, and their
parameter uncertainty. These uncertainties are
quantified in this study using the boxplot and
probability density function (PDF).

7.3.4 Hydrological Modeling

The physically based continuous hydrological
model SWAT (Arnold et al. 2012) is used for the

simulation of discharge in this study. The SWAT
model has been extensively used for both basin
scale and small watershed to simulate surface
water quantity and quality. The model can also
be used to simulate and predict the environ-
mental impacts of soil erosion and sediment yield
(Asres and Awulachew 2010; Abdelwahab et al.
2018; Halecki et al. 2018), and land management
practices (Briak et al. 2019, Himanshu et al.
2019). Many researchers have widely used
SWAT in Nepal to simulate the river discharge
(Aryal et al. 2018; Bajracharya et al. 2018;
Bhatta et al. 2019).

7.3.5 Calibration and Validation

Calibration and validation of the SWAT model
were carried out for the period 1988–2006 and
2007–2013, respectively. The warm-up period of
seven years (1981–1987) was used for model
calibration. The basin was delineated into 27 sub-
basins which was further divided into 358
hydrological response unit (HRUs) using HRU
definition threshold of 2%, 5%, and 10% for land
use, soil, and slope, respectively. Each sub-basin
was divided into ten elevation bands with 500 m
elevation band to account the orographic effect
on both precipitation and temperature. Sensitivity
analysis and calibration were undertaken by
SWAT-Cup and its SUFI-2 algorithm (Abbas-
pour et al. 1997; Abbaspour 2015). The statistical
performance of the model was evaluated using
the coefficient of determination (R2), the Nash—
Sutcliffe Efficiency index (NSE), and percent
bias (PBIAS) (Moriasi et al. 2007).

Table 7.2 List of CORDEX South Asia RCM experiments used

Experiment name RCM description Driving GCM Contributing
institute

CCAM (ACCESS) Commonwealth Scientific and Industrial Research
Organisation (CSIRO), Conformal-Cubic
Atmospheric Model

ACCESS1.0 CSIRO Marine and
Atmospheric
Research,
Melbourne,
Australia

CCAM (CNRM) CNRM-CM5

CCAM (MPI) MPI-ESM-LR

CCAM (GFDL) GFDL-CM3

CCAM (BCCR) NorESM-M
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7.4 Results

7.4.1 Bias Correction of Precipitation

Bias correction has been carried out for all
selected CMs. The comparison of the monthly
observed precipitation with the raw and bias-
corrected precipitation from the ACCESS1-0 CM
for the baseline 1981–2005 is shown in Fig. 7.3
(left panel). It demonstrates that bias-corrected
monthly precipitation is congruent with the
observed data. The right panel in the figure shows
the improvement in bias-corrected historical pre-
cipitation with R2 value increasing from 0.36 to
0.48. Thus, the method of bias correction can be
applied to correct future data from the CM.

7.4.2 Bias Correction of Temperature

Alike precipitation, the performance of the bias-
corrected result for ACCESS1-0 CM was eval-
uated for the maximum and minimum tempera-
ture as shown in Fig. 7.4. The satisfactory results
were obtained for other CMs as well. ACCESS1-
0 CM showed the underestimation in maximum
and minimum temperature.

The result showed the increment in R2 value
from 0.51 to 0.87 for maximum temperature and
from 0.94 to 0.96 for minimum temperature after
the bias correction (Fig. 7.5). The similar per-
formance of the bias-corrected results was
obtained for other CMs as well.

Fig. 7.3 Left panel) comparison of monthly observed, raw, and bias-corrected historical precipitation from ACCESS1-
0 for the baseline 1981–2005 and Right panel) improved of R2 after bias correction

Fig. 7.4 Bias correction of the monthly maximum (left panel) and minimum (right panel) temperature using
ACCESS1-0 CM
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7.4.3 Future Annual Precipitation

Annual precipitation projected for the future
using different CMs under RCP 4.5 (solid line)
and RCP 8.5 (dash line) at stations 304 and 404
is shown in Fig. 7.6. The result shows both

increasing and decreasing trends of future pre-
cipitation. The combined effects of all CMs show
the increasing trend but it differs within CMs and
emission scenarios. At station 304, there is less
variability in the estimation of future climate
from different CMs and two emission scenarios,

Fig. 7.5 Performance of bias correction of a raw and corrected CM for both maximum (left panel) and minimum (right
panel) temperature for ACCESS1-0

Fig. 7.6 Projection of the annual precipitation under different CMs and two RCPs at precipitation station 304 and 404
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but at station 404, more variability is observed in
the future precipitation projection. More fluctu-
ations of precipitation range are observed under
RCP 8.5 in the far future. Annual precipitation
was projected to change from –4 to 16% under
five CMs and two RCPs.

7.4.4 Future Annual Temperature

Figure 7.7 shows the future projection of annual
maximum and minimum temperature with the
observed data. The increasing trend of both max-
imum and minimum temperatures is observed in
the future under RCP 4.5 and 8.5. Less variability
in projection is observed in the near future, but the
variability becomes higher with time. RCP 8.5
shows more increasing trend than RCP 4.5 with
the highest temperature difference being 5–6 °C.
The GFDL-CM3 shows the highest increasing

trend for both maximum and minimum tempera-
ture. The ensemble of five CMs estimated the
increase of maximum temperature of +0.021 °
C/year under RCP 4.5 and 0.063 °C/year under
RCP 8.5. Similarly, the change in minimum tem-
perature is estimated to increase by 0.02 °C/year
under RCP 4.5 and 0.058 °C/year under RCP 8.5.

7.4.5 SWAT Model Calibration
and Validation

Figure 7.8 shows the comparison of daily
observed and simulated discharge for the calibra-
tion period (1988–2006) and validation period
(2007–2013). In this study, we used 22 parameters
for sensitivity analysis, out of which 12 parameters
were more sensitive to the observed discharge
data. The model performance was evaluated by
determining NSE, R2, and PBIAS. For the

Fig. 7.7 Projection of the annual maximum and minimum temperature under different CMs and two RCPs
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calibration period, the performance indicators have
values of NSE = 0.58, R2 = 0.8 and PBIAS =
−13.22%. For the validation period, the NSE
value is 0.72, R2 is 0.73, and PBIAS is +14.27%.
According to Moriasi et al. (2007), a model’s
performance can be considered satisfactory at an
NSE greater than 0.5, PBIAS within ± 25%, and
R2 greater than 0.6. Thus, the model performance
falls under the satisfactory category for calibration
and good for the validation period.

7.4.6 Precipitation Uncertainty

With the use of more CMs and different emission
scenarios, the uncertainty in the projection
becomes wider. In this study, the uncertainty of
the projected precipitation is measured through
the boxplot as shown in Fig. 7.9. Monthly dis-
tribution of the projected precipitation is studied
for three future time windows, namely near
future (2021–2040), mid-future (2041–2070),
and far future (2071–2099) under two RCP sce-
narios 4.5 and 8.5. The higher range of uncer-
tainty in the projection is observed mainly from
June to September. This depicts that uncertainty
is higher during peak flows than low flows.

The PDF is plotted to measure the uncertainty
in precipitation projection due to different CMs
and RCP scenarios (Fig. 7.10). The range of
uncertainty increases with the future time period.
During the near future, the projected precipitation
shows higher deviation of 704 mm by GFDL-

CM3 CM under RCP 4.5 while the deviation of
732 mm is more pronounced under NorESM1-M
climate under RCP 8.5 against the baseline
deviation of 405.5 mm. During the mid-future,
the uncertainty in projection ranges from 500 to
1546 mm of precipitation under RCP4.5, while
the projection ranges from 574 to 1419 mm under
RCP 8.5 in the mid-future. The uncertainty in
projection is more exhibited when using the MPI-
ESM-LR, range of projection being 839 mm
under RCP 4.5, while GFDL-CM3 CM shows
more uncertainty under RCP 8.5, range of
uncertainty being 778.8 mm. In the far future, the
precipitation projection ranges from 541 to
1598 mm, thereby exhibiting the deviation of
929 mm under RCP 4.5 and 948 mm under RCP
8.5 forcing scenario. The uncertainty deviation in
the projection of precipitation is shown by all the
CMs at all stages of the projection, i.e., near, mid,
and far future. Thus, the projections from all the
models are equally important in the quantification
of the precipitation projection and assessment
needs to be more robust.

7.4.7 Temperature Uncertainty

The uncertainty for the projected maximum and
minimum temperature is plotted against the
observed temperature as shown in Figs. 7.11 and
7.12. The result shows more deviation under
RCP 8.5 in comparison with RCP 4.5 for both
maximum and minimum temperature. The

Fig. 7.8 Comparison of
daily observed and simulated
discharge for the calibration
period (1988–2006) and
validation period (2007–
2013)
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Fig. 7.9 Boxplot of change in monthly projected precipitation for three future time windows (2021–2040, 2041–2070,
2071–2099) under multiple RCP scenarios (4.5 and 8.5)

Fig. 7.10 Probability density function (PDF) of observed precipitation against projected precipitation for near, mid,
and far future under RCP 4.5 (top panel) and RCP 8.5 (bottom panel)

244 A. Aryal et al.



variability is more pronounced due to ACCESS
1-0 CM under RCP 4.5 for maximum tempera-
ture in all future time window while the uncer-
tainty in projection is highly governed by GFDL-
CM3 under RCP 8.5. The projection under RCP
8.5 is underestimated when compared to the
baseline period. The maximum temperature
uncertainty ranges from 21.5 to 24.8 °C during
the far future under RCP 4.5 while the

uncertainty range exhibits similar phenomena
under RCP 8.5 ranging from 20.6 to 24.1 °C for
all CMs. The uncertainty curve shows maximum
deviation by GFDL-CM3 CM in mid and far
future, while the maximum area under the curve
is more represented by ACCESS1-0 CM in the
near future. Thus, the use of a single model may
not be significant in projecting the maximum and
minimum temperature.
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Fig. 7.11 Probability density function (PDF) of observed maximum temperature against the future projection under
RCP 4.5 (top panel) and RCP 8.5 (bottom panel)
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Fig. 7.12 Probability density function (PDF) of observed minimum temperature against the future projection under
RCP 4.5 (top panel) and RCP 8.5 (bottom panel)

7 Quantifying Uncertainties in Climate Change Projection … 245



The minimum temperature range extends
from 2.2 to 5.9 °C for the baseline period (1981–
2005). The uncertainty in minimum temperature
shows more uncertainty in far future under RCP
8.5 ranging from 4.9 to 10.1 °C compared to the
minimum temperature ranges from 6.3 to 8.4 °C
under RCP 4.5. For the minimum temperature,
the uncertainty in projection is more attributed by
ACCESS1-0 and CNRM-CM3 CM in far future
under RCP 8.5 and attributed by NorESM1-M
under RCP 4.5. The projection in minimum
temperature shows the variation ranging from 4.2
°C on using MPI-ESM-LR CM to 11.8 °C on
using GFDL-CM3 CM showing higher variation
against the baseline period.

7.4.8 Discharge Uncertainty

Figure 7.13 displays the monthly observed and
future discharge under RCP 4.5 and 8.5. Gener-
ally, the high flows show higher uncertainty,
followed by mean flows and low flows. The
variation in discharge during high flows
increased by 51.3% in RCP 4.5 and 45% in RCP
8.5 in the near future, whereas in the mid future,
it reached 64.6% in RCP 4.5 and 36.9% in RCP
8.5. Similarly, the variation during high flows
increased by 44.1% in RCP 4.5 and 40.1% in
RCP 8.5 in the far future. The result demon-
strated the increase in discharge from the month
of July to October in all three future time win-
dows under both RCPs. The significant decre-
ment in discharge is observed mostly in the
month of May. The increasing ratio is slightly
decreased in the far future in comparison with the
near and mid-future.

The boxplot of monthly discharge is plotted
for three future time windows under RCP 4.5 and
8.5 to show the change in discharge due to var-
ious RCMs (Fig. 7.14). A higher range of
uncertainty is depicted from the month of June to
September, i.e., in high flow condition. The mean
discharge is generally higher or equal in RCP 4.5
than 8.5. Higher uncertainty range is displayed in
the far future for both emission scenarios. The
prediction of lowest discharge in the month of
July is seen in the far future under RCP 8.5. For

example, in the near future, the range of variation
of discharge in August is from 420 to 1050 m3/s
in RCP 4.5 and from 389 to 1010 m3/s in RCP
8.5; whereas in the far future, the discharge
varies from 339 to 1005 m3/s in RCP 4.5 and
from 251 to 985 m3/s in RCP 8.5. The increase
in discharge in the wet season depicts enough
water availability, but the decrease will exacer-
bate more problem of water deficit in the basin.
Since the Thuli Bheri is the donor river basin,
increase in water availability during the wet
season will help in water transfer to the neigh-
boring river basins, but the low flow season will
face more struggle for the proper irrigation. The
uncertainty in the projection of discharge affects
the planning of water transfer and supply in the
basin and neighboring basins. The use of differ-
ent CMs results in different scenarios of future
discharge; therefore, more studies related to the
impact of climate change are essential to meet the
future demand for water supply in the basin.

7.5 Discussion

The future projection of precipitation from the
ensembles of five CMs under two RCPs
demonstrates that there is a wider range of vari-
ation in the precipitation amounts in the far future
and under RCP 8.5 (Fig. 7.9). Annual precipita-
tion was projected to change from −4% to 16%
under five CMs and two RCPs. The precipitation
from June to October is likely to increase as
projected by all CMs, but in other months, the
precipitation has both increasing and decreasing
trend. Under RCP 4.5, the projected precipitation
varies from 577.6 to 1353.9 mm in the near
future; from 500.1 to 1355.5 mm in the mid-
future; and from 541.2 to 1598.4 mm in the far
future. Under RCP 8.5, the projected precipita-
tion varied from 512.7 to 1413.3 mm in the near
future; from 574.1 to 1419.0 mm in the mid
future; and from 601.5 to 1598.2 mm in the far
future (Fig. 7.10).

The temperature projection showed the
increasing trend of both maximum and minimum
temperature under different CMs and two RCPs
(Fig. 7.7). The ensemble of five CMs estimated
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the increase of maximum temperature of +0.021
°C/year under RCP 4.5 and 0.063 °C/year under
RCP 8.5. Similarly, the change in minimum
temperature is estimated to increase by 0.02 °
C/year under RCP 4.5 and 0.058 °C/year under
RCP 8.5. This increasing rate is similar to the
earlier studies in the extended basin of Bheri
(Mishra et al. 2018) and other nearby basins with
similar topography (Nepal 2016; Li et al. 2016).

The simulated discharge showed that the
changes in mean annual precipitation and tem-
perature have a significant impact on the annual
surface runoff. All CMs predicted the increase in

surface runoff in the high flow season
(Fig. 7.13). In the low flow season, the CMs has
predicted both increase and decrease in a runoff
in different months. The ensemble of five CMs
estimated the increase of 33% under RCP 4.5 and
37.5% under RCP 8.5 in the month of October
for the near future. The ensemble of the five CMs
for both RCPs predicted the change of 9–13% in
the future period. The result showed an increase
of discharge from July to March, whereas there is
a decrease in discharge from April to Jun. This
estimated discharge is consistent with the pro-
jected precipitation. Thus, change in precipitation

Fig. 7.13 Comparison of observed and future monthly discharge in three future time windows (2021–2040, 2041–
2070, 2071–2099) under two RCP scenarios (4.5 and 8.5)
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projection has a direct impact on the surface
runoff of the basin. This shows the necessity of
robust estimation of future precipitation and
temperature which will provide a proper simu-
lation of discharge. Immerzeel et al. (2012)
evaluated the hydrologic response to future
changes in climate for the Langtang Basin in
Nepal. The study showed that with an increase in
both temperature and precipitation over the next
century, there is an increment in evapotranspi-
ration and higher snow and ice melt. This is
combined with more snow falling as rain results
in a steady decline of the glacier area in the
model. Furthermore, the analysis shows that
increased precipitation and ice melt will lead to
increased streamflow. The seasonal peak in
meltwater coincides with the monsoon peak;
therefore, no shifts in the hydrograph are
expected. Since the Thuli Bheri also lies in the
high-altitude zone of Nepal, the similar scenarios
occur. Also, the Thuli Bheri is a part of the Bheri
River which is considered as a donor river in

Western Nepal. The Government of Nepal
(GoN) has initiated the water transfer project
from Bheri to neighboring Babai River Basin
(water deficit basin). Thus, the quantification of
minimum flow will be significant to ensure the
water availability for the project. Hence, we have
also calibrated the SWAT model with the
acceptable matching of the base flow with the
simulated result. The estimation of future dis-
charge will have a substantial impact in facili-
tating the water transfer project from Bheri River
Basin to the neighboring basin.

Our results show the uncertainty in projected
precipitation and temperature which is observed
in the discharge as well. The CM-related uncer-
tainty is contributed more during the high flow
seasons, where precipitation dominated the river
flow regime. Monthly distribution of future pre-
cipitation shows the increment in uncertainty
mainly from June to September, i.e., high flow
season. The CM-driven uncertainty has domi-
nating influence relative to the total uncertainty

Fig. 7.14 Boxplot of change in monthly projected discharge for three future time windows (2021–2040, 2041–2070,
2071–2099) under multiple RCP scenarios (4.5 and 8.5)
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in the future climate studies (Eisner et al. 2017;
Vetter et al. 2017; Buda et al. 2017), all using
regional hydrological models in their impact
assessments. The range of uncertainty in both
precipitation and temperature projections is lesser
in the near future and under RCP 4.5 and higher
in the far future under RCP 8.5.

A limitation of our study is that we used only
data from five CMs to drive the hydrological model
and did not consider model parameter-related
uncertainty. The CM-driven uncertainty is a seri-
ous issue, and further research is necessary to better
understand whether (a) this is due to missing or too
simplified processes in CMs, e.g., precipitation
processes, climate dynamics, and others (b) the
complex climate system, or (c) a rigorous model
selection process based on a list of agreed perfor-
mance criteria (Hattermann et al. 2018). The
uncertainty in the impacts of river discharge
demands for intelligent strategies to adjust water use
and management in an uncertain future. The largest
changes to the hydrologic system in the future will
most likely be due to changes in the timing, loca-
tion, and intensity of monsoonal activity. Interan-
nual variability of the monsoon strongly affects
spatial patterns. Though the result shows the
increase in discharge in wet seasons and decrease in
the dry season, the interannual variability will affect
the water availability spatially in the whole basin.
The drier season will become drier which will affect
agriculture productivity.

7.6 Conclusion

This study used five CMs for the future climate
projections of both precipitation and temperature
under RCP scenarios 4.5 and 8.5. QM is used as
a bias correction method to reduce the errors in
the projected output. The change in future cli-
mate projections for three future time windows
with the baseline period was analyzed. The
uncertainty from using different CMs and emis-
sion scenarios is quantified for the future. The
physically based hydrological model SWAT was
used to analyze the impact of future climate on
the hydrology of the river basin.

Future precipitation projection showed that
there is variability in projections due to the use of
five CMs and RCPs. Both increase and decrease
in precipitation are observed in the future.
Annual precipitation was likely to change from
−4 to 16% under five CMs and two RCPs.
Similarly, increasing trend of both maximum and
minimum temperature is observed in all future
time window and RCPs. The ensemble of five
CMs estimated the increase of maximum tem-
perature of +0.021 °C/year under RCP 4.5 and
0.063 °C/year under RCP 8.5. Similarly, the
change in minimum temperature is estimated to
increase by 0.02 °C/year under RCP 4.5 and
0.058 °C/year under RCP 8.5. The simulated
discharge shows that the changes in mean annual
precipitation and temperature have a significant
impact on the annual surface runoff. All CMs
predicted the increase in surface runoff in the
high flow season. The CM-related uncertainty in
terms of discharge is observed to be more during
the high flow seasons, where precipitation dom-
inated the river flow regime. The results showed
the intra-annual variability in the future climate
projections. The future research needs to assess
more CMs to incorporate the uncertainty related
to CMs and should consider different models to
assess the hydrological model uncertainty. The
uncertainty in impacts of climate projections and
quantification of river discharge demands for
intelligent strategies to adjust water use and
management in an uncertain future.
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8Decreasing Water Availability
as a Threat for Traditional
Irrigation-Based Land-Use Systems
in the Mustang Himalaya/Nepal

Jussi Grießinger, Wolfgang J. H. Meier,
and Philipp Hochreuther

Abstract

Mountain ecosystems, which play a major role
in the global water cycle, are extremely
sensitive to changes in the climate system.
Related modifications in the hydrological
system affect both socio-economic structures
in mountain regions as well as in the down-
stream lowlands. This is particularly evident
in the northern catchment area of the Kali
Gandaki River (Mustang/Nepal), an area in
the Trans-Himalaya which is part of the
greater Ganges catchment. The region is
characterized by an extreme gradient in pre-
cipitation from a humid to a semi-arid climate
and associated strong spatial-temporal differ-
entiation of annual precipitation distribution
over a short horizontal distance. While mon-
soonal summer precipitation in the south
bordering High Himalayas contributes signif-
icantly to the annual precipitation, extreme
winter snowfall indicates a significant influ-
ence of the westerly wind circulation on the
hydrology of the study area. However, due to
the lack of long-term meteorological datasets,
the respective significance of these factors for
local and regional water resources and the

fluctuations and changes they are subject to is
still largely unknown. The livelihood of the
rural population in the study region depends to
a large extent on agriculture for food security
as the main source of income. Therefore, local
water availability, access to water resources
and its sustainable management are essential
to secure local livelihoods. Although, locals
have adapted their economic and land-use
systems over centuries to the challenges in
harsh mountain environments, recent and
future climate change requires very
short-term reactions to enhanced changes
within environmental conditions. Of these,
the strongly varying water availability in
semi-arid environments will have the greatest
impact on local communities.

Keywords

Climate change � Glacier retreat �
Irrigation-based land-use � Mustang district �
Trans-Himalaya

8.1 Introduction

Amongst all environments in the world, moun-
tain ecosystems belong to the most fragile ones
(Diaz et al. 2003; Beniston 2003, 2005). This is
mainly due to the fact that they are a repository
of biodiversity (Spehn et al. 2012; Körner 2004,
2008, 2013, 2014; Körner et al. 2017) and, in
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particular, harbour endangered plant and animal
species and ecosystems (Barthlott et al. 2005;
Körner 2004). Because of their spatial extent and
exposed topographic setting within their adjoin-
ing lowlands, high-mountain areas also serve as
water towers for a wider surrounding area with
adjoining (and often comparably drier) ecosys-
tems (Immerzeel et al. 2010; Viviroli et al. 2011,
2007). Moreover, mountains are inherent of
numerous other ecosystem services with corre-
sponding socio-economic linkages. Nowadays,
mountains are recognized as important indicators
on the impacts of climate and environmental
change. This is in the sense that they exhibit
dynamics in physical and biological systems that
are more directly identifiable than in other geo-
graphical regions or ecosystems (Beniston and
Stoffel 2014; Loarie et al. 2009; Gottfried et al.
2012; Nogués-Bravo et al. 2007); Diffenbaugh
and Giorgi 2012). For high-elevation sites, Pepin
and Seidel (2005) reported for the second half of
the twentieth century (1951–2000) a median
surface warming of +0.13°C/decade. This dec-
adal temperature increase is even more pro-
nounced (+0.65°C/decade), for the last 50 years
of their study period (1956–2005). For the last
decade 2003–2012, even higher amounts of
+0.78°C are observed, clearly indicating a more
enhanced and further accelerating temperature
increase during the most recent decade (IPCC
2013). In a study solely focusing on the course
and effect of elevation-dependent warming
(EDW), Pepin et al. (2015; referenced as
Mountain Research Initiative EDW Working
Group) stated that the warming in mountains is
verifiably amplified with elevation. This results
in the fact that high-mountain environments are
more susceptible to rapid changes in temperature
compared to ecosystems at lower elevations. As a
consequence, this had and will in the future have
direct results on the rate and velocity of coupled
changes in and necessary adaptations for moun-
tain ecosystems, especially for cryospheric sys-
tems, plant communities and small- to large-scale
hydrological catchments.

Besides numerous studies dealing on the
effect of a temperature increase on vegetation
patterns, dynamics and phenology (Menzel et al.

2006; Rosenzweig et al. 2008; Walther et al.
2002; Yang et al. 2017; Steinbauer et al. 2018;
Gottfried et al. 2012; Mayor et al. 2017), focus-
ing on changes in the cryosphere, hydrosphere
and the coupled enhancement of morpho-
dynamic activity in mountain regions also
increased significantly in recent decades (Fort
2015). Such investigations can help to enable the
profound understanding on how mountain envi-
ronments are affected by, respond and adapt to
substantial changes in both, local as well as
regional climate (e.g. temperature increase;
changes in the amount, timing and variability of
precipitation or large-scale regime shifts)
(Beniston and Stoffel 2014). Amongst the vast
amount of possible impacts on mountain envi-
ronments, changes in the cryosphere are—in
relation to their temporal velocity—amongst the
most visible and impressive ones. This is par-
ticularly most evident in significant changes in
the volume (mass balance) and extent/length of
glaciers, icefields and icecaps. Almost all
mountain regions of the world exhibited a sub-
stantial glacier retreat and mass loss during the
recent decades, but also since the Little Ice Age
(LIA) (Braun et al. 2019; Bolch et al. 2012; Paul
2011; Sorg et al. 2012; Meier et al. 2018; Yao
et al. 2012) that can be directly or indirectly
related to a change in temperature, precipitation
and/or moisture regimes. Especially for the wider
Himalaya region, a profound acceleration in ice
loss during the most recent decades is reported,
resulting in substantial changes in meltwater
supply for the river catchments in South Asia
(Maurer et al. 2019; Immerzeel et al. 2010). In
addition, it also permafrost as one key compo-
nent of the terrestrial system in continental high-
mountain environments shows an extremely high
sensitivity to climate change. For example, large-
scale thawing of the alpine permafrost in high-
elevation ecosystems is already and will be in the
future one key component in the adjustment of
the regional hydrological cycles (Haeberli 2013;
Wu and Zhang 2008).

In high-mountain areas like the Himalaya-
Karakoram-Hindukush region, communities
depend on a high degree on the sustained avail-
ability of water resources for their livelihood
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(Kreutzmann 2000; Parveen et al. 2015). This
applies in particular for the semi-arid Trans-
Himalayan regions like the Mustang District,
where land-use systems are highly triggered by a
seasonal water deficit during parts of the vege-
tation period (Pohle 2001). Therefore, water
resources used for irrigation and drinking water
are mainly composed of monsoonal (summer)
precipitation as well as ice and snow meltwater.
Changes in the ratio of snow to rain precipitation,
the duration of the snow cover and the ice body
have already been partly determined or are
expected to do so from climate predictions
(Paudel and Andersen 2013). For the northern
catchment area of the Kali Gandaki, increasing
aridity and water stress are postulated being
caused by an increase in the variability of winter
precipitation connected to lower snow cover
duration (Cannon et al. 2015; Paudel and
Andersen 2013; Wipf et al. 2009). In addition, a
lower proportion of glacial runoff must be
expected, which will be of decisive relevance for
local water resources and thus also for the irri-
gation agriculture, especially during the dry
phases in the pre-summer season (Mukherji et al.
2019). Own surveys indicate that water shortage
in individual settlements is already so pro-
nounced that the traditional irrigation-based
agriculture is no longer secured. Recent eco-
nomic developments in the field of tourism and
the sharp rise in the cultivation of fruit trees are
inducing an increase in water demand and con-
sumption, which probably will lead to conflicting
demands for various actors.

8.2 Study Area Mustang District

The central-Nepalese Mustang District is enclosed
between the main mountain ridges of the Hima-
layan Arc and the southern fringes of the Tibetan
Plateau (Parson et al. 2016) and belongs to the
semi-arid geo-ecological zone of the Trans-
Himalaya (TH). The Annapurna-Dhaulagiri-
Himal (ADH) exhibit various mountain peaks
exceeding elevations of 8,000 m a.s.l. (Fig. 8.1).
The ADH forms an 62 and 55 km wide, almost
closed topographic obstacle at an altitude of

6,000 m a.s.l (Miehe 1984). The orographically
forced uplift of moisture saturated air masses
during the Indian Summer Monsoon (ISM) season
leads to high annual precipitation amounts on the
southern slopes of the ADH. In contrast, winter
precipitation is mainly caused by westerly distur-
bances, highly variable peaking during the winter
season (Cannon et al. 2015). Subsequently, annual
precipitation amounts in the northern part of the
Mustang district decreases rapidly due to lee and
foehn effects, forming one of the world’s sharpest
moisture gradients between a humid southern (c.f.
meteo station Beni) and a semi-arid northern part
(Jomsom) (Fig. 8.1).

Almost 70% of the area of the Mustang Dis-
trict is located above 4,000 m a.s.l. Lower ele-
vations are predominantly restricted to the north-
south facing Thakkhola Graben through which
the Kali Gandaki river is draining (Fig. 8.1). The
transverse valley of the Kali Gandaki connects
the Tibetan Plateau with the Indian lowlands and
forms—while dividing the ADH—one of the
deepest river valleys in the world. The associated
diurnal pressure differences between the sub-
tropical Indian lowland and the Tibetan plateau
are compensated by a distinctive, extreme
upvalley wind highly influencing the regional
climatology (Eger et al. 2000). High wind
velocities in combination with an extreme solar
irradiance lead to generally high evaporation
rates within the Mustang district. The tempera-
ture conditions are strongly linked to the local
topography, whereby the Kali Gandaki valley
represents a favourable habitat. Even at eleva-
tions exceeding 3,000 m a.sl., the mean annual
temperature remains above 6 °C (Fig. 8.2) and
can exceed during the warmest quarter of the
year 15 °C. The annual 0 °C isotherm is located
at an elevation of approximately 4,250 m a.s.l. In
higher elevations, especially during the coolest
quarter of the year, temperatures are frequently
below the negative double-digit range, favouring
the appearance of winter-accumulated glaciers.

Due to the geo-ecological framework condi-
tions in the dry northern Himalaya, traditional
agriculture is only possible through ingenious
irrigation systems situated on small plains,
slopes, river terraces and alluvial fans. Besides
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Fig. 8.1 Location of the Mustang District within Nepal
and Digital Elevation Model (SRTM, LP DACC NASA
Version 3) of the Mustang District (yellow polygon) with
the location of the Dzon Chu catchment (red polygon).

Climate graphs reflect the gradient between the windward
and lee-ward side of the Annapurna-Dhaulagiri Himalaya
mountain obstacle during the Indian Summer Monsoon

Fig. 8.2 aMean annual temperature, b mean temperature of the warmest quarter and c mean temperature of the coldest
quarter for the Mustang District. Data based on Karger et al. (2017)
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land-use on the river terraces of the main river
bodies like the Kali Gandaki, adjoining smaller
alpine catchments display typical small-scale
nested terrace systems highly adapted to the
complex hydrological conditions in a high-
mountain environment. The necessary constant
water supply for crop production is covered by a
combination of glacier meltwater, rainfall during
the summer monsoon season and water supply
from sporadic winterly snow cover and per-
mafrost bodies from the surrounding high-
altitude areas. As being the key livelihood ser-
vice for local people, the irrigation-based agri-
culture is therefore highly dependent on a
continuous water supply from water resources
fed by the subalpine to alpine areas above the
settlements. However, it can be deduced from
this that changes in water supply from the sour-
ces mentioned lead to substantial effects on the
local irrigation agriculture. Besides the water
demand for agriculture, increasing water con-
sumption is caused by a steadily growing number
of tourism activity, which is mainly present at the
southern area of the Mustang District in Jomsom,
Kagbeni and Muktinath (own survey, Lama and
Job 2014).

8.3 Evidences of Environmental
Change in the Mustang
Himalaya

Quantifying the extent and impact of climate
change in the Himalayas is due to the extreme
topoclimatic variability still a big obstacle. This
applies all the more for specific high-elevation
regions like the Mustang Himalaya. Caused by
the spatial as well as temporal lack of available
meteorological data in this region, investigations
on the recent course and aggravate statements on
future climate changes are substantially impeded.
Although numerous studies determined for the
Greater Himalaya Region (GHR) a substantial
increase in temperature (c.f. Krishnan et al.
2019), it often remains uncertain to which extent
the vital rainfall, especially in the semi-arid
Trans-Himalaya already had and will change in
the future (Xu et al. 2009; Böhner et al. 2015).

Verifiably, the cryosphere in the GHR is already
affected by a current warming trend, resulting in
a rapid area reduction of the majority of Hima-
layan glaciers (Xu et al. 2009, Bolch et al. 2010;
Bolch et al. 2012; Yao et al. 2012). However, a
reliable quantification on the impact of climate
change in the Mustang Himalaya is still difficult
due to spatially wide distributed climate stations
with time series frequently spanning only the
most recent decade. Since the available climate
stations are also mainly located in the valley
bottoms, statements for the higher altitudes on
climate change and especially changes in pre-
cipitation remain difficult. For reliable investi-
gations on the ecological and environmental
impacts of climate change, downscaled high-
resolution re-analysis climate datasets are there-
fore indispensable. The recently published cli-
matologies at high resolution for the Earth’s land
surface areas (CHELSA) dataset offers for the
period 1979–2013 a demonstrably well-suited
basis to consider regional changes in temperature
and precipitation together, especially for complex
high-mountain regions like the Himalayas (Kar-
ger et al. 2017).

For the Mustang District, analyses of the
contained temperature datasets indicate a
demonstrable warming trend during the past
decades (Fig. 8.3). In the areas north of the main
ridge of the Himalayan Arc, a trend towards
higher mean annual temperatures (Tmean annual)
during the period 1979–2013 are detectable for
both, the Kali Gandaki valley and the higher
elevations. Throughout the investigation area, the
temperature increase exceeds a value of +0.8 K.
On closer examination, however, it is noticeable
that this trend is even more pronounced in the
northern parts of the Mustang District, where
especially the higher elevations are subject to a
temperature increase of more than +1.0 K.

Maximum values can be seen for the north-
western glacierized mountain ranges of the
Mustang Himal with an increase of the annual
mean temperature of +1.2 K (Fig. 8.3). Interest-
ingly, this substantial temperature increase
especially for the higher elevations is even more
pronounced while regarding the mean annual
minimum temperatures (Tmin annual, Fig. 8.3c)
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and therefore conditions during the winter sea-
son. Highly affected areas with temperature
increases of more than +1.4 K are indicated
especially at the higher elevations in the north-
western and north-eastern parts of the Mustang
District. Such an increase in temperature is in
good accordance with recently reported studies
on elevation-dependent warming in high-
mountain regions (Pepin et al. 2015). Notably,
the trend towards warmer conditions for the
Mustang District even exceeds reported values
for the Northern Hemisphere (Jones et al. 2016,
IPCC 2013).

Along with these changes in temperature, an
analysis of precipitation values in the region
reveals a slight increase and therefore a positive
trend in annual precipitation during the recent
four decades (Fig. 8.4). Although this might
imply a probable general positive effect for the
Mustang District, the maximum increase of
+40 mm/year do not generally lead to more
humid conditions in the semi-arid investigation
area. A major challenge for local agriculture
during the year is the high variability in the
timing when and how rainfalls occur. Especially
during the pre-monsoon season from February to

May, the natural variability of rainfall events
leads to a low predictability and reliability on
rainfall for land-use. Therefore, especially, agri-
culture in the pre-monsoon season is highly
dependent on the constant meltwater supply from
glaciers. Additionally, the analysis of a 10-year
meteorological dataset from Choser/Upper Mus-
tang indicates a substantial shift to a higher
annual variability of rainfall during the last dec-
ade, while the total sum in precipitation stays
more or less constant (not displayed data by the
Department of Hydrology, Nepal). In addition, it
is reported by the local population that rainfall
events more frequently occur as short-term
torrential rains. For the local agriculture, such
changes will lead to a increasing demand and use
of other available water resources throughout the
vegetation period to ensure irrigation, e.g. by
meltwater. However, the expressiveness of the
shown precipitation increase in the CHELSA
dataset must be evaluated with caution. By ana-
lysing the standard deviation (SD) of monthly
precipitation values during the pre-monsoon
season, it becomes evident that especially for
the high elevations, the displayed SD exceeds the
observed positive trend in annual precipitation.

Fig. 8.3 Trends in temperature [in K] for the period
1979-2013 for a Mean annual temperature (Tmean
annual), b mean annual maximum temperature (Tmax

annual) and c mean annual minimum temperature (Tmean
annual). Black dots represent level of significance
(p < 0.01). Data based on Karger et al. (2017)

258 J. Grießinger et al.



From the farmers perspective, this implies that
the monthly expected rainfall, required for the
germination of the seeds may be completely
absent, or can be exceeded by several hundred
per cent. This unpredictable variability once
again underlines the urgent demand for an
independent perennial water supply.

In general, continental mountain glaciers are
responding to changes in annual temperature
increase and variability in solid precipitation
highly sensitive (Wang et al. 2019). As already
reported for other areas of the Greater Himalaya
Region, substantial changes in the extent of the
glacierized areas are also apparent for the Mus-
tang district. Although the proportion of the
glaciated area is compared to highly glaciated
areas of the surrounding mountain massifs of the
Himalayan Arc or the Tibetan plateau signifi-
cantly lower, similar dynamics can be seen. To
analyse regional glacier dynamics, Little Ice Age
(LIA) glacier extents were digitized for 631
glaciers in the Annapurna-Dhaulagiri-Himal and
the northern adjoining Trans-Himalaya landscape
on the basis of Sentinel-2 optical satellite

imagery. Subsequently, obtained results were
compared to the semi-automatic derived glacier
extents of 2018 (Landsat-8 and Sentinel-2), using
the method described in detail in Meier et al.
(2018) (Fig. 8.5a). Uncertainty values were cal-
culated by applying a buffer to the glacier outli-
nes of ± 30 m and ± 15 m, respectively.

As a result, it can be seen that since the end of
the LIA the glacierized area in the investigation
area was reduced from 1,707 ± 134 to
1,023 ± 62 km2, clearly indicating a total area
loss until 2018 of approximately 680 km2

(−40%). The larger valley glaciers (>10 km2)
descent primarily from the Annapurna, Dhaula-
giri and Peri Himal at an averaged elevation of
7,000 m a.s.l. The relative area loss of these large
glaciers, often covered by debris, is by compar-
ison less than for the small glaciers (Fig. 8.5b).
Especially the glaciers located in the Trans-
Himalaya, e.g. in the Mustang Himal with
smaller and lower-elevated catchment areas,
display the highest percentage loss in the inves-
tigation area. In total, 100 glaciers have already
completely disappeared since the LIA, of which

Fig. 8.4 a Mean annual rainfall distribution and b trends
in mean annual rainfall in the Mustang District for the
period 1979-2013. Black dots represent the 0.95 level of

significance. c Standard deviation of the monthly precip-
itation values for the pre-monsoon period averaged for the
period February-May. Data based on Karger et al. (2017)
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95 were located in the semi-arid area north of the
ADH. On average, over 300 glaciers covering an
initial area of less than 1 km2 during the LIA
have lost almost 80% of their surface area. This
striking fact of more rapidly shrinking small
glaciers can be detected also on a global scale
(Meier et al. 2018; Paul et al. 2004). For 430
glaciers of the Mustang Himal and Trans-
Himalaya, the glacier hypsometry was calcu-
lated in intervals of 50 m. The most pronounced
area loss occurred at elevations between 5,500
and 6,000 m a.s.l. which accounts to almost 85%
of the total reduced glacier area (Fig. 8.5c).
Moreover, it is clearly evident that a major por-
tion of the currently glacierized area covers a
height range of only a few hundred metres. For
these rather flat glaciers (averaged elevation
range of 350 m), an increase in temperature
poses a serious threat, as the accumulation area
ratio can change significantly. During the
warmest quarter, the 2 °C isotherm rises to
almost 6,000 m a.sl. as deduced from the

CHELSA data (c.f. Fig. 8.5c). The temperature
trend within the study area clearly represents an
elevation-dependent warming and reveals an
increase in temperature within the glacierized
elevation of +1.25 K. The interplay of a low and
highly variable precipitation amount during the
major period of snow accumulation and gener-
ally increasing temperatures is persistently
endangering the glaciers as one of the main local
water reservoirs (Bajracharya et al. 2014;
Manandhar et al. 2012). The first utilizable
optical satellite imagery from the Landsat Mis-
sion in 1976, covering the study area, allows a
multi-temporal comparison of the glacier extent
supplemented by the decadal inventories of
Bajracharya et al. (2014). The six-time segments
up to 2018 reveal for the glaciers located at the
north-western catchment of the Kali Gandaki a
steady and ongoing glacier retreat (r = −0.98)
without phases of prolonged stagnation or prob-
able glacier re-advances. This demonstrably
suggests that the glaciers in the investigation area

Fig. 8.5 a Glacier change and b relative change in
glacier size between Little Ice Age and 2018. c Glacier
hypsometry of the Trans-Himalayan Mountain Glaciers

and averaged elevation-dependent warming derived from
a CHELSA (Karger et al. 2017) trend analysis and
SRTM-DEM
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are unequilibrated and significantly respond with
pronounced area losses to the reported warming
trend.

8.4 Potential Impacts of Climate
Change on Local Land-Use
Systems and Communities

The illustrated substantial changes in climate and
corresponding responses of glaciers accompanied
with changes in the meltwater supply already
endanger the survivability of local communities
in the Mustang district. As reported by Sherchan
(2019) for the Dhye village in the Upper Mus-
tang, government-controlled re-settlements into
areas with perennial water supply (like river
terraces of the main tributaries) are already taking
place. As the main driving key, climate change
induced alterations resulting in a coupled effect
of (i) a substantial loss of pasture areas for live-
stock (Paudel and Andersen 2013) combined
with (ii) a massively reduced water availability
during the vegetation period for irrigation are
postulated. Although a profound scientific

evaluation for the reasons of the severe decrease
in water supply is lacking, similar challenges can
also be observed for settlements further south
like Kagbeni and Muktinath in the Dzon Chu
catchment (Fig. 8.6).

In comparison with other areas in the Mustang
district, the amount of the glaciated areas in the
Dzon Chu catchment is significantly lower (c.f.
Fig. 8.5). As displayed in Fig. 8.6, the few local
glaciers are mainly draining eastwards into the
Marsyangdi River (and the Manaslu-Himal).
Interestingly, the glacier area feeding the Dzon
Chu River amounts to only 2.7 km2. This con-
trasts with the relatively high percentage of
agricultural areas with more than 4 km2 sur-
rounding the main settlements of Kagbeni and
Muktinath. It must be therefore noted that the
river runoff of the Dzon Chu cannot be based
solely on meltwater of the glaciated areas.
Rather, a complex interaction of meltwater from
bare and debris-covered glaciers and visually
proven permafrost occurrences (rock glaciers)
must be assumed. However, the quantification of
the proportion of the latter must remain open
within the initial framework of this study.

Fig. 8.6 Overview of the Dzon Chu catchment (black
outline) including housing areas (red areas) and agricul-
ture areas (green areas) of the main settlements Kagbeni

and Muktinath. Blue lines: main river systems and
associated tributaries. Glaciated areas are displayed in
grey colour
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Especially the agricultural areas around the
settlement of Kagbeni are an example of a highly
customized, small-scale system of fully
irrigation-based agriculture within the dry high-
alpine environment. An impressive system of
687 small, interlaced irrigated fields with a total
area of 0.31 km2 are pervaded by a complex
system of irrigation channels with a total length
of around 10 km (Fig. 8.7).

During the recent decades, own surveys as
well as investigations by Lama and Job (2014)
verify substantial changes in the cultivation of
new crop plants, both in Kagbeni as well as in the

other surrounding settlements like Muktinath or
Ekklebathi. In the period from 1992 to 2018, the
areas (mixedly) cultivated with apple trees
increased by 20%. With regard to the stated
comparatively low water resources fed by gla-
ciers, this is in view of the increased water con-
sumption through apple farming particularly
surprising. However, the threat of a potential
general water shortage (even outside the vege-
tation period) is not limited to irrigation farming
solely. Simultaneously, the number of new
buildings with touristic background (lodges,
hotels) drastically increased. While in 1992

Fig. 8.7 Map showing the agricultural areas in the
settlement of Kagbeni, including location of irrigation
channels and buildings. Inlay picture is showing an

overview from the east on the alluvial fan of the Dzon
Chu with the settlement of Kagbeni
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Kagbeni only five hotels/lodges existed, a survey
of the touristic infrastructure in 2018 already
reveal a number of 30 hotels and twelve
restaurants.

The underlying reasons are complex and
manifold. As indicated by Lama and Job (2014),
the number of tourist arrivals in the
Kagbeni/Muktinath area increased since 2007
with an average annual growth of 38%. This can
be directly linked to the construction and role of
the Annapurna highway (Fig. 8.6) leading to a
general better accessibility of the Mustang Dis-
trict for tourists as well as pilgrims. As a con-
sequence, the number of tourist infrastructure
like hotels and lodges in Kagbeni and Muktinath
increased significantly, resulting in an excessive
demand on drinking water. In addition, road
connectivity intensified the socio-economic
linkage between local (agricultural) economy
with sales markets situated downstream. As sta-
ted by Lama and Job (2014), the traditional,
subsistence-based scope of local agriculture have
already and probably will further change into a
more market-orientated system. This can already
be corroborated by own surveys during the recent
decade verifying the increasing cultivation of
new crops that require more water during ger-
mination and/or growth, such as fruit tree plan-
tations (mainly apple) with cover crops or maize.
Increasing tourism is accompanied by an inten-
sified demand for meat and therefore a high
number of livestock. Over 90% of the house-
holds in the village of Kagbeni are engaged in
livestock rearing and possess a total of 7,000
cows, yaks, mules and goats (Koirala and Shresta
2017). The meat of the latter is frequently con-
sumed in hotels, representing a rare source of
income to the rural population. In consequence,
goats account for the largest proportion of live-
stock population (80%) and are fed in stables
with by-products of crop production and in
combination with grazing during the warm
summer season (Koirala and Shresta 2017; Pau-
del and Andersen 2013). However, rangeland
vegetation is also threatened by a declining trend
of snow cover, influencing the soil moisture and
water availability for pasture (Paudel and
Andersen 2013). This, in turn, is leading to

higher demands of agricultural by-products as
fodder, e.g. through an enhanced maize
production.

8.5 Conclusions

During the recent decades, the Mustang district
was like many areas in the Greater Himalaya
Region subject to a profound climatic change. In
addition to a significant increase in temperature,
this is also reflected in a closely related decrease
of the glaciated area. The glacier retreat can
verifiably be observed since the LIA but is still
demonstrably persistent for the past four decades
(1976–2018). This results in substantial changes
to the numerous (perennial) creeks and rivers
originating from glaciers in the higher elevations,
which are in turn in large parts of considerable
importance for local agriculture. In particular, a
steady water supply by glacial meltwater is
necessary during phases with highly variable or
missing rainfall, e.g. during the spring and/or
early summer season when sowing and germi-
nation of the crops take place. To that extent, this
has already and might in the future lead to
enhanced critical implications for the irrigation-
based agriculture in the Mustang district. How-
ever, the increasing pressure on local water
resources in this semi-arid region is for some
settlements not solely caused by climate change
and its corresponding impacts on local hydrol-
ogy. Furthermore, a concurrent profound and
complex socio-economic change associated with
a higher consumption of (drinking) water leads to
an increasing competition and overuse of local
water resources. This is mainly driven by
(i) newly introduced and increasingly cultivated
crops (apple, maize), (ii) a substantial increase in
water consumption by new infrastructure for the
significantly increasing numbers of tourists and
pilgrims and (iii) a significantly improved
infrastructural connectivity of the region through
the recently finished Annapurna highway which
connects the Mustang District with the Kath-
mandu Valley and the Terai. A thorough man-
agement between the diverging interest of the
irrigation-intensive agriculture, the changes into
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a new market-orientated agriculture and the
parallel increase of a water-consuming tourism
infrastructure will be one of the most important
challenges for the adaptation to climate change in
this region in the upcoming years.
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9Glaciers, Climate and People:
Holocene Transitions in the Stubai
Valley

Andrea Fischer, Lucia Felbauer, Andrina Janicke,
Kay Helfricht, Helene Hoffmann,
and Eva-Maria Wild

Abstract

The Austrian Stubai Valley starts at the modern
transport monument of the Europa bridge of the
A13, the lowest motorway crossing of the Alps
and ends way back at the ice-covered peaks of
the main Alpine ridge. The glaciers released the
valley floor of today’s main villages during the
Early Holocene, but natural processes still are
major macro-drivers of the valley’s economic
development. The steepness of the slopes
necessitates warning systems, technical barriers
to prevent avalanches and mudflows, as well as
land use planning. These are the major strategies
for coping with the omnipresent natural hazards,
which have shaped the valley landscape for
centuries. The article presents a broad overview
of glacier development and also compiles a
wealth of existing studies on past and present

processes from the Early Holocene to the
Anthropocene. The synopsis reveals that the
effects of climate change and extreme events
cannot be anticipated or discussed without a
profound debate of cultural practices in the
various societies and that a story of transitions
underlies the nearly continuous land use in the
area during the last millennia.

Keywords

Climate warming � Global change � Mountain
region � Stubai � Holocene

9.1 Introduction

Mountain regions are under pressure from global
climate change—yet a considerable part of
humanity relies on ecosystem services provided
by mountain regions. The United Nations Orga-
nization (UNO) accounts for the crucial role of
mountains and their vulnerability by mentioning
mountains explicitly in its 2030 Agenda (UNO
2015). Mountains are acknowledged as important
sources of water, energy, biodiversity and key
resources, such as minerals, forest and agricul-
tural products and recreation. Research on related
topics is an explicit aim of related actions,
building on past mountain research (e.g. Messerli
2012; Price et al. 2013).
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Human impact on environmental transforma-
tions is a central topic of Anthropocene research
(e.g. Whitehead 2014). In addition to the current
focus on the global framework of transformation
towards a sustainable society, mountain research
had and still has a second focus on the detection
and attribution of transitions. Research on tran-
sitions includes prominent features like geomor-
phological processes as well as sociocultural
transitions.

Mountains generally are recognized as sen-
tinels of change, with higher change rates than in
other regions (IPCC 2013). The Alps thus play a
key role for research to develop process under-
standing and models, as the shifting baselines
can be tackled most precisely on the basis of a
rich pool of natural scientific and socio-economic
data.

From the perspective of system science,
complex human-environment system changes
cannot be attributed easily to either external
forcings or internal feedbacks. A considerable
part of the forcings includes chaotic dynamic
subsystems, for example, short-time-scale local
weather phenomena or multicausal mass move-
ments. A general rule like that increases in pre-
cipitation come along with an increasing number
of extreme events can present great variability in
observations in small catchments, so that the
observation period needed for valid statistics
might be longer than the existing dataset. Nev-
ertheless, the study of past processes and prac-
tices in a small region can deliver highly
important insights not only for system switches,
but also on vulnerability and resilience of such a
complex system.

This study compiles various recorded states of
the man-environment system in the Stubai valley
during the Holocene from a transdisciplinary
perspective. The reason for doing so is not the
development of a generally valid unified theory
of all kinds of interaction between man and
environment, but rather to step back behind dis-
ciplinary framings and defining small subsystems
to ‘glimpse the dappled world of mottled objects’
(Cartwright 1999) as a first step towards an open
transdisciplinary scientific debate on potential
future system states and their implications. As a

general hypothesis, transitions are considered
multicausal and non-linear responses of man-
environment systems. Necessarily, for this first
step, framing is avoided as far as possible. This
includes avoiding an a priori classification of
‘causing’ and ‘resulting processes’.

The study area is defined to be within the
present political district of the four communities
in Stubai valley, part of the district Innsbruck
Land since 1869 AD. Historically, this area is
roughly the same as the Gericht Stubai (after
1326 AD) located initially in Telfes and, from
about 1690 AD onwards, in Mieders (including
the neighbouring community of Ellbögen).

9.2 Study Area

The Stubai valley close to Innsbruck offers an
excellent playground for studying Holocene
transitions and transformations1 up to now. The
valley is located in Tyrol, Austria, and has a long
tradition of research, as its start is only about
10 km south of the University of Innsbruck. The
Stubai valley, first mentioned between 994 and
1005 AD (Töchterle 1991), hosts the five com-
munities of Schönberg, Telfes, Mieders, Fulpmes
and Neustift (Fig. 9.1). Their physical and socio-
economic structure is diverse and also has been
in the past. This ranges from the glacier ski resort
of Neustift with 1,000,000 arrivals per season to
the traditional metal industry village of Fulpmes,
economic bases reflected in both villages by a
higher rate of non-Austrians in the working
population (Fig. 9.1).

The valley is 34 km long (north-east oriented)
and covers an area of 317.7 km2 and an altitude
range from 662 to 3488 m a.s.l. Glacial history
of the area has been subject to very early studies,
with the stadials Egesen and Fernau named after
type localities in Stubai (e.g. Kinzl 1929, 1949).
Human activities in the valley have been traced
back to 8250 ± 40 BP (Schäfer et al. 2016). The
traditional Brenner road as lowest pass over the

1In this study, the term transformation is used for changes
caused by an intentional and active intervention, other
changes are termed transitions.
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Alps crosses Schönberg at the entrance to the Stubai
valley, and today the Europa bridge of the A13
motorway offers direct access to the Stubai valley.
More recent research covers the topics of tourism
(Kariel et al. 1993, 1989; Scharr and Steinicke
2011; Fischer 2014), climate (Patzelt 2016; Ilya-
shuk et al. 2015; Feng et al. 2019), ecosystems

(Frank et al. 2015; Leitinger et al. 2015; Bahn et al.
2014; Fondevilla et al. 2016) and glaciers (Fischer
et al. 2015). Intensive research was done on snow
management and glacier covers (e.g. Fischer et al.
2016). The LSTER site Tyrolean Alps with LTER
master site Stubai fosters not only ecological, but
also trans- and interdisciplinary research.

Fig. 9.1 Map of stubai valley with the five communities:
Schönberg im Stubaital, Telfes, Mieders, Fulpmes and
Neustift im Stubaital, with the respective age distribution
of inhabitants by age classes and nationality. 1. Dresdner
Hütte, Oberfernau, 2. Europabrücke, 3. Freigerferner, 4.
Gleins, 5. Gratzergrübl, 6. Grawa, 7. Grüblferner, 8.

Koppeneck, 9. Mutterberg, 10. Stephansbrücke, 11.
Sulzenauferner. Orthophoto 2015, DEM for the calcula-
tion of contour lines of elevation (grey lines) and borders
(red lines) provided by the federal government of Tyrol
(data.tirol.gv.at), population data: Statistik Austria
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9.3 Material and Methods

In this section, only the specific methods applied
in this study are described in short, without a
broader summary of the state of the art in the
field. A more extensive treatment of methods and
the respective state can be found in the cited
papers and references herein.

Glacier extent has been mapped manually in
the glacier inventories based on orthophotos for
1969 and 1998 and LiDAR data in 2006 (Fischer
et al. 2015). Newest data was mapped from the
federal laser scan DEMs in 2017, tackling glacier
margins using hillshade and volume change. The
glacier extent during past maximum states (Little
Ice Age, Egesen, Daun, Gschnitz) is mapped by
tracing the remnants of moraines from the
LiDAR DEM. The late glacial glacier extent was
mapped from moraines visible in the laser scan
DEMs and DTMs from 2006, including basic
ideas of Senarclens-Grancy (1938), Kinzl (1929,
1949) and personal communications with Gernot
Patzelt (Patzelt 2019). Rock glacier extent has
been mapped manually by Krainer and Ribis
(2011) based on field surveys, orthophotos and
LiDAR DEMs. LiDAR DEMS have a very high
spatial resolution (*1 m depending on eleva-
tion) and high vertical accuracy (*cm to dm
depending on slope), so that these are helpful in
mapping human traces in landscape, as past
roads or paths.

The long-term instrumental climate data of the
station Innsbruck University has been homoge-
nized (Auer et al. 2007) to correct for the bias
caused by changes in observation method,
observer and relocations of the station. Climate
information from the Oberfernau bog can be
deduced by radiocarbon dating of organic mate-
rial and palynological analysis (Patzelt 2016).

Archeological findings as artefacts (Krösba-
cher 2004) or fireplaces (Patzelt 2013) are an
empirical evidence for human presence in the area.
Later on, historical documents and statistics (e.g.
Staffler 1842) give information on the demogra-
phy and socioeconomy. Latest statistical data is
collected by the institute of Statistics Austria. In
contrast to the first maps of the study area which

had the purpose to support travellers, the federal
maps from 1817 onwards had also a military
strategic aim and described roads, settlements and
population as well as horses (for military use) very
detailed. Data on past transport of toll goods are
found in historical collections of toll books (Stolz
1955). Modern traffic data is collected by national
and federal statistical offices.

Two chronologies of natural disasters have
been compiled in recent decades from different
perspectives: Fliri (1998) compiled events from
the perspective of climatology, Jäger (2010) from
the historical perspective, including a view on the
general developments and socio-economic
situation.

9.4 Results

9.4.1 Glaciers and Rock Glaciers

Glaciological research in the Stubai valley started
later than in the neighbouring Ötz valley, but still
became very famous during the area of ice age
research (Diluvialforschung). Systematic mea-
surements of glacier fluctuations started with the
glacier survey of the Austrian Alpine Club in
1891 (Fischer et al. 2018). In 2017, the 52 gla-
ciers in the Stubai valley cover an area of
18.8 km2. This is only 41% of the glacier area at
the end of the Little Ice Age (Fischer et al. 2015,
Figs. 9.2 and 9.3). The GI3 glacier volume cal-
culated for all glaciers in the Stubai valley is 0.88
km3, which corresponds to a mean ice thickness
of 39 m and a share of 6% of the estimated total
glacier volume for Austria (Helfricht et al. 2019).

After the disintegration of the large glaciers of
the last ice age, the mild interstadial conditions
were interrupted by the cold reversals of Older
(Gschnitz and Daun stadials) and Younger Dryas
(Egesen stadial), when glaciers covered a major
portion of the Stubai valley (Table 9.1).

The recent data from 2017 exhibits an
increasing annual area loss (which is calculated
for latest periods only, as advances in the 1920s
and 1980s and long measurement periods hamper
a straightforward interpretation of annual rates).
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Current warming leads not only to rapid los-
ses of glacier length and area, but also to changes
in the geomorphology of the glacier, which
increases its sensitivity to climate change
(Fig. 9.4). In the periglacial area, new lakes

form. Currently, the largest one at Sulzenauferner
still has contact with the dead ice from the
recession of Sulzenauferner above a steep ridge.
A partial release of water has been reported for
the extreme precipitation event of 10 August

Fig. 9.2 Glacier areas for the different time periods in Table 9.1. The Orthophoto 2015 and the DEM for the
calculation of contour lines of elevation and borders provided by the federal government of Tyrol (data.tirol.gv.at)
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2017, damaging infrastructure at the Sulzenau
hut.

In 2011 Krainer and Ribis mapped 114 rock
glaciers in the Stubai valley with a total area of
7.0 km2. Only 21 of them are still active, cov-
ering 2.8 km2. Most rock glaciers (60) can be
classified as fossil, covering approximately the
same area as active rock glaciers (2.7 km2).
There has been a scientific debate on thawing
permafrost as one of the causes for debris flows
during an extreme precipitation event in the
Mischbach basin (Reiskopf 2018), with the result
that permafrost in the basin in significant amount

is only likely in the uppermost parts of the basin.
Nevertheless, the existence of permafrost cannot
be ruled out in the light of observed ice build-up
in early summer at a talus slope on the valley
floor south of Neustift (Wakonigg 1996; Punz
et al. 2005).

Even if the rock glacier area today is much
smaller than the glacier area, the significance of
these features for human land use cannot be
neglected, even apart from being a potential
source for natural disasters. For example, the
rock glacier in Gratzergrübl/Pinis valley
(Fig. 9.5) has favoured the use of alpine pastures

Fig. 9.3 Dresdner hut (founded in 1875 as first Alpine
hut in the Stubai valley) as drawn by Gatt (1878) with
Fernauferner and Schaufelferner. In 2018 (photo: Andrea
Fischer), glacier tongues have receded to higher

elevations, with parts of Schaufelferner still visible.
Within the former moraines, ski slopes (with snow-
making facilities) have been constructed. In 2018, the hut
has 140 beds

Table 9.1 Glacier cover in the Stubai valley for different stages during the Holocene. The dates for Egesen, Daun and
Gschnitz stadials are taken from the Auer et al. (2014). Ivy-Ochs et al. (2008) differ slightly in the time frame, mainly
for the Daun stadial (<14.7 kyr). In the light of the local variability of advances, as evident from modelling results of
Seguinot et al. (2018), timing in the Stubai valley might differ by an unknown period in the absence of direct datings

Glacier
inventory

Approx.
time

Glacier
area

Area
loss

Area
loss

Annual area
loss

Portion of
valley

km2 km2 % % %

GI5 2017 AD 18.840 3.985 17 1.59 6

GI3 2006 AD 22.826 1.886 8 0.95 7

GI2 1998 AD 24.711 3.592 13 0.44 8

GI1 1969 AD 28.303 17.416 38 9

LIA 1850 AD 45.719 35.369 44 14

Egesen 10,500 BC 81.088 16.061 17 26

Daun 13,000 BC 97.149 110.939 53 31

Gschnitz 14,500 BC 208.088 66
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by providing easy construction material for
shelters and fences as well as water. Nowadays,
the pasture buildings are no longer used, the last
ones were abandoned during the twentieth cen-
tury. In addition to water resources, the generally
changing cultural practices of land use might
have played a role as one of the reasons to start
cultivating land in the vicinity of prehistorical
and historical mining activities at Glücksgrat.
A vicinity of glacierized landforms and prehis-
torical meadows has been also documented by
Patzelt (2013).

9.4.2 Climate Change

The longest instrumental record of climate
change in the vicinity of the Stubai valley was
initiated at the University of Innsbruck by Franz
Zallinger, starting as early as 1777. Later on, the
Central Institute for Meteorology and Geody-
namics established a weather station in
Neustift/Milders (2004), the Hydrographical
Survey of the Federal Government in Tyrol
established stations in Schönberg in 1895 AD,
Neustift Volderau in 1947 AD, Telfes in 1958

Fig. 9.4 Glaciers in Stubai not only lose area, but also
disintegrate, forming geomorphological features like
circular crevasses and increasing debris cover. In the

periglacial areas, new lakes form, here at a Freigerferner
b Sulzenauferner c Grüblferner and Aperer Feuerstein-
ferner (photos Andrea Fischer)
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AD and at the Dresdner hut in 1978 AD. The
runoff gauges at the river Ruetz in Krössbach
dating from 1990 AD and Fulpmes established in
1974 AD record the variability of the glacier-fed
river Ruetz. Groundwater level is recorded at
four stations in Neustift (https://ehyd.gv.at/). At
the LTER sites in the valley close to Neustift and
at Kaserstattalm, additional stations are main-
tained for ecological studies (https://deims.org/
node/6262).

The homogenized instrumental data at Inns-
bruck (Auer et al. 2007; https://www.zamg.ac.at/
histalp/) shows strongest temperature increases
after about 1980 during summer months
(Fig. 9.6). In general, variabilities in seasonal
temperatures are higher than for annual mean
temperature, and variability in precipitation is
higher than in the temperature records. There-
fore, temperature trends are more straightforward
to tackle statistically, whereas long-term

precipitation changes lack quantification. Snow
height records also show high variability (Fischer
2014), without a clear trend in either height or
duration of snow cover at the Dresdner hut
station.

A general question is the impact of climate on
human activities in a specific area. For weather
events like heavy precipitation or extreme
snowfall events, the vulnerability of the people
living in the area strongly depends on cultural
practices and land use, which changed signifi-
cantly even during the last century. The proba-
bility of a statistical ensemble of extreme weather
events occurring is clearly linked to general
atmospheric circulation patterns and thus to cli-
mate and climate change. The smaller the scale
and the sample, the less clear is the link. For
example, the frequency of flood events during the
cooler, but very variable LIA shows no clear
connection to the temperature changes within

Fig. 9.5 Past huts of the alpine pasture in Gratzergrübl is
located directly at the headwall of a now inactive rock
glacier. Today, the active rock glacier on top does not
feed a spring at the location of the hut. The pasture is
confined by late glacial lateral moraines, which facilitated

the construction of stone fences. Orthophoto 2015, DEM
for the calculation of contour lines of elevation provided
by the federal government of Tyrol (data.tirol.gv.at),
photos Andrea Fischer

274 A. Fischer et al.

https://ehyd.gv.at/
https://deims.org/node/6262
https://deims.org/node/6262
https://www.zamg.ac.at/histalp/
https://www.zamg.ac.at/histalp/


LIA (Auer et al. 2014). For a natural disaster to
occur that affects local society and economy, a
number of conditions and phenomena must come
together: a weather event, plus, for example,
direct or indirect impact on important infras-
tructure and a lack of resilience towards the
impact, for example when damages cannot be
repaired due to missing resources. In any case,
small-scale weather events like extreme precipi-
tation during thunderstorms or heavy snowfall
are not very well represented even in the current
measurement system, so that geo- and historical
chronologies often provide better information for
analysing natural disasters and their impacts. For
example, the summer of 2003 was clearly
extreme in terms of summer temperatures, but no
direct damages have been reported as a result of

these meteorological extremes. The debris flows
of 2017 have occurred in a basin without mete-
orological measurements and are recorded in
runoff data and reports only. Apart from large-
scale events like droughts or extreme precipita-
tion resulting from stationary atmospheric flows
(blockings), events with a smaller spatial range
often occurred and still occur unrecorded even by
modern measurement systems. This is a major
scaling problem, not only in hydrology, but also
for mass movements or avalanche activity, and a
tremendous gap of knowledge for coping with
future climate change in mountain regions. Only
much stronger interdisciplinary effort can help to
increase our knowledge of the past to have an
idea on baseline and variability for reserving
necessary resources in time.

Apart from instrumental data, the Stubai val-
ley offers rich data and potential for additional
proxy datings of climate and climate changes.
For example, the Oberfernau bog close to today’s
Dresdner hut contains one of the most complete
and long chronologies of glacial and biotic
response to climate change. Located next to the
LIA lateral moraine of Fernauferner (Fig. 9.7),
glacial sediment deposits and peat layers docu-
ment warm and cold periods for at least from
8000 BC onwards (Patzelt 2016). The large logs
found after erosion by an extreme precipitation
event in 2017 date back to 7570–7440 BC
(VERA-6546) and are located directly above the
lake sediment that forms the lowest part of the
profile analysed by Patzelt (2016).

9.4.3 Population and Settlement
History

Evidence for human activities in the Stubai val-
ley exists for the major part of the Holocene
(Fig. 9.8 and references therein). Mesolithic and
Neolithic artefacts have been found in the inner
and higher part of the valley. Later and younger
findings concentrate in the outermost part of the
valley and document great continuity of human
activities there. Pre-Roman and Romanic place
names are found all over the Stubai valley
(Fig. 9.8). Mining activities took place at high

Fig. 9.6 Instrumental climate data (seasonal means of air
temperature, sums of precipitation and sunshine duration)
measured at the station at Innsbruck University. Year…
annual mean/sum, JJA… mean/sum for the summer
months June, July and August, DJF …. mean/sum for
the winter months December, January and February
(Source www.zamg.ac.at/HISTALP)
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elevations throughout the valley (Srbik 1929),
but were not very productive in historical times.
Nevertheless, they may have played a role in
earlier times for the development of a hammer
mill industry. Place names like Silbergasse,
Schmelzgasse, Schmelzhüttengasse and Arz-
gruben hint at mining activities. Great amounts
of charcoal needed for smelting and forging was
also produced in the valley.

The cultivation of Grawa pasture (Fig. 9.1),
located south of Tschangelair pasture (a Romanic
name, older spelling: Schöngeleir) was dated to
420–560 AD (95.4%; VERA 6480). A charcoal
layer with a similar age (545–742 AD) was found
in Schaufelferner ice cave. For Gleins, the cul-
tivation of the pasture can be dated back to 990–
1160 AD (95.4%, VERA-6068), which is con-
sistent with historical documents.

Fig. 9.7 Oberfernau bog with the tree eroded (white
square) during the extreme precipitation event in August
2017. At the base of the bog, the light grey sediment
accumulated during the existence of the lake which

drained after the rock dam leaked, so that upper parts of
the bog might even show a longer record of organic
material. Today the timberline is a bit lower than the bog,
which could be attributed to sheep grazing in the area
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Population data (Table 9.2) show a general
increase in population in all communities of
the valley, most pronounced from the 1970s
onwards. Strongest recent increases are in

Neustift and Mieders. Neustift is the only
community where the population shrank in the
first period (until 1869).

Fig. 9.8 Archeological evidence (summarized by Krös-
bacher 2004), historical mines (Srbik 1929), place names
related to mining activities, fireplaces related to pastures

(Patzelt 2013) and Romanic names (Töchterle 1991).
Hillshade and borders provided by the federal government
of Tyrol (data.tirol.gv.at)
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9.4.4 Traffic

Roads are a physical sign in the landscape of
interaction between people and provide historical
information in maps and toll books. For prehis-
toric travel routes, artefacts can provide clues.
Rich data are available for the outermost part of
the Stubai valley, as part of the Brenner Pass
road is in the community of Schönberg. Radio-
carbon datings of fireplaces at the ridges of
Koppeneck (560–400 BC, 78.5%, VERA-6211)
and Gleins (60–240 AD, 95.4%, VERA 6143)
can very likely be seen in the context of the early
Brenner route. Both places provide drinking
water and ponds. The summit of Koppeneck also
offers a preview of the further route to Innsbruck.

Potentially the first paved road was built
under Claudius in 46/47 AD and was improved
in 192–215 AD under Septimus Severus and
Decius (250 AD), with milestones in Schönberg
and Unterberg.

We can assume a fairly continuous history of
improvements at this steepest part of the Brenner
road. A new, less steep route installed in 1582
and 1584 was damaged in 1776 by a debris flow.
In 1842 the Stephansbrücke was opened over the

river Ruetz. In 1867 AD, the railway to Bolzano
was introduced, followed in 1904 by the
Stubaitalbahn connecting Fulpmes and the
industry there with Innsbruck main station. In
1963 the Europa bridge of the A13 motorway
was opened, with a direct exit to the Stubai
valley.

From an economic point of view, traffic
brought some prosperity directly related to the
transportation of goods: For the steep parts of the
road, additional horses were needed that could be
borrowed in Schönberg and Unterberg. Accom-
modation, catering and maintenance stations
brought revenue and still do. Recently, some
businesses along the Brenner road, mainly
accommodation facilities (Schönberger Hof and
others), closed down, as travellers tend to avoid
the negative impacts of traffic (noise).

In 1734, most of the transport took place in
the winter months and in early summer, when
horses were available (Stolz 1955). Available
data (Table 9.3) suggest an almost continuous
increase in traffic and the volume of goods
transported over the Brenner, apart from reported
decreases caused by wars (Stolz 1955) or recent
economic slowdowns. The modern roads seem to

Table 9.2 Population
dynamics in the
communities of the Stubai
valley (*1839: Staffler
1842, all other years:
Statistik Austria)

Population Fulpmes Mieders Neustift Schönberg Telfes

1839* 954 482 1357 283 519

1869 (31.12.) 1028 448 1241 273 502

1880 (31.12.) 1102 399 1265 264 468

1890 (31.12.) 1079 395 1217 247 474

1900 (31.12.) 1159 390 1238 273 444

1910 (31.12.) 1384 449 1344 454 458

1923 (7.3.) 1577 440 1372 492 506

1934 (22.3.) 1624 492 1646 430 559

1939 (17.5.) 1648 503 1805 406 552

1951 (1.6.) 2068 697 2018 556 686

1961 (21.3.) 2282 587 2195 590 649

1971 (12.5.) 2582 702 2794 668 987

1981 (12.5.) 2973 952 3307 782 1069

1991 (15.5.) 3611 1163 3791 916 1192

2001 (15.5.) 3895 1592 4328 1000 1369

2011 (31.10) 4183 1752 4557 1007 1476

278 A. Fischer et al.



have reached the limits of capacity, construction
work on a railway tunnel is under way.

Not only the quantity, but also the type of
transported goods varies considerably (Fig. 9.9).
In 1627, wine and vinegar are the main goods
transported over the Brenner pass, at least among
products subject to tolls (timber, for example, was
exempt from toll at that time and thus not recor-
ded). Some types of goods from the breakdown
for 2015, such as furniture or waste, are missing
from the lists of goods for 1627, potentially not
only because they have not been subject to tolls,
but because it made no sense to transport these
types of goods within the past economic system.
For 1779, Stolz (1955) lists metal products,
tobacco, sugar and leather as additional product
groups. Although there is a slight chance that toll-
free products went unrecorded, limited transport
capacity and cheaper manpower will have meant a
preference for locally produced items, for example
furniture or even energy, of course at much lower
levels of consumption than today.

The road itself changes with adaptation to the
geomorphological situation, but also to vehicle
requirements. In recent centuries, the steepness
of roads was softened, the width increased and
the road surface improved. This increased bot
costs and effort for construction and maintenance
as well as the potential vulnerability. The road
segment between Unterberg and Schönberg,
Stephansbrücke and Europabrücke illustrates the
effort undertaken in the twentieth century, in
contrast to earlier routes. The actual primary
Brenner road (opened in the 1840s) runs along
the steeper eastern face (Fig. 9.10).

The changes in the roads close to Gleins
exhibit various mechanisms of transition/
transformation of anthropogenic systems
(Fig. 9.11). Today Gleins is a part of Schönberg
and the modern road only leads there. Histori-
cally, Gleins also had strong links with Mieders
and belonged to the parish of Mieders. Older
roads thus lead to Mieders as well as Schönberg.
The modern road is built on the eastern slope,
whereas all older roads are on northwestern or
southwestern slopes. On top of the ridge, close to
today’s community boundaries, an old path leads

towards the Brenner. In contrast to today’s route,
this path is steeper but less endangered by debris
flows, rockfall or avalanches. With foehn winds a
frequent occurrence, winter snow is deposited on
the lee side, with erosion and very low snow
heights directly on the ridge at the old route. When
the Brenner road was blocked by debris flows in
September 2017 and October 2018, the old path
remained undamaged. Being too steep for modern
traffic, the old path fulfilled a requirement which
had been very important in earlier history: A
number of springs and small ponds offer water for
travellers and pack animals. A good view of the
area might be of strategic advance at the beginning
of the road. Older routes connect a number of
remnants of charcoal stacks with the communities
in the valley, indicating economic exchange with
industries there. As this type of business collapsed
once cheaper coal could be imported by railway,
roads were also closed down.

Travel times shrank rapidly during the last
century. The Baedeker travel guide of 1888
(Baedeker 1888) lists different types of vehicles
travelling twice a day to Fulpmes (4.5 h) or a
hike of 3.5 h to the same location along the river
Ruetz. The further path through the villages is
described in great detail (cross the river and the
forest, turn around a rock …) to Neustift (1.5 h),
Volderau (1.25 h), Ranalt (1.25 h) and 2.25 h to
Mutterbergalm. As touristic infrastructure is
recommended, we can assume that travellers did
take breaks over overnights during this trip. In
Baedeker (1912), the travel Innsbruck/
Mutterberg sounds less adventurous, as the
Stubaitalbahn railway could be used to travel to
Fulpmes in 1 h (same travel time as in 2019).
Travelling by railway is described as spectacular.
From Fulpmes the guide recommends taking a
vehicle to reach Neustift within 1 h, Volderau
within another 1.5 h and 0.25 h to Ranalt. This
still was the end of the road—until in the 1970s,
the road to the glacier ski resort was built. In
2019, the quickest bus takes about 1 h from
Innsbruck main station to Mutterberg, where the
cable car can take you up to the Dresdener hut in
about 10 min. In recent years, traffic jams have
increased travel times by car.
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9.4.5 Land Use

Land use in Stubai is changing constantly.
211.777 km2 or two-thirds of the total area of
Stubai (317.660 km2) is protected. Forests and
alpine pastures are major forms of land use, with
settlements and transport infrastructure account-
ing for only 2% of the total area. The ski resorts
(Schlick 2000 in Fulpmes, Serles lifts in Mieders,
Elfer lifts and Stubai glacier skiing in Neustift)

cover 5.58% of the area. Although the classifi-
cation system of Graf (1880) cannot be compared
directly, and his data includes the village of
Ellbögen, the area used for settlements was much
smaller in 1873 (Tables 9.3 and 9.4).

Increased areas for settlements and infras-
tructure also increase the risk that a geomor-
phological event causes damage. Figure 9.12
shows the changes since the early nineteenth
century. New settlements have been built in the

Table 9.3 Transport of
goods on the Brenner route
at different times

Year Toll station Cargo Cargo

tons tons

1300 Lueg 3000 Stolz (1955)

1410–
1430

Lueg 3600 Stolz (1955)

1500 Lueg 4500 Stolz (1955)

1550 Lueg 5400 Stolz (1955)

1627 Schönberg 3000 Lueg 5000 Stolz (1955)

1734 Lueg 12,500 Stolz (1955)

1960 A13 and
railway

3,140,000 Land Tirol
(2000)

1980 A13 and
railway

15,470,000 Land Tirol
(2000)

2000 A13 and
railway

35,500,000 Land Tirol
(2001)

2016 A13 and
railway

46,900,000 Land Tirol
(2018)

Fig. 9.9 Relative proportion of goods transported over the Brenner, as evident from toll documents in 1627 and in
2015 (CAFT15, 2016). The main type of textiles in 1627 was silk
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areas of Schlickerbach, Seibach and Mar-
garethenbach rivers, which are documented as
subject to floods, as is also reflected in the bed of
the river Ruetz formed by the talus cones of these
rivers. Today, safety measures and infrastruc-
tures are in operation in the river beds.

9.4.6 Natural Disasters

Both, Fliri (1998) and Jäger (2010) list a great
number of natural disasters in the Stubai valley,
mainly floods on all scales, diseases and ava-
lanches during the Little Ice Age. The latest
larger events affecting the total valley were
floods on 19.07. and 25.08.1987 (Fliri 1998).
After that, small-scale events like small-scale
debris floods affected roads, houses and agricul-
tural land. Parts of both the Brenner and the
Stubaital road are closed for several days each
year due to the threat of avalanches or mass

movements. In these cases, the Brenner motor-
way can usually be used to reach the outer parts
of the Stubai valley. During events as described
by Reiskopf (2018) most urgent affairs can be
handled by helicopter transport during road
closure.

Fairy tales/oral history tell of debris flows
destroying Medraz and Mieders, with both vil-
lages relocated afterwards. Currently, there is no
known scientific evidence of these events.

Most interesting from a perspective of envi-
ronmental history are the damages caused by the
Schlickerbach river in Fulpmes. As the river was
needed as a source of energy for the early
industrial work on iron (Hammerwerke), many of
the buildings are located very close to steep parts
of the river. At times of higher discharges, this
meant great damage. Even after electricity
replaced water as source of energy, the buildings
remained in place. Today, the companies have
moved to an industrial area, but the buildings are

Fig. 9.10 The steepest section of the Brenner route was
continuously adapted in response to mass movements (red
circles) and the requirements of transport (left: modern

traffic routes with older roads used in part as forest roads,
right: three generations of roads in the historical map
Schönbergstraße, 1830)
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still in place and used as residences. So the his-
torical reason for building close to river, includ-
ing the benefits, has gone, but the risk is still
there.

Generally, changes in the anthropogenic part
of the system (land use, settlements and protec-
tion measures) can be considered to have a
greater impact on the occurrence of disasters than
changes in the natural part of the system, such as
the size of glaciers and firn cover and the for-
mation of paraglacial lakes.

9.5 Discussion and Conclusion:
Past, Present and Future
Transitions

This article compiles a number of disciplinary
data on past and present transitions and trans-
formations in a small and well-investigated
region of the Austrian Alps, with the long-term
aim to proceed towards an inter- and transdisci-
plinary understanding of the past to shape our
transformation to a sustainable future.

Fig. 9.11 Road system at Gleins with older routes/paths in yellow, mapped in the field and from the laser DEM 2006.
Insert: example of an old path with steep sides, suited for the transport of goods with horses
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What can be confirmed from this compilation
is a continuous, but not steady, transition of the
landscape as a result of geomorphological pro-
cesses. Anthropogenic impact and climate
change triggering the retreat of glaciers and the
succession of biota. A key site here is the
Oberfernau bog.

The persistence of change is nothing new and
could be tracked backed to Heraklit’s panta rhei,
or the general understanding of a system as a
dynamic equilibrium. Recently, we experienced a
strong retreat of glaciers, but also rapid succes-
sion of biota in the Austrian Alps (e.g. Fischer
et al. 2015; Steinbauer et al. 2018). The next

Table 9.4 Land use in the Stubai valley in 2017 and 1873

2017
km2

2017(%) 1873
km2

1873(%)

Arable land 0.48 0.2 Arable land 7.47 2.1

Alpine and other pastures 217.45 68.5 Alpine and other pastures 78.34 21.9

Meadows 14.94 4.7 Meadows 46.12 12.9

Forest 107.93 34.0 Forest 87.25 24.4

Settlements 3.63 1.1 Settlements 0.34 0.1

Transport infrastructure 2.82 0.9 Unproductive 138.51 38.7

Ski resorts 17.62 5.5

Total area 317.66 Including the nearby village of
Ellbögen

358.03

(Katalog Landnutzung Tirol
2017)

(Graf 1880)

Fig. 9.12 The land used for vulnerable infrastructures like settlements and roads is significantly larger in 2017 than in
the early nineteenth century as mapped in the first federal survey (Franziszeische Landesaufnahme, 1816–1821)
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decades will show if succession is quick enough
to stabilize the paraglacial terrain when glaciers
shrink further even under current climatic con-
ditions, but more quickly in case of additional
warming. Glacial runoff will decrease as the
melting area shrinks. Settlements have grown to
take up most of the available land using numer-
ous protective measures in small basins. For any
further expansion, individuals, the public and
insurance companies will have to agree how
much risk (and related costs) they will accept.
The development of traffic is interrelated with
global or at least European economic develop-
ments. As road capacities seem to be exhausted,
control measures gain in importance. For the
future, a total collapse of traffic is as possible as
strict regulations in combinations with tolls.
A very short period in history of free traffic seems
to come to an end.

Developments generally seem to be path-
dependent, in a way that areas, practices or paths
in operation tend to be used further, even if the
context changes.

A major interest for future transformations is
to avoid tipping points, i.e. points of no return to
a prior state, which includes not only tipping
points of the natural system like triggers of debris
flows, but also the ability of humans to cope.
This leads to issues of the political organization
of society, for example, the relation of individ-
uals (and individual losses) to the collective—
and its ability and willingness to compensate for
individual losses or even protect from losses if
possible.

What can also be concluded from the compi-
lation is a long continuity in human presence in
the region, at lower as well as higher elevations.
This is consistent with the findings of Kutschera
et al. (2014), with evidences of pasturing and
mining activities from the Bronze Age onwards
(Festi et al. 2014; von Scheffer et al. 2019). Exact
comparisons of prehistorical human activities
with climate changes are plagued by an inaccu-
racy in dating (Walser and Lambers 2012), so
that the direct impact of climate, weather or
geomorphological events on local changes in the
socio-economic system is unclear for the past.

The analysis of anthropogenic imprints as
indicators of human presence and activity has
enormous potential for tackling processes of both
the Anthroposphere and the Geosphere in same
location. The first has attracted growing attention
in archaeology recently (e.g. Sevara et al. 2018).
A more extensive combination of geodata anal-
ysis with radiocarbon datings of the various paths
indicating high and continuous use of a route
would help to qualify the periods of use.

The impression that a great number of loose
ends remain in the analysis of the data compiled
for this study results from basically two factors:
first, the scales and system sizes of all the pre-
sented data vary (Fig. 9.13). Second, disciplinary
framing of both research questions and results,
and the related lack of a general theoretical
framework hampers efforts at presenting a syn-
opsis from the compilation.

Comparing two different ways of colonial-
ization in the Alps, for example, by large
monasteries between around 1000 AD and the
free Walser people in the seventeenth century
show that different types of societies act in dif-
ferent ways and have different potentials and
limits. Current efforts towards a sustainable
society to confine climate warming might need
new forms of societal organization. Careful
research and an open public debate are needed to
define values and aims of the present society. For
example, a reduction in traffic could reduce
greenhouse gas emissions, return some value
creation to the regions, but would minimize
tourism.

An active transformation of socio-economic
structures should aim to avoid tipping points in
natural systems which cannot be compensated by
socio-economic measures. This does not mean an
a priori rejection of development in a region,
turning it into a wilderness, or of its further
development into a leisure park (Bätzing 2015),
or of continuing a regional socio-economic sys-
tem in a global environment as today. The
decision for one of these options will be made,
hopefully intentionally, during a political process
which should not exclude scientific
investigations.
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Essential in shaping the future of mountain
environments will be a political decision that will
determine the vulnerability of mountain popula-
tions on an individual and a collective basis. The
role of science could be to point out potential
vulnerabilities and impacts of decisions.
To have a better idea of which impacts can occur
in future, we urgently need interdisciplinary
palaeo-environmental multiproxy studies at
localities/benchmark research sites to fit all parts
of the natural system puzzle together, in combi-
nation with social sciences to set the scenarios of
a framework for a future society.
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10Environmental and Socio-Economic
Consequences of Recent Mountain
Glacier Fluctuations in Norway

Philipp Marr, Stefan Winkler, and
Jörg Löffler

Abstract

Mountain glaciers currently experience signif-
icant mass losses and frontal retreat at the
global scale. Because mountain glaciers gen-
erally respond sensitively to climate and are
differently affected by climate variations at the
regional scale, they may significantly and
specifically impact their natural and human
environment. Norway has the largest glacier
mass in continental Europe and its glaciers are
generally well-studied and monitored. Norway
may, therefore, provide valuable insights into
both causes and consequences of recent
glacier fluctuations. In this chapter, the
Holocene glacier history of Norway is pre-
sented with special focus on glacier fluctua-
tions since the beginning of the twentieth
century CE. In line with global patterns, the
majority of Norwegian glaciers are facing
overall mass losses which are predicted to

accelerate in the future. Glacier retreat has an
environmental impact by enhanced paraglacial
activity, increased natural risk potential, and
changes of glacier foreland ecosystems. The
socio-economic consequences of mountain
glacier changes in Norway are most relevant
in the high-revenue glacier tourism and
hydropower production industries. It appears
that the natural and socio-economic systems in
Norway are rather resilient to the anticipated
changes and consequences of recent and
future glacier fluctuations in comparison with
other mountain regions worldwide.

Keywords

Climate change � Glacier retreat �
Environmental change � Socio-economic
impacts � Norway

10.1 Introduction—The Importance
of Mountain Glaciers
in a Global Context

Mountain glaciers are currently experiencing
significant mass loss and frontal retreat almost
without exception at the global scale (Zemp et al.
2017). This development has intensified since the
beginning of the twenty-first century CE (Zemp
et al. 2015) and is often interpreted as the con-
sequence of the current climate change (IPCC
2014). There is consensus that mountain glaciers
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constitute key indicators of short- to long-term
variability of climatic conditions (Zemp et al.
2008; Winkler et al. 2010; Beniston et al. 2018).
The mass of mountain glaciers responds sensi-
tively to fluctuations of individual meteorological
parameters and underlying atmospheric circulation
patterns. It reveals a dependency on summer air
temperatures but also on factors such as winter
precipitation, sea surface temperatures, and changed
general airflow patterns in regionally specific modes
and patterns (Mutz et al. 2016). Due to their limited
sizes compared to polar ice sheets, mountain gla-
ciers exhibit a much shorter time delay in their
response to any changes in climatic conditions. Any
impact of the mountain glaciers in response to the
current climate change on the surrounding natural
and human environment is, therefore, often instan-
taneous. In the wake of current discussions on
causes and consequences of climate change, the
importance of glaciers as part of the alpine cryo-
sphere is mirrored by an increased attention of
scientists, policymakers and various groups of
stakeholders worldwide (e.g. Alean 2010; Barry
and Gan 2011; Solomina et al. 2016; Beniston et al.
2018). This is mostly due to the anticipated signif-
icant consequences for sustainable development of
human societies in affected mountain regions
because of the current glacier shrinkage (Kovats
et al. 2014).

10.2 Mountain Glaciers in Norway

Glaciers in Norway, which represent the largest
glacier area and volume in continental Europe
(Beniston et al. 2018), are comparably well moni-
tored. Since the 1960s high-quality mass balance
data are available complementing earlier annual
length change records dating back to the early
twentieth century CE (Andreassen et al. 2005, 2015,
2016; NVE 2019). According to the latest glacier
inventory (Andreassen and Winsvold 2012), the
glacier area in Norway totals 2692 ± 81 km2, the
equivalent of * 0.7% of the land area in mainland
Norway. 1252 glaciers (1575 glacier units) com-
prising 57% of the glacier area are located in South
Norway, 1282 glaciers (1568 glacier units) and the
remaining 43% glacier area in North Norway. The

frequent occurrence of larger ice caps and plateau
glaciers with multiple outlets (e.g. Jostedalsbreen,
Svartisen, Folgefonna) accounts for the differentia-
tion between glaciers and glacier units. The signif-
icant increase in the number of individual glaciers
compared to previous inventories (Østrem and
Ziegler 1969; Østrem et al. 1973, 1988) is the result
of utilising modern, remote sensing-based method-
ology (Andreassen and Winsvold 2012). By con-
trast, a comparison of glacier area and length
change based on these inventories reveal a loss of c.
326 km2 (equals 11%) between the penultimate and
the most recent inventory (Winsvold et al. 2014;
details see below).

Norway’s glaciers have recently undergone an
overall significant mass loss and are predicted to
continuously experience substantial mass losses or
even disappear by the end of the twenty-first
century CE (Nesje et al. 2008a; IPCC 2014; Mutz
et al. 2016). In this scenario, manifold impacts are
to be expected, such as the disturbance of the
geomorphological process systems by paraglacial
activity (Winkler 2019), the modification of the
near-glacier ecosystems (Matthews and Vater
2015; Hill et al. 2018), and the challenge of per-
forming tourism and recreational activities of
locally significant economic value (Furunes and
Mykletun 2012). Additionally, future changes of
Norwegian glaciers are crucial in the context of
hydropower production which is responsible for
99% of the electric power in Norway and c. 50%
of all glacier units are located in catchments reg-
ulated for hydropower production (Andreassen
and Winsvold 2012).

10.3 Pre-Recent History
of Mountain Glaciers
in Norway

Glacier growth and decay have had severe
impacts on environmental changes in Norway
during the Quaternary. Whereas the ice-margins
during the last glaciation are quite well con-
strained, other aspects as the past ice-thickness
are still debated (Mangerud 2004; Marr and
Löffler 2017; Marr et al. 2018, 2019b). However,
our knowledge about pre-recent glaciation
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history steadily increased towards the present
The glacial dynamics in the currently glaciated
mountain regions of Norway were potentially
still affected by the remnants of the Scandinavian
ice-sheet for some time by the termination of the
Younger Dryas at around 11.7 cal. ka BP. Indi-
vidual glaciers that can be characterised as pre-
cursors of late Holocene and modern mountain
glaciers exhibited first advances as early as dur-
ing the early Holocene ‘Preboreal Oscillation’ at
around 11.1 cal. ka BP (e.g. Nordre Folgefonna;
Bakke et al. 2005a). Few other early Holocene
glacier advances are reported from South Nor-
way (Nesje et al. 2008a; Nesje 2009) as well as
from North Norway (Bakke et al. 2005b; Jansen
et al. 2016). These early Holocene glacier
advances have demonstrably been linked to
meltwater outburst into the North Atlantic. Thus,
influencing the thermohaline circulation causing
unstable climatic conditions (Prasad et al. 2006;
Hoek and Bos 2007).

During the Holocene Thermal Maximum,
almost all available glacier records from Norway
lack evidence of glacial activity, and a wide-
spread (in South Norway regionally complete)
glacier disappearance is assumed (Nesje et al.
2008a). Those few glaciers possibly having sur-
vived this period must have been very small and
restricted to continental and high-elevation
locations, preferably in North Norway. Bakke
et al. (2010) present evidence that glaciers may
have existed in the Okstindan Mountains near the
Arctic Circle during the entire Holocene. This is,
however, likely a local exception because both at
nearby Svartisen (Jansen et al. 2016) and in
northernmost Norway (Lyngen-Peninsula—
Bakke et al. 2005b; Langfjordjøkulen—Wittme-
ier et al. 2015) prolonged periods without signs
of glacier activity characterise the Holocene
Thermal Maximum. Among other things, the
latter lead to the stabilisation of periglacial and
related landforms in parts of south-western
Norway (Marr et al. 2019a) and seems to have
commenced at the latest immediately after the
Greenlandic 8.2 ka BP-event (possibly earlier in
some regions, Bakke et al. 2005a). Although
some internal climatic variability has to be
expected, it confirms the ‘classic’ concept of a

mid-Holocene ‘postglacial climatic optimum’
subsequently followed by a re-formation of gla-
ciers (‘Neoglaciation’). Generally, the spatial
extent of the glaciated area in Norway during the
Holocene Thermal Maximum has been less than
ever since.

First signs of re-formation of previously
absent glaciers are detected at about 6.0 cal. ka
BP (Nesje et al. 2000, 2008a) and can be clas-
sified as the onset of the regional ‘Neoglacia-
tion’. In many regions, however, this re-
establishment of glaciers started later as a con-
sequence of a cold period around 4.0 cal. ka BP
which saw a general rise in glacier activity
(Bakke et al. 2010; Wittmeier et al. 2015; Jansen
et al. 2016). For instance, neoglacial activity
seems to have generally started later in more
maritime locations. During the late Holocene
neoglacial glacier activity persistently increased
in magnitude and a higher level of glacier fluc-
tuations commenced around 2.0 cal. ka BP. It
was, nevertheless, interrupted by periods of
lower activity related to warmer climate condi-
tions (Matthews and Dresser 2008) but finally
reached its culmination during the ‘Little Ice
Age’ (LIA, Nesje 2009). Unlike in the European
Alps or other regions around the globe where
multiple prominent advances within the LIA
occurred (Winkler 2002; Grove 2004; Solomina
et al. 2016), the LIA at Jostedalsbreen and most
other Norwegian glacier regions constitutes a
single prominent glacier advance. It was fol-
lowed by an initially slow, albeit frequently
interrupted retreat. The LIA in Norway has had a
comparatively late onset at the end of the sev-
enteenth century CE (Grove 2001). There is a
fairly uniform image of the timing of the LIA-
maximum at Jostedalsbreen between 1740 and c.
1760 (Bickerton and Matthews 1993; Winkler
2002). The timing of the LIA-maximum in other
Norwegian mountain regions to the mid- to late
eighteenth century CE (Jotunheimen; Matthews
2005; Breheimen; Winkler et al. 2003, Svartisen
and Okstindan; Winkler 2003) is comparable, but
in some cases, it occurred later (e.g. Folgefonna
during the late 1870s; Nussbaumer et al. 2011).
The LIA constituted the most extensive neogla-
cial advance in Norway and its potential climatic
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causes have been investigated in detail (Nesje
and Dahl 2003; Nesje et al. 2008a, b; Imhof et al.
2011). This research yielded that increased win-
ter precipitation must have played a major role.
The retreat from the LIA-maximum frontal
positions continued into the twentieth century
CE. This means that not before the mid-twentieth
century glaciers in Norway can be expected to
have adjusted to concurrent climatic conditions
following the significant LIA glacier advances.

10.4 Mountain Glacier Fluctuations
in Norway—From
the Twentieth Century
to Present

10.4.1 The General Scene

Short advances in some parts of Norway were
recorded during the first three decades of the
twentieth century CE (Bogen et al. 1989;
Andreassen et al. 2005). At Jostedalsbreen, the
mass balance perturbations responsible for two
advances culminating around 1910 and 1930 have
not been strong and/or long enough to cause larger
outlet glaciers with longer terminus response
times to advance (Winkler 1996). Meteorological
data reveals that the first advance was mainly
triggered by above-average winter precipitation,
the second advance by substantially below-
average summer air temperatures. There were
parallel glacier advances at Svartisen and
Okstindan during the early twentieth century
coinciding with periods of high winter precipita-
tion. During the 1930s and 1940s, a widespread
and commonly substantial glacier retreat linked to
warm summers and overall above-average air
temperatures commenced in almost entire Norway
at this time (Nesje et al. 1995; Winkler 2002;
Andreassen et al. 2005; Winsvold et al. 2014).
During the late 1940s and early 1950s, the glacier
fronts of the sensitively responding short outlets
of Jostedalsbreen stabilised and the strong retreat
terminated which was followed by more or less
stationary frontal positions experiencing only
minor oscillations. As a result of longer terminus
response times (Nesje 1989; Winkler 1996) and

additional local factors (e.g. calving over progla-
cial lakes), larger outlet glaciers of Jostedalsbreen
concluded their strong retreat 20 or more years
later. In other mountain glaciers of Norway,
especially those in more maritime settings, the fast
and substantial mass loss during the mid-twentieth
century simultaneously slowed down (Andreassen
et al. 2005), probably indicating final adjustment
after termination of the LIA.

As an exception at the global scale (Zemp
et al. 2008), a comparable short but strong
advance in response to a series of consecutive
positive mass budget years was recorded at
Jostedalsbreen during the 1990s. Even if the
unprecedented mass increase recorded at glaciers
in western South Norway had to be adjusted to
somewhat lower values after careful re-analysis
of the long-term mass balance series (Andreassen
et al. 2016), the mass balance perturbation was
significant and the advance was the strongest in
the region since the LIA-maximum advance
(Winkler et al. 1997, 2009; ‘Briksdalsbre event’,
Nesje and Matthews 2011). The climatic driver
for this positive mass balance perturbation was
predominately increasing winter precipitation
connected to a positive NAO (North Atlantic
Oscillation)-index indicating strong zonal circu-
lation. A similar situation to what is assumed
responsible for the main LIA-advance (Pohjola
and Rogers 1997; Chinn et al. 2005; Nesje 2005;
Steiner et al. 2008).

Since about 2000, most glaciers in Norway,
regardless if they participated in the above-
mentioned advance or not, experienced a signif-
icant mass deficit and related frontal retreat
accelerating towards today (Andreassen et al.
2016; NVE 2019). Although single years showed
positive mass balances for some, mostly maritime
glaciers (NVE 2019), the current mass loss needs
to be identified as fairly uniform trend and is
linked to an acceleration of the mean global earth
surface temperatures increase of * 0.6 °C dur-
ing the twentieth century CE and may further
increase since the beginning the twenty-first
century (Imhof et al. 2011; Zemp et al. 2015;
Andreassen et al. 2016). Below we present some
examples for the recent glacier fluctuations in
Norway since the second half of the twentieth
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century. Apart from the availability of long-term
glaciological data records, our selection considers
the spatial variability by subdividing Norway’s
glaciers into three main regions (North, Central,
South; Fig. 10.1) following Winsvold et al.
(2014). Additionally, South Norway is subdi-
vided into maritime and continental glacier sub-
regions (Fig. 10.1, Table 10.1) to address a more
detailed view as supported by previous studies
(Winkler and Nesje 2009; Winkler et al. 2010).

10.4.2 North Norway (Regions North
and Central)

Although mountain glaciers in Norway show
similar trends with respect to their mass balance
and length changes over the past few decades and
in particular since c. 2000 CE, some differences
occurred (Fig. 10.2). Apart from local factors
like glacier size, glacier geometry, altitudinal
distribution, or aspect individually affecting gla-
ciers, regional patterns reflecting spatial diversity
can be identified. The regional subdivision of
glaciers in mainland Norway (see above) is
helpful in this context. This subdivision does,
perhaps surprisingly at first, not follow the tra-
ditional geographical division into North and
South Norway but separates glaciers in North
Norway around the Arctic Circle (‘Central’
region; e.g. Svartisen, Okstindan mountains)
from those in the northernmost part of Norway

(‘North’, e.g. Øksfjordjøkelen, Lyngen-
Peninsula). On basis of both LIA glacier
chronologies and recent glacier fluctuations, this
is fully justified. In their recent comparison,
Winsvold et al. (2014) highlighted that whereas
the highest retreat rates since the mid-twentieth
century are recorded within the northernmost
parts of region ‘North’, lowest rates have been
recorded in the ‘Central’ region (see Table 10.2).

In their study comprising the entire Lyngen-
Peninsula, Stokes et al. (2018) conclude that a
steady reduction in glacier area since the LIA
until the end of the 1980s was subsequently
paused until c. 2000 CE but followed by accel-
erated recession until today. The most recent
recession is linked to a +0.5 °C increase in air
temperature that exceeds the previous summer air
temperature rise following the LIA-maximum
extension (cf. Andreassen 2000). The above-
mentioned pause within the overall glacier
recession during the 1990s is explained by
above-average winter precipitation (Stokes et al.
2018). The length record of Steindalsbreen
(Fig. 10.2, note multi-year breaks in the 1980s
and 1990s) does, however, not indicate any
considerable mass balance surplus leading to a
significant standstill or readvance as it occurred
in parts of South Norway and the ‘Central’
region (cf. Hausberg and Andreassen 2009). By
contrast, Langfjordjøkelen with the longest mass
balance record in northernmost Norway shows
consistently negative net balances since

Fig. 10.1 Detailed maps of the location of the selected
glaciers in Norway. a Glaciers of the northern and central
subregions are shown. b Glaciers of the South maritime

and South continental subregions are shown. (Source
https://www.kartverket.no, last access: 02.07.2019)
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measurements commenced (NVE 2019) and a
mass loss stronger than for any other glacier in
Norway’s observation network (cf. Andreassen
et al. 2012).

Engabreen is the only glacier of the ‘Central’
region that matches the long-term annual mass
balance records from South Norway. It shows a
remarkable similar course in its cumulative

mass balance to maritime South Norway (e.g.
Nigardsbreen; Andreassen et al. 2016) and its
length changes are equally comparable. Short-
term measurements at other glaciers of Svar-
tisen, Blåmannsisen (Rundvassbreen), and
Okstindan (Kjøllmoen 2017a) indicate that
Engabreen’s behaviour is quite representative.
The similarity of glacier fluctuations of the

Table 10.1 Glaciological key characteristics for glaciers displayed on Figs. 10.2 and 10.3 taken from the current
glacier inventory (Andreassen and Winsvold 2012). Glaciers are grouped into regions as described in the text

Glacier Area
(km2)

Elevation (m a.
s.l.)

Aspect Slope
(degrees)

Morphology

(North)

Langfjordjøkulen 3.46 313–1039 SE 13 Outlet (Langfjordjøkulen)

Steindalsbreen 5.14 474–1504 E 15 Valley Glacier

(Central)

Austre Okstindbre 14.14 772–1784 N 9 Outlet (Okstindbreen)

Engabreen 36.02 14–1581 NW 6 Outlet (Svartisen ice
cap/Vestisen)

Rundvassbreen 11.11 838–1419 N 5 Outlet (Blåmannsisen ice
cap)

(South maritime)

Bergsetbreen 11.15 854–1957 SE 11 Outlet (Jostedalsbreen ice
cap)

Blomstølsskardsbreen 23.11 1033–1638 SW 5 Outlet (Søndre Folgefonna
ice cap)

Bondhusbrea 10.91 533–1637 N 5 Outlet (Søndre Folgefonna
ice cap)

Briksdalsbreen 11.73 349–1917 NW 9 Outlet (Jostedalsbreen ice
cap)

Nigardsbreen 42.02 345–1946 SE 8 Outlet (Jostedalsbreen ice
cap)

Rembesdalskåka 17.33 1038–1860 W 4 Outlet (Hardangerjøkulen
ice cap)

Ålfotbreen 3.99 899–1384 NE 10 Outlet (Ålfotbreen)

(South continental)

Gråsubrean 2.17 1860–2399 NW 10 Cirque glacier

Hellstugubrean 2.81 1494–2212 NE 13 Valley glacier

Leirbrean 4.76 1513–2089 NW 12 Outlet (Smørstabbrean)

Storbrean 5.22 1398–2079 NE 14 Valley glacier

Styggedalsbreen 2.02 1280–2253 N 23 Cirque Glacier
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mostly coast-near glaciers of the ‘Central’
region and glaciers in maritime South Norway
has previously been recognised regarding the
timing of the LIA-maximum (Winkler 2003).
This suggests that climatic drivers may have
comparable influence upon glacier response
despite considerable latitudinal distance (Win-
kler 2002). The latter has been demonstrated by
Mutz et al. (2016) who predict very similar
responses of Nigardsbreen and Engabreen for
the 2000–2100 CE time period based on dif-
ferent emission scenarios.

10.4.3 South Norway (Regions South
Maritime
and Continental)

The good glaciological database for South Nor-
way allows detailed analysis of both climatic
triggers and related interactions of glacier vari-
ability as well as relevant factors influencing
different glacier response. This justifies a sepa-
ration of ‘South maritime’ and ‘South continen-
tal’ regions while Winsvold et al. (2014)
integrate all glaciers in South Norway in one

Fig. 10.2 Cumulative glacier net balance and length
changes for selected glaciers in Norway since 1980 CE.
The changes are clustered corresponding to four main

glacier regions as outlined in the text. For both types of
glaciological data displayed here a considerable bias
needs to be noted because continuous
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region (see above). This differentiation allows
highlighting differences between recent changes
of maritime and continental glaciers. Over the
entire period investigated (1947–2006) glaciers
in maritime South Norway showed higher overall
retreat, but glaciers in more continental regions
like Jotunheimen retreated more or less consis-
tently since the mid-twentieth century CE and
did not participate in the substantial mass
increase during the late 1980s and 1990s, typical

for maritime glaciers (Nesje et al. 1995; Winkler
et al. 1997; Andreassen et al. 2005, 2016; Paul
et al. 2011; Fig. 10.2).

The reason for the above-mentioned mass
gain of maritime glaciers in South Norway dur-
ing the late twentieth century CE was increasing
winter precipitation connected to a positive
NAO-index regime indicating strong zonal cir-
culation (see 10.3). This advance ceased, how-
ever, at about 2000 and the subsequent retreat

Fig. 10.3 Visual comparison of three selected glacier
tongues from outlets of Jostedalsbreen in maritime South
Norway [Bergsetbreen: 22nd July 1999 a—4th August
2018 b; Briksdalsbreen: 5th September 1998 c—29th July
2018 d; Nigardsbreen: 28th August 2001 e—1st August
2018 f]. It displays morphological changes that occurred

since the termination of the recent advance at the end of
the twentieth century CE. It is obvious why due to almost
collapsing lowermost glacier tongues the length change
records at several of the shorter outlets had to be
discontinued (e.g. at Bergsetbreen and Briksdalsbreen).
All photos S.Winkler
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accelerated dramatically during the following
few years. This partially caused a morphological
collapse of small, steep glacier tongues and
forced an abandonment of several length record
series (NVE 2019; Fig. 10.3). High air temper-
atures during the ablation seasons since 1996 and
especially since 2001 seem mainly responsible
for the continuing retreat (Nesje 2005; Winkler
et al. 2009). Additionally, a prolongation of the
ablation season into autumn affecting the critical
transitional period from rain to snow likely
exhibits an important influence (Winkler and
Nesje 2009) and winter snow accumulation has
accordingly decreased at average since about
2000 (Nesje and Matthews 2011).

An interesting observation during the initial
phase of the current strong retreat at maritime

glaciers was an apparent lack of the delay
expected based on previously experienced indi-
vidual terminus response times in favour of
immediate retreat by excessive ablation at the
lower tongues (Winkler and Nesje 2009). High
summer temperatures seem to have (temporar-
ily?) disturbed the previous mode of dynamic
response and lead to the above-mentioned virtual
collapse of nearly stagnant lower glacier tongues.
The sensitivity of maritime glaciers with high
mass turnovers may, however, cause such situa-
tions as exemplified from climatically compara-
tive maritime glaciers in New Zealand currently
experiencing similar developments with compa-
rable implications, for example, for glacier tour-
ism (see 10.8; Purdie 2013; Purdie et al. 2015;
Winkler 2015; Stewart et al. 2016). In maritime

Table 10.2 Recent glacier area and length change for glacier regions in Norway for three different time periods based
on different glacier inventories (data taken from Winsvold et al. 2014)

Regiona D GI
1/2b

(km2)

D GI
1/2
(%)

D GI 1/2c

(∅ km2/
m)

D GI
2/3
(km2)

D GI
2/3
(%)

D GI 2/3
(∅ km2/
m)

D GI
1/3
(km2)

D GI
1/3
(%)

D GI 1/3
(∅ km2/
m)

North

Area
change

−87.4 −19.5 −0.141 +17.7 +4.7 +0.023 −76.4 −16.5 −0.116

Length
change

−254 −82 −357

Central

Area
change

−83.2 −10.8 −0.145 +56.9 +8.3 +0.092 −31.8 −4.0 −0.048

Length
change

−221 −22 −204

South

Area
change

−18.8 −3.2 −0.038 −41.8 −7.1 −0.073 −218.0 −12.6 −0.156

Length
change

−129 −68 −221

Norway (total)

Area
change

−189.4 −10.5 −0.112 +32.9 +2.0 +0.017 −326.1 −10.9 −0.12

Length
change

−199 −55 −241

aGlacier regions as defined by Winsvold et al. (2014), see text
bGI 1 = Glacier inventory based on aerial photography 1947–1985; GI 2 = Glacier inventory based on remote sensing
1988–1997; GI 3 = Glacier inventory based on remote sensing 1999–2006. The spatially different dates of the
underlying surveys explain apparent discrepancies (see Winsvold et al. 2014 for details)
cAverage for glacier units included in the study of Winsvold et al. (2014) and calculated based on actual differences in
years between GI at individual glaciers. This explains any apparent discrepancies
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South Norway, glaciers seem affected by a shift
towards a more continental and ablation-season
influenced glaciological regime, i.e. stronger
impact of (high) summer air temperatures within
the complex mass balance system (Winkler et al.
2009). This may explain why the length change
records at outlets of Jostedalsbreen (NVE 2019)
currently are well aligned with the global trend of
accelerated glacier recession (Zemp et al. 2015)
despite the fact that the mass balance record of
Nigardsbreen shows an overall positive trend
since 2006 (Fig. 10.2). The most steep and low-
lying outlets do not (yet) benefit from the slight
mass increase that has obviously mainly affected
the high altitudinal parts of the Jostedalsbreen ice
cap.

In Jotunheimen with its dominating mountain-
type glaciers, the decrease in total glacier area
between the 1960s (as reported in Østrem and
Ziegler 1969) and 2003 was 12% (Andreassen
et al. 2008) and comparable to the 9% area
decrease between the 1960s and 2006 at
Jostedalsbreen (Paul et al. 2011), the latter highly
dependent on glacier size. This is considerably
less than the 28% area decrease in Seiland and
Øksfjord in northernmost Norway (Andreassen
and Winsvold 2012), but more than at Svartisen
where virtually no change was recorded for that
particular time period (Paul and Andreassen
2009; cf. Figure 10.2). Although a comparable
total area loss between the 1960s and 2003/6 was
measured for Jotunheimen and Jostedalsbreen,
corresponding data for the entire second half of
the twentieth century shows a higher area loss in
most of ‘South maritime’ Norway’s subregions
than in Jotunheimen (Winsvold et al. 2014). The
above-mentioned mass increase during the late
1980s and 1990s seems not to have influenced
the data, because single years of positive mass
balance in Jotunheimen did not create a mass
balance perturbation large enough for any
advance. Furthermore, only some glacier in its
west and west-central part of this region slowed
down their retreat concurrently (Winkler et al.
2009). A large proportion of the documented
overall mass loss in maritime South Norway
occurred during the mid-twentieth century and
the recent advance was not able to compensate

for it, in particular if compared to the consistent
but more moderate retreat in Jotunheimen. This
confirms the suggested less sensitive response of
the continental glaciers in South Norway located
at higher elevations to climatic variability (Ras-
mussen 2004; Winkler et al. 2010). This is, fur-
thermore, reflected by the calculated area loss of
27% for glaciers in Jotunheimen since the LIA-
maximum until the 1980s, which is significantly
less than, for example, in the European Alps or
New Zealand (cf. Baumann and Winkler 2010).
That continentality rather than latitude influences
the sensitivity of Norwegian glaciers in their
response to climate variability is meanwhile
consensus (Engelhardt et al. 2015).

10.5 Predictions and Scenarios
for Mountain Glaciers
in Norway

All available predictions about the future devel-
opment of Norwegian glaciers point towards a
continuation of the current trend of accelerated
mass loss. According to Nesje et al. (2008a), a
predicted summer air temperature increase of
2.3 °C until 2070–2100 CE will result in an
equilibrium line altitude rise of 260 ± 50 m and
34% reduction of the glacier area by 2100.
Although also a 16% increase of winter precipi-
tation is predicted, higher air temperatures might
obviously shorten the accumulation season and
likely offset any theoretical positive effect (cf.
Winkler and Haakensen 1999). This is confirmed
by Mutz et al. (2016) utilising a statistical mod-
elling approach to obtain predictions of less
winter snow accumulation by the end of the
twenty-first century (combined with increased
summer ablation). Laumann and Nesje (2014)
employ a dynamic glacier model for Spørtegg-
breen (western Breheimen, maritime South Nor-
way) and demonstrate that a small increase in
winter precipitation will not compensate for
increase in summer ablation. It has to be noted
that while future simulations for more continental
glaciers yield relatively uniform mass losses
regardless of the various climate change scenar-
ios (cf. IPCC 2014) applied (e.g. 30% volume
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loss of Storbreen by 2050; Andreassen et al.
2006), the results for maritime glaciers range
considerably (Andreassen et al. 2006; Mutz et al.
2016). Depending on their size and elevational
distribution individual glaciers will be affected
differently, but 98% of all individual glaciers in
Norway are at risk to disappear according to
these scenarios, especially the smaller ones and
those at low elevation (Nesje et al. 2008a). Nesje
et al. (2008a) highlight that in comparison with
the fast disappearance of glacier at the onset of
the Holocene Thermal Maximum (see 10.3),
these predictions seem realistic in the light that
the reconstructed mid-Holocene summer tem-
perature increase of 2–3 °C is comparable to
what needs to be expected for the mid-twenty-
first century.

10.6 Geomorphological
Implications of Mountain
Glacier Retreat in Norway

10.6.1 Paraglacial Processes
and Glacier-Related
Geomorphological
Hazards in Norway

The expected ongoing trend of global glacier
retreat is generally supposed to have wide-ranging
consequences for the recently deglaciated glacier
forelands and their surroundings. The transition of
formerly glaciated to deglaciated terrain exposes
landscapes to unstable conditions which are prone
to rapid and extensive modification (Ballantyne
2002). These changes in slope systems are part of
the so-called ‘paraglacial process system’ intro-
duced by Church and Ryder (1972) describing
geomorphological processes occurring on recently
deglaciated terrain and conditioned by glacier
retreat. In comparison with mountain regions like
the European Alps, the Andes, and the Himalayas,
only relatively few studies on recent paraglacial
processes and glacier-related hazards in context of
modern glacier retreat have been conducted in
Norway. This is not surprising as this reflects the
lower magnitude of paraglacial processes con-
nected to the recent glacier retreat and glacier-

related hazards potentially affecting settlements
and vital infrastructure. A number of reasons can
be brought forward for explanation, the glaciated
mountain regions of Norway are all geologically
‘old’, the neotectonic activity is mostly negligible,
and despite being overprinted by multiple glacia-
tions many parts of Norway still resemble preg-
lacial land surfaces of moderate relief (Klemsdal
and Sjulsen 1988; Etzelmüller et al. 2007). Due to
this specific gross morphology influencing the
topography of many Holocene glacier forelands,
there is a widespread lack of glacial landforms
such as huge and steep lateral moraines typically
vulnerable to instability and high erosion by gul-
lying (Winkler 2009). In some regions, the glacier
forelands are remarkably flat (e.g. Jostedalsbreen,
Winkler 2019) and the slopes of many typical
glacial valleys are shaped in weathering-resistant
bedrock that is either exposed or has only a thin
cover of till and other loose sediments. The small
dimension of Holocene glaciers in those valleys is
unlikely to have a considerable impact on the
stability of these slopes, and all major mass
movement events that occurred in Norway in
historical times cannot be connected to any recent
glacier retreat (see below).

Nevertheless, paraglacial processes and post-
depositional erosion may inflict some minor to
moderate modification on the recently degla-
ciated glacier forelands alongside geomorpho-
logical processes affecting surrounding slopes
(Laute and Beylich 2013, 2014). Ballantyne
(1995) studies debris cone formation on the
foreland of Bergsetbreen in Jostedalen and found
that due to exhaustion of entrainable sediment on
the upper slopes their formation already had
ceased within 100 to 200 years of deglaciation.
An example of an exception in the same region is
the inner foreland of Fåbergstølsbreen
(Fig. 10.4). The sediment-covered northern slope
has recently undergone significant gullying, a
process still active today but only affecting the
less frequently used access path to the glacier
snout (Ballantyne and Benn 1994; Curry 1999,
2000; Curry and Ballantyne 1999). Glacial sed-
iment is eroded from the upper slopes and
deposited as debris cones at their base by debris
flows and snow avalanche activity. Because the
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gullies usually stabilise if the (limited) sediment
becomes exhausted, paraglacial reworking on the
steep slope will cease relatively fast. In most
other glacier forelands talus cones or alluvial fans
as well as avalanche deposits do not substantially
influence their general character and significantly
alter the local geomorphological process system.
The regionally specific characteristics of modern
glacier forelands in Norway are contrasting in
several aspects with typical glaciated valley
systems sensu Benn et al. (2005) are responsible
for low to barely moderate paraglacial activity
and very limited impact on any infrastructure in
place.

Mass movements have occurred in Norway
throughout the Holocene following deglaciation
and there is no evidence of recently increased
rock-slope failure activity. A higher frequency of

mass movements and rock-slope failures has,
however, been postulated following local
deglaciation and for few periods during the
Holocene caused by climatic fluctuations or
extreme local weather events (cf, Blikra et al.
1989, 2006; Bøe et al. 2004; Kalsnes et al. 2016;
Hermanns et al. 2017; Matthews et al. 2018). In
the context of the current glacier retreat in Nor-
way, no such events have been reported so far,
but the anticipated future warming for Norway
(NCCS 2017) may lead to enhanced paraglacial-
related rock-slope failures and mass movement
activity (Mercier 2008). In comparison with
predictions developed for other mountain regions
at the global scale, the above-mentioned specific
topographic conditions and geological history
needs to be taken into account alongside with the
glaciological fact that most glaciers in mainland

Fig. 10.4 Images of paraglacial slope modification at
Fåbergstølsbreen, an outlet of Jostedalsbreen: a Oblique
aerial view on the debris-mantled slope of the northern
inner foreland affected by gully erosion with the outer
foreland visible in the foreground (paraglacial processes at
this location have been studied in detail by Ballantyne and
Benn 1994; Curry 1999, 2000; Curry and Ballantyne

1999); b Slope close to the retreating modern glacier
tongue in the innermost glacier foreland; c View from the
innermost glacier foreland downvalley depicting the
northern valley slope (left) affected by paraglacial mod-
ification contrasting with the southern slope of exposed
bedrock with little paraglacial activity. All photos: S.
Winkler
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Norway are warm-based. Only few mostly small
glaciers are known to be polythermal and located
within a permafrost environment. An example is
high-elevation glaciers in Jotunheimen (e.g.
Gråsubrean) characterised by ice-cored moraines
(Østrem et al. 1988; Andreassen and Winsvold
2012; Matthews et al. 2014; Winkler et al. 2019).
They will not be effected by glacier retreat but
potentially melt of their ice-core as part of per-
mafrost degradation has to be expected. Due to
their morphology and location, this process is not
considered to pose any future hazards. Although
rock-slope failures, rock-avalanches and land-
slides are generally considered to be important
natural hazards in Norway (Blikra et al. 2006;
Kalsnes et al. 2016), the current glacier retreat
actually is, by contrast to permafrost degradation
and long-term slope adjustment following
deglaciation and glacio-isostatic rebound, not
(yet) considered an important factor. No indica-
tions of such geomorphological processes have
been observed and Holocene glacier forelands
are usually neither inhabited nor do they contain
important infrastructure except few installations
for hydropower production and tourism.

10.6.2 Glacier Lake Outburst Floods
and Potential Glacier-
Related Hazards
in Norway

The development of ice-marginal lakes or pro-
glacial lakes is often observed consequences of
glacier retreat (Quincey et al. 2007; Barry and
Gan 2011; Benn et al. 2012). They can act as
dams having hazardous potential due to outburst
floods or glacier ice falling into the lake which
can create hazardous displacement waves (Evans
and Clague 1994; Hambrey and Alean 2004;
Benn and Evans 2010). Norway is no exception
and some glacier lake outburst floods (GLOFs)
related to subglacially or englacially stored
meltwater have been observed in historic and
more recent times (Jackson and Regulina 2014).
The recent inventory of glacier-related hazards in
Norway (Jackson and Regulina 2014) lists a total
of 69 glaciers (76 glacier units) as potentially

dangerous. This number includes, however, gla-
ciers where mountaineering accidents or minor
ice falls at glacier termini occurred. Only 12
glaciers may cause GLOFs in the near future and
additional 8 glaciers with future potential for
GLOFs have been identified. Given the high
overall number of glaciers in Norway and its
comparatively large glaciated area this number
seems low and GLOFs as well as other glacier-
related hazards seem to pose low risks. Glacier
retreat since the LIA-maximum has substantially
reduced the potential for GLOFs, ice avalanches,
and other glacier induced hazards. Despite the
low risk, there are areas in Norway where
GLOFs occurred. One of the most active GLOF
areas in Norway during the last 20 years is
located at Rundvassbreen in central Norway.
There, the first recorded GLOF occurred in
September 2001 when a glacier dammed lake
subglacially drained into the Siso hydropower
plant reservoir, positively influencing its pro-
ductivity. The water level of the drained lake
dropped about 50 m during 35 h. This GLOF is
linked to glacier retreat and prolonged thinning
of the glacier until it lost its ability to dam the
water (Engeset et al. 2005). Following the 2001
event, a number of additional events occurred
(Jackson and Regulina 2014; Kjøllmoen 2017b).
The most dangerous GLOFs were reported from
Rembesdalskåka. Since the eighteenth century
CE late summer GLOFs, sometimes with catas-
trophic impacts, were described which lead to the
construction of an artificial lake drainage, later
used for hydropower production (see also
Kjøllmoen 2018 for a more recent GLOF).
Likewise, these events are related to extensive
thinning of the glacier (Jackson and Regulina
2014). But even if few other examples, as Flat-
breen (Breien et al. 2008) show that GLOFs may
well occur locally in Norway, it is not considered
as major general threat. In the wake of current
glacier retreat and their related geometric chan-
ges, however, similar events at other glaciers
cannot be excluded and the current risk assess-
ment may have to be updated. The predicted
retreat of glaciers in Norway will potentially
increase the number of proglacial lakes as
overdeepened basins in glacial valleys become
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subsequently deglaciated and filled up with
meltwater (Bogen et al. 2015). But because these
lakes are not dammed by potentially unstable
natural dams like ice-cored moraines but are
constraint to existing (bedrock) basins, GLOFs
have usually not considered important and
widespread future hazards. As a result of the
well-maintained monitoring programme in Nor-
way and the overall low number of glacier-
related hazards, the current glacier retreat exhi-
bits a less significant contribution to future nat-
ural hazards in mountain regions compared to the
global scale.

For the Norwegian Mountains, an observed
increase of runoff in winter and spring and the
projected earlier snowmelt will overall result in
relatively small changes of total annual runoff
(NCCS 2017; see 10.8). Glacial meltwater will
increase towards the mid-twenty-first century
CE, but subsequently meltwater-induced floods
are expected to decrease over time. Given that
many glaciated areas of Norway will experience
increased overall precipitation and especially
extreme precipitation events are predicted to
occur at shorter intervals in the near future, sit-
uations where locally high glacier meltwater
runoff and extreme precipitation events occur
simultaneously and cause severe flooding (as the
1979 flooding event in Jostedalen, Faugli 1987)
may become more frequent in the near future
before the glacier area has significantly been
reduced by 2100. Sediment availability will
increase due to exposure of firstly non-vegetated
terrain in the course of glacier retreat and para-
glacial activity (see 10.6.1). Consequently, more
sediment will potentially be transported into the
rivers which could fill up drainage pipes and
culverts (Kalsnes et al. 2016), damage hydro-
power plant infrastructure and increase sediment
infilling rates of reservoirs. This effect will,
however, be buffered in those cases where
existing and future proglacial lakes act as sedi-
ment traps (Bogen et al. 2015). In the long run,
increasing vegetation cover compensates this
development by stabilising slopes and further
reduce sediment yield (Stoffel and Huggel 2012).

An increased occurrence of mass movements
such as rock-slope failures and landslides is also

expected, though there is a high uncertainty
within these projections (Kalsnes et al. 2016;
NCCS 2017). Landslides are more likely to occur
following an intensive short-term rainfall event
or prolonged wet period up to 15 days (cf. Kal-
snes et al. 2016). During the past few years, some
very local extreme rainfall events have caused
significant damage to the infrastructure (e.g.
2017 in Utvik/Nordfjord in western Norway), but
most catchments have not been glaciated,
meaning that increased glacier melt has not
contributed to these events. Spatial and temporal
variabilities are expected in the future, with more
intense landslide periods during spring due to
snowmelt and rain in south-east Norway, and
during autumn due to intense rainfall events in
west Norway (Kalsnes et al. 2016).

10.7 The Impact of Mountain
Glacier Retreat
on the Ecosystems in Norway

Retreating mountain glaciers successively expose
new terrain in glacier forelands which may,
therefore, be utilised as an experimental field
laboratory for investigating geo-ecological suc-
cession of microorganisms, plants and anthro-
pods, simply because no biological legacy exists
(Fægri 1934; Matthews 1992; Walker and del
Moral 2003; Matthews and Vater 2015; Hill et al.
2018; Fig. 10.5). The colonisation is governed
by multiple factors which are subject to changes
in relation to the progressed terrain age (Mat-
thews 1992). Ecological changes in glacier
forefields can be explored and linked to
increasing terrain age since deglaciation and
increasing distance to the modern glacier termi-
nus. This pattern allows establishing chronose-
quences where the spatial properties of one point
in time represent change through time (cf. Mat-
thews and Vater 2015).

The colonisation of redwood ants is thought to
be of key importance in glacier forefield
ecosystems as their nest mounds impact local
nutrient cycles and can offer habitats for
myrmecophiles (cf. Hill et al. 2018). Addition-
ally, as dominating predators ants can influence
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the insect community, disperse plant seeds,
enrich the soil with nutrients around their nests
and can positively and negatively affect tree
growth (cf. Hill et al. 2018). In Jostedalsbreen
forelands Hill et al. (2018) found that first
colonisation of the redwood occurs 50–80 years
following deglaciation. A key component of nest

establishment is the sufficient presence of bio-
logical resources (Betula pubescens) (Robbins
and Matthews 2010), for example the nest
mound height is related to the number of trees
5 m around it (Hill et al. 2018).

As a result of their study on the primary
succession of invertebrates on different glacier

Fig. 10.5 Images of recently deglaciated terrain at the
margins of Storjuvbrean/Jotunheimen (c. 1380 m a.s.l.)
and Kjenndalsbreen/Jostedalsbreen (c. 200 m a.s.l.). In
both cases the terrain is located inside a terminal moraine
system formed around 2000 CE (see Winkler and
Matthews 2010 for details): a Recent glacier front of
Storjuvbrean seen from inside the 2000 moraine system
(19.07.2018); b Oxyria digyna (mountain sorrel) on the
terrain shown on a. Poa alpinae-Oxyria digyna commu-
nities are considered the regional pioneer vegetation on

glacier forelands in southern Norway (see Robbins and
Matthews 2009); c Eastern inner slope of Kjenndalen seen
from the 2000 CE glacier front position. The vegetation
trimline resulting from that recent advance is obvious
(30.07.2018); d Newly established vegetation inside the
2000 CE moraine system at Kjenndalsbreen. Both
willowherb (Epilobium spec.) and elder scrubs (Alnus
spec.) colonised relatively short time after glacier retreat,
partly supported by the low elevation of the glacier
forelands. All Photos: S. Winkler
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forelands at Jostedalsbreen and in Jotunheimen,
Vater and Matthews (2015) showed that the
addition and persistence model of succession fits
their findings best (see also Vater and Matthews
2013). It is mostly driven by individualistic
behaviour of mobile species with low depen-
dence on the succession of vegetation and
explains the difference to models of primary
plant succession on the forelands. Elevation of
the glacier forelands is the most important factor
other than local ones and in general forelands in
the higher alpine zone experience a 2-stage suc-
cession with stronger persistence of pioneer taxa
into mature stages of succession than lower gla-
cier forelands in the subalpine and boreal zones;
the latter showing a 3-step succession and lower
proportions of the pioneer elements at mature
stages (Vater and Matthews 2015). Anyway a
high number of pioneer taxa has been observed
to colonise deglaciated terrain within 20 years
(see also Vater 2012 for details) and as regionally
influential and important factor elevation is a
strongly climate-determined one, ongoing cli-
mate change may primary trigger changes alti-
tudinal rises of existing boundaries of vegetation
zones and potentially resulting modes of suc-
cession. This prediction can well be transferred
to the colonisation of vegetation as, for example,
Matthews (1979a, b) already highlighted that the
complexity and course of vegetation succession
on the Storbrean glacier foreland is closely linked
to the factor elevation. A similar difference
regarding a 2- versus a 3-stage succession
depending on elevation proposed by Vater and
Matthews (2015) for invertebrates had already
been outlined by Matthews and Whittaker (1987)
for vegetation succession. Robbins and Matthews
(2014) detect that differences in the change of
ecological factors partly depend on the different
altitudinal zones of their 39 investigated glaciers
forelands at Jostedalsbreen and in Jotunheimen.
They share, however, a common decrease of
mean ecological indicator values for light, reac-
tion, and nitrogen. But, in both the lower sub-
alpine and boreal zones, the decrease of indicator
values for pH and productivity to levels found on
mature sites is completed after c. 70 years. It
takes somewhat longer at higher elevations.

Interestingly, the ecological indicator values for
moisture did not show any indicative patterns
during succession which points towards moisture
being predominately locally controlled and
independent of the chronosequence for the
deglaciated terrain. Except for the high-alpine
zone the ecological indicator values for light
significantly decreased during subsequent suc-
cession stages due to woodland-canopy becom-
ing established below c. 1000 m a.s.l. within
70 years and dwarf-scrub and snowbed vegeta-
tion at intermediate elevations between 1000 and
1600 m a.s.l. within 250 years (Robbins and
Matthews 2010). The herbaceous pioneer vege-
tation currently being able to become persistent
in the high-alpine zone above 1600 m a.s.l. may
become under stress at their lower boundary as
climatic conditions promoting vegetation com-
munities of later successional stages are expected
to rise in elevation according to future climate
scenarios. Today’s dominating patterns of vege-
tation succession on glacier forelands may
become affected accordingly and upper bound-
aries or transitional zones of individual species as
well as communities increase in elevation.

10.8 The Impact of Mountain
Glacier Retreat on the Socio-
Economy in Norway

Recent changes in the cryosphere become a vital
determinant for any glacier-related aspects of the
tourism industry in Norway. Norwegian glaciers
are of particular interest for tourists since more
than 100 years (Aall and Høyer 2005) and con-
stitute an integrated part of the Norwegian
mountain landscape, thus also contribute to its
overall attractiveness. Glacier tourism first
peaked between the end of the eighteenth century
CE up to the 1930s and ceased completely during
World War II. Subsequently, glacier tourism
remained low until the 1960s which coincided
with shrinking glacier area and length in almost
all parts of Norway (Aall and Høyer 2005).
Because typically convex-shaped glacier tongues
characteristic for advancing or stationary glaciers
appear visually more attractive, this development
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may not purely be accidental. During the last
decades of the twentieth century, glacier tourisms
subsequently experienced a gradual increase
simultaneously with the recent glacier mass
increase and readvance in some regions, for
example in Jostedalen in maritime South Norway
(see 10.3). Regional factors have, however, to be
considered for explaining local boosts in glacier-
related tourism. In the wake of establishing
Jostedalsbreen National park in 1991, three
national park centres were established around
Jostedalsbreen (Norsk Bremuseet/Fjærland in
1991, Breheimsenteret/Jostedalen and Jostedals-
breen Nasjonalparksenteret/Oppstryn in 1993).
The exhibitions focus on local glaciers and the
centres partly promote and offer booking services
for glacier activities (e.g. glacier guiding;
Fig. 10.6).

Whereas glaciers retreated and decreased in
size from about 2000, the number of visitors did
at first neither follow this trend as during the
mid-twentieth century (Aall and Høyer 2005) nor
have the authors observed any general decrease
of tourist numbers at glacier-related tourist hot-
spots. This is interesting because the current
glacier retreat and partly disintegration of lower
glacier tongues successively limited their

accessibility for organising safe glacier walks
and increased the risks involved with any activity
on or near the glacier. As a result, glacier guiding
subsequently stopped at a number of glaciers
(e.g. Briksdalsbreen) after it initially has been
started shortly before or around 2000, especially
around Jostedalsbreen. Upvalley retreat of glacier
tongues and related morphological changes cre-
ate limitations for maintaining access infrastruc-
ture, especially for inexperienced day-trip
tourists, and further complicates the supply of the
special glacier hike equipment (Furunes and
Mykletun 2012). This caused a concentration of
touristic glacier activities at few glaciers where
safe glacier tours seemed still possible, for
example at Nigardsbreen (Furunes and Mykletun
2012). But even at these glaciers the ongoing
retreat and morphological change of glacier
tongues pose a threat for continuation of glacier
guiding suitable for inexperienced visitors (i.e.
the majority of tourists; Fig. 10.6).

Glacier melting is considered as the main
factor driving the decrease of tourists participat-
ing and operators in glacier tourism activities by
30% from 2003 to 2009 (Furunes and Mykletun
2012). This demands a diversification of activi-
ties to other nature-based and adventurous

Fig. 10.6 Glacier guiding at Nigardsbreen back in
August 2008. Access to the starting point of the guided
tours from the parking lot (far distance) was by boat and a
short walk allowing multiple departures per day of tours
of different duration and difficulty. The most popular tours
(‘family tours’) lasted two to three hours in total and were
suitable for untrained tourists and children over the age of
6 years. All safety equipment was provided and boots

could be hired if required. In 2019, only longer and more
difficult tours for tourist with some experience will be
offered, mainly because access to the glacier has become
difficult due to its considerable frontal retreat (Løset
2019). Because it will be the first year without the popular
‘family tours’ at Nigardsbreen, one may only speculate
about the local economic impact, especially because
alternatives of easy glacier-guided tours do not exist
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activities and could be a measure for glacier tour
operators to cope with the changes of glaciers in
Norway (Furunes and Mykletun 2012). How-
ever, Saarinen and Tervo (2006) and Furunes and
Mykletun (2012) report that nature-based tour
operators are somewhat sceptical about climate
change in general and its effect on their business
which is reflected in limited adaptation measures.

A comparison with glacier tourism at the West
Coast of New Zealand reveals some interesting
opportunities. Those glaciers experienced a
similar development of advance/growth during
the late twentieth century CE followed by a
current strong retreat/disintegration of glacier
tongues (Chinn et al. 2005; Winkler 2015). Local
communities and tour operators are equally
relying on easy glacier access and related offers
for tourist activities. Recent studies on the impact
of climate/glacier change on tourism have
revealed that viewing the glaciers was a signifi-
cant travel motive to an extent that some tourists
claimed to use their ‘last chance’ (Stewart et al.
2016). The public has undisputed become much
more aware of glaciers as indicators for current
climate change during the past two decades
(Zängl and Hamberger 2004; Lozán et al. 2015).
In Norway, the opening of the Ulltveit-Moen
senter for klimaviten (at the Norsk Bremuseet) in
2007 and Klimaparken 2469 at Juvflye in
Jotunheimen in 2012 demonstrates that tourist-
focused educational offers have taken up an
increased awareness of tourists on that topic.
A ‘climate change tourism’ could evolve as
tourist become aware of disappearing glaciers
(Bauer 2011; Furunes and Mykletun 2012).
A problematic but inevitable consequence would,
however, be an increase of pressure on the few
glaciers remaining accessible for tourists (Hay
and Elliot 2008). Some tourists may avoid these
localities due to overcrowding (Hall 2006), but it
would hardly affect the increasing number of
organised groups (cruise ship day trips or multi-
day coach tours) visiting such localities. Despite
the majority of tourists experience the glacier
environment without taking part in physical
activities on the glacier itself (Furunes and
Mykletun 2012), the rather high-priced touristic
glacier activities remain an important resource of

income for the local tourism industry. Experience
from New Zealand demonstrates that local tour
operators may have a high-adaptive capacity
under rapidly changing environmental conditions
(e.g. compensating deteriorating accessibility by
helicopter-hiking (Purdie 2013; Stewart et al.
2016). Even if some strategies cannot be trans-
ferred to Norway due to conservational and leg-
islative differences regarding vehicle/operations
within National Parks, significant recent touristic
investments like the Skylift cable car in Loen that
opened in 2017 providing a unique view of the
Jostedalsbreen ice cap can be characterised as
adaption to locally deteriorating glacier access
and visibility. Anticipated changes in touristic
glaciers-related activity offers will likely create
opportunities for new, non-glacier-related activ-
ities that may potentially compensate for any job
losses within mountain glacier tourism in Nor-
way. The key strategy for a sustainable adaption
is, however, based on reliable predictions of the
demand of future glacier tourists and the flexi-
bility of future markets for glacier tourism.

Changes to glacier-related tourism are perhaps
the most obvious impact of recent glacier
wastage in Norway. But the future role of gla-
ciers within the hydrological system of glaciated
mountains is another important topic for deter-
mining any socio-economic impact. Predicting
future streamflow including glaciated catchments
serves not only mitigating potential flood risk for
settlements and critical infrastructure in Nor-
way’s mountainous regions but is also essential
for the important hydropower production utilis-
ing significant proportions of glacier meltwater
by reservoirs and power stations in glaciated
catchments (Fig. 10.7). A number of studies on
the projection of future streamflow in Norway
have been conducted that all benefit from a
detailed and reliable database (cf. Fleig 2013).
Regional simulations of future flood levels in
Norway indicate that a predicted increased in
frequency and magnitude of extreme rain events
together with a general increase of precipitation
in many parts of Norway will cause higher flood
levels. Particularly, this is predicted for western
South Norway and maritime parts of North
Norway (Lawrence 2016). The coincidence of
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(earlier and/or more sudden) snowmelt with
extreme rain events and an enhanced effect
within regions with precipitation maxima in
autumn and winter is highlighted as a potential
future flood risk. The expected increase in glacier
runoff during the mid-twenty-first century CE
caused by future retreat and downwastage is not
explicitly mentioned as a factor increasing future
flood risk. The seasonality of flood regimes is
projected to change from dominating
spring/summer flood regimes in mountain
regions (in particular eastern and northern ones)
to a autumn/winter flood regime alongside an
increasing importance of rainfall as flood gener-
ating process subsequently replacing snowmelt
(Vormoor et al. 2015, 2016).

The comparison of modelled changes in
streamflow for a future climate (2071–2100 CE)

with the reference period (1961–1990 CE) con-
ducted between representatively selected gla-
ciated and nearby non-glaciated catchments
(Lappegard et al. 2006) showed, however, con-
siderable uncertainties related to different climate
scenarios utilised as basis for the projections.
These climate scenarios result in different domi-
nating circulations patterns and due to the
specific topography of Norway, a west- versus
east-dominance of circulation/airflow will exhibit
significant impact and complicates any detailed
predictions. The overall projected changes in
mean annual streamflow showed to be moderate
but seasonal changes may be large with impli-
cations for hydropower production. As long as
glaciers remain present in today’s glaciated
catchments, the summer streamflow will increase
by 15–70% solely due to enhanced glacier melt

Fig. 10.7 Top a Styggevatn reservoir in upper Josteda-
len in western Norway. Although an exception with a
glacier Austdalsbreen (still) calving into the reservoir,
many reservoirs in Norway have inflow from glaciated
catchments at variable percentages. b Pelton wheel and
water nozzles of the Jostedalen hydropower plant build
deep into the bedrock of the valley side. The water utilised

for electricity production from different sources (among
those Styggevatnet) is transported to the power plant in
artificial tunnels to minimise the environmental impact.
Bottom a Dam of the Styggevatnet reservoir in upper
Jostedalen in western Norway. b Central (maintenance)
hall of the Jostedalen hydropower plant build deep into
the bedrock on the valley side
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whereas non-glaciated catchments may experi-
ence a 20–60% reduction. Once the glacier will
have disappeared, the summer streamflow in
northern and eastern Norway will generally
decrease between 30 and 75% (Lappegard et al.
2006). Only in western Norway the streamflow
will increase compared to the reference period
due to expected increased precipitation. In those
parts of Norway where today glaciated catch-
ments buffer dry summers (e.g. central South
Norway east of the main watershed). Summer
droughts may be more severe once glaciers will
mostly have disappeared towards the second half
of the twenty-first century. An earlier spring
flood (earlier snowmelt) and higher evaporation
may locally cause problems for agricultural
businesses and adaption strategies (e.g. irriga-
tion, change of cultivation methods and crops)
need to be considered.

By contrast, the Norwegian energy market
and hydropower production will most likely
generally benefit from future climate change and
resulting streamflow changes. As Beisland et al.
(2015) point out, the predicted general increase
in precipitation will allow a higher hydropower
production and expected changes in the ratio of
snow vs. rain in favour of the latter will level
inflow-depending reservoir filling and improve
availability of water for energy production. The
expected higher streamflow in winter (mild
weather periods causing snowmelt and rain
events are expected to cause occasional winter
floods) and an earlier spring flood agrees better
with the seasonality of energy consumption than
more recent conditions (Lappegard et al. 2006;
Golombek et al. 2012). Different regional
developments need, however, to be observed.
The inflow curves for reservoirs in maritime
South and North Norway will be shallower than
in the rest of Norway and the increase of inflow
is expected to peak in the mid-twenty-first cen-
tury rather than at this end, the latter the above-
mentioned effect of surplus glacier runoff during
their predicted peak mass loss (Beisland et al.
2015; Fig. 10.8).

Once the glacier area has been significantly
reduced, the inflow in North Norway, currently

dominated by the Svartisen ice cap will be
slightly reduced. In western South Norway, the
same trend is expected around Jostedalsbreen but
compensated by generally increased precipita-
tion. But the outlook for the Norwegian hydro-
power market remains overall positive (Beisland
et al. 2015) with an expected increase in power
production by 8% thanks to increasing inflow
and high reservoir capacity (Golombek et al.
2012). Net export of hydropower-generated
power from all Nordic countries is predicted to
rise and where other countries in South and
Central Europe may experience negative impacts
of climate change for their hydropower produc-
tion (Golombek et al. 2012). Hydropower pro-
duction in Norway is an example for regional
socio-economic benefit from the current climate
change. Challenges at regional and local scale
are, however, to be expected and as a result,
awareness is promoted (Steen 2016) and hydro-
power is included with any considerations about
strategies of adapting to climate change (NOU
2010).

10.9 Conclusion

Mountain glaciers in Norway exhibit no excep-
tion from the current global trend of significant
mass loss and frontal retreat generally related to
climate variability. This trend is expected to
continue and accelerate during the twenty-first
century. Individual glaciers will be affected dif-
ferently depending on their specific characteris-
tics, but 98% of all individual glaciers in Norway
are at risk to disappear. Both, current and pre-
dicted glacier shrinkage have important impli-
cations on different aspects of the natural and
societal environment in Norway’s mountain
regions and beyond. The anticipated future
increase of mass movement activity and natural
risk of rock-slope failures in Norway’s moun-
tains are primarily linked to permafrost degra-
dation, higher frequency of extreme climatic
events, and the predicted climate change in
general. Given the high number of individual
glaciers in Norway, the potential for glacier
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outburst floods and other glacier-related hazards
does not pose major threats. It appears that the
anticipated changes related to recent glacier
fluctuations in Norway will have limited conse-
quences on the natural and socio-economic sys-
tem. In sharp contrast to the Andes and the
Himalayas, the current glacier retreat in Norway
will only generate moderate geomorphological
hazards and ecological modifications. The
anticipated impact on touristic glacier-related
activity may create opportunities for new, non-
glacier-related activities that may compensate for
any job losses within the glacier tourism industry
in Norway. The runoff from glacier melt is
expected to increase during the mid-twenty-first
century before many mountain catchments may
eventually become glacier-free towards 2100.
Most predictions see only minor changes of the
annual runoff, and some parts of Norway will
experience higher precipitation, especially in
autumn and winter. This increased winter runoff
and the projected earlier snowmelt will likely
overall result in a more levelled annual runoff.
Higher inflow to the hydropower reservoirs
during periods of high demand for electricity

(winter), meaning that hydropower production in
Norway may benefit from projected climate
changes in form of increased productivity.
Despite all these significant environmental and
socio-economic consequences of recent moun-
tain glaciers fluctuations in Norway, it appears
that the Norwegian mountain system is by
comparison more resilient to possible future cli-
mate variability than other high-mountain sys-
tems elsewhere.
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11Paraglacial Timescale and Sediment
Fluxes for Hillslope Land Systems
in the Northern Appalachian
Mountains of Eastern Canada

Daniel Germain and Ludwig Stabile-Caillé

Abstract

The Appalachian Mountains of Eastern
Canada are prone to several mass-wasting
processes related to the geology and the
nearby presence of large water bodies that
influence the climate. Superimposed on this
rugged terrain is the impacts of ongoing
climate change, which may increase the
magnitude, frequency, and duration of an
array of hillslope phenomena. In this regard,
the quantification of sediment fluxes at various
spatiotemporal scales is prerequisite to reduc-
ing the exposure of infrastructure and com-
munities, as well as to better understanding
the mountain landscape evolution. Here, we
report the quantitative modeling of sediment
fluxes of several hillslope processes, mainly
based on radiocarbon dating, which in turn
improves understanding of how sediment has
been eroded and transported through these
mountain catchments since deglaciation. The
results show a variable pattern of paraglacial
effects at local and regional scales, highlight-
ing the importance of ecological and hydro-
climatic conditions in controlling the duration
of glacially conditioned sedimentary stock

exhaustion, and therefore the delay of para-
glacial responses by geomorphic land sys-
tems. Current active scree slopes under the
cold-temperate climate are characterized by
sedimentation rates slightly lower than those
calculated for the periglacial period following
deglaciation, and even the sporadic remobi-
lization of the primary stock by alluvial fan
dynamics appears to be significant, testifying
to a duration of paraglacial processes of more
than 10,000 years.

Keywords

Paraglacial � Sediment flux � Hillslope
processes � Gaspé Peninsula

11.1 Introduction

Climate changes at various spatiotemporal scales
are expected to impact the biosphere, hydro-
sphere, and cryosphere of the Earth system, and,
as a result, the general sediment availability
(Knight and Harrison 2013; Lane et al. 2017).
These changes are likely to influence patterns of
erosion, transport, and deposition related to a
given geosystem—the dynamic combination of
biotic, abiotic, and anthropogenic factors—
across defined landscape components. Quantita-
tive estimates or analyses of denudation rates,
source-to-sink fluxes, and sedimentary budgets
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(Brown et al. 2009) are therefore useful to better
understand the ongoing transformation of
mountain landscapes and their sensitivity to cli-
mate change and disturbance regimes. In this
regard, mountain environments appear to be
useful natural laboratories within which to study
sediment fluxes related to mass-wasting pro-
cesses, given their sharp climatic and biotic
altitudinal gradients, as well as their major role in
terrestrial Earth surface dynamics (Knight and
Harrison 2014). Indeed, Antonelli et al. (2018)
have recently demonstrated, for example, the link
between geological and climatic influences on
mountain biodiversity. In recently deglaciated
mid-latitude mountains, now evolving under a
cold-temperate climate, most of the scree slopes
are relicts (e.g., Curry and Morris 2004; Hinch-
liffe and Ballantyne 2009) due to the exponential
decrease in sediment availability, known as
paraglacial exhaustion (Ballantyne 2002a, b) or
paraglacial sediment cascade (Cossard and Fort
2008). Consequently, most active scree slopes
currently remain limited to upland environments
where physical weathering dominates (Goudie
2004).

Under current global warming, increased
temperatures are expected to result in latitudinal
and altitudinal tree line expansions (Payette
2007; Moen et al. 2004; Liang et al. 2011). The
meta-analysis conducted by Harsch et al. (2009)
for 166 sites worldwide has indeed shown a
progression of forest fronts in 52% of cases,
versus only 1% of sites characterized by a
recession. However, several authors have already
emphasized the importance and interest of
including geomorphic processes in studying the
altitudinal limit of trees (see the reviews of
Holtmeier and Broll 2005; Whitesides and Butler
2011). Indeed, hillslope processes tend to
respond quickly to climate change and other
natural and anthropogenic disturbances, as has
been observed during past climatic variations,
such as the Neoglacial and Little Ice Age periods,
both characterized by an increased frequency and
intensity of mass-wasting processes (Mathews
et al. 1997; Curry 2000; McCarroll et al. 2002).
Several authors have attempted to develop fre-
quency–magnitude relationships for different

mass-wasting processes from historical events
and various environmental archives (van Steijn
et al. 2002; Stoffel et al. 2005; Jakob and Friele
2010), highlighting once again the interest of
long-term reconstructions for hazard and risk
assessment, as well as to improve understanding
of the evolution of terrestrial eco-geosystems
(Bogaart et al. 2003; Bebi et al. 2009; Pawlik
2013).

On scree slopes, where long-term studies are
especially difficult and rare due to the high sed-
iment availability and restricted timeframes of
lichenometric and dendrogeomorphic approaches
(van Steijn 2002; Germain and Hétu 2016),
extreme events might reveal significant strati-
graphic opportunities to explore past hillslope
dynamics over a longer timeframe. Indeed, heavy
rainfall at local or regional scales has the
potential to trigger low-frequency, high-
magnitude events capable of erosion and trans-
portation beyond the steady-state equilibrium of
the system, often corresponding to, for example,
the formation of deeply incised channels and soil
erosion. These morphological impacts then make
it possible to explore several stratigraphic sec-
tions and potentially to reconstruct past dynamics
related to storm activity and sediment fluxes
(Noren et al. 2002; Beylich and Sandberg 2005).
In the Chic-Chocs Range (Gaspé Peninsula) of
the northern Appalachian Mountains of eastern
Canada, increased climatic variability (freezing
rain, rain-on-snow, ice-crust formation) in the
1980-90s has resulted in an increased frequency
of large snow avalanches (Germain et al. 2009)
despite the absence of any significant warming
trend, once again indicating that geomorphic
processes do not respond linearly to climate
change. It is then particularly appropriate to
focus on sediment connectivity through investi-
gations that emphasize the nature, frequency,
magnitude, and spatial extent of hillslope pro-
cesses, which will in turn provide better knowl-
edge of both structural and functional landscape
components (Fryer et al. 2013; Bracken et al.
2015; Wohl et al. 2019).

The main purpose of this chapter is to provide
a quantitative example of medium- to long-term
sediment fluxes originating from various
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hillslope processes evolving into contact with the
forest. As previously reported by several authors
for the northern Gaspé Peninsula (cf. Germain
and Hétu 2016) and other mountainous envi-
ronments (Blikra and Nemec 1998; Berthling and
Etzelmüller 2007), the frequency and magnitude
of these mass-wasting processes are extremely
variable in time and space. However, the obser-
vations and measurements made at a regional
scale over several active scree slopes, debris flow
cones, and alluvial fans can provide valuable
information about the sensitivity of hillslope
sediment fluxes to climate change. The specific
objectives are: (1) to qualitatively and quantita-
tively describe the mass-wasting processes rela-
ted to the studied scree slopes, debris flow cones,
and alluvial fans; (2) to evaluate the sedimenta-
tion rates based on radiocarbon dates; (3) to
estimate the sediment fluxes related to the con-
struction of lobate rock glacier derived from
scree accumulation under periglacial conditions
shortly after deglaciation; and (4) to discuss the
relative importance of sediment fluxes in a cold-
temperate climate over the past centuries

(climate-weathering-mass movement process
link) through comparison to the periglacial phase
following deglaciation (paraglacial evolution).

11.2 Geographical Settings

The study region is part of the Chic-Choc
Mountains, which are located at the northeastern
extremity of the folded sedimentary Appalachian
system (Fig. 11.1). The topography is dominated
by three levels of plateau, from the highlands
(1100 m a.s.l.) to the coast. These plateaus are
likely remnants of a Pre-Quaternary erosion sur-
face deeply dissected by glacial valleys (Peulvast
et al. 1996; Jutras and Schroeder 1999), particu-
larly in the northern part of the Gaspé Peninsula,
where the local topography is characterized by a
steeply cliffed coastline (*400 m a.s.l.).

The presence of the Gulf of St. Lawrence and
the continental effect of the northern USA
impose diverse and variable climatic influences
due to the alternating high- and low-pressure
systems associated with westerly atmospheric

Fig. 11.1 Location of the
study area in the Gaspé
Peninsula, eastern Canada.
The sites are located in the
Mont Saint-Pierre valley and
the surrounding valleys
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circulation (Gagnon 1970). The winter season is
cold (−13.8 °C in January), long (from mid-
October to the end of April), and snowy (average
of 330 cm). In summer, the growing season is
warm (+20.0 °C in July) and long enough to
allow for the development of a closed forest
canopy in low-elevation coastal valleys, from
sugar maples (Acer saccharum Marsh) and yel-
low birch (Betula alleghaniensis Britton) at
lower levels to mixed stands of balsam fir (Abies
balsamea (L.) Mill.) and yellow birch at higher
elevations near the rock walls and the upper
portions of scree slopes (*400 m a.s.l.). Spring
and autumn are prone to freeze–thaw cycles,
which average 43 days per year (Trenhaile and
Rudakas 1981; Fortin et al. 2011). Finally,
superimposed upon this regional climatic pattern
are climatic phenomena, such as the North
Atlantic Oscillation (NAO) and El Nino South-
ern Oscillation (ENSO), which usually cause
mild, dry winters during the negative NAO phase
and El Nino years. However, the rapid succes-
sion of contrasting meteorological contexts on a
daily basis creates dynamic situations favorable
to the occurrence of various mass-wasting pro-
cesses, such as snow avalanches, debris flows,
frost-coated clast flows, and niveo-aeolian sedi-
mentation (Hétu and Vandelac 1989).

11.2.1 Mass-Wasting Processes
in the Northern Gaspé
Peninsula

The occurrence of several hillslope processes in
the low-elevation coastal valleys of the northern
Gaspé Peninsula, particularly on active talus
slopes, which are enclaves within the forest, can
be characterized as follows: (1) paraglacial
effects, such as slope over-steepening and stress
release following deglaciation unloading; (2) fol-
ded, contorted, and faulted strata of thin-bedded
shales, argilites, siltstones, and sandstones, very
susceptible to weathering; and (3) climatic fluc-
tuations and weather variability at different
timescales. Indeed, evolving in a cold-temperate
climate (Dfb class of Köppen climate classifica-
tion), the rockwalls located in the upper part of

the slopes undergo several freeze–thaw cycles,
resulting in a substantial production of small size
debris (average of 7 cm long) with a low
sphericity index (average of 0.3) (Hétu and
Vandelac 1989; Hétu et al. 1994; Hétu and Gray
2000a). Environmental monitoring and punctual
field observations made over the last 30 years, in
addition to some published and other unpub-
lished data resulting from doctoral and masters
theses, have revealed that individual particles
tend to accumulate near the rockwalls (talus shift
of 15 cm per year) until mobilized by cold sea-
son dynamics, which account for 95% of the
yearly sediment budget on the active scree slopes
(Germain and Hétu 2016). According to Germain
and Hétu (2016), the quantitative measurements
of sediment fluxes, although rough estimates,
demonstrate the prominent role of frost-coated
clast flows on these active fine-grained scree
slopes, as well as the sensitivity of these land-
forms and hillslope processes to ongoing climate
change.

On a longer timescale, the evolution of scree
slopes in the study area can be summarized as
follows:

The deglaciation of the low-elevation U-
shaped glacial valleys in the northern Gaspé
Peninsula began 15,000 calendar years before
present (cal. years BP) and was followed by the
postglacial Goldthwait Sea, which reached an
elevation of up to 50 m, corresponding to a sea
invasion of a few kilometers inland (Hétu and
Gray 2000b). The subsequent glacio-isostatic
recovery favored the fashioning of several mar-
ine and fluvio-glacial terraces. Hillslope processes
on scree slopes were certainly active at that time,
but their impacts were more significant during the
Younger Dryas, where lobate rock glaciers
resulting from scree accumulations were built on
marine and fluvio-glacial terraces. These rock
glaciers likely remained active until later than
9700 cal. years BP, under a periglacial regime
(Hétu et al. 2003), and paleoecological proxies
indicate a cold climate until circa 8000 cal. years
BP (de Vernal et al. 1993; Marcoux and Richard
1995; Richard and Larouche 1994; Sawada et al.
1999). Based on pollen analysis, the afforestation
of the plateau overlooking the talus slopes began
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around 12,200 cal. years BP, and the closed forest
was established around 10,000 cal. years BP
(Labelle and Richard 1984). Conversely, the for-
est colonization of slopes was much slower
because of the intense geomorphic activity, where
stratigraphic data show that sediment fluxes rela-
ted to mass-wasting processes have reached the
base of the slopes later than 7,500 and even later
than 4,700 cal. years BP in some valleys (Hétu
and Gray 2000a).

Since that time and until today, the battle
between active scree development and forest
colonisation has persisted throughout the Holo-
cene, certainly in concomitance with climatic
oscillations and disturbance regimes, as revealed
by dendroecological studies of the recent period
(Hétu 1990; Lafortune et al. 1997; Germain et al.
2005). Indeed, at the end of the Little Ice Age
(circa 1850), the upper limit of the forest edge on
scree slopes was several meters (10 to 100 m)
lower than it currently is (Hétu 1990; Lafortune
et al. 1997), indicating greater geomorphic
activity. Between 1850 and 1950, forest vegeta-
tion reached higher up the scree slopes due to
reduced geomorphic activity on slopes and sed-
imentation rates. After 1950, the ecological
impacts of snow avalanches, for example,
allowed frost-coated clast flows to enter further
into the forest edge, burying forest vegetation
and generally lowering the altitudinal tree limit
on scree slopes (Germain and Hétu 2016).

At present, slope exposure is an extremely
important determinant of the nature of geomor-
phic processes acting on talus slopes (Stabile-
Caillé 2019). Indeed, west-facing slopes are
exposed to the prevailing winds from the north-
west, but also to insolation. The active portion of
these scree slopes is therefore generally snow-
free and subject to frost-coated clast flows
(Fig. 11.2), the main geomorphic process caus-
ing forest recession on the concerned slopes
(Hétu et al. 1994; Lafortune et al. 1997; Germain
and Hétu 2016). In contrast, the east-facing
slopes are sheltered from the prevailing winds
and are generally covered with a significant
snowpack during the winter. The dominant hill-
slope processes on these slopes are then snow-
related, namely avalanches (Gratton et al. 2019),

snow creep, and debris flows (Fig. 11.2; Jobin
2019). Along the coast, niveo-aeolian processes
dominate due to the exposure of the slopes to
strong winds from the St. Lawrence Estuary
(Hétu 1992).

11.3 Methodology

Based on a research program with the overall
objective of better understanding sediment rout-
ing and evolution in cold-temperate and forested
mountain environments from deglaciation to the
present day, several sites were visited and mon-
itored on a yearly basis in several low-elevation
coastal valleys of the northern Gaspé Peninsula
for at least the past decade. These include active
scree slopes, debris flow cones, and alluvial fans
(Fig. 11.2).

In July 2014, Hurricane Arthur hit the Gaspé
Peninsula, leaving approximately 60 mm of rain
in less than 24 h. Rainfall amounts were likely
much higher in certain places due to the oro-
graphic effect, but this is unconfirmed because of
the scarcity of meteorological stations in the area.
However, subsequent field visits revealed the
high-magnitude geomorphic activity generated
by this heavy rainfall episode on several talus
slopes. Indeed, the intensity of the hillslope
processes was such that, at many sites, channels
of several meters deep were incised (Fig. 11.2),
significant volumes of sediment were trans-
ported, and the displacement of large blocks was
recorded. In addition, considering that all of
these slopes are evolving into contact with the
forest cover, major ecological impacts (e.g.,
broken, uprooted, and buried trees) were also
recorded and clearly visible. Many roads were
cut off and several culverts were partially or
completely destroyed, confirming the high-
intensity nature of these geomorphic events.

In order to improve estimates of medium- to
long-term sedimentation rates in various hillslope
environments and landforms at a regional scale,
the results presented here are mainly based on
radiocarbon dating related to the exceptional
stratigraphic opportunities that resulted from the
extreme geomorphic events of July 2014.
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11.3.1 Calculation of the H0/Hi Ratio

The H0/Hi ratio represents the relative height of
the scree (H0) with respect to that of the entire
slope (Hi). Therefore, a value of near zero indi-
cates a rockwall without or with little accumu-
lation at its foot, whereas a value of close to one
indicates a nearly completely buried rockwall.
A massive rockwall is, in general, associated
with greater geomorphic activity, since the par-
ticles falling from the rockwall have more
potential energy on average (Jomelli and Francou
2000). The H0/Hi ratio is then expected to

represent the maturity of the slope, since a higher
value corresponds to a more stable slope and
therefore to less direct geomorphic activity
(Jomelli and Francou 2000; Hinchliffe and Bal-
lantyne 2009; Curry and Morris 2004).

Because of the diversity of sites and land-
forms investigated here (active scree slopes,
debris flow cones, and alluvial fans), and the
related and previously studied hillslope processes
in the area, such as frost-coated clast flows (Hétu
et al. 1994; van Steijn et al. 1995; Lafortune et al.
1997; Germain and Hétu 2016), debris flows
(Jacob 2001; Jobin 2019), and hyperconcentrated

Fig. 11.2 Photographs of investigated sites: a West-
facing scree slope; the presence of narrow, shallow
channels related to debris flow and frost-coated clast flow
activity is visible. On the upper part of the slope, the
channels tend to be rectilinear, whereas on the lower part
of the slope they start to meander between islands of
shrubs and trees. See Hétu et al. (1994) and van Steijn
et al. (1995) for more details about frost-coated clast

flows. b Incised channel in alluvial fan in a forested
environment following the Hurricane Arthur in July 2014.
c East-facing debris flow tracks showing a limited
rockwall on the upper part of the slope. d The close-up
shows one of the several meters deep incisions of a debris
flow track after the significant rainfall event related to
Hurricane Arthur
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flows (Caron-Fournier 2009; Ouellet and Ger-
main 2014), the H0/Hi ratio was calculated.

11.3.2 Radiocarbon Dating

In the field, incised channels on scree slopes,
debris flow cones, and alluvial fans were sur-
veyed to sample buried wood and organic matter.
Although organic horizons show relative stability
for a given period of time, buried wood still
provides benchmarks for calculating sedimenta-
tion rates. Most of this wood comes from broken
and fallen branches and trees, subsequently bur-
ied by mass-wasting processes that allowed them
to be preserved. The position of each sample was
recorded with a Garmin Oregon 700 GPS, and
radiocarbon dating was done at the André E.
Lalonde AMS Laboratory at the University of
Ottawa, Canada, with calibration performed
using OxCal v4.2.4 (Bronk Ramsey 2009).
Because the majority of the ages fall within a
section of the calibration curve affected by the
so-called Seuss Effect, which is a flat portion of
the calibration curve caused by the burning of
fossil fuels, several calibrated ages unfortunately
are of low precision. However, in all cases,
sedimentation rates were calculated based on the
median calibrated age, which also corresponds to
the highest statistical probability.

11.3.3 Estimation of Rock Glacier
Formation Volume
and Sediment Flux

As previously mentioned, long-term studies on
scree slopes are especially difficult due mainly to
the rarity of datable material. As such, the pres-
ence of rock glaciers at the foot of several scree
slopes offers an interesting and rare opportunity to
evaluate sediment fluxes, at least for the perigla-
cial period following deglaciation. Indeed, rock
glacier volumes can provide a rough estimate of
rockwall recession rates during their development
(Ballantyne 1984; Humlum 2000; Berthling and
Etzelmüller 2007). Calculated volumes were cor-
rected using a porosity of 30%. The retreat rates

were then estimated by dividing the rock glacier
volumes by the area of the rockwalls. The retreat
values were converted into mm ka−1 by consid-
ering the total duration of the periglacial period, of
approximately 3250 years (i.e., from 10,500 to
7250 cal. years BP) (Hétu and Gray 2000a; Ger-
main and Hétu 2016). The mapping and mor-
phometric measurements were done by photo-
interpretation from a mosaic of orthophotos at a
scale of 1:20,000 and with a resolution of 30 cm
(Ministère de l’Énergie and des Ressources
Naturelles 2016). It should be noted that the
results are rough estimates given the resolution
of available orthophotos, but nevertheless
provide an order of magnitude for comparative
purposes.

11.4 Results

11.4.1 Morphometric Characteristics
of Hillslope Processes

The investigated talus slopes, which include
active scree slopes, debris flow cones, and allu-
vial fans, show significant discrepancies. Along
the coast, scree slopes have an average length of
69 ± 16 m and a rockwall height of 98 ± 18 m.
In the coastal valleys, the active section of the
scree slopes is more prominent, with an average
length of 208 ± 34 m, but the rockwall height is
usually less, on average 41 ± 10 m. However, in
both cases the measurements are highly variable,
particularly for the active scree slope sections,
ranging between 50 and 450 m.

The difference in H0/Hi ratios is statistically
significant between coastal talus slopes and those
located in the valleys. On the coast, the talus
slopes have a more massive rockwall and a lower
H0/Hi ratio (Fig. 11.3). These data suggest a less
advanced stage of the coastal slopes, whose
natural evolution is also disturbed by the national
road 132 located at the foot of the slopes.
Because of human intervention, notably regularly
removing the sediments downslope, these coastal
talus slopes are constantly unbalanced, since
slope inclination does not correspond to the angle
of repose, which increases geomorphic activity
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related to mass-wasting processes (Statham
1976; Kirkby and Statham 1975). The H0/Hi ratio
of debris flow cones is less variable than inland
scree slopes (Fig. 11.3), but both hillslope sys-
tems are characterized by a very high ratio, tes-
tifying to a more advanced stage of maturity. The
threshold used to distinguish a massive rockwall
is generally a H0/Hi value of 0.5 or greater
(Francou and Manté 1990; Jomelli and Francou
2000; Hinchliffe and Ballantyne 2009). Even the
minimum value measured for scree slopes (0.66)
is greater than this threshold.

Except for scree slopes on the coast, which are
all north-facing, the investigated talus slopes in
the valleys display the following exposition: 7%
north-facing, 23% south-facing, 25% east-facing,
and 45% west-facing slopes. As mentioned ear-
lier, most of these active scree slopes in the low-
elevation coastal valleys are located on west-
facing slopes. Interestingly, the east-facing
slopes are mainly dominated by debris flows,
and therefore show a smaller rockwall in the
upper segment of the slope. Indeed, the geo-
morphically active sections appear to be smaller
when compared to the previously described scree
slopes. The H0/Hi ratio is not statistically sig-
nificantly different between these two hillslope
systems, yet the mean and median is higher for
debris flows. Alluvial fans were not reported in
Fig. 11.3, given that all investigated fans were
characterized by the absence of a rockwall in the
upper part of their forested catchment.

11.4.2 Mid- to Long-Term Sediment
Fluxes

Table 11.1 details radiocarbon dating results.
Twelve samples were taken from active scree
slopes, nine from debris flow tracks and cones,
and seven from alluvial fans. All samples were of
buried wood found in several stratigraphic sec-
tions related to the formation of incised channels
resulting from the heavy rain of July 2014. The
oldest radiocarbon date obtained is from the year
988, from a debris flow cone, and the deepest
piece of wood sampled was from five meters
below the surface, from the upper part of a scree
slope.

On scree slopes, the highest probability of a
calibrated age ranging between 1770 and 1984
corresponded to samples from between 55 and
500 cm deep. Five samples were dated to the
1770s, four to the 1800s, and three to the second
half on the twentieth century. The highest sedi-
mentation rates (13.16 and 5.15 mm yr−1) were
also recorded for the recent period, after 1979
and 1984, respectively. The mean and median
values were 2.24 and 0.73 mm yr−1, respectively
(Fig. 11.4).

For debris flow cones, the calibrated dates are
more variable, ranging from 988 to 1880 and
correspond to buried wood from between 70 and
183 cm deep. Except for the oldest date, of 988,
all other dates correspond to the Little Ice Age
period (circa 1550–1895), with mean and median

Coastal scree Inland scree debris flow

Fig. 11.3 H0/Hi ratio for
active coastal and inland scree
slopes, and debris flow tracks.
Boxplots represent the
minimum and maximum, as
well as the 25th and 75th
percentile, and the horizontal
line is the median
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sedimentation rates of 0.93 mm yr−1 and
0.46 mm yr−1 respectively (Fig. 4). As for the
H0/Hi ratios, debris flow environments are less
variable in this respect than scree slopes and
alluvial fans.

The buried wood found between 90 and
210 cm deep in alluvial fans were dated to
between 1169 and 1956 cal. years. Three dates

(1169, 1293, and 1420) are older than the Little
Ice Age, while three others (1628, 1778, 1782)
fall during this period. Finally, the recent date of
1956 also corresponds to the highest sedimenta-
tion rate (5.74 mm yr−1) calculated for alluvial
fans, which is also significantly different from the
mean (1.20 mm yr−1) and the median
(0.12 mm yr−1) values (Fig. 11.4).

Table 11.1 Radiocarbon dates, calibrated ages, and sedimentation rates for scree slopes, debris flow cones, and
alluvial fans

Lab code Sample Material Radiocarbon
date (Yr. BP)

Calendar
date (Yr.
AD/BC)

Median
calendar
date (Yr.
AD/BC)

Depth
from the
Surface
(cm)

Accumulation
Rate (mm
yr−1)

Scree
slopes

UOC-5090 T17A Wood 111 ± 24 1805–1935 1838 130 0.726

UOC-5091 T17B Wood 181 ± 23 1662–1954 1770 70 0.028

UOC-5112 T21B Wood 31 ± 28 1696–1955 1895 100 0.574

UOC-5092 RA Wood 199 ± 23 1653–1954 1779 130 0.546

UOC-5093 RB Wood 179 ± 23 1662–1954 1769 100 0.403

UOC-5094 RC Wood 78 ± 28 1691–1921 1848 180 1.065

UOC-5095 RD Wood 141 ± 27 1669–1954 1807 135 0.643

UOC-5096 RE Wood Modern ± 23 1983–1986 1984 170 5.152

UOC-5097 RF Wood 196 ± 24 1654–1954 1776 210 0.871

UOC-5098 RG1 Wood Modern ± 29 1954–1957 1955 90 1.452

UOC-5099 RG2 Wood 182 ± 23 1661–1954 1770 145 0.587

UOC-5100 RH Wood Modern ± 22 1979–1980 1979 500 13.158

Debris
flow
cones

UOC-5107 M1A Wood 96 ± 23 1691–1925 1842 380 2.171

UOC-5108 M1B Wood 334 ± 23 1480–1640 1565 500 1.106

UOC-5109 M1C Wood 225 ± 22 1678–1954 1782 147 0.626

UOC-5110 M5A Wood 68 ± 22 1695–1955 1880 125 0.947

UOC-5111 M5B Wood 147 ± 24 1668–1954 1798 200 0.913

UOC-5103 C1B1 Wood 103 ± 23 1686–1927 1840 290 1.638

UOC-5104 C1B2 Wood 158 ± 24 1666–1954 1770 100 0.405

UOC-5105 C1B3 Wood 1062 ± 25 948–1022 988 340 0.330

UOC-5106 C1B4 Wood 139 ± 24 1670–1954 1810 55 0.266

Alluvial
fans

UOC-5085 7AB1 Wood 684 ± 26 1271–1310 1293 242 0.334

UOC-5086 7AB2 Wood 209 ± 23 1681–1954 1782 122 0.519

UOC-5087 7AB3 Wood 879 ± 23 1147–1220 1169 80 0.094

UOC-5088 7AB4 Wood 197 ± 22 1654–1954 1778 152 0.636

UOC-5089 7AB5 Wood 276 ± 23 1620–1665 1628 183 0.470

UOC-5101 M8A Wood 514 ± 23 1399–1442 1420 380 0.637

UOC-5102 M8B Wood Modern ± 24 1955–1956 1956 350 5.738
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11.4.3 Sediment Volumes and Fluxes
Related to Rock Glacier
Formation

The sedimentation rate of the supposed most
active period under periglacial climate and
paraglacial conditions immediately following
deglaciation was estimated using the volume of
rock glaciers identified at the foot of seven scree
slopes. The volumes of these rock glaciers are
between 400,000 and almost three million cubic
meters (Table 11.2). On average, the rockwalls
have retreated approximately 30 m to allow a
sufficient volume of sediment to construct these
rock glaciers between 10,500 and 7250 cal. years
BP. These values correspond to an average
rockwall retreat of more than 8,000 mm ka−1,
which in turn gives an average sedimentary flux
of over 400 m3 yr−1. Depending on the size of
the rock glaciers, sediment fluxes range between
164 and 873 m3 yr−1 (Table 11.2), corresponding
to sedimentation rates of over 3 mm yr−1, with a
maximum value of 6.9 mm yr−1.

Because of the variably dominant nature of
hillslope processes on west-facing (frost-coasted
clast flows) and east-facing slopes (snow ava-
lanches and debris flows), an analysis of variance
was performed, but did not support any signifi-
cant effect of slope aspect on calculated sediment
fluxes for rock glacier construction during the
periglacial period (p-value = 0.81).

11.5 Discussion

11.5.1 Discrepancies Between Mass-
Wasting Processes

The north-facing coastal scree slopes are char-
acterized by a low H0/Hi ratio (<0.5), due to
human disturbances related to the national road
132 at the base of these slopes. Because the
Quebec Ministry of Transport periodically
removes colluvium near the road, these talus
slopes are still evolving as an open system.
Moreover, because they are very exposed to
strong winds from the St. Lawrence River, a
significant amount of sediment is transported by
wind from the rockwalls (Hétu 1992; Hétu and
Gray 2000a; Germain and Hétu 2016). In the
Scottish Highlands, Ballantyne (1998) also con-
cluded that wind plays a significant role in the
removal of unstable material from rockwalls. It is
therefore likely that wind is important in
reshaping the coastal scree slopes and thus con-
tributes to maintain a lower H0/Hi ratio compared
to that of inland scree slopes.

In the low-elevation coastal valleys, talus
slopes maintain significant geomorphic activity
despite their advanced stage of evolution due to
their high H0/Hi ratio, particularly compared to
other scree slopes in cold-temperate climates
(Hinchliffe and Ballantyne 1999; Ballantyne and

Alluvial fan Debris flow Scree slope

Fig. 11.4 Sedimentation
rates for scree slopes, debris
flow cones, and alluvial fans.
Boxplots represent the
minimum and maximum, as
well as the 25th and 75th
percentile, the horizontal line
is the median, and the black
circle is the mean
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Eckford 1984; Curry and Morris 2004; Curry and
Black 2003). This might be related to the diver-
sity of mass-wasting processes, which are cap-
able of remobilizing the debris accumulated near
the rockwall further downslope. These hillslope
processes are of sufficient magnitude in time and
space to locally disrupt the treeline, as previously
reported in the area (Hétu 1990; Lafortune et al.
1997; Germain and Hétu 2016). For example,
frost-coasted clast flows, a process recognized
and described for the first time in the northern
Gaspé Peninsula (Hétu et al. 1994), are consid-
ered to be the most important sedimentary
transport mechanism on south- and west-facing
slopes (Lafortune et al. 1997; Hétu and Gray
2000a; Germain and Hétu 2016). On east-facing

slopes, debris flows appear to be responsible for
most of the sediment transfer, given that snow
avalanches are usually devoid of geomorphic
impact. In this regard, Fig. 11.5 shows a decrease
in the active area of the scree slopes and debris
flow cones as the rockwall decreases in size,
testifying once again to the usefulness of the H0/
Hi ratio to evaluate the potential for sediment
release. Unfortunately, no significant correlation
was found between rockwall area and sedimen-
tation rate given the variability of mass-wasting
processes, as well as the position of the radio-
carbon dated wood on talus slopes.

Finally, where rockwalls are absent, the
presence of channels with permanent or inter-
mittent flow ensures discontinuous and sporadic

Table 11.2 Rock glacier volumes, sediment fluxes, and related rockwall retreat rates for the periglacial period from
10,500 to 7250 cal. years BP

Aspect Rock glacier Rockwall

Volume
(m3)

Sediment fluxa (m3

yr−1)
Accumulation rateb

(mm yr−1)
Retreat
(m)

Retreat rate (m
ka−1)

1 W 1 919 119 590 6.80 19 5.71

2 W 2 836 821 873 6.90 56 17.12

3 E 1 166 500 359 4.26 33 10.26

4 W 422 162 130 3.07 8 2.38

5 E 1 733 047 533 5.02 31 9.52

6 E 903 327 278 3.44 29 8.91

7 E 531 898 164 3.57 30 5.25

Mean 1 358 982 418 4.72 29 8.45
aSediment flux calculated from the rock glacier volume and the duration of the periglacial period
bAccumulation rate based on morphometric measurements of the rock glacier and calculated sediment flux
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Fig. 11.5 Linear regression
model of the relationship
between the area of the active
section of talus slope and the
rockwall area for 43 talus
slopes in low-elevation
coastal valleys of the Gaspé
Peninsula
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sedimentary transport on alluvial fans (Ouellet
and Germain 2013).

11.5.2 Long-Term Evolution of Talus
Slopes

The term paraglacial refers to the statement of
Church and Ryder (1972, p. 3059), wherein
paraglacial processes are considered to be ‘non-
glacial processes that are directly influenced by
glaciation.’ Since then, the concept has been
substantially reviewed and improved (Ballantyne
2002a, b; Cossart and Fort 2008; Mercier 2008;
Knight and Harrison 2018). However, it remains
based on the assumption that the retreat of the ice
caps related to the last glaciation exposed the
landscape to paraglacial processes, such as gla-
cial debuttressing, isostatic instability, and high
sediment availability, among others, providing
an ideal context for high geomorphic activity. It
therefore follows that the construction of talus-
derived rock glaciers is particularly well-
representative of the paraglacial period. The
calculated rockwall retreat rates based on rock
glacier volumes are on average 8.45 m ka−1, one
to two orders of magnitude higher than current
rates reported in the scientific literature (Curry
and Morris 2004; Ballantyne and Harris 1994).
However, the obtained values are on the same
order of magnitude (*1 to 10 m ka−1) when
compared to the most active Holocene period
(Humlum 2000; Barsch 2012; Berthling and
Etzelmüller 2007) and are based on the same
methodological approach. Although these are
rough estimates, these results nevertheless indi-
cate a high intensity of geomorphic activity
during this period of very rapid rock glacier and
talus slope formation, as soon as rockwalls were
exposed following deglaciation (Hétu and Gray
2000a; Germain and Hétu 2016).

As reported by Hétu and Gray (2000a), it is
unlikely that rock glaciers were still active after
7250 cal. years BP due to global warming. The
evolution of talus slopes after this period
becomes very complex, since there is now sig-
nificant interaction with the surrounding forest
cover. Indeed, for an isolated land system (e.g.,

scree slope, debris flow cone, alluvial fan), the
paraglacial period ends at the exhaustion of the
available sediment, which usually follows an
exponential decline. However in the northern
Gaspé Peninsula, the very susceptible lithology
to mechanical weathering, and the diversity of
geomorphic processes related to contrasting
meteorological conditions have maintained
paraglacial activity locally for more than
10,000 years. The sedimentation rates calculated
for the construction of rock glaciers (4.72 mm
yr−1) versus those of recent scree slope dynamics
(2.24 mm yr−1) show smaller differences than
those reported in the scientific literature (cf.
André 1997). Indeed, Lafortune et al. (1997)
reported an even higher sedimentation rate on a
scree slope in the study area based on a tree-ring
approach, testifying to the extended duration of
paraglacial landscape relaxation. Of course, the
geomorphic activity, as well as the altitudinal
forest limit, on these scree slopes has fluctuated
throughout the Holocene, illustrating the com-
plex geomorphic response and dynamic equilib-
rium between mass-wasting processes,
vegetation cover, and hydroclimatic conditions.
For example, since the middle of the twentieth
century, geomorphic processes on scree slopes
have increasingly fragmented the treeline despite
the warming trend (Lafortune et al. 1997; Ger-
main and Hétu 2016). However, a warmer and
drier climate generally tends to favor an upward
movement of the treeline and a decrease in mass-
wasting activity, with the opposite true in colder
and wetter climates.

At present, the coastal valleys of the northern
Gaspé Peninsula have a diachronous pattern of
paraglacial influences (Martin and Germain
2016). On the west-facing slopes, the rockwalls
of the upper part of the slopes are still active,
while on the east-facing slopes, the rockwalls
have been almost completely eliminated. The
scree slopes located on west-facing slopes appear
to be primary paraglacial stock, for which the
sediment flux is mainly related to frost-coated
clast flow activity occurring in the winter (Ger-
main and Hétu 2016). On east-facing slopes, the
sediment flux on debris flow cones appears to be
more sporadic in time and space, and less
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significant (0.93 mm yr−1) than that on scree
slopes. Although related to a smaller rockwall,
these debris flow land systems should not be
characterized as limited by sediment availability
given the rapid rockwall dismantling. On the
other hand, alluvial fans are secondary sources,
since the sediment is not transported directly
from the rockwall retreat, but rather from sedi-
ment stored on forested talus slopes and else-
where in small watersheds (Ballantyne 2002b).
However, hyperconcetrated flows on these fans
can efficiently (1.20 mm yr−1) rework glacigenic
sediment stored in primary paraglacial stocks,
and these catchments appear, as was the case for
debris flow cones, to be transport- rather than
sediment-limited (Schrott et al. 2002; Schluneg-
ger et al. 2009). Finally, these results show the
high sensitivity of these environments to climate
variability at different scales, especially given
specific local conditions, maintaining high sedi-
mentation rates from deglaciation to the present
day.

11.6 Conclusion

Due to their geographical, climatic, and geo-
morphological context, talus slopes in the
northern Gaspé Peninsula developed rapidly
following deglaciation and have remained active
throughout the Holocene (Germain and Hétu
2016), which is not frequently reported for cold-
temperate climates (Hétu and Gray 2000a; Curry
and Morris 2004; Hinchliffe and Ballantyne
2009), except for highlands above the altitudinal
tree limit. Our results show that the response of
these land systems to climate change is nonlin-
ear, is affected by antecedent conditions, geo-
logical controls, and climate variability at
different spatiotemporal scales (Knigth and Har-
rison 2014), and is characterized by high sedi-
ment fluxes (e.g., Meigs et al. 2006; Warburton
2007; Brown et al. 2009; Beylich et al. 2011)
testifying to the sensitivity of these geomorpho-
logical environments to climate change (Knigth
and Harrison 2013). However, mid-latitude
mountains are also foreseen to undergo signifi-
cant transformations in the coming decades and

century, hence the imperative to better under-
stand the past and ongoing modification of these
environments that provide a range of ecosystem
services (Price et al. 2004). Mountain systems
should be regarded as the result of a long and
complex evolutionary process, focusing particu-
larly on the ecological and hydroclimatic condi-
tions that control the duration of glacially
conditioned sedimentary stock exhaustion and
the related paraglacial responses of different land
systems. Given that paraglacial refers to an
unstable geomorphological state, vulnerable to
erosion processes (Martin and Germain 2016), it
is useful in predicting mountain geohazards
(Korup and Tweed 2007; Korup and Clague
2009), also showing the interest of capturing the
longer timescale and larger spatial-scale behavior
of such mountain systems under current global
warming.
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12Distance from Retreating Snowfields
Influences Alpine Plant Functional
Traits at Glacier National Park,
Montana

Martha E. Apple, Macy K. Ricketts,
Alice C. Martin, and Dennis J. Moritz

Abstract

The snowfields and glaciers of Glacier
National Park, Montana, USA, are retreating
due to climate change. This presents alpine
plants with changes in habitat and hydrology
as the extent of snowfield plant habitat
diminishes. We established georeferenced
transects at the formerly permanent snowfields
of Siyeh Pass, Piegan Pass, and at the
Clements Mountain Moraine in the Lewis
Mountain Range of Glacier National Park for
long-term monitoring of plant functional traits
and species distribution. Field observations,
taxonomic literature, and measurements of
collected leaves provided data to calculate
community weighted trait means (CWTM) of
quantitative functional traits and the relative
percent cover (RPC) of qualitative functional

traits. The total percent cover of plants
increased significantly with distance from the
snow. Raunkiaer plant growth forms differed
significantly as there was a greater abundance
of cryptophytes with subterranean overwin-
tering buds near the snow but a greater
abundance of woody chamaephytes and
phanerophytes away from the snow. The
significantly lower CWTM of specific leaf
area (SLA, mm2/mg dry weight) away from
the water-rich snowfield edge suggests xero-
morphy as a response to water limitation.
Rhizomes may be an important colonizing
mechanism for habitat exposed by retreating
snow and ice, as the RPC of rhizomatous
species was significantly greater near the snow
and since rhizomes are clonal and carry
vegetative and reproductive buds. The distri-
bution of plant functional traits and species
can be used to predict responses of alpine
plants to the disappearance of snowfields and
glaciers.
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12.1 Introduction

Alpine snowfields can be vast, permanent, and in
possession of extensive perimeters which con-
stitute very important habitats for alpine plants.
Alpine snowfields retract inward as they melt
during the brief summer growing season. This
seasonal retraction supplies meltwater (Vitasse
et al. 2016) for alpine plants and also supplies
space for them to grow when overwintering
alpine plants extend their shoots aboveground as
the snow melts. Globally, the area occupied by
the Koppen classification of alpine tundra has
decreased (Diaz and Eischeid 2007) and climate
change brings the concomitant retreat of snow-
fields and glaciers.

This phenomenon is pronounced at Glacier
National Park in Montana, USA (Hall and Fagre
2003). Snowfields at Glacier National Park that
used to persist throughout the year and that were
designated as permanent are now diminishing.
With this retreat comes a reduction in snowfield
edge habitat, which is especially important
because alpine plants are sensitive to climate
change (Gottfried et al. 2012; Pauli et al. 2012;
Lesica 2014; Hotaling et al. 2017; Lamprecht
et al. 2018). The perimeters of the snowfields and
glaciers, and therefore, the extent of the edge
habitats will be diminished. The alpine plants
that inhabit snowfield edges may not only be
subjected to habitat loss but also to other effects
of climate change such as increased temperatures
and changes in precipitation regimes. Newly
exposed ground which has the potential to be
colonized but which lacks the supply of melt-
water appears with the retreat of snowfields and
glaciers. This newly exposed ground may even-
tually be colonized by current snowfield plant
species. In this chapter, we consider a study of
the distribution of snowfield plant species and
their functional traits, which are characteristics of
plants that interact with the environment, along a
gradient of distance from snowfield edges at
Glacier National Park.

Glacier National Park is characterized by
extensively glaciated alpine landforms. It is a
biologically and culturally significant national

park adjacent to Waterton Lakes National Park in
Alberta, Canada. Together the two parks form
Waterton Glacier International Peace Park, which
became a World Heritage Site in 1995. The
effects of climate change on snowfields and
glaciers at the park (Pederson et al. 2010) are of
major interest (Carey 2007; Fagre et al. 2017), in
part because of their influence on alpine plants.
Although rare arctic-alpine plant species extend
southward into Glacier National Park, their
populations are declining in response to the
increased temperatures associated with climate
change (Lesica and McCune 2004).

Currently, some of the snowfields at Glacier
National Park are still fairly vast. Their dimen-
sions and characteristics vary, though. Three
representative and current snowfields that pro-
vide extensive edge habitat are the Clements
Mountain Moraine snowfield, which sits between
the foot of Clements Mountain and a sinuous
glacial moraine. This snowfield was a glacier
until the 1930s, and it can be reached along a
short trail from the Logan Pass Visitor Center,
which receives many visitors each season. The
other two are further afield but still accessible on
foot. They are the large Siyeh Pass snowfield,
(Fig. 12.1), which covers a steep hill extending
downward from Siyeh Pass near the Sexton
Glacier, and the somewhat smaller but still steep
Piegan Pass snowfield, which is adjacent to the
Continental Divide Trail.

A gradient exists with distance from the edge of
an alpine snowfield. Plants closer to the edge may
have a shorter growing season but may complete
their growth and flowering in a shorter time than
plants farther from the edge, but which may have a
longer time each year in which they are not cov-
ered by snow and during which they can actively
grow aboveground. The edge habitat can be
complex and rife with microhabitats that include
rocks and other substrata near snowfields, steep
topographic and environmental gradients, chan-
nels of snowmelt water, variations in the steepness
of slopes, and periglacial patterned ground
(Scherrer and Körner 2011; Apple et al. 2019).

The functional traits of alpine plants allow
them to live in harsh alpine environments, where
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they are subjected to extreme cold, fluctuations in
temperature, herbivory, intense sunlight, and
high winds. Functional traits of plants vary with
environmental gradients and can be defined as
structural and physiological characteristics that
govern interactions of plants with the environ-
ment. (Cornwall and Ackerly 2009). Examples
include but are not limited to leaf morphology,
photosynthetic pathways, stature, longevity,
height, the ability to form clones, types of over-
wintering structures, root architecture, and the
presence of belowground symbioses with
nitrogen-fixing bacteria and/or with mycorrhizal
fungi. Other functional traits are flower color and
morphology, pollination syndromes, and phe-
nology. Individual traits as well as suites of traits
can be important determinants of where a par-
ticular plant can live. Snowfield plants have
passed through the environmental filter of the
conditions posed by the snowfield edge (Venn
et al. 2011; 2014). Therefore, they have the
functional traits necessary for life in the snow-
field edge habitat. Interestingly, plants with very

different growth forms and leaf morphologies can
be adjacent to each other in the snowfield edge
habitat, suggesting that suites of traits and mul-
tiple strategies exist for life on the snowfield’s
edge.

Snowfield plants may have a strong tendency
to spread clonally by rhizomatous growth and
may have an abundance of vegetative and floral
buds that can expand quickly upon the seasonal
retreat of the snowfield. Clonality also takes the
form of bulbs or corms that divide underground
and of bulbils that form in the usual position of
seeds on the herbaceous Polygonum viviparum
and Festuca viviparoidea, a grass (Lesica 2012).
Clonal growth allows the plants to colonize
newly exposed ground upon the retreat of
snowfields, and it also allows plants to spread
without relying on sexual reproduction. Clonal
plants can act as stabilizers by virtue of their long
and perhaps indefinite life spans (Grabherr 2003;
de Whitte and Stöcklin 2010). Clonal plants can
live at elevations of 6100 m (Dvorsky et al.
2016).

Fig. 12.1 Siyeh pass snowfield with a pool of melted snow at Glacier National Park on July 25, 2018

12 Distance from Retreating Snowfields Influences Alpine Plant … 333



The availability of water from melted snow
varies with distance from snowfields. Xeromor-
phic, or drought-tolerant, traits become increas-
ingly important where water availability is
limited. Xeromorphic belowground traits include
substantial taproots that can store water, water-
seeking fine roots, adventitious roots for
anchorage and exploration of new environments,
and the ability to survive the frozen extent of
winter and dry periods as bulbs, corms, or other
underground structures. Aboveground xeromor-
phic traits consist of overall morphological fea-
tures such as cushion and shrub growth forms as
well as smaller scale traits that include thick bark
and modified leaves. Cushion plants can actually
form their own microhabitats to shield them-
selves from drought and extreme temperatures
(Cavieres et al. 2007).

Leaf morphology is important in xeromorphy,
which is important in drought tolerance. Xero-
morphic leaves can be succulent, evergreen, have
thick cuticles, and rolled inward in response to
drought. They can also be small or divided, with
low surface to volume ratios that limit transpi-
ration (De Micco and Aronne 2012).
Photosystem-damaging heat can be dissipated by
dissected leaves (Creese et al. 2010; Buchner
et al. 2015). Water influences leaf expansion
(Pantin et al. 2011), and with low water avail-
ability, the specific leaf area, SLA, (mm2/mg−1)
is generally lower. Leaves with lower SLA have
greater density than those with higher SLA.
Reducing SLA in response to drought is a phe-
notypic adjustment (Wellstein et al. 2017). SLA
is a useful measure of leaf density, which is in
turn useful in determining plant responses to
variations in the availability of water (Poorter
et al. 2009).

Interspecific variation in functional traits can
occur with distance from the snowfield and with
season. For example, leaves may be less dense if
expansion occurred near the edge of the snow-
field and/or early in the growing season with an
abundance of meltwater. In contrast, leaves of the
same species may have greater density and
xeromorphy if expansion occurred away from the
supply of melting snow or later in the growing
season if the meltwater supply was diminished.

Community weighted traits means (CWTMs)
are important tools in understanding the respon-
ses of plant functional traits along environmental
gradients (Choler 2005; Mouillot et al. 2013),
including spatiotemporal change in alpine
snowfield habitats and community responses to
climate change (McGill et al. 2006; Venn et al.
2011, 2014; Apple et al. 2019). Studies of spe-
cies distributions as well as of CWTMs can be
used to explore responses of alpine plants to
changes in snowfields at Glacier National Park.

Because of the sensitivity of alpine plants to
climate change and because of the disappearance
of snowfields and glaciers in response to climate
change (Pederson et al. 2010), we established
monitoring sites at the edges of snowfields at
Glacier National Park in order to obtain baseline
data on snowfield plant and functional trait dis-
tribution. These monitoring sites consist of geo-
referenced transects for the collection of data on
the distribution of snowfield plant species and
their functional traits. The transects were estab-
lished with the goal of long-term monitoring tin
order to provide reference points and to increase
our understanding of the responses of snowfield
and other alpine plants to habitat change due to
climate change. We are interested in continued
monitoring to determine which plants, if any,
colonize the ground exposed by the retreat of
snowfields and which functional traits these
plants might have. Monitoring is essential for
understanding the responses of alpine plants to
shifts in habitat wrought by climate change and
instrumental in generating data for predictive
models of the fate of these plants when their icy
homes have disappeared (Fagre et al. 2017;
Valles et al. 2015, 2017).

12.2 Study Area

12.2.1 Site Descriptions
of Snowfields at Glacier
National Park

The georeferenced snowfield monitoring sites
were established in 2012 and 2014 in the alpine
zone of the Lewis Mountain Range, which is east
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of the Continental Divide at Glacier National
Park. Here, rare arctic-alpine and other snowfield
plants grow near extensive snowfields at Piegan
Pass, Siyeh Pass, and at Logan Pass on the
Clements Mountain Moraine. The Piegan Pass
snowfield slopes downward to where its leading
edge (2307 m) intersects the Continental Divide
Trail. Krummholz trees are found within 40 m of
the leading edge, which has a northern aspect.
Since the Piegan Pass snowfield slopes downhill,
its elevation varies but the midpoint of the lateral
edge is at approximately (2335 m). The lateral
edge has a western aspect and intersects peri-
glacial patterned ground. The Siyeh Pass snow-
field slopes downward to where its north facing
leading edge (2362 m) supplies a puddle of
meltwater which leads to an almost flat fell field.
The lateral edge of the Siyeh Pass snowfield
varies with elevation but at 2415 m, it has a
lateral moraine ascending and then descending
toward the western aspect. Close to Logan Pass,
the Clements Mountain Moraine snowfield is
vast but has a sampling site at 2195 m. The
Clements Mountain Moraine Snowfield ends in
the moraine, which has a western aspect and a
35° slope extending 17 m from the snowfield’s
lateral edge to the top of the moraine.

12.3 Materials and Methods

12.3.1 Transects and Sampling

At Piegan and Siyeh Pass snowfields, we estab-
lished 50 m transects extending perpendicularly
from the lateral and leading edges of the snow-
fields. The 0 m point marks the edge of the
snowfield at the time of establishment. Zero
points at the time of establishment were georef-
erenced, marked with cairns, and photographed.
The Piegan Pass lateral transect (PPSL) is at
2335 m (+48.72037°N, −113.688049°W), and
the Piegan Pass leading transect (PPST) is at
2307 m (+48.72037°N, −113.68746°W). The
Siyeh Pass lateral transect (SPSL) is at 2415 m
(+48.718202° N, −113.627278°W), and the
Siyeh Pass leading transect (SPST) is at 2362 m
(+48.719139°N, −113.627179°W). The

Clements Mountain Moraine transect (CMM) at
2195 m (+48.413720°N, −113.435544°W) is
shorter than the other two, because there are only
17 m between the snowfield’s edge and the
summit of the moraine.

Beginning at the edges and at 5 m intervals
along the 50 m transects at the Piegan and Siyeh
Pass snowfields, 1 m X 1 m quadrats were
placed immediately above and below each tran-
sect line (n = 2 quadrats/interval/transect,
n = 22/transect). Each interval had an effective
sampling area of 1 m � 2 m, although the
quadrats were quantified separately for statistical
purposes. At the Mount Clements Moraine tran-
sect, two quadrats were placed at 5 m intervals
with an additional quadrat at the crest of the
moraine at three parallel 17 m (n = 2
quadrats/interval/transect, n = 12/transect). All
quadrats were photographed. The total percent
cover of plants, percent cover of individual spe-
cies, species presence, and species richness were
recorded for each quadrat. Step-pointing was
used in 5 cm X 5 cm areas at one-meter intervals
along the transects to determine the distribution
of monocots, dicots, gymnosperms, bryophytes,
and lichens and of snow, rock, scree, and soil.
These data are from 2014, and the sites were
revisited in 2016 and 2018.

12.3.2 Plant Functional Traits

Fully expanded leaves (n = 20) of each visible
species were collected from mid-stem or rosette at
each interval from the Clements Mountain Mor-
aine, Siyeh Pass, and Piegan Pass transects in
early August 2014. The leaves were photographed
with a Zeiss/Sony or Canon camera and measured
for width, length, area, and perimeter with Image-
J image analysis software (Schneider et al. 2012),
then dried at 70 °C for 48 h and weighed. Cir-
cularity and specific leaf area (SLA, mm2/mg dry
weight) were calculated for each leaf (Pérez-
Harguindeguy et al. 2013). Height–frequency
distributions were determined at 5 cm height
increments for all plants in each quadrat.

Community weighted trait means (CWTM) for
quantitative traits were calculated by multiplying
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the relative percent cover by the measured or cal-
culated trait value (Garnier et al. 2007). Relative
percent cover was calculated by multiplying the
percent cover of individual species in a quadrat by
total vascular plant cover in the quadrat.

Qualitative functional traits were determined
by observations and from taxonomic literature
(Clawson et al. 2004; Cripps and Eddington 2005;
Lesica 2002, 2012; Markham 2009) and included
taxonomic classification, rarity, evergreen or
deciduous leaves, leaf shape, growth habit, pres-
ence of mycorrhizal and N-fixing symbioses, root
architecture, clonality and mechanisms thereof,
and Raunkiaer classification of the position of
persistent buds (Raunkiaer 1934). Qualitative
functional traits were assigned a value of one if
present and a zero if not. The relative percent
cover values (RPC) for all species with a partic-
ular qualitative trait were added and divided by
the total vascular plant cover for the quadrat.

12.3.3 Statistics

Analysis of variance (Anova) and linear regres-
sions were used to test for significant differences
(p � 0.05) in the CWTM of quantitative traits
and in the RPC for qualitative traits and species
distribution along the length of the snowfield
transects at Siyeh Pass, Piegan Pass, and at the
Clements Mountain Moraine. Means and

standard error values were calculated for each
1 m X 1 m quadrat at each 5 m interval. Linear
regressions used values from each interval along
the transects. Statistical analyses were conducted
with JMP Software (SAS Institute, North Car-
olina, USA).

12.4 Results

12.4.1 The Distribution of Snowfield
Plant Species and Their
Functional Traits Along
the Gradient of Distance
from Snowfields

The distribution of alpine plant species differed
significantly (p < 0.05) along the gradient of
distance from the snowfield edges at the Siyeh
Pass, Piegan Pass, and Clements Mountain
Moraine snowfields of Glacier National Park, as
did the community weighted trait means
(CWTM) of quantitative functional traits and the
relative percent cover (RPC) of qualitative
functional traits (Tables 12.1, 12.2, 12.3).
Quantitative morphometric traits of leaves, leaf
morphology, growth form, plant height, mecha-
nisms of clonality, belowground functional traits,
and species distribution varied significantly
between the edges of the snowfields and the
distal ends of the transects.

Table 12.1 Relative percent cover presented as means and standard errors of vascular plant species at the proximal and
distal ends of the Siyeh pass, Piegan pass, and Clements Mountain Moraine snowfield transects

Species Proximal Distal P Value R2

Abies lasiocarpa 0.0 ± 0.0 15.69 – 15.69 0.0348 0.2061

Anemone lithophila 5.8 ± 2.9 0.0 ± 0.0 0.1900 0.1527

Antennaria alpina 0.0 ± 0.0 2.5 ± 2.5 0.4990 0.2305

Aquilegia jonesii 0.0 ± 0.0 22.0 – 21.0 0.0077 0.2303

Arenaria capillaris 0.0 ± 0.0 2.85 ± 1.47 0.8220 0.1122

Arnica alpinum 0.9 ± 0.04 0.0 ± 0.0 0.2141 0.1610

Astragalus bourgovii 0.0 ± 0.0 0.25 ± 0.1 0.6323 0.1918

Boechera lemmonii 2.22 – 2.22 0.0 ± 0.0 0.0255 0.2160

Carex paysonis 17.78 – 11.44 0.0 ± 0.0 0.0455 0.2594

Castilleja rhexifolia 0.0 ± 0.0 1.5 – 0.03 0.0094 0.2248

(continued)
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12.4.2 The Distribution of Snowfield
Plant Species and Their
Functional Traits Close
to the Snow

Close to the snow, the CWTM of specific leaf
area (SLA mm2/mg−1) was significantly greater,
meaning that leaves close to the snowfield were
less dense (Table 12.3). Leaf area (mm2) and

width (mm) were also significantly greater, sug-
gesting greater leaf expansion with higher water
availability close to the snow. The relative per-
cent cover (RPC) was significantly greater for
species with orbicular, arrow-shaped, and basal
leaves and no plants taller than 5 cm were found
within 5 m of the snowfields (Table 12.2).
The RPC of Raunkiaer cryptophytes, which have
overwintering structures such as bulbs, was

Table 12.1 (continued)

Species Proximal Distal P Value R2

Cerastium beeringianum 0.0 ± 0.0 4.5 + 0.20 0.1805 0.2340

Claytonia lanceolata 5.00 – 5.00 0.0 ± 0.0 0.0241 0.2045

Claytonia megarhiza 0.0 ± 0.0 2.5 ± 2.5 0.5582 0.1976

Crepis nana 0.0 ± 0.0 0.2 ± 0.2 0.5670 0.1826

Draba macounii 0.0 ± 0.0 0.8 ± 0.6 0.0606 0.1751

Dryas octopetala 0.0 ± 0.0 15.6 – 15.6 0.0257 0.2155

Epilobium anagallidifolium 20.71 – 5.85 0.0 ± 0.0 0.0001 0.8357

Erigeron lanatus 0.0 ± 0.0 3.2 – 2.5 0.0228 0.1988

Erigeron peregrinus 0.0 ± 0.0 3.0 ± 3.0 0.7303 0.2325

Hieracium triste 1.0 ± 0.5 0.0 ± 0.0 0.0823 0.2723

Luzula hitchcockii 0.0 ± 0.0 1.2 ± 1.2 0.1843 0.2173

Luzula spicata 0.0 ± 0.0 1.2 – 0.6 0.0311 0.4528

Micranthes lyallii 0.0 ± 0.0 0.5 ± 0.5 0.8510 0.2007

Minuartia obtusiloba 0.0 ± 0.0 2.0 ± 2.0 0.5531 0.1540

Oxyria digyna 15.71 – 6.96 0.0 ± 0.0 0.0001 0.3882

Penstemon ellipticus 2.0 ± 2.0 2.0 ± 2.0 0.1817 0.0958

Phacelia hastata 0.0 ± 0.0 0.3 ± 0.3 0.7024 0.2337

Phyllodoce empetriformis 0.0 ± 0.0 2.5 ± 2.5 0.5879 0.2234

Poa alpina 1.4 ± 1.4 2.5 ± 2.5 0.1427 0.1480

Polygonum viviparum 0.0 ± 0.0 1.02 – 0.8 0.0311 0.1648

Potentilla diversifolia 0.0 ± 0.0 6.5 ± 5.5 0.0502 0.1971

Ranunculus eschscholtzii 1.42 – 1.42 0.0 ± 0.0 0.0120 0.3108

Salix arctica 0.0 ± 0.0 11.0 ± 10.0 0.1409 0.2574

Sedum lanceolatum 0.0 ± 0.0 0.98 ± 0.98 0.7879 0.1540

Senecio cymbalarides 1.42 ± 1.42 3.1 ± 2.0 0.0835 0.2163

Senecio fremontii 2.85 ± 2.85 2.5 ± 2.5 0.2123 0.2085

Sibbaldia procumbens 6.3 – 6.3 1.2 ± 0.8 0.0023 0.2676

Silene acaulis 1.8 ± 1,8 2.0 ± 2.0 0.2254 0.1206

Smelowskia calycina 0.0 ± 0.0 3.4 – 1.4 0.0387 0.1562

Solidago multiradiata 0.0 ± 0.0 0.0 ± 0.0 0.3225 0.1830
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Table 12.2 Relative percent cover presented as means and standard errors of qualitative vascular plant traits at the
proximal and distal ends of the Siyeh pass, Piegan pass, and Clements Mountain Moraine snowfield transects

Trait Proximal Distal P Value R2

Species richness 3.6 ± 1.22 8 – 2.84 0.0004 0.2988

Total % cover 5.7 ± 3.29 51.4 – 16.61 0.0002 0.3104

Rare species 0.0 ± 0.0 12.3 ± 11.3 0.1675 0.1470

Phanerophyte 0.0 ± 0.0 15.69 – 15.69 0.0255 0.1938

Chamaephyte 0.0 ± 0.0 28.33 – 12.08 0.0056 0.2575

Hemicryptophyte 59.29 ± 15.07 54.14 ± 15.47 0.2834 0.1801

Cryptophyte 20.71 – 5.85 0.67 ± 0.67 0.0004 0.4917

Gymnosperms 0 ± 0 20.00 – 20.00 0.0226 0.1920

Angiosperms 100 ± 0 93.33 ± 6.66 0.2025 0.2170

Monocots 30.00 ± 9.21 7.00 ± 4.45 0.0001 0.3532

Dicots 55.79 ± 15.97 74.59 ± 16.14 0.4343 0.2300

Cushion 6.42 ± 4.8 11.39 – 8.61 0.0404 0.1871

Mat 0.0 ± 0.0 27.87 – 13.19 0.0042 0.2924

Rosette 22.22 ± 22.22 4.02 ± 1.86 0.0825 0.1694

Leaves: Simple 75.00 ± 19.36 85.81 ± 10.42 0.4972 0.1112

Evergreen 0.0 ± 0.0 29.51 – 17.48 0.0009 0.2957

Lobed or divided 15.04 – 2.18 0.160 ± 0.0 0.0232 0.2448

Basal 17.94 – 7.38 5.22 ± 2.66 0.0137 0.2156

Oblong 5.71 ± 5.71 11.06 ± 6.69 0.1571 0.2349

Orbicular 17.5 – 0.5 0.0 ± 0.0 0.0012 0.3831

Arrow 1.42 – 1.42 0.0 ± 0.0 0.0279 0.2159

Entire 70.71 ± 18.43 67.29 ± 12.62 0.3052 0.1863

Scalloped 1.6 ± 1.6 3.63 ± 3.63 0.5163 0.2258

Clonality 39.15 ± 26.20 36.64 ± 26.28 0.1064 0.1880

Stolons 0.0 ± 0.0 0.007 ± 0.006 0.2843 0.3043

Rhizomes 60.63 – 17.54 42.09 ± 14.55 0.0016 0.4222

Adventitious roots 0.0 ± 0.0 3.70 – 1.83 0.0178 0.3903

Tap roots 2.00 ± 2.00 10.00 ± 10.00 0.6719 0.2307

Substantial roots 12.00 ± 4.00 66.00 – 15.00 0.0009 0.4572

Woody roots 0.0 ± 0.0 21.75 – 15.34 0.0077 0.2317

Fibrous roots 3.6 ± 2.7 1.10 ± 1.1 0.6340 0.1994

N-fixing D. octopetala 0.0 ± 0.0 15.6 – 15.6 0.0257 0.2155

N-fixing fabaceae 0.0 ± 0.0 0.0 ± 0.0 0.6020 0.1918

Mycorrhizae 34.29 ± 12.48 79.15 – 6.05 0.0136 0.4066

VAM 52.00 ± 8.00 60.00 ± 20.00 0.4499 0.2126

Ectomycorrhizae 0.0 ± 0.0 36.78 – 16.38 0.0001 0.3618

Height: 0 − 5 cm 4.5 ± 2.0 3.0 ± 2.0 0.4391 0.2051

5 − 10 cm 30.0 ± 15.0 29.0 ± 13.32 0.6560 0.1547

10 − 15 cm 0.0 ± 0.0 6.7 – 3.0 0.0141 0.2019

25 − 30 cm 0.0 ± 0.0 0.47 ± 0.47 0.2566 0.2386

50 − 55 cm 0.0 ± 0.0 20.00 ± 20.00 0.0990 0.2337
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significantly greater. Rhizomes and cryptophytes
were the predominant means of clonality. The
species with significantly greater RPC close to
the snow were Boechera lemmonii (Brassi-
caceae), Carex paysonis (Cyperaceae), Epilo-
bium anagallidifolium (Onagraceae), Oxyria
digyna (Polygonaceae), and Ranunculus
eschscholtzii (Ranunculaceae), (Table 12.1). Of
these five species, the sedge, C. paysonis, is the
sole monocot and it is strongly rhizomatous and
mat-forming. The remaining four are small
herbaceous dicots with simple leaves. E. ana-
gallidifolium and O. digyna are strongly rhi-
zomatous (Fig. 12.2).

12.4.3 The Distribution of Snowfield
Plant Species and their
Functional Traits Away
from the Snow

Species richness and percent cover increased
significantly with distance from the snow.
The RPC of rare arctic-alpine species increased.
Rare arctic-alpine plants were most abundant at
Siyeh Pass, where they were found on both the
lateral and leading transects (Fig. 12.3). At Pie-
gan Pass, they grew only at the distal end of the
lateral transect and they were not found at the
Clements Mountain Moraine. The RPC was

Fig. 12.2 Red-leaved Oxyria digyna and other snowfield plants emerging near the edge of the Mount Clements
Moraine snowfield

Table 12.3 Community weighted trait means (CWTM) presented as means and standard errors of quantitative leaf
functional traits at the proximal and distal ends of the Siyeh pass, Piegan pass, and Clements Mountain snowfields

CWTM Proximal Distal P Value R2

Dry weight (mg) 0.88 ± 0.38 0.99 ± 0.40 0.2823 0.0313

Area (mm2) 27.50 – 11.07 13.07 ± 2.91 0.01831 0.0500

SLA (mm2/mg) 4.38 – 1.53 1.45 ± 0.14 0.0016 0.1293

Length (mm) 20.87 ± 6.36 19.95 ± 4.02 0.1836 0.0752

Width (mm) 21.83 – 7.35 11.07 ± 1.95 0.0365 0.0735

Perimeter (mm) 83.04 ± 27.67 61.85 ± 7.40 0.0638 0.1155

Circularity 0.12 ± 0.03 0.095 ± 0.01 0.5176 0.1848
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significantly greater for species with evergreen
and/or scalloped-edged leaves. Plant morphology
and stature also differed since the dwarf shrubs
(chamaephytes), mat-forming plants, and
phanerophytes (trees) had significantly greater
relative percent covers, although there was no

significant difference in the RPC of hemicrypto-
phytes (herbs) (Fig. 12.4). Here species distri-
bution coincides with functional trait
distribution, since the dominant chamaephyte
species, Dryas octopetala, (Rosaceae) has ever-
green scalloped leaves and the dominant

Fig. 12.4 Relative percent
cover of Raunkiaer types
changed with distance from
the snow at the Clements
Mountain Moraine, Siyeh
pass, and Piegan pass
transects

Fig. 12.3 Rare arctic-alpine
Papaver pygmaeum blooms
away from the Siyeh pass
snowfield
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phanerophyte, Abies lasiocarpa, (Pinaceae) has
evergreen needles. Plants in the 10–15 cm height
range had a significantly greater RPC. There
were no plants in the intermediate heights of 30–
35 cm or 40–45 cm, and the tallest plants were
the 50–55 cm krummholz subalpine firs, Abies
lasiocarpa (Pinaceae) that grew toward the distal
end of the PPSL transect. In contrast to the pre-
dominantly rhizomatous or cryptophytic clonal-
ity close to the snow, significantly more clonal
plants were adventitiously rooted or viviparous.

The RPC of species with woody roots, tap-
roots, and root crowns was significantly higher.
Mycorrhizal species had a higher RPC, as did the
ectomycorrhizal species A. lasiocarpa (Sub-
alpine Fir), and the dwarf shrubs, Dryas octo-
petala (Rosaceae) and Salix arctica (Salicaceae).
D. octopetala is symbiotic with nitrogen-fixing
Frankia sp. and had a higher RPC, Symbiotic
nitrogen-fixing Fabaceae did not differ signifi-
cantly with distance (Tables 12.1 and 12.2).

The RPC was greater for A. lasiocarpa,
Aquilegia jonesii (Ranunculaceae), Castilleja
rhexifolia (Orobanchaceae), Dryas octopetala
(Rosaceae), Erigeron lanatus (Asteraceae),
Luzula spicata (Juncaceae), Polygonum vivi-
parum (Polygonaceae), and Smelowskia calycina
(Brassicaceae). Of these, A. jonesii and E. lana-
tus are rare arctic-alpine species. The root sys-
tems of most of these species are fairly robust, as
A. lasiocarpa has extensive woody roots, A.
jonesii and P. diversifolia arise from caudices, E.
lanatus has a taproot, and S. calycina arises from
branched rootcrowns. The remaining two, L.
spicata and the viviparous P. viviparum, have
rhizomes.

12.4.4 Differences in the Distribution
of Snowfield Plant
Species and their
Functional Traits Among
Snowfields

Quantitative and qualitative traits and species
differed among snowfields. Species presence
differed with snowfield and not all species were
found at all snowfields. Oxyria digyna was found

at the Piegan Pass and Clements Mountain
Moraine but not at Siyeh Pass, while Aquilegia
jonesii was found at Siyeh and Piegan Passes but
not at the Clements Mountain Moraine.

At Siyeh Pass, The RPC of the rare arctic-
alpine species, A. jonesii and E. lanatus was
significantly greater away from the snow, with
greater abundance on the lateral transect.
The RPC was significantly greater with distance
for two common species, Arenaria capilaris
(Caryophyllaceae) and Erigeron perigrinus
(Asteraceae). Close to the snow at the leading
edge transect, the RPC of the cryptophytic, corm-
producing Claytonia lanceolata (Portulacaceae)
was significantly greater, while the RPC of
oblong leaves, upright stems, and 10–15 cm tall
plants increased significantly with distance from
the snow.

At Piegan Pass, the CWTM for leaf dry
weight, area, width, and perimeter were greater
close to the snow, as were the RPC for monocots,
graminoid leaves, rosettes, herbaceousness, and
for Carex paysonis (Cyperaceae). Close to the
snow at the lateral transect, the CWTM was
significantly greater for leaf dry weight, SLA,
area, length, width, perimeter, and circularity.
Away from the snow, the RPC of scalloped-
leaved species and of Abies lasiocarpa (Pina-
ceae), Polygonum viviparum (Portulacaceae)
Gentiana calycosa (Gentianaceae), and Silene
acaulis (Caryophyllaceae) increased signifi-
cantly. On the leading transect, the RPC of C.
paysonis was significantly greater while away
from the snow A. lasiocarpa had a significantly
greater RPC. Species richness did not increase
significantly, possibly due to the dominance of A.
lasiocarpa toward the distal end of the leading
transect.

At Clements Mountain Moraine, there were
no significant differences in total percent cover,
species richness, and SLA. Close to the snow, the
RPC of lobed and orbicular leaves and of Oxyria
digyna (Polygonaceae) were significantly greater.
Away from the snow, the RPC of Penstemon
ellipticus (Plantaginaceae) was significantly
greater.

Step-pointing highlighted the differences
among snowfields (Table 12.4). At the lateral
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Table 12.4 Plant types, lichens, and surface along snowfield transects at Glacier National park

Distance (m) SPSL SPST PPSL PPST CMM

0 Rock Snow Snow Snow Rock

1 Rock Monocot Scree Scree Bryophyte

2 Scree Soil, Dicot Rock Monocot Scree

3 Scree Monocot Scree Monocot Scree

4 Scree Scree Scree Monocot Scree

5 Scree Monocot Scree Scree Scree

6 Scree Scree Scree Scree Scree

7 Scree Scree Soil Scree Monocot

8 Scree Dicot Scree Scree Monocot

9 Scree Scree Scree Monocot Scree

10 Scree Monocot Soil Scree Scree

11 Scree Scree Scree Rock Scree

12 Scree Scree Monocot Dicot Scree

13 Scree Dicot Monocot Dicot Scree

14 Scree Scree Monocot, Dicot Scree Scree

15 Scree Scree Scree Monocot, Dicot Scree

16 Scree Scree Monocot Lichen Scree

17 Scree Scree Scree Lichen

18 Scree Scree Monocot Soil

19 Scree Scree Monocot Monocot

20 Scree Scree Scree, Monocot Soil

21 Scree Rock Dicot Dicot

22 Scree Scree Dicot Gymnosperm

23 Dicot Scree Scree, Dicot Gymnosperm

24 Scree Scree Dicot Soil

25 Scree Scree Lichen Monocot

26 Scree Rock Lichen Dicot

27 Rock Dicot Scree Dicot

28 Scree Dicot Dicot Dicot

29 Scree Scree Soil Soil

30 Scree Scree Soil Dicot

31 Scree Scree Bryophyte Dicot

32 Scree Scree Dicot Monocot

33 Scree Scree Dicot Dicot

34 Scree Scree Soil Monocot

35 Scree Scree Dicot Monocot

36 Dicot Scree Monocot Monocot

37 Rock Scree Monocot Dicot

38 Scree Monocot Dicot Monocot

(continued)
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transect of Siyeh Pass, (SPSL) scree was preva-
lent, no plants were intersected until meter 23 of
50 and only 4 of 50 points had plants. The
leading edge of Siyeh Pass (SPST) was markedly
different, with snow, soil, scree, monocots, and
dicots in the first five meters and 19 of 50 points
had plants (Fig. 12.5). At Piegan Pass (PPSL), no
plants were intersected on the lateral transect
until meter twelve, and 24 of 50 points had
plants. On the Piegan Pass leading edge (PPST),
monocots were found at meters three through
five, gymnosperms at meters 22 and 23, epilithic
lichens at meters 43, 45, 48, 49, and 50, and 28
of the 50 points had plants. At the Clements
Mountain Moraine (CMM), scree was prevalent,

monocots were found at meters seven and eight
and dicots were present but not intersected.

12.5 Discussion of Snowfield Plant
Species and Functional Traits

12.5.1 Context and Significance

Snowfield edges provide a water-rich habitat for
alpine plants, but both snowfields and alpine
plants are sensitive to climate change (Fagre
et al. 2017; Gottfried et al. 2012; Pauli et al.
2012). The linkage between snowfields and
alpine plants is an important aspect of alpine

Table 12.4 (continued)

Distance (m) SPSL SPST PPSL PPST CMM

39 Dicot Scree Dicot Soil

40 Scree Dicot Dicot Bryophyte

41 Scree Monocot Dicot Dicot

42 Scree Dicot Rock Monocot

43 Scree Monocot Lichen Scree, Lichen

44 Scree Monocot Scree Soil

45 Scree Monocot Scree, Monocot Rock, Lichen

46 Dicot Monocot Monocot Litter

47 Scree Monocot Scree Litter

48 Scree Soil Scree Rock, Lichen

49 Scree Litter Scree Rock, Lichen

50 Rock Monocot Rock, Dicot Rock, Lichen

Fig. 12.5 Silene acaulis, a
pink cushion plant, and Salix
arctica, a dwarf shrub at
Siyeh pass
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ecology, especially since the bioclimatic envel-
ope of alpine plants varies with distance from the
snow (Byrne et al. 2014). Differences in func-
tional traits are inherently tied to species distri-
bution and to community composition (Venn
et al. 2014) because functional traits allow a
given species to live in a particular habitat if not
excluded by an environmental filter such as
timing of snowmelt (Venn et al. 2011) as in the
case of abundant graminoid species near late-
lying snow patches in the Cairngorm Mountains
of Scotland (Valles et al. 2015).

At Glacier National Park, species and func-
tional traits of alpine plants differed significantly
along the environmental gradient of distance
from the snowfield edges, which may act as a
filter for species distribution. Since the snowfield
edge habitat will diminish in area with the
ongoing and future retreat of the snowfields, it
may be that the species and traits of plants that
are currently at a distance from the snowfields
will inhabit the area vacated by the retreat of the
snowfields. What was formerly edge habitat may
become unsuitable for the current edge species
but suitable for the currently distant species
provided that can and do migrate inward by seed
dispersal and seedling establishment and/or by
clonal mechanisms.

While clonal plants grew along the transects,
the mechanism of clonality differed significantly
with distance from snowfields. Near the snow,
geophytic and rhizomatous species had signifi-
cantly higher RPC. These clonal species can
conceivably move inward to follow the retreating
edge. The geophytic, or cryptophytic, Claytonia
lanceolata reproduces vegetatively from carbon-
storing corms and its appearance aboveground
follows the edges of retreating snowfields. Rhi-
zomes mobilized for rapid growth during the
brief summer can follow the front of the melting
snow. The vegetative and floral buds of rhizomes
as well as their stores of carbohydrates allow
rhizomes to be instrumental in colonization
(Klimešová et al. 2012). The rhizomatous Epi-
lobium anagalidifolium and Oxyria digyna were
found near the snowfield edges, which have low
percent cover and are ostensibly open to colo-
nization. Snowfield retreat may result in a wave

of colonization by rhizomatous species. Clonality
away from the snow was dominated by adven-
titiously rooted species, where the RPC of the
adventitiously rooted, anchored, mat-forming
dwarf shrubs Dryas octopetala and Salix arc-
tica was significantly higher.

Nutrient dynamics of snowfield habitats may
be greatly influenced by the significant increase
in ectomycorrhizae and N-fixing symbioses with
distance from the snow. Salix arctica (the arctic
willow, Salicaceae) and D. octopetala (Mountain
Avens, Rosaceae) are ectomycorrhizal, and D.
octopetala is symbiotic with N-fixing Frankia
sp. (Clawson et al. 2004; Markham 2009). These
dwarf shrubs may influence and be influenced by
the interactions of Frankia and ectomycorrhizae
on crucial soil nutrients (Monson et al. 2006).
Patterns of plant cover and species distribution
may be perpetuated by differences in nutrient
dynamics wrought by underground symbioses.
Soil microbes may play a key role in determining
the distribution of plant species and functional
traits (King et al. 2013).

Environmental conditions influence leaf
development in alpine plants (Li et al. 2015).
The CWTM for leaf area, width, and perimeter
and for specific leaf area (SLA) was significantly
less with distance from the snow. The smaller,
denser leaves were increasingly xeromorphic
when farther from their supply of melted snow
(Gutiérrez-Girón and Gavilán 2013). It depends
somewhat on where the edge of the snow and the
water supply was when the leaves expanded.
Other gradients besides distance from the snow
can influence leaf development, as in the 35°
slope ascending from the Clements Mountain
Moraine snowfield.

Raunkiaer categories (Raunkiaer 1934) varied
significantly with distance from the snow.
Ephemeral or early season cryptophytes had a
higher RPC close to the snow. They may not
have been visible by late July and August when
the snowfields became accessible on foot, sug-
gesting a higher RPC than what we recorded.
While the RPC of hemicryptophytes (with buds
near the snow) did not vary significantly, the
RPC of cushion plants (a type of hemicrypto-
phyte) was significantly greater away from the
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snow. The temperature of cushion plants is
decoupled from the external environment
(Larcher and Wagner 2010), thus affording some
thermal protection in cold mountain environ-
ments. Leaf temperatures of Silene acaulis, a
predominant cushion plant of the GNP snow-
fields, can exceed ambient temperature by over
20 °C on sunny days with little wind (Gauslaa
1984; Neunerr et al. 2000). Cushion plants can
overheat (Körner 2003) and alpine plants can
sustain photosystem damage in response to high
temperatures, which is important in the context
of climate change (Buchner et al. 2015).

The RPC of dwarf shrubs (chaemophytes) and
trees (phanerophytes) increased significantly
with distance from the snow. Outlier trees at the
ends of the Piegan Pass transects are potential
seed sources for colonization and establishment
of trees on land exposed by the retreat of
snowfields and on land currently devoid of trees
but populated by cryptophytes, hemicrypto-
phytes, and chaemophytes. This potential influx
of trees can contribute to changes in alpine
habitats (Resler et al. 2005; Malanson et al.
2007). Changes in the abundance and distribu-
tion of dwarf shrubs with environmental change
are likely to have major implications in alpine
communities (Dawes et al. 2011).

Although many alpine plants live for decades
and in some cases centuries (Forbis and Doak
2004), changes in distribution can still take place
relatively quickly on the decadal and sub-decadal
scales (Kullman 2007; Gottfried et al. 2012;
Pauli et al. 2012). Local variability of alpine
species may prove to be a valuable buffer against
climate change (Malanson et al. 2012). Knowl-
edge of the current distributions of plant species
and functional traits with respect to distance from
snowfields may prove instrumental in predicting
which plant species and with which traits will
colonize the current snowfield edge habitat once
the snowfields retreat or vanish (Erschbamer
et al. 2008; Valles et al. 2017). Previous research
has shown that on an alpine glacial foreland,
colonization is dispersal-limited, species richness
increased, pioneer species decreased, and plant
longevity was linked to size (Erschbamer and

Retter 2004; Erschbamer et al. 2008). Clonality
and clonal mechanisms, along with life spans, of
pioneer species on newly exposed ground will
likely influence species distribution (de Witte and
Stöcklin 2010). Mycorrhizae may not be neces-
sary for initial colonization, but it may be
important in later stages, as plants colonizing
glacial forefronts in the Cascade Mountains of
Washington were predominantly nonmycorrhizal
and the proportion of mycorrhizal plants
increased in the more distal, established com-
munities (Casares et al. 2005).

12.5.2 Long-Term Monitoring
of Alpine Ecosystems

The effects of snowfield retreat on snowfield
plants can be understood in part via long-term
monitoring of alpine ecosystems (Gottfried et al.
2012; Pauli et al. 2012; Mark et al. 2015;
Hotaling et al. 2017). Diverse methods and scales
of monitoring exist (Strachan et al. 2016), and
monitoring was instrumental in determining the
transformation of Scandes Mountain snowfield
communities into alpine grasslands in west-
central Sweden (Kullman 2007). While in-situ
monitoring of plant-specific parameters remains
integral to understand change in alpine ecosys-
tems, it can now be readily combined with sensor
networks for use in detecting environmental
parameters and interpreting their effects on alpine
plants. In-situ cameras can be (CaraDonna et al.
2014) used to study the phenology of alpine
plants in the context of seasonal snowmelt.
Phenological changes are important bioindicators
of climate change. The georeferenced snowfield
plots at Glacier National Park constitute a
snowfield plant observatory and were established
with the goal of understanding responses of the
vulnerable snowfield plants to the retreat of
snowfields. While mountains are often inherently
isolated, this and other studies of the responses of
alpine ecosystems to climate change can be used
to synthesize our understanding of and con-
structive responses to the different aspects of
climate change.
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12.6 Conclusions

Snowfield plant species have the functional traits
necessary for life in the alpine environment. This
baseline study represents the establishment of
long-term monitoring sites that were initiated
because alpine plants, which includes the sub-
category of snowfield plants, are susceptible to
the effects of climate change and because the
snowfields (Fig. 12.6) and glaciers of Glacier
National Park and of other alpine regions of the
world are likewise susceptible to the effects of
climate change and are therefore diminishing in
area. We found that the snowfield plant species at
the Glacier National Park snowfields were sig-
nificantly more likely to be rhizomatous near the
snowfields, which may prove instrumental in
colonizing new area uncovered by the retreat of
the snowfields. Leaves that expanded nearer to
the snow had significantly higher specific leaf
areas, which means that they are less dense,
albeit because of expansion with greater avail-
ability of water. Conversely, leaves away from
the snow had a lower specific leaf area and were
likely to have expanded with a reduced avail-
ability of water. Xeromorphic, or drought-
tolerant, plants with traits such as cushion mor-
phology, low specific leaf area, substantial roots,
and evergreen leaves had significantly greater
relative percent covers with distance from the

snowfields’ edges. Data from this study can be
used in predictive models of the responses of
snowfield plants to climate change.
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13Environmental Drivers of Species
Composition and Tree Species
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Himalayan Treeline Ecotone:
Consequences for the Response
to Climate Change
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Abstract

Climatewarming is expected to facilitate alpine
treeline advance to higher elevations. How-
ever, empirical studies in diverse mountain
ranges give evidence of both advancing alpine
treelines and rather insignificant responses. In
this context, we aim at analysing environmen-
tal drivers of species composition and tree
species density in the near-natural treeline
ecotone in Rolwaling Himal, Nepal, in order
to infer the sensitivity and responsiveness to
climate warming. We differentiated plant com-

munities and analysed population densities of
tree species along the treeline ecotone from
closed forest stands via the krummholz belt to
alpine dwarf shrub heaths (3700–4300 m). We
determined vegetation–environment–soil rela-
tionships, i.e. the effects of changing environ-
mental conditions (e.g. nutrient and thermal
deficits, plant interactions) on plant communi-
ties and stand structures across the ecotone by
means of multivariate statistics. In particular,
we focus on explaining the high competitive-
ness of Rhododendron campanulatum forming
a dense krummholz belt and on its relation to
climate change. We identified five plant com-
munities, belonging to two different classes.
Soil temperature, nitrogen supply and avail-
ability, and soil moisture content mainly
differentiate species composition of the identi-
fied communities. Results indicate that trees in
the ecotone show species-specific responses to
the influence of site conditions, and that
juvenile and adult tree responses are modulated
by environmental constraints in differing inten-
sity. In general, the analysed vegetation–envi-
ronment relationships in the treeline ecotone
suggest that the dense Rhododendron krumm-
holz belt largely prevents the upward migration
of other tree species and thus constrains the
future response of Himalayan krummholz
treelines to climate warming.

This chapter was prepared by merging, modifying and
completing the previously published papers Bürzle et al.
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13.1 Introduction

In general, the upper limit of tree life depends on
the heat balance. At a global scale, low air and
soil temperatures during growing season deter-
mine the position of natural alpine treelines (e.g.
Troll 1973; Stevens and Fox 1991; Holtmeier
2009; Körner 2012). Thus, climate warming is
expected to cause treelines to advance to higher
elevations. Treelines fluctuated repeatedly as a
result of climate changes during the Holocene era
(Reasoner and Tinner 2009; Schickhoff et al.
2016a). However, recent empirical studies in
diverse global mountain ranges showed both
advancing alpine treelines and rather insignifi-
cant responses (Harsch et al. 2009). Such con-
trasting responses are not always sufficiently
understood. At local scales, specific constella-
tions of various abiotic factors and biotic inter-
actions govern the elevational treeline position
and the response to climatic controls (Case and
Duncan 2014; Wieser et al. 2014; Weiss et al.
2015; Müller et al. 2016a). Inconsistent and
sometimes contradictory responses to climate
warming, observed in empirical studies, must be
attributed to the local-scale complexity of inter-
acting site factors (Schickhoff et al. 2015). At
anthropogenic treelines, land abandonment is
often the dominant driver of treeline advance
(e.g. Durak et al. 2015), making it difficult to
disentangle effects of land use and climate
change (Schickhoff 2011; Schwab et al. 2017;
Schwab 2018).

Treeline ecotones in the Himalaya are sub-
jected to above-average warming rates. In line
with global warming trends in other high
mountain regions, several studies have observed

above-average current warming trends for the
Himalayan region. Warming trends of the annual
mean surface air temperature of up to 1.5 °C
were detected over the Tibetan Plateau and the
Himalaya during the period of 1991–2012 (IPCC
2013, 2014; Mountain Research Initiative EDW
Working Group 2015; Schickhoff et al. 2016b;
Krishnan et al. 2019). Maximum values were
found for high elevations and during winter and
pre-monsoon seasons (Liu and Chen 2000;
Bhutiyani et al. 2007; Krishnan et al. 2019). For
the Rolwaling Valley, the target area of this
study, monthly temperature trends in the order of
0.7 °C per decade were assessed in winter and
pre-monsoon seasons (Gerlitz et al. 2014). Trend
analyses of precipitation amounts in the Hima-
laya do not exhibit a consistent pattern in past
decades. Sub-regions and seasons vary strongly,
and long-term observations are underrepresented
(IPCC 2013; Schickhoff et al. 2016b; Krishnan
et al. 2019). The regional average intensity of
annual precipitation and of annual mean daily
precipitation has increased since the 1960s (Zhan
et al. 2017; Krishnan et al. 2019). Some studies,
however, have detected negative trends of winter
and pre-monsoon precipitation over the western
and central Himalaya (Duan et al. 2006; Bhu-
tiyani et al. 2010; Jain et al. 2013). Wang et al.
(2013) have reported an enhanced frequency of
winter and pre-monsoon drought events for
western Nepal.

Recent climatic changes and related environ-
mental conditions will inevitably affect species
composition and community patterns, stand
structure and tree recruitment in Himalayan
treeline ecotones. Vegetation will be modified to
a regionally differentiated extent and at a point in
time when ecological and phytosociological
knowledge of Himalayan vegetation types is still
rather deficient (Schickhoff et al. 2015; Schick-
hoff et al. 2016a; Bürzle et al. 2017; Schwab
et al. 2017).

In fact, detailed phytosociological studies in
the Himalayan region are rare, and the knowl-
edge of vegetation–environment–soil relation-
ships is still very limited, in particular in treeline
ecotones (cf. Bürzle et al. 2017; Müller et al.
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2016a). Miehe (1990) provided the most com-
prehensive account of subalpine and alpine
vegetation types to date containing extensive
floristic and ecological information, which is
based solely on vegetation sampling. Detailed
information on treeline floristic, structural and
spatial patterns as well as on human impact are
provided in the overviews of Schickhoff (2005)
and Miehe et al. (2015).

Himalayan ecosystems are highly sensitive
and vulnerable to climate change effects, with
multifaceted interactions and diverse response
patterns (Shrestha et al. 2012; Telwala et al.
2013; Ferrarini et al. 2014; Salick et al. 2014; KC
and Ghimire 2015; Padma Alekhya et al. 2015;
Schickhoff et al. 2016a). Schickhoff (2005) and
Schickhoff et al. (2015) summarized the avail-
able knowledge of geographical and ecological
aspects of Himalayan treelines and pointed out
that treeline ecological conditions and processes,
such as regeneration, carbon balance, frost,
drought, snow cover, wind, soil physical and
chemical conditions and others are still largely
unexplored. Recent reviews of the sensitivity and
response of Himalayan treeline ecotones to cli-
mate change emphasize the low responsiveness
of krummholz treelines, but also highlight
intense recruitment of treeline trees within the
treeline ecotone and beyond, suggesting a high
potential for future treeline advance (Schickhoff
et al. 2015; Schickhoff et al. 2016a). Treeline
shifts are reported in studies that consider
uppermost seedling positions as synonymous
with treeline advance (e.g. Gaire et al. 2014).
However, occurrence of seedlings does not nec-
essarily mean effective regeneration and treeline
advance given the generally low survival rate of
seedlings after germination and during critical
later life stages (Graumlich et al. 2005; Schick-
hoff et al. 2016a).

Detailed knowledge of vegetation–environ-
ment–soil relationships is among the basic
requirements for a better understanding of tree-
line response patterns to region-wide climate
warming inputs. Local and landscape-scale
studies are highly needed to understand how
the change of soil and other environmental con-
ditions along the elevational gradient in treeline

ecotones (e.g. nutrient and thermal deficits, plant
interactions) is correlated to modified population
densities of tree species and to species compo-
sitions of plant communities (Bürzle et al. 2017;
Schwab et al. 2017).

To reduce the aforementioned research deficits,
we present a comprehensive evaluation of vege-
tation–environment relations, based on previous
studies (Bürzle et al. 2017; Schwab et al. 2017).
We hypothesized that tree populations of different
life stages and plant communities show modified
environmental relationships along the elevational
gradient. We further hypothesized that nutrient
availability andmoisture supply as well as thermal
conditions are crucial site factors governing the
response of species and communities.

We aim at (i) analysing the relationships
between environmental conditions and densities
of adult as well as juvenile tree species popula-
tions and plant communities. We focus in par-
ticular on (ii) identifying crucial site factors for
the high competitiveness of the krummholz belt
species Rhododendron campanulatum and
(iii) assess the susceptibility of these site factors
to climate change.

13.2 Material and Methods

13.2.1 Study Area

We conducted the studies on the north-facing
slope of the Rolwaling Valley (27°52′N; 86°25′
E), located in Dolakha District (Province 3), east-
central Nepal and part of the Gaurishankar
Conservation Area. The investigated slopes
cover the entire treeline ecotone from upper
subalpine closed forests via a dense Rhododen-
dron campanulatum krummholz belt to alpine
dwarf shrub heaths with small and stunted tree
species individuals, encompassing an elevational
range from 3745 to 4300 m a.s.l. (Fig. 13.1).
Upper subalpine closed forests are primarily
composed of Acer caudatum, Abies spectabilis as
well as Betula utilis and constitute upper limits of
tall and upright tree growth. The climate of the
study site is considered continental and temper-
ate, with a dry winter and a warm summer and
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distinct spatial variability of temperature and
precipitation (Böhner et al. 2015; Karki et al.
2016; Weidinger et al. 2018). The monsoon
season accounts for approximately 80% of the
total annual precipitation (Karki et al. 2017). The
warming trend of the study area corresponds to
general Himalayan trends (Gerlitz et al. 2014).
Soils in the treeline ecotone are classified as
podzols (Müller et al. 2017). The study area has a
remote location. Consequently, the Rolwaling
Himal (mountain) treeline at the north-facing
slope exhibits a near-natural state and represents
a climatic treeline (Schwab et al. 2016). Thus,
given that land-use effects have disturbed most
Himalayan treeline sites, the study slopes provide
a unique research opportunity to detect a climate
change signal when assessing treeline dynamics
(cf. Schickhoff et al. 2015, 2016a; Bürzle et al.
2017; Schwab et al. 2017; Schwab 2018).

13.2.2 Data Collection

Vegetation
The studied site comprises three north-facing

slopes, which are named NE1, NE2 (both
northeast exposure) and NW (northwest expo-
sure) as per their predominant exposition (Bürzle
et al. 2017; Schwab 2018). We stratified these
slopes according to elevational differences and
changes in vegetation in elevational zones A
(lower section of upper subalpine closed forests)
to D (alpine dwarf shrub heaths, cf. Figure 13.1).
In total, 91 square plots of 20 m � 20 m were
randomly selected due to the homogeneity of
physical features and vegetation structure and
sampled from April to September 2013 and from
July to October 2014. In each plot, height and
cover of the separate vegetation layers were
recorded, followed by detailed inventories of all

Fig. 13.1 Stratification of the study area by elevation and
aspect (NE, NW). Zones A and B represent the lower and
upper sections of the upper subalpine forest, C labels the

krummholz belt and D indicates the alpine dwarf shrub
heath (18 September 2014)
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vascular plants. We estimated species cover
using the established cover-abundance scale of
Braun-Blanquet (1964). In addition, we counted
all individuals of all occurring tree species at 50
of the aforementioned plots and termed individ-
uals with dbh � 7 cm ‘adult trees’, whilst
smaller ones were categorized as ‘juvenile indi-
viduals’ or ‘recruits’ (cf. Bürzle et al. 2017;
Schwab et al. 2017). Unknown specimens were
collected and identified at the herbarium of the
Botanische Staatssammlung München (M). In
addition, we used determination keys of eFloras
(https://www.efloras.org; accessed January
2015), the Flora of Nepal (Watson et al. 2011),
and the Flora of Bhutan (Grierson and Long
1984–2001).

Soil, Topography and Climate
Soil samples from all plots were analysed via

standard methods at the University of Tübingen,
Laboratory for Soil Science and Geoecology, and
at the University of Hamburg, Institute of
Geography (cf. Müller et al. 2016b, 2017; Bürzle
et al. 2017; Schwab et al. 2017). To capture the
variation in topography between and within
plots, several topographic variables characteriz-
ing aspect, slope, curvature, ground cover and
microrelief were determined (Schwab et al.
2017). In addition to soil temperature and soil
moisture (see Müller et al. 2016b), we recorded
air temperatures from April 2013 to June 2014
through mobile climate stations which were
installed in the lower and upper parts of the
ecotone (Gerlitz et al. 2016).

13.2.3 Data Analyses

Plant Community Classification
For plant community classification, we

applied standard phytosociological methods such
as cluster analyses, table arrangement with iter-
ative re-sorting of relevés, determination of
diagnostic species by calculating the phi-
coefficient and definition of character species
(cf. Bürzle et al. 2017 for a comprehensive

description of the methods). In view of the deficit
state of knowledge, we consider the proposed
classes as provisional, symbolizing the higher
rank in comparison with the subordinated groups
(Bürzle et al. 2017). Please refer to Bürzle et al.
(2017) for nomenclature of plants and taxa.

Vegetation–Environment Relationships
We assessed significant differences in site

conditions between phytosociological units with
one-way analysis of variance (ANOVA) and
post-hoc tests. We visualized compositional
pattern of phytosociological units by means of
detrended correspondence analysis (DCA). Cor-
responding scatter plots were restricted to two
dimensions and showed the diversity in species
composition along the first two axes, measured in
standard deviation units of species turnover
(SD) (Gauch 1982; Kent 2012). Visualized
compositional patterns were interpreted applying
post-hoc correlations of the first two ordination
axes (with highest eigenvalue) with environ-
mental variables (cf. Bürzle et al. 2017).

We analysed tree species population density–
environment relationships through redundancy
analyses (RDA) with backward elimination of
explanatory variables as well as through variation
partitioning (Legendre and Legendre 2012). To
preselect important variables and apply variation
partitioning, the explanatory dataset was split
into three groups: soil, topography and climate
variables. To avoid high multicollinearity, we
removed within-group correlations of |r| > 0.7 by
excluding variables. Missing values in variables
(mostly soil temperature and soil moisture)
would have restricted the multivariate analyses of
tree species density to a minor part of the entire
dataset. Hence, we applied multivariate imputa-
tion by chained equations (MICE; Van Buuren
2012) based on a random forest classification
(Doove et al. 2014) to estimate the missing val-
ues based on the relationships between the vari-
ables (cf. Schwab et al. 2017). Please refer to
Bürzle et al. (2017) and Schwab et al. (2017) for
detailed descriptions of data analyses including
applied software packages.
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13.3 Results

13.3.1 Plant Communities
and Environmental
Conditions

We differentiated five plant communities,
belonging to two classes, comprising two and
three groups, respectively. Class 1, the Betula
utilis-Abies spectabilis forests, contains the
Synotis alata-Abies spectabilis, Ribes glaciale-
Abies spectabilis and Boschniakia himalaica-
Rhododendron campanulatum communities
whilst class 2, the Potentilla fruticosa-
Rhododendron anthopogon dwarf shrub heaths,
comprises Pedicularis cf. microcalyx-
Rhododendron anthopogon and Anaphalis
royleana-Rhododendron anthopogon communi-
ties. The differentiation of the communities of the
Rolwaling study site is discussed in detail in
Bürzle et al. (2017).

The Betula utilis-Abies spectabilis forests
(class 1) are developed on upper montane and
subalpine N/NE slopes up to an elevation of c.
4100 m a.s.l. These forest stands are primarily
composed of Abies spectabilis and Betula utilis,
with Rhododendron campanulatum and Sorbus
microphylla forming a second tree layer (Synotis
alata-Abies spectabilis and Ribes glaciale-Abies
spectabilis communities) (Fig. 13.2). At its upper
distribution, closed forest stands give way to
Rhododendron campanulatum krummholz
forming an extensive belt between 3900 and
4000 m a.s.l. (NW-exposed), and 4000 and
4100 m a.s.l. (NE-exposed) (Boschniakia hima-
laica-Rhododendron campanulatum commu-
nity). The layer (mean cover 85%) of gnarled and
stunted krummholz trees attains a mean height of
about three metres, which gradually decreases
upslope. The stems form a dense and largely
impenetrable thicket dominated by Rhododen-
dron campanulatum with few interspersed,
multi-stemmed Sorbus microphylla individuals.
The name-giving, highly diagnostic taxon
Boschniakia himalaica is parasitic on Rhodo-
dendron species (Miehe 1990). Shrub and herb
layers have low productivity, indicated by small

height (2 m and 0.1 m, respectively) as well as
low cover (17.5% and 25%, respectively) and
numbers of vascular plant species. As the DCA
(Fig. 13.3) and the ANOVA (Table 13.1) sug-
gest, altitude and mean soil temperature appear to
be the decisive ecological factors for differences
in species composition of the three syntaxa of
this class (Bürzle et al. 2017).

In general, the three forest communities are
developed on podzol soils with an extremely low
pH value of c. 3.0 (Table 13.1) (Müller et al.
2017). The sandy fraction dominates the particle
size distribution of the soils (sandy loams); its
percentage increases slightly towards higher
altitudes (Table 13.1), implying a deterioration of
nutrient storage and water-holding capacity.
Reduced water retention capacity in turn results
in decreasing soil moisture along the elevational
gradient (Table 13.1). Slight differences in soil
pH do not play a role for the differentiation of
species composition, as mean values are extre-
mely low throughout the entire treeline ecotone
with slightly higher values in the Synotis alata-
Abies spectabilis community (Table 13.1) (Bür-
zle et al. 2017; Müller et al. 2017). Soil C:N
ratios increase with elevation, most notably from
the subalpine forest to krummholz and the alpine
tundra, indicating increasing nutrient (N, P)
shortage especially in the alpine tundra (Müller
et al. 2017).

In detail, environmental conditions of each
community differ specifically: the Synotis alata-
Abies spectabilis community (community 1.1)
occurs on moderately steep slopes (33° on
average) between 3700 and 3900 m a.s.l., i.e. in
the lower subalpine range of the Betula utilis-
Abies spectabilis forests. The environmental
conditions of this syntaxon show comparatively
favourable growth conditions with higher soil
temperature sums and soil moisture as well as
better nutrient supply (nitrogen and potassium
contents, C:N ratio) (cf. Table 13.1, Fig. 13.3,
discussion and Bürzle et al. 2017).

The Ribes glaciale-Abies spectabilis commu-
nity (community 1.2) of tall mixed forest stands
occupies steep slopes (mean of 37°) in the upper
subalpine range of the treeline ecotone (3800 to
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4050 m a.s.l.). The constellation of site factors
(e.g. soil temperatures, nutrient availability) and
resulting growth conditions give evidence of an
intermediate position of the Ribes glaciale-Abies
spectabilis community within the vegetation–
environment pattern of the study site. Soil tem-
perature during summer months is significantly
lower compared to the Synotis alata-Abies
spectabilis community, but higher (insignifi-
cant) than in the adjoining krummholz belt
(Table 13.1). The same holds true for C:N ratio
and content of potassium. However, nitrogen
supply in the Ribes glaciale-Abies spectabilis
community is lowest (insignificant) within the

three forest communities, but still higher than in
the Rhododendron dwarf shrub communities
(Table 13.1) (cf. Bürzle et al. 2017).

The Boschniakia himalaica-Rhododendron
campanulatum community (krummholz belt,
community 1.3) occupies steep slopes (mean of
35°) between the treeline and the dwarf shrub
heaths. The community has to cope with further
deteriorating growth conditions along the eleva-
tional gradient. As the ANOVA revealed
(Table 13.1), annual mean soil temperature and
connected growing degree days are lower com-
pared to the downslope communities. At the
same time, C:N ratio widens, indicating lower

Fig. 13.2 Photographs from the investigated treeline
ecotone. a View across the ecotone with mixed subalpine
forest in front followed upward by Rhododendron cam-
panulatum krummholz belt and reddish flowering alpine
Rhododendron dwarf shrub heath (Anaphalis royleana-
Rhododendron anthopogon community); b elevational
zone D featuring the Anaphalis royleana-Rhododendron

anthopogon community; c Rhododendron campanulatum
dominating the tree species density at the upper part of
elevational zone B; d subalpine forest at elevational
Zone A showing the Synotis alata-Abies spectabilis
community (a: 4 October 2014; b 17 September 2014;
c: 4 August 2013; d: 20 July 2013)
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decomposition rates and lower availability of
nitrogen. Mean pH value marginally decreases to
2.8 (cf. Bürzle et al. 2017).

Potentilla fruticosa-Rhododendron antho-
pogon dwarf shrub heaths (class 2) occur above
the treeline in an elevational range between 3950
and 4300 m a.s.l. The Rhododendron dwarf
thickets are distributed on podzols with pH values
of c. 3.0 and formed by Rhododendron antho-
pogon, Rhododendron setosum and Rhododen-
dron lepidotum. As mentioned above, growth
conditions deteriorate along the elevational gra-
dient (see also Müller et al. 2016a,2017). Thus,
sites of Rhododendron dwarf shrub communities
are characterized by lower soil temperatures,
wider C:N ratios and lower nitrogen contents
compared to the forest communities of class 1
(Table 13.1) (cf. Bürzle et al. 2017).

The dense Pedicularis cf. microcalyx-Rhodo-
dendron anthopogon community (community
2.1) is established on steep slopes (37° on aver-
age) immediately above the krummholz belt at
elevations between 3950 and 4150 m a.s.l.
Growth conditions are less favourable with
reduced mean soil temperatures (insignificant),
base saturation (insignificant) and nitrogen con-
tents (insignificant) (cf. Table 13.1) in

comparison with communities at lower elevation.
The dwarf shrub heaths reach a mean height of
0.8 m and a mean cover of 80%. Different
Rhododendron species (Rhododendron antho-
pogon, Rhododendron lepidotum, dwarf indi-
viduals of Rhododendron campanulatum)
dominate the community, with interspersed Bis-
torta vaccinifolia shrubs and Sorbus microphylla
shrubs or small trees. The herb layer is less
developed (mean height 0.1 m, mean cover 45%)
and composed of fern species and species of the
genera Kobresia and Calamagrostis (cf. Bürzle
et al. 2017).

The open Anaphalis royleana-Rhododendron
anthopogon community (community 2.2) occurs
in the uppermost zone of the treeline ecotone,
extending over an elevational range between
4100 and 4300 m a.s.l. (Figs. 13.1 and 13.2). Site
conditions are the most unfavourable along the
elevational gradient (see DCA, Fig. 13.3) e.g. in
terms of mean soil temperatures during the veg-
etation period, number of growing degree days,
soil moisture and thickness of the Ah-horizon
(Table 13.1). The herbaceous layer has a mean
cover of 50% and is not as sparse as in the
Pedicularis cf. microcalyx-Rhododendron
anthopogon community. The Rhododendron

Fig. 13.3 Detrended correspondence analysis (DCA) with post-hoc correlation of environmental parameters. Relevés
(N = 91) were classified into five plant communities ((modified from Bürzle et al. 2017)
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shrub layer has a mean cover of 60% and attains
a height of less than 50 cm, interspersed by
single higher shrub individuals (Potentilla fruti-
cosa, Sorbus microphylla). The shrub layer is
dominated by Bistorta vaccinifolia, Rhododen-
dron setosum and Potentilla fruticosa. The
comparatively rich herb layer involves the com-
paratively high species richness mentioned
above, grass taxa are especially frequent (genera
Calamagrostis and Kobresia and others) (cf.
Bürzle et al. 2017).

13.3.2 Explanation of Variation
in Tree Species Density

Adult and juvenile tree species densities varied
greatly along the elevational gradient (Fig. 13.4).
The density of Abies spectabilis was smaller in
the lower section of the subalpine forest (zone A)
than in the upper section (zone B). The most
distinct difference between these zones was the
higher proportion of Rhododendron campanula-
tum in zone B compared to zone A (Fig. 13.2).
Closed forests gave way to a dense and nearly
impenetrable Rhododendron campanulatum
krummholz belt (zone C) at approximately
3910 m a.s.l. (NW slope) and 4010 m a.s.l. (NE
slopes). There, Rhododendron campanulatum
dominated the tree species composition. Tree
species individuals were rare above the krumm-
holz belt at the alpine section of the transect
(zone D), which was mainly composed of
Rhododendron dwarf shrubs (Rhododendron
anthopogon, Rhododendron lepidotum, Rhodo-
dendron setosum) (Fig. 13.2). We found juvenile
Rhododendron campanulatum and Sorbus
microphylla individuals in rather high abundance
in this alpine dwarf shrub heath. Nevertheless, no
tree-sized individual of these species occurred
there (cf. Figure 13.4).

Results from RDA showed that the environ-
mental variables explained 77% of variability in
adult tree density distribution of the treeline
ecotone (cf. Schwab et al. 2017). The soil group
of variables was the most important independent
predictor of species distribution (28% explained
variability), whilst climatic and topographic

variation was of secondary (7%) and tertiary
importance (6%; Fig. 13.5a). We found 25%
shared variation of adult tree density explained
by soil and/or climate variables (Fig. 13.5a) (cf.
Schwab et al. 2017).

In case of juvenile tree species density, results
from RDA showed that variables could explain
66% of variability. As in adult tree density, the
soil group of variables was the most important
independent predictor of species distribution
(24% explained variability), whilst climatic and
topographic variation was of secondary (19%)
and tertiary importance (14%; Fig. 13.5b). We
found small amounts of shared variation of
juvenile tree density explained by soil and/or
climate and/or topographic variables. In com-
parison with partitioning of variation of adult tree
density, the juvenile stand density variation par-
titioning revealed a more balanced distribution of
explained variance per variable group (cf. Fig-
ure 13.5a, b). Whilst topography was of minor
importance in case of adult trees, its share in total
explained variation of juvenile density was sub-
stantial (cf. Schwab et al. 2017).

13.4 Discussion

13.4.1 Species Composition Along
the Elevational Gradient

Plant communities and tree species composition
correspond largely to patterns at other West and
Central Himalayan treeline sites (cf. Bürzle et al.
2017; cf. Schwab et al. 2017). However, a closed
belt of pure Betula utilis stands above the mixed
forest stands of Abies spectabilis-Betula utilis
stands, as described in Schickhoff (1993, 2005),
Miehe (1990) and Miehe et al. (2015) for shady
slopes in the western and central Himalaya, is not
developed in the Rolwaling Valley. In Rolwal-
ing, subalpine mixed forests directly merge into
the Rhododendron campanulatum krummholz
belt (Boschniakia himalaica-Rhododendron
campanulatum community) without an interme-
diate Betula utilis belt. It remains unclear if this
difference is a matter of succession status, a
consequence of the exceptional near-natural state
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of the investigated treeline, or related to the
decreasing competitiveness of Betula utilis along
the climatic gradient from the continental NW-

Himalaya to the more oceanic SE-Himalaya (cf.
Schickhoff 2005; Schwab et al. 2016; Bürzle
et al. 2017).

Fig. 13.5 Variation
partitioning of tree density
using the matrices of soil
variables, climate variables
and topographic variables (a:
adult trees, b: juveniles)

Fig. 13.4 Tree species population density of adult individuals (� 7 cm dbh) and juvenile individuals (<7 cm dbh)
across the elevational gradient
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13.4.2 Vegetation–Environment
Relationships

Our study reveals distinct relationships of com-
munities with various soil physical and chemical
properties. Relevant drivers for community dif-
ferentiation are soil temperature, nitrogen content
and availability, as well as soil nutrient storage
and soil water-holding capacity. Annual mean
and growing season mean soil temperatures
generally decrease from closed forest to the
krummholz zone and dwarf shrub thickets
(Müller et al. 2016a) and concurrently along the
elevational sequence of communities in Rolwal-
ing. The spatial pattern of nitrogen content and
availability, soil nutrient storage and soil water
retention capacity represents an elevational gra-
dient of decreasing soil fertility, parallel to the
overall decrease of temperatures in the same
direction (Bürzle et al. 2017). However, the
effect of dense tree canopies preventing soil heat
flux and radiative warming of soil temperatures
was observed on the NE-exposed slope during
certain periods of the year, resulting in tem-
porarily higher soil temperatures under dwarf
shrub thickets compared to the krummholz zone
(Müller et al. 2016a).

As variation partitioning results indicate,
species-specific variation in adult and juvenile
tree species density along the treeline ecotone
depends, to varying extents, on soil, climatic and
topographic variables. Variables with a strong
influence on the ordinations reflect significant
differences in mean values between zones with
differing densities of juvenile and adult Rhodo-
dendron campanulatum. Low temperature and
poor nutrient availability characterizes the eco-
logical niche that Rhododendron campanulatum
occupies (Schwab et al. 2017). Juvenile popula-
tion density of all species shows a stronger
dependence on the climatic variable of tempera-
ture and on microtopographic features in com-
parison with older trees (Schwab et al. 2017),
which supports previous assumptions of differ-
ences between juvenile and adult tree establish-
ment, occurrence and growth (e.g. Smith et al.
2003; Wieser et al. 2014). In addition to such life
stage-specific differences, Bürzle et al. (2018)

found species-specific microhabitat preferences
for the establishment of seedlings at our study
site. They reported that Abies spectabilis seed-
lings grow on ground that is covered mainly by
litter, whilst Betula utilis and Rhododendron
campanulatum seedlings are established on
bryophyte mats. However, they found little
variation in microsite cover among older seed-
lings, similar to the regeneration of other sub-
alpine tree species in other treeline environments
(Jones and del Moral 2005; Maher and Germino
2006).

Soil nutrient cycle studies in Rolwaling Val-
ley revealed significantly decreasing nutrient
availability (N, K, Mg, P) along the elevational
gradient from subalpine forests to krummholz
and alpine dwarf shrub thickets (Müller et al.
2016a, b, 2017; Drollinger et al. 2017). In
addition to climate and microtopography vari-
ables, manganese content and the C:N ratio as
proxy for nutrient availability explained a sub-
stantial proportion of variation in tree species
density along the gradient (Schwab et al. 2017).
On the level of plant communities, elevational
gradients of soil nutrient contents show either
significant differences between single plant
communities in the ANOVA (Mn, Al) or sig-
nificant correlation with DCA axes (Fe, Na, K).
Nitrogen is the only nutrient variable significant
in both analyses (Table 13.1). Moreover, all soil
nutrient contents show relatively wide standard
deviations. Differences in the detectability of soil
nutrient gradients between a priori defined ele-
vational vegetation zones and the elevational
sequence of plant communities have to be
attributed to the mosaic-like pattern of respective
habitat patches in the treeline ecotone. Since
alpine soils show pronounced small-scale
heterogeneity in terms of fertility and other
properties in general (Nagy and Grabherr 2009;
Bäumler 2015), further investigations are neces-
sary to detect micro-scale relationships between
plant species composition and soil properties
(Bürzle et al. 2017).

Nitrogen is the most limiting factor to alpine
plant productivity, whereas the supply of plant
available nitrogen is primarily determined by soil
temperature (Larcher 2003; Baptist and
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Aranjuelo 2012; Hawkesford et al. 2012). Nev-
ertheless, plant communities and tree densities by
themselves are not nitrogen limited, as species
composition is adapted to the prevailing nutrient
supply, and nutrient enrichment creates modified
communities (Körner 2003). Lower nitrogen
availability (wider C:N ratio) prevails in the
krummholz and dwarf shrub communities
(Table 13.1). The dense cover of ericaceous trees
(Rhododendron krummholz belt) and shrubs
(Rhododendron dwarf shrubs), associated with a
low leaf litter quality (wide C:N ratio, high lignin
content) (Körner 2003), may contribute to this
nutrient deficiency. Thick layers of recalcitrant
Rhododendron litter are associated with low N
mineralization rates and N availability (Maithani
et al. 1998). Moreover, Rhododendron leaves
contain high amounts of polyphenols (Hegnauer
and Hegnauer 1966; Fan et al. 1999), which are
an important C source for microorganisms in
forest ecosystems (Schimel et al. 1996; Souto
et al. 2000; DeLuca et al. 2002). High concen-
tration of polyphenols may lead to the binding of
N into complex polyphenolic compounds, and
further to an increase in NH4

+ and NO3 immo-
bilization (Northup et al. 1995; Schimel et al.
1996; Bradley et al. 2000; DeLuca et al. 2002)
and thus to a decrease of nitrogen availability
(Bürzle et al. 2017).

Analyses of soil moisture indicated a
decreasing trend along the elevational gradient
and detected seasons with soil water scarcity (cf.
Müller et al. 2016a; b). Despite positive corre-
lations of natural regeneration of tree species
with soil moisture and temperature at Himalayan
treeline ecotones (cf. Schickhoff et al. 2015), the
soil moisture trend did not contribute signifi-
cantly to explained variation of tree species
density (Schwab et al. 2017). Nevertheless, soil
moisture and soil water-holding capacity com-
plements the complex pattern of environmental
factors to which the species composition is
adapted. For instance, the Synotis alata-Abies
spectabilis community (lower section of the
closed subalpine forest) shows highest annual
soil moisture values (Table 13.1) (Bürzle et al.
2017). This is reflected by the highly diagnostic
species Clintonia udensis, which is considered an

indicator species for humid soil conditions
(Miehe 1990; Bürzle et al. 2017). In addition to
temperature, several studies found soil moisture
and/or precipitation to be a relevant site factor at
treelines for tree seed germination and tree
seedling establishment (Bürzle et al. 2018) and
tree growth performance, e.g. tree-ring increment
(e.g. Gaire et al. 2014, 2017; Tiwari et al. 2017;
Schwab et al. 2018). However, soil moisture was
not related to population density. Rhododendron
campanulatum shows higher water use efficiency
compared to other species at same elevations,
and the most distinct increase in water use effi-
ciency with increasing elevation (De Lillis et al.
2004). Accordingly, Rhododendron campanula-
tum is obviously better adapted than competing
tree species to drier conditions which might
occur under high irradiance in the Rhododendron
krummholz belt and at the alpine dwarf shrub
heath and in drier seasons (Schwab et al. 2017).

Lowest soil moisture values were detected in
the uppermost part of the Rhododendron dwarf
shrub heath and the Anaphalis royleana-Rhodo-
dendron anthopogon community, respectively,
representing the front edge of the ecotone
(Müller et al. 2016b; Bürzle et al. 2017; Schwab
et al. 2017). This is remarkable, as plant water
supply is often improved at higher altitudes due
to reduced evapotranspiration (Körner 2003) as
long as increasing wind speed does not over-
compensate a decrease in evaporation (cf. Holt-
meier 2009). In spite of increasing solar
radiation, evaporation often decreases along the
elevational gradient, conditioned by temperature,
solar intensity, atmospheric pressure, soil mois-
ture, the degree of saturation of the air and wind
(Nullet and Juvik 1994; Nagy and Grabherr
2009; Kuhn 2012; Bach and Price 2013). In our
study area, low topsoil moisture might be mainly
caused by overall low water-holding capacities,
according to a high proportion of sand within the
soil texture (Müller et al. 2016b). In addition, the
soil depth of the Anaphalis royleana-Rhododen-
dron anthopogon community is low and the
profile shows only weakly developed, thin Ah-
horizons (Table 13.1) (Bürzle et al. 2017; Müller
et al. 2017). Dehydration of topsoil has strong
effects on plant nutrition by interrupting topsoil
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nutrient cycling and thus reducing nutrient
availability (Marschner and Rengel 2012).
Effects of this ‘drought-enhanced nutrient short-
age’ on plant life and species distribution are
even more appreciable than moisture stress by
itself (Körner 2003).

In addition to nitrogen deficiency and rather
low soil moisture, we hypothesize the impover-
ished flora of the Boschniakia himalaica-
Rhododendron campanulatum community
(Rhododendron krummholz belt), and the extre-
mely low productivity of the herbaceous layer
can be attributed to allelopathic effects of
Rhododendron campanulatum (Bürzle et al.
2017). Aside from allelopathic effects and com-
petition for nutrients, plant–plant interference in
the evergreen, dense Rhododendron stands
involves a strong competition for light (Bürzle
et al. 2017).

Deteriorating site conditions with increasing
elevation as assessed in soil studies in the Rol-
waling Valley (Müller et al. 2016a; b) can be
confirmed for the elevational sequence of plant
communities and changing densities of tree spe-
cies populations, especially in terms of soil
temperature, nitrogen supply and availability,
and soil moisture (Bürzle et al. 2017; Schwab
et al. 2017; Müller et al. 2017). These factors are
crucial for differences in species composition
along the steep environmental gradient of the
treeline ecotone. Multifaceted interrelations
between environmental factors make it difficult
to rank them in order of their importance for
variations in the ecotone’s vegetation. Apart
from parent material and litter fall, nitrogen
supply, for instance, is influenced by temperature
and soil moisture. Moisture deficits in plants, in
turn, can be strengthened by low soil tempera-
tures (Tranquillini 1982; Larcher 2003). Low
temperatures also affect life processes of plants
directly by freezing stress and low temperature
limit of net photosynthesis (Sakai and Larcher
1987; Larcher 2003; Taiz et al. 2015). Most
likely, reduced availability of both nitrogen and
manganese at the elevated sites leads to lowered
competitive strength of tree species. As an
exception, the Rhododendron species and erica-
ceous perennials in general are low-nutrient users

that grow in soils that are poor in most essential
elements and consequently unsuitable to other
species; in fact, they are even favoured by poor
soil conditions (Cox 1990; Ristvey et al. 2007).
The high root-to-shoot ratio of Rhododendron
campanulatum and its evergreen nature further
accentuate these competitive advantages due to
efficient nutrient storage, increased photosyn-
thetic capacity in transitional seasons and
allelopathic effects of polyphenol-rich Rhodo-
dendron litter (Schwab et al. 2017, 2018). Low N
and P availabilities in alpine tundra soils corre-
spond to lower litter input and a decline in litter
mineralization in this altitudinal zone resulting in
small accumulation of SOM (Müller et al. 2017).
It can be concluded that altitudinal variations in
plant communities themselves govern nutrient
cycling through the input of C, N and P into soils
by differences in leaf fall (Müller et al. 2017).

Notwithstanding the random selection of
plots, the spatial dependence of the species data
is most likely not only related to functional cor-
relation with the environmental variables. The
spatial configuration of species may be the result
of neutral processes of various population and
community dynamics leading to spatial autocor-
relation, not considered by here presented RDA
and variation partitioning results. Schwab et al.
(2017) showed that the dominance of Rhodo-
dendron campanulatum controls the broad scale
spatial pattern, indicating the huge contrast in
tree species composition between the lower and
upper elevational zones. Environmental variables
explain considerable amounts of variation in
spatial patterns, with higher amounts explained
for adult compared to juvenile population density
spatial patterns. Neutral processes of community
and population dynamics could explain remain-
ing spatial variation (Schwab et al. 2017). These
include variation in species demography due to
competition (ecological drift) and propagule
dispersion (random dispersal) creating spatial
autocorrelation in response variables (Legendre
and Legendre 2012). Especially finer scaled
spatial patterns and the juvenile population den-
sity pattern contain proportions of variation
assigned to neutral processes such as genetically
fixed plant characteristics, mainly according to
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recruitment strategies. This finding reveals that in
addition to microtopographic features, nutrient
availability and temperature, flowering phenol-
ogy, seed maturation including seed size and
seed number, seed dispersal, seed germination
and seedling establishment need to be considered
to explain variation of tree species density. The
sampled tree species propagate in different ways:
For instance, Betula utilis and Rhododendron
campanulatum use anemochorous dispersal
paths. In addition, we observed frequent clonal
propagation of Betula utilis, whilst Abies spect-
abilis relies rather on zoochorous paths. These
different dispersal strategies might result in
species-specific responses to climate change. In
addition to dispersal, seed quality and quantity
might play a role (Cuevas 2000; Dullinger et al.
2004; Holtmeier 2009; Batllori et al. 2010;
Kroiss and Hille Ris Lambers 2015; Brodersen
et al. 2019). In addition, also plant–plant inter-
action (especially competition and facilitation)
lead to variations in tree species density. Future
studies are needed to analyse these species-
specific properties in order to determine their
influence on tree species density and interaction
with upslope migration potential (Schwab et al.
2017).

13.4.3 Responsiveness of Community
Patterns and Tree
Species Density
to Climate Warming

Accumulated knowledge of climate change-
induced alteration of Himalayan ecosystems in
terms of plant cover, plant functional type dom-
inance, species distributions, species composi-
tions and community structure is still very
deficient. The sensitivity of species compositions
and community structure in treeline ecotones is
likewise largely unknown. For the Rolwaling
Valley, our data clearly show the significance of
soil temperature, soil moisture and nitrogen
(supply and availability) for species distribution
along the elevational gradient. Since these factors
are directly (soil temperature) or indirectly (soil
moisture, nitrogen) affected by climatic

conditions, we presume that species composi-
tions and community structure in the treeline
ecotone will change and new niches are created
with ongoing climate warming (Schickhoff et al.
2015, 2016a, b; Bürzle et al. 2017).

Increasing temperatures might imply
enhanced nitrogen supply. Low soil temperatures
are the main constraint for nitrogen availability,
which controls alpine plant productivity (Larcher
2003; Baptist and Aranjuelo 2012; Hawkesford
et al. 2012). Given the above-average warming in
Himalayan treeline ecotones including the Rol-
waling Valley, an increase in plant height and
cover within plant communities and a shift in
dominance patterns owing to an earlier start of
the growing season are to be expected (Bürzle
et al. 2017).

Moreover, climate warming involves changes
in precipitation patterns, leading to alterations in
snow cover and modified soil moisture. No clear
trend could be detected for precipitation patterns
in the greater Himalayan region; observations
show more decreasing than increasing precipita-
tion trends (Hasson et al. 2016; Schickhoff et al.
2016a). As soil moisture was identified as one of
the controlling factors for tree regeneration and
stand structural patterns (Schickhoff et al. 2015;
Müller et al. 2016b; Schwab et al. 2017; Drol-
linger et al. 2017) as well as for species com-
position (Bürzle et al. 2017), we anticipate shifts
in community structure and species composition
due to changing precipitation and soil moisture
supply.

Even if climate warming will change site
conditions in the treeline ecotone and create new
niches, the general constraints of low-
temperatures and low-nutrient availability
remain. Abies spectabilis and Betula utilis could
potentially establish populations above the
krummholz belt, given their generally intense
regeneration, and comparatively high mean
annual temperatures at the Rolwaling Himal
treeline (Müller et al. 2016a, b). Regardless of
slight increases in mean temperatures, site con-
ditions will probably continue to be more bene-
ficial for Rhododendron campanulatum and
Rhododendron dwarf shrub species in the
krummholz belt and alpine dwarf shrub zone,
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potentially resulting in an upward migration of
the Rhododendron campanulatum belt into the
alpine dwarf shrub zone (Schwab et al. 2017;
Schwab 2018).

Since the Rhododendron campanulatum
population of the krummholz belt is firmly
established and feedback mechanisms maintain
its predominance, this thicket will most likely
continue to constitute an insurmountable barrier
for seedlings and saplings of Betula utilis and
Abies spectabilis even under warmer conditions
(Schwab et al. 2020). It can be assumed that the
small numbers of Abies spectabilis and Betula
utilis individuals that were found in the krumm-
holz belt and the alpine dwarf shrub heath are
related to microtopographic features similarly to
observed establishment patterns in Taiwanese
Abies treelines (Greenwood et al. 2015). The few
individuals of other tree species might consoli-
date towards established populations at locations
above the contemporary krummholz belt position
only in the long term. Persistent low-nutrient
availability and allelopathic effects will most
likely prevent juvenile tree individuals from
growing into mature, fruiting trees within or
above the current krummholz belt. A substantial
establishment in the dwarf shrub heaths above
the krummholz belt is similarly unlikely, as
comparable soil and environmental conditions
prevail. However, the few Abies spectabilis and
Betula utilis individuals in and above the
krummholz belt illustrate a certain potential to
survive and to reach tree dimensions (Schwab
et al. 2017, 2020; Schwab 2018).

The results suggest that a short-term shift of
the Rolwaling Himal treeline to higher elevations
is rather unlikely. A rather low responsiveness is
assumed for near-natural Himalayan treelines
and krummholz treelines in general (Harsch and
Bader 2011; Chhetri and Cairns 2015; Schickhoff
et al. 2016a). However, changes in population
structures and species compositions will be
inevitable under novel constellations of site
conditions (Schwab et al. 2017; Schwab 2018).
Temperature and water supply are critical drivers
for seedling establishment, and thus, microhabi-
tats that buffer climatic extremes may become
more important under climate change conditions

in the Himalaya. Therefore, the availability of
safe sites will play a major role in future treeline
advance (Bürzle et al. 2018).

In general, ongoing climatic changes will
already have triggered shifts in species distribu-
tions and abundances in the Himalaya, widely
without having been noticed or documented by
science. For instance, Telwala et al. (2013) pro-
vided evidence of warming-driven elevational
range shifts in 87% of 124 studied endemic plant
species in the alpine zone of Sikkim over the last
150 years. Rana et al. (2017) observed an
upward migration tendency of Rhododendron
campanulatum in a treeline ecotone in central
Nepal. Upward range shifts of up to 150 m were
detected for the shrub Myricaria elegans in the
NW Himalaya by Dolezal et al. (2016), stressing
that plant species responses to ongoing climate
change will not be unidirectional upward range
shifts but rather multidimensional, species-
specific and spatially variable. Thus, present-
day plant assemblages and community structures
are definitely different from those of the nine-
teenth century (Bürzle et al. 2017).

13.5 Conclusion

Our study provides detailed insights into species
compositions of plant communities and vegeta-
tion–environment relationships in the treeline
ecotone in the Rolwaling Valley, an area not
previously studied. The study expands on the still
very limited knowledge of Himalayan subalpine-
alpine vegetation with regard to floristic diver-
sity, ecology and syntaxonomy. When classify-
ing the ecotone with phytosociological methods,
we had to deal with rank-less communities and a
provisional status of classes; i.e. phytosociolog-
ical studies in the Himalaya are still pioneer
studies. Differences in species composition of
subalpine forests and dwarf shrub communities
between the Rolwaling Valley and other Hima-
layan study areas point to the need of further
detailed local studies (Bürzle et al. 2017; Schwab
et al. 2017).

Community patterns and forest stand densities
are distinctly correlated to a deterioration of
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growth conditions along the elevational gradient,
reflected in an increasingly unfavourable con-
stellation of microtopography, soil temperature,
soil moisture and soil fertility. Differentiations of
species compositions are understood as resulting
from complex and changing effects of interre-
lated site factors along the elevational gradient.
Our findings corroborate assumptions that local
treeline elevation, species composition and tree
density are not defined by thermal deficits alone.
The feedback mechanisms of the Rhododendron
campanulatum krummholz belt constrain the
treeline response to climate warming through
retarding or inhibiting upward migration of other
tree species (Bürzle et al. 2017; Schwab et al.
2017, 2020). Further, altitudinal variations in
stand structures themselves govern nutrient
cycling through the input of C, N and P into soils
by differences in leaf fall (Müller et al. 2017).

The sensitivity of treeline ecotones to climate
change should be further assessed by analysing
species- and community-specific responses to the
constellation of environmental site factors, with a
special focus on non-thermal site factors. Dif-
ferences in variables explaining adult and juve-
nile population densities point to the need to
investigate different life stages and their relation
to abiotic and biotic conditions on different
temporal scales. Spatial pattern analyses reveal
that dispersal mechanisms and biotic interactions
should be considered in future studies on tree-
lines. In general, for a thorough monitoring of
Himalayan treeline vegetation requires much
more local and landscape-scale studies in order to
detect climate change-induced shifts in vegeta-
tion patterns and to assess the vulnerability of
treeline flora and vegetation (Bürzle et al. 2017;
Schwab et al. 2017).
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14Modelling the Ecological Niche
of a Treeline Tree Species (Betula
utilis) in the Himalayas—A
Methodological Overview

Maria Bobrowski

Abstract

Mountains are fascinating habitats, character-
ized by steep ecological vertical gradients and
corresponding altitudinal vegetation zonation.
Alpine treelines as upper boundaries of more or
less contiguous tree stands are the most
conspicuous vegetation limits; they have always
attracted great research interest. Globally, alpine
treeline elevations in the mountains are caused
by heat deficiency. At landscape and local
scales, however, multiple interactions of
influencing factors and mechanisms determine
treeline position, spatial pattern and dynamics.
In the course of climate change, it is postulated
that treelines will shift to higher elevations. To
be able to quantify potential shifts, an analysis
of the underlying factors and a correct mod-
elling of the treeline ecotone under current
climatic conditions are of great importance. For
this purpose, statistical models are used to
calculate the ecological niche of species based
on climatic factors. These models serve as a
baseline for models that project the distribution

under future climatic conditions. The Hima-
layas are the largest mountain range in the
world, yet they are often under-represented in
the scientific literature. This holds particularly
true in relation to modelling studies. Modelling
treeline species in remote high-altitude regions
faces several challenges, especially the avail-
ability of occurrence data and high-quality
environmental variables. This book chapter
summarizes recent results modelling the eco-
logical niche of the Himalayan birch (Betula
utilis) under present climatic conditions in the
Himalayan mountain system. B. utilis represents
a favourable target species for modelling stud-
ies, since it is widespread as a treeline-forming
species along the entire Himalayan arch. Due to
less distinctive habitat requirements and high
adaptation potential, it is gaining importance as
a pioneer tree species for possible succession
developments at treelines under future climate
conditions. In a synergistic approach, a detailed
study on comparing the underlying climatic,
topographical and plant phenological factors
was undertaken to model the potential and the
actual distribution of the focal species. The
present results provide a new starting point for
further investigations aimed at modelling the
distribution of the species under past or future
climate scenarios. Simultaneously, the pre-
sented approaches can also be transferred to
other treeline species in high mountains.

This book chapter consists of excerpts of a previously
published dissertation (Bobrowski 2018). All maps were
created in ArcGIS (ESRI 2018).
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14.1 Introduction

Since treeline elevations are characterized by low
temperatures, high-elevation climatic treelines
can be considered sensitive indicators of past and
recent climate change and variability at local and
global scales (Kullman 1998; Holtmeier 2009;
Smith et al. 2009; Körner 2012). During recent
decades, investigation of climate change-driven
treeline dynamics has generated considerable
research interest, and results have been widely
reported from various treelines around the world
(e.g. Randin et al. 2009; Harsch et al. 2009;
Paulsen and Körner 2014; Schibalski et al. 2014;
Schickhoff et al. 2015, 2016a, b). Since high
mountain environments are subjected to above-
average warming rates, treeline dynamics under
future climate change scenarios are of particular
interest in this respect (Schickhoff 2011; IPCC
2014). Global average mean temperature has
increased by +0.85 °C between 1880 and 2012
(IPCC 2013). For the Himalayan mountain sys-
tem, it is hypothesized that the climate is
changing at a faster rate than the global average
(Shrestha et al. 2012; Schickhoff et al. 2016b).
Since 1989, temperature increases during winter
months of up to +0.8 °C per decade have been
determined in the eastern Himalayas (Gerlitz
et al. 2014), whereas pre-monsoon season tem-
perature increases of up to +1.0 °C per decade
have been found for higher elevations along the
entire Himalayan arc (Schickhoff et al. 2015).
Shrestha et al. (2012) found an extended growing
season by 4.7 days at average during a 25-year
period, with seasonal and regional variations. For
the previous century, decreases in annual pre-
cipitation (up to 20%) have been identified for
the western, but not for the eastern Himalayas
(Jain et al. 2013; Schickhoff et al. 2016b). It is to
be expected that an increase in temperature and
coherently evapotranspiration, combined with a
decrease in precipitation, results in amplified
drought stress, primarily in the pre-monsoon
season (Schickhoff et al. 2015).

One popular hypothesis is that, due to
changing regional climatic conditions, ranges of
subalpine and alpine species as well as treelines

shift upwards along altitudinal, thermally defined
gradients (Gottfried et al. 2012; Pauli et al. 2012;
Wieser et al. 2014). Furthermore, it is postulated
that species respond by altered seasonal phenol-
ogy (Hughes 2000; Smith et al. 2012; Anadon-
Rosell et al. 2014; Ernakovich et al. 2014; Hart
et al. 2014), while some species are threatened by
extinction or are already extinct (Parmesan 2006;
Pauli et al. 2012; Alexander et al. 2015; Cotto
et al. 2017). Treelines are regarded as particularly
responsive to changing temperature regimes, and
initial effects of future climate-induced range
shifts are expected for species in high-altitude
treeline ecotones.

Modelling the distributional range of treeline
species and predicting changes under future cli-
mate scenarios have become an increasingly
applied component in investigations of high-
altitude treelines (e.g. Dullinger et al. 2004;
Thuiller et al. 2005; Parolo et al. 2008). In con-
trast to other mountains of the world, the
Himalayan region has largely been neglected and
is clearly under-represented in the scientific lit-
erature on climate change-induced species range
shifts (Schickhoff 2005; Miehe et al. 2007; Tel-
wala et al. 2013; Dutta et al. 2014; Schickhoff
et al. 2015). A number of studies that aim to
predict species’ distribution or forecast species
range shifts under climate change scenarios is
limited (e.g. Kumar 2012; Menon et al. 2012;
Ranjitkar et al. 2014 on Rhododendron spp.;
Menon et al. 2010 on Gymnocladus assamicus;
Jaryan et al. 2013 on Sapium sebiferum; Gajurel
et al. 2014 on Taxus wallichiana; Ranjitkar et al.
2014 on Oxybaphus himalaicus and Boerhavia
diffusa; Shrestha and Bawa 2014 on Ophio-
cordyceps chinensis), although a couple of
modelling studies were published in the last three
years.

Moreover, high-altitude treeline studies in the
Himalayas have investigated coniferous tree
species (e.g. Abies, Juniperus, Pinus) and
broadleaved evergreen tree species (e.g. Rhodo-
dendron) while deciduous tree species (e.g.
Betula) have remained largely out of focus. Pre-
sently, only a few researchers have addressed the
problem of modelling distribution ranges of
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deciduous treeline species1 in the Himalayas.
Conducted studies on B. utilis were mainly local
scale studies (e.g. Huo et al. 2010: SW China;
Singh et al. 2013: Indian Himalaya, Uttarakhand;
Wang et al. 2017: Tibetan Plateau). Recently
published large-scale research contained serious
shortcomings with regard to a number of Betula
occurrences, climatic predictor variables and
resolution (Lamsal et al. 2017; Chhetri et al.
2018; Mohapatra et al. 2019; Hamid et al. 2019).

The genus Betula is known to inhabit a con-
siderably wide ecological niche in the northern
hemisphere and can be found in high-altitude and
high-latitude treeline ecotones (Truong et al.
2007; Holtmeier 2009; Speed et al. 2011). Alpine
treelines with Betula as conspicuous treeline
species can be found in Russia in the Urals (B.
litwinowii; Hansen et al. 2018), in Kamchatka (B.
ermanii; Krestov et al. 2008) and Japan (B.
ermanii, B. platyphylla, B. maximowicziana;
Koike et al. 2003; Yasaka 2005). The target
species, Betula utilis, is widespread in Himalayan
alpine treelines (Schickhoff 2005; Ashburner and
McAllister 2013), and some authors consider B.
utilis as an indicator species for climate-driven
treeline dynamics (e.g. Liang et al. 2014). B.
utilis shows many characteristics of a pioneer
species, for instance, a high degree of adapt-
ability to altered environmental and climatic
conditions. B. utilis is able to rejuvenate readily
under changed light and soil conditions, and
facilitates natural reforestation processes and
forest edge closure, since it promotes humus
accumulation in the course of natural succession.

The treeline-forming species B. utilis as a
target species provides considerable study
organism because (a) underlying environmental
factors of the species distribution have not ade-
quately been described and (b) improved accu-
racy in modelling the current distribution is a
precondition for more precisely modelling
potential range expansions of treelines under
climate change conditions (Schickhoff et al.
2015). The latter applies in particular to a pioneer

species such as B. utilis, characterized by high
adaptability to changing environments. To date,
modelling the ecological niche of B. utilis cov-
ering the entire Himalayan mountain region has
remained a major research deficit.

14.2 Challenges and Limitations
of Ecological Niche Models
in High-Altitude Regions

In order to investigate high-altitude treeline
dynamics, modelling techniques have become an
indispensable method to predict species distri-
butions under current climate conditions, to
hindcast distributions under past climate condi-
tions and to forecast changed distributional ran-
ges under future climate scenarios (e.g. Dullinger
et al. 2004; Thuiller et al. 2005; Parolo et al.
2008; Schorr et al. 2012). Inherently, the accu-
racy of models under climate change scenarios
depends on their accuracy under current climate
conditions, the importance of which should not
be underestimated (Bobrowski et al. 2021).

Modelling ecological niches across vast dis-
tribution ranges in remote, high mountain regions
like the Himalayas remains a challenging task.
Challenges include, first and foremost, the lack
of species occurrence data and fine-scale envi-
ronmental information of sufficiently high quality
(i.e. environmental variables).

In many cases, presence–absence data are not
available, and presence-only data are often
derived from databases of natural history muse-
ums and herbaria, which contain occurrences
sampled by numerous researchers and with dif-
ferent techniques, intensities and periods of time
(Soberón and Peterson 2004). Moreover, sam-
pling records often cluster near the centre of
climatic conditions under which the species
occurs (Loiselle et al. 2008). This leads to spe-
cies documentations that do not cover the entire
range of suitable habitat conditions for respective
species. Such geographic sampling bias can lead
to sampling bias in environmental space, which
represents a major problem for modelling (Veloz
2009; Anderson and Gonzalez 2011). This holds
particularly true for sampling treeline species in

1For reasons of readability, the terms ‘treeline’ and
‘treeline ecotone’ will be used synonymous in the
presented chapter.
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remote areas like the Himalayan region. Due to
the lower accessibility of treeline sites, the
number of available sampling plots is sparse,
which demonstrates a reciprocal effect on model
prediction performance (Aráujo et al. 2005).

This also applies to environmental variables,
as most modelling studies use climatic variables
for predicting the distribution range of the spe-
cies. In topographically complex areas like the
Himalayas, climate stations are quite rare due to
rough terrain and complicated accessibility. This
in turn leads to a poor data basis for calculating
climate data sets compared to other more acces-
sible terrains. In addition, climate stations are
prevailingly located near settlements at lower
elevations, where climatic conditions are most
suitable for habitation, livestock farming and
agriculture. Those climate stations are not rep-
resentative of climatic conditions at higher ele-
vations. Besides the data basis, the calculation
method and bias correction also influence the
quality of climate data sets.

The choice of environmental variables used to
model species distributions may result in differ-
ent distribution maps for the same species (Luoto
et al. 2007). If important local abiotic or biotic
factors that influence the actual species’ distri-
bution (i.e. the realized niche) are disregarded,
predictions will represent the potential distribu-
tion (i.e. the existing fundamental niche), since
climate is not the exclusive factor determining
habitat suitability (Thuiller 2004). This will gain
extraordinary importance since an improved
understanding and modelling capacity of the
current distribution constitutes a precondition for
modelling treeline dynamics under climate
change scenarios.

14.2.1 Modelling Treeline Dynamics
Under Climate Change

Global and regional treeline responsiveness to
climate change is highly complex and influenced
by a variety of abiotic and biotic factors and their
interrelations. Given the fact that the elevational
position of treelines is attributed to prevailing
thermal conditions, worldwide treeline ecotones

constitute sensitive indicators to changing cli-
mate conditions (Körner 2012).

During the Holocene, treeline fluctuations
were caused by climate variability. Evidence was
found for the upslope movement during warmer
periods and recession during cooler periods
(Alps: Schwörer et al. 2014, Himalaya: Schick-
hoff et al. 2016a). More specifically, after the
Pleistocene–Holocene transition period (11.7
kyr. BP) the treeline position in the Himalayas
was situated several hundred metres higher than
today. The highest elevational positions of tree-
lines in the early Holocene can be attributed to
warm and moist climate conditions resulting
from a reinforced Asian monsoon regime
(Schickhoff et al. 2016a). In the mid-Holocene (5
kyr BP), treeline positions shifted to somewhat
lower elevations due to decreasing temperatures
(Schickhoff et al. 2016a). In recent millennia,
human impact has become the dominant driver of
treeline elevational positions. In the Himalayas,
Holocene treeline history was not uniform due to
regional and local particularities.

Under future climate change scenarios, tree-
line positions are postulated to advance to higher
elevations. To date, treeline responses do not
show consistent patterns at global and local
scales (Dullinger et al. 2004; Harsch et al. 2009;
Körner 2012; Schickhoff et al. 2015). The degree
of treelines’ susceptibility to being significantly
affected by changing climate depends on treeline
type and form (Schickhoff et al. 2015). Climatic
treelines are highly susceptible to climate
warming (Holtmeier and Broll 2007; Körner
2012), whereas orographic treelines do not show
significant changes (Schickhoff et al. 2016a). In
terms of their responsiveness to climate warm-
ing, anthropogenic treelines can be compared to
climatic treelines. Based on treeline types, four
treeline forms with different responsiveness pat-
terns can be distinguished (i.e. diffuse, abrupt,
island and krummholz treeline forms; Harsch and
Bader 2011). Only diffuse treelines exhibit a
strong response signal, whereas the other forms
remain rather unreactive in terms of elevational
shifts.

In the Himalayas, explicit differences can be
found between treelines on north- and south-
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facing slopes. Whereas human impact trans-
formed treelines on south-facing slopes to a large
extent, north-facing slopes have a limited use
potential, and near-natural treeline ecotones,
including an intact krummholz belt, still exist
(Schickhoff et al. 2015). Krummholz treelines
usually show a lagged response to climate
warming, and treeline shifts may occur only in
the long term (Schickhoff et al. 2015, 2016a, b).
It is assumed that the strong competition within
the krummholz belt and the occurrence of dense
dwarf scrub heaths located above hinders the
upward migration of tree species (Schickhoff
et al. 2015). However, stand densification and
prolific regeneration within the treeline ecotone
indicate beneficial preconditions for treeline
advance in the future (Schickhoff et al. 2015).

The analyses of treelines responding to
changed climatic conditions and differentiation
of small- and broad-scale underlying mecha-
nisms and factors remain a pending question.
Recent studies have focused on ecological, den-
droecological, forest-ecological and remote
sensing aspects (Liang et al. 2011; Bharti et al.
2011; Rai et al. 2013; Shrestha et al. 2014;
Müller et al. 2016a, b; Schwab et al. 2016; Gaire
et al. 2017; Bürzle et al. 2018). Increasingly,
modelling approaches have been applied to gain
a better understanding of treeline dynamics,
particularly to investigate the underlying process-
based relationships and identify potential range
shifts of species in response to changed climatic
conditions and altered land-use regimes (Dullin-
ger et al. 2004; Wallentin et al. 2008; Paulsen
and Körner 2014; Schickhoff et al. 2015, 2016a,
b). However, the results of recent modelling
studies (Lamsal et al. 2017; Chhetri et al. 2018;
Mohapatra et al. 2019; Hamid et al. 2019) should
be critically examined, since the input parameters
(i.e. occurrence and climate data) may have been
used without critical examination of potential
errors. A particular challenge for modelling
studies involves the lack of natural treeline sites
since the treeline position is almost everywhere
depressed to lower altitudes due to human impact
(Miehe et al. 2015; Schickhoff et al. 2015, 2016a,
b). At anthropogenically depressed treelines, it is
a challenge to disentangle the climatic signal and

anthropogenic land-use impacts as the driver
behind treeline dynamics. Upslope shifts of
treeline species in the short term might be
attributed to changes in land-use regimes rather
than to climate change. For near-natural treelines,
it is postulated that changes in their elevational
position will be a medium- to long-term process
(Schickhoff et al. 2015, 2016a, b).

When comparing the vegetation map of
Scheinfurth (1957) with the modelled potential
distribution of Betula utilis under current climate
conditions deviations were revealed (Bobrowski
et al. 2017), this is possibly attributed to land-use
change rather than changed climatic conditions
(Fig. 14.1). Even if the effects of climate warm-
ing trigger upslope shifts of B. utilis in the
coming decades (Schickhoff et al. 2015), this
might be primarily attributed to the cessation of
land use. In the reanalysis, the same pattern can
be observed for the entire Himalayan Mountains,
where similar discrepancies between the Sch-
weinfurth map (1957) and predictions of the
modelled actual distribution using climatic,
topographic and phenological data (Bobrowski
et al. 2018) were found (Fig. 14.1). However, it
should be mentioned, that the real distribution of
B. utilis is presumably smaller than shown in this
map, since climate and topography are not the
only factors, driving distribution ranges of tree-
line species. Nevertheless, the additional con-
sideration of phenological traits leads to more
precise modelling results, compared to solely
climate and topography-based models
(Bobrowski et al. 2018).

Furthermore, changing species’ distributional
patterns and phenology are responses to recent
climate change that will modify the structure,
composition and position of the treeline in the
Himalayan mountain system. Remotely sensed
data of plant phenological seasonal variations
can be used to track changes in vegetation phe-
nology (Beck et al. 2007) since shifts in seasonal
phenological events are among the first responses
at plant and ecosystem levels to climate change
(Badeck et al. 2004). Shifts of flowering dates
have been reported for Rhododendron species
(Xu et al. 2009), and earlier green-up data
resulting in an extension of the growing season
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(Panday and Ghimire 2012; Shrestha et al. 2012)
have been reported for the Himalayas. However,
responses to above-average warming rates pro-
jected for the twenty-first century will most likely
be associated with biodiversity loss and a
decrease of ecosystem functions (Schickhoff
et al. 2016a).

Therefore, investigations of underlying cli-
matic factors and the quantification of changing
plant phenological traits provide the basis for
efficient nature conservation management,
expansion of protected areas, and appropriate
habitat restoration strategies. The recent results
constitute a stepping stone for further investiga-
tions of treeline dynamics in the Himalayan
mountain system by incorporating remotely
sensed variables.

14.2.2 Limitations of Ecological Niche
Models and Potentials
of Remote Sensing Data

The investigation of factors driving the current
distribution of treeline species is a conditio sine
qua non of factors behind treeline dynamics. In
order to obtain meaningful modelling results, a
synthesis of various ecology-related disciplines

would be desirable. Since the availability and
quality of input parameters determine model
performance, complete high-resolution long-term
data is advisable. Besides species occurrence
data, information ranging from plant-specific
characteristics and responsiveness to changing
climatic conditions and inter- and intra-specific
competition to succession experiments would
enhance modelling procedures.

However, in reality, things are different. By
using correlative modelling approaches, limita-
tions and errors may occur at any step of the
procedure. Far-reaching consequences can be
traced back to the input parameters. The model is
only as precise as the quality and relevance of the
biotic and abiotic parameters used to build the
model for the targeted species. In an extensive
literature review, He et al. (2015) presented
numerous applications of remotely sensed data
for modelling species’ distributions. They
demonstrated the adaptability of remote sensing
products for modelling marine and terrestrial
biota, and how they can be customized in
accordance with specific research questions.

A major source of uncertainty can be traced
back to presence-only species occurrence data
instead of presence–absence data. They are often
derived from databases of natural history

Fig. 14.1 Reanalysis of the modelled ecological niche of
Betula utilis based on climatic, topographic and pheno-
logical data (modified after Bobrowski et al. 2017, 2018)
and B. utilis forests according to the vegetation map of

Schweinfurth (1957), whereas blue areas represent Betula
utilis dominated forest after Schweinfurth, 1957 and green
areas represent the current modelled distribution of B.
utilis (Bobrowski et al. 2017, 2018)
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museums and herbaria, whereby sampling tech-
niques, intensities and periods of time may differ
(Soberón and Peterson 2004). Sampling bias in
geographic space leads to sampling bias in
environmental space, which must certainly be
considered problematic (Veloz 2009). Spatial
filtering (i.e. only one point per 1 � 1 km grid
cell) of the occurrence points was applied to
decrease sampling bias and spatial auto-
correlation. No assurance can be provided
regarding afflicted biases of the museum- and
literature-based occurrences.

In many studies, the investigation and evalu-
ation of input parameters are neglected. The
impact of the results’ implementation may have
severe consequences (Bobrowski and Schickhoff
2017). Abiotic and biotic data derived from
remote sensing may open up new opportunities
for analysing and modelling species’ distribu-
tions since they provide response and predictor
variables.

The benefits of remotely sensed data in deriv-
ing tree species occurrences could be highlighted.
Almost 80% (Bobrowski et al. 2018) and 55%
(Bobrowski and Schickhoff 2017; Bobrowski
et al. 2017) of the Betula utilis occurrence points
were extracted from freely available satellite
imagery (Google 2015) (Fig. 14.2). The potential
of remote sensing data for future studies lies in the
generation of presence and absence data sets,
which are highly required in ENMs (Fithian et al.
2015). Due to unique biophysical properties,
hyperspectral sensors can detect subtle differences
in reflectance based on unique plant chemistries,
which is beneficial for identifying plant species
(Buermann et al. 2008). Not only noticeable
vegetation structures like treeline ecotones can be
distinguished, but technologies may also be
applicable for detecting rare or invasive species at
the plant species level (He et al. 2015 and refer-
ences therein). Another advantage is the possi-
bility to incorporate biotic interactions into the
models, which are often disregarded due to data
limitations (Kissling et al. 2012; Dormann et al.
2018). The inclusion of biotic interactions of tree
species treeline species associated with B. utilis
would be beneficial for modelling possible future
range shifts.

Often, standardized statistically derived
parameters do not fully reflect the species’
physiological needs and habitat requirements,
and therefore lead to poor modelling results. As
illustrated in Bobrowski and Schickhoff (2017),
evaluating and comparing the performance of
climate data sets remains a challenging task, and
it may be worthwhile to compare different cli-
mate data sets (e.g. Chelsa: Karger et al. 2016;
Worldclim: Hijmans et al. 2005). In Bobrowski
et al. (2018) thermal metrics derived from
MODIS land surface temperatures (LST)
(Bechtel 2015) were tested, which may be ben-
eficially incorporated into further treeline studies
in remote mountainous regions, as they provide
freely accessible, complete and long-term data.
The main advantages of LST-related variables
are continuous observations without interpolation
and geographical bias, and therefore with less
uncertainty (He et al. 2015). Recent studies have
revealed how LST data could improve species
modelling studies (e.g. Buermann et al. 2008;
Bisrat et al. 2012; Still et al. 2014). These
parameters offer numerous possibilities, such as
tailored predictors in high resolution. As time
series data of vegetation characteristics (i.e.
phenological metrics) are becoming more and
more readily available, changing habitat suit-
ability can be estimated and incorporated into
model approaches. In this way, knowledge can
be generated that is particularly important for
modelling spatial expansion of invasive species,
extinction risk assessment, and range shifts
under future climate change (He et al. 2015 and
references therein). In mountainous areas, the
resolution of climate data (i.e. 1 � 1 km) is often
too coarse for models to distinguish between
north- and south-facing slopes. With high-
resolution remote sensing data, however, the
heterogeneity of the terrain can be taken into
account, leading to more precise modelling
results.

The results underline the relevance of addi-
tional remotely sensed environmental variables
for reducing the gap between the potential and
actual distribution of B. utilis (Fig. 14.3). It
becomes apparent that the core distribution of B.
utilis was predicted in the western part of the
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Himalayan mountain system, whereas only the
LST model predicted a principal distribution in
the central part of the mountains. All models
showed a uniform distribution along the Hima-
layan arc. The habitat predicted by CLIMATE

tends to be wider in range compared to the other
predictions.

The model solely based on climate predictor
variables (CLIMATE) roughly met the lower limit
of occurrences compared to the CLI-

MATE + TOPO + PHENO model, but overpredicted
the uppermost limits of B. utilis (GP in
Fig. 14.3a) Overall, the broadleaved deciduous
treeline could not be distinguished from other
vegetation formations. The same picture emerged
for LST models (GP in Fig. 14.3b).

By contrast, in the CLIMATE + TOPO + PHENO

and LST + TOPO + PHENO models, remotely sensed
predictors supplemented information on, e.g.
topographical barriers (TOPO; USGS 2004) and
distinction between phenological divergent veg-
etation formations (PHENO; LP DAAC 2012),
leading to the modelled actual distribution GO of

B. utilis, respectively (Fig. 14.3a, b). However,
the actual distribution of B. utilis might be
smaller than predicted, since topoclimate vari-
ables and phenological traits are not the only
factors determining habitat suitability (for a
detailed discussion see Bobrowski et al. 2018).

Concluding, that although the available data
derived from remote sensing technology is rather
short term, the modelling results for Betula utilis
using a combination of statistically derived and
remote sensing data may serve as a baseline for
future studies. Restrictions in the practical
applicability arise from the fact that high-
resolution satellite imagery is still often very
expensive. On the other hand, the free of cost
imagery and software is already available and
will become more customary in the future
(Petorelli et al. 2016). Recent results showed
that, even with freely available data, model per-
formances could be improved, indicating the
potential for future modelling studies (Bobrowski
et al. 2018). Airborne technology is a continually
expanding field, and high-resolution remotely

Fig. 14.2 Occurrences of Betula utilis used in the
modelling approaches: (1) 590 occurrences (Bobrowski
et al. 2017; Bobrowski and Schickhoff 2017), of which c.
55% were extracted from satellite images via

GoogleEarth; (2) 1041 occurrences (Bobrowski et al.
2018), of which c. 80% were extracted from satellite
images via GoogleEarth
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sensed data will provide more insights into spa-
tial patterns and underlying factors in future
modelling studies.

14.3 Conclusions

The aim of this chapter was to summarize possible
pitfalls and challenges involved in modelling the
ecological niches of Betula utilis in remote, high-
elevation treeline ecotones along the Himalayan
mountain range. Moreover successful approaches
were presented, such as compiling B. utilis occur-
rences in the treeline ecotone along the Himalayan
arc primarily from freely available satellite images.

The results of the consecutive studies provide
a comprehensive analysis of the underlying
environmental factors (climatic patterns, topog-
raphy and phenological traits) determining the
ecological niche of B. utilis in the Himalayan
region under current climate conditions. Potential
suitable habitats of the species were successfully
predicted as a function of climatic variables that
characterize current climatic conditions at tree-
line locations (Bobrowski et al. 2017). It can be
concluded, that ecological niche modelling pre-
sents a valuable predictive tool for analysing the
distribution of treeline species when the existing
complexity of remote high-altitude regions is
denoted in climate input variables.

Fig. 14.3 Reanalysis of the model predictions for
modelling the ecological niche of Betula utilis. GP the
potential distribution (grey) was modelled solely based on
climate-related variables a CLIMATE and b LST. GO the

actual distribution (black) was modelled with additional
remotely sensed variables like topography and phenolog-
ical traits a CLIMATE + TOPO + PHENO and b LST + TOPO +
PHENO. See Bobrowski et al. 2018 for further details
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It needs to be highlighted that global climate
data sets should not be used to model ecological
niches without critically scrutinizing the origin of
climate data and the computation method of the
climate data set, and without being aware of
potentially afflicted limitations (Bobrowski and
Schickhoff 2017). The obtained results could be
particularly misleading, when modelling eco-
logical niches in heterogeneous landscapes like
the Himalayan region, emphasizing the use of
high resolution (<1 km2) local climate data sets
for future modelling studies.

By expanding the solely climate-based
approach with freely available remotely sensed
variables modelling the actual distribution of the
species was attempted (Bobrowski et al. 2018).
The inclusion of variables characterizing spatial
variation in environmental variables, such as
remotely sensed vegetation indices, provided key
inputs. Betula is a conspicuous broadleaved
deciduous tree species at treelines, allowing for a
clear separation on the basis of phenological
traits from adjacent vegetation types (evergreen
coniferous and evergreen broadleaved species).
The incorporation of remote sensing data led to a
more refined modelled distribution since, based
on the real information of the Earth’s surface, as
they account for non-climatic dimensions (i.e.
anthropogenic impacts), leading in turn to a more
realistic actual distribution. Although the model
predictions are in general agreement with several
vegetation maps, the actual distribution might be
smaller than indicated by the models. The results
point to the need for further investigations of
microclimatic conditions with parameters related
to soil properties or solar radiation, as well as
investigations of biotic interactions or dispersal
limitations.

The presented synergetic modelling approach
can be transferred to any other species in con-
spicuous vegetation formations, such as treeline
ecotones, and the applied environmental predic-
tors are transferable without severe modification
due to global coverage. Further research may
include additional remotely sensed metrics, such
as solar radiation, precipitation amounts and
snow cover.

Transferability to other deciduous treelines
remains to be examined, but promising results
and insights can be expected. The obtained
insights may serve as a role model for other
climatic treelines, and especially for other Betula
treelines in mountain regions. The findings may
serve as a baseline for further investigations of
treeline dynamics under future climate change
scenarios in regions with limited data
availability.
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15Conifer Growth During Warming
Hiatus in the Altay-Sayan Mountain
Region, Siberia

Viacheslav I. Kharuk, Sergei T. Im,
and Il’ya A. Petrov

Abstract

“Warming hiatus” occurred in the Altay-Sayan
Mountain Region, Siberia, in c. 1997–2014.We
analyzed evergreen conifer (EGC:Pinus sibirica
du Tour and Abies sibirica Ledeb. mainly)
stands area (satellite data) and trees (Pinus
sibirica, Larix sibirica Ledeb.) growth response
to climate variables before and during the hiatus.
During the hiatus, the EGC area increased in
highlands (+30%), whereas at lower elevations
(<1000 m a.s.l.), the area decreased (−7%). In
highlands, the EGC area changes correlatedwith
summer air temperature mainly, whereas at
lower elevations, the changes correlated with
drought index SPEI. EGC mortality (Siberian
pine and fir mainly) in lowland was caused by
the synergy of water stress (inciting factor) and
bark-beetle attacks (contributing factor). Within

alpine forest–tundra ecotone (2000–2280 m),
the larch growth index (GI) was limited by air
temperature, whereas the Siberian pine GI was
also sensitive toprecipitation, root zonemoisture
content (RZM) and sunshine duration.Warming
led to transformation of krummholz Siberian
pine into vertical form, whereas larch had
vertical forms before warming. Within high
elevation belt (1200–2000 m), the Siberian pine
growth index (GI) permanently increases since
warming onset; the GI positively responded to
June–July temperatures and negatively
responded to moistening parameters (precipita-
tion, root zone moisture content, and SPEI). At
middle elevation, the Siberian pine GI curve has
a breakpoint (c. 1983) followed by GI depres-
sion. After the breakpoint, the GI correlation
with air temperature switched from positive to
negative. At the same time, positive correlations
between the GI and “moisture parameters”
(precipitation, RZM, SPEI) increased. Under
projected climate change scenario, Siberian pine
will shrink its habitat at middle and low
elevations with substitution by drought-
resistant larch and softwoods species.

Keywords
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Warming impact � Tree growth � Tree
mortality � Conifer mortality � Water stress �
Alpine forest–tundra ecotone
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15.1 Introduction

The effects of climate change on coniferous
forests, both positive and negative, were
observed throughout the boreal zone (e.g.,
Andregg et al. 2013; Allen et al. 2015). Conifer
decline (Picea ajanensis Fisch., Abies nephrole-
pis (Trautv.) Maxim.) was noticed in the Russian
Far East (Man’ko et al. 1998) and in Siberia
(Abies sibirica Ledeb., Pinus sibirica du Tour)
(Kharuk et al. 2013a, 2017b, c, 2018). Spruce
(Picea abies L.) mortality in the European part of
Russia and Eastern and Western Europe is
associated with the deterioration of water con-
dition (Chuprov 2008; Sarnatczkii 2012; Haynes
et al. 2014; Kharuk et al. 2015). Along with
moisture-sensitive spruce, mortality of drought-
tolerant Pinus sylvestris L. has been observed on
the southern range of this species in the Ukraine
and Belarus (Luferov and Kovalishin 2017).
Extensive conifer mortality has been reported in
the forests of the USA and Canada (Millar and
Stephenson 2015; Kolb et al. 2016). Alongside
conifers, deciduous trees (Populus tremuloides
Michx., Betula pendula Roth) also suffer from
the increased drought (Michaelian et al. 2011;
Kharuk et al. 2013b; Hogg et al. 2017). Climate
warming also leads to mass insect attacks—bark-
beetles, xylophages, needle-eating pests (Allen
et al. 2010, 2015; Kharuk et al. 2017b, c). In
particular, climate changes promote Siberian
silkmoth (Dendrolimus sibiricus Tschetv.)
northward migration (Kharuk et al. 2017d).
Currently, one of the main factors of forests
degradation is earlier dormant species, such as
Polygraphus proximus Blandford which attacks
have led to the mass mortality of Abies sibirica
Ledeb. in Siberia (Krivets et al. 2015; Kharuk
et al. 2017b). In the North American forests, the
synergy of water stress and insects attacks
resulted in tree mortality in the area of 25 million
ha (Coleman et al. 2014; Millar and Stephenson
2015).

Alongside negative impacts, climate change
led to the upward and northward treeline shifts
(Devi et al. 2008; Kharuk et al. 2010, 2017a;
Petrov et al. 2015). Warming promotes “dark

needle conifer” (Abies sibirica, Pinus sibirica,
Picea obovata Ledeb.) migration into the zone of
larch dominance (Kharuk et al. 2005), and
evergreen conifer (EGC) density increase in
some ecoregions (He et al. 2017). These positive
impacts referred to “accelerating warming” per-
iod (c. 1970s 2014 late 1990s) mainly. Mean-
while, controversial data are reported for the
followed “hiatus” period, i.e., warming anomaly
observed in 1998–2013, when air warming rate
fell below long-term average warming rate
(Hartmann et al. 2013; Medhaug et al. 2017).

This study aims at the analysis of the EGC
(mainly Pinus sibirica and Abies sibirica) area
dynamics in different elevational belts of the
Altay-Sayan region (ASR) during warming hia-
tus. The ASR is one of the priority ecoregions in
the Asian continent (Fig. 15.1). The mountain-
ous terrain of the ASR shapes considerable eco-
climatic gradients which make mountain forests a
sensitive indicator of climate changes. These
forests should experience noticeable distribu-
tional and compositional dynamics driven by
changes in air temperature, water regime, and
growing season length.

We hypothesized different EGC response to
warming in different elevation belts with the
modification effect of relief features. We are
seeking the answers to the following questions:
(a) What is the dynamics of the EGC area in
different elevation belts? (b) How do relief fea-
tures (exposure, slope steepness) modify the
EGC area dynamics? (c) How did the tree growth
respond to the climatic variables?

15.2 Materials and Methods

15.2.1 Study Area

The Altai-Sayan Region (Fig. 15.1) has a total
area of *85 million ha. The forested area is
about 39 million ha, including *7.7 million ha
of evergreen conifers (MODIS satellite derived
estimates). Mountain relief prevails on the terri-
tory with the absolute height up to 4330 m a.s.l.
The main tree species are Siberian pine (Pinus
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sibirica), fir (Abies sibirica), spruce (Picea obo-
vata), pine (Pinus sylvestris), and larch (Larix
sibirica) (Fig. 15.2).

The low elevation belt of the northern mega-
slope is composed by mixed forests of pine,
larch, birch (Betula sp.), and aspen (Populus
tremula L.). At higher elevation (800–900 m),
these forests are replaced by “dark coniferous
taiga” (composed by Pinus sibirica and Abies
sibirica). This taiga covers elevations up to
1700–1800 m, where it gradually turns into
Siberian pine or larch woodlands. Alpine tundra
occupies elevations above 2000–2200 m. On the
southern megaslope, the mountain forest steppe
(with larch domination) prevails at elevations up
to 1200–1500 m and is then replaced by the belt
of mixed larch and Siberian pine forests up to
1800–2100 m.

The climate is sharply continental with cold
winters and cool summers. The average temper-
atures are −15 °C … −18 °C in January, +10 °C
… +14 °C in July (at the foothills around +19 °C
… +20 °C). The amount of precipitation on the
windward slopes reaches 1200–2500 mm. The
averages (2000–2017) for the region temperature
and rainfall were −2 °C (summer +15 °C, win-
ter −21 °C) and 495 mm (summer—215 mm,
winter—50 mm), respectively.

15.2.2 Materials

The dynamics of the EGC stand area was analyzed
using MODIS products (on-ground resolution
500 m, period of 2001–2013; product MCD12Q1:
https://lpdaac.usgs.gov/dataset_discovery/modis/

Fig. 15.1 Sketch map of the Altay-Sayan Region.
Positive (I) and negative (II) trends in EGC areas are
indicated by green and red, respectively. 1, 2, 3—test

sites within alpine forest–tundra ecotone, high and middle
elevation belts. H—elevation above sea level
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modis_products_table/mcd12q1; Friedl et al. 2010).
The burned areas were excluded from the analysis
with the available MCD64A1 data (https://modis-
fire.umd.edu). DEM GMTED2010 with on-ground
resolution 250 m and elevation error 28 m (https://
lta.cr.usgs.gov/GMTED2010) was used for
geospatial analysis.

Dependences of the EGC area and growth
index (GI) were analyzed with the main eco-
climatic variables: air temperature, precipitation,
vapor pressure deficit (VPD), drought index
SPEI, root zone moisture content (RZM), sum of
active temperatures (t � +5 °C), and growth
period length (the number of days with t � +5 °
C). According to Rossi et al. (2008), in cold
regions, conifer cambium activity starts at tem-
peratures of about +4 … +6 °C. Temperature
and precipitation data were drawn from the
CRU TS 4.01 dataset (https://crudata.uea.ac.uk/
cru/data/hrg; Harris and Jones 2017). The values
of SPEI were taken from the website https://spei.
csic.es (spatial resolution 0.5° � 0.5°). SPEI is
determined by the difference between precipita-
tion and potential evapotranspiration (Vicente-
Serrano et al. 2010). The root zone moisture

content and the number of days with the specified
temperature were calculated with MERRA2 data
(0.5° � 0.625° resolution, https://gmao.gsfc.
nasa.gov/reanalysis/MERRA-2; Gelaro et al.
2017). The wood samples for dendrochronolog-
ical analysis were taken using the increment
borer at “breast height” level (1.3 m) or root
collar during field studies in 2014–2018.

15.2.3 Methods

The maps of EGC density trends were generated
based on the MCD12Q1 maps (the differences
between the average values in 2011–2013 and
2001–2003). In the specified maps, according to
the IGBP classification, lands dominated by
woody vegetation with a percent cover >60% are
referred to evergreen forests. Along with abso-
lute, the normalized areas Ai were assumed as the
ratio of an absolute area Bi to Ci area of i-ele-
ments of relief (Kharuk et al. 2010). The analysis
algorithm of the EGC maps included the fol-
lowing stages. (1) Creation of a burned area mask
based on MCD64A1 data. (2) Filtration of

Fig. 15.2 High-elevation West Sayan Mountain taiga forests
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burned areas. (3) Cutting the selected fragment of
the territory and transforming it into Albers
equal-area projection. (4) Formation of binary
layers (EGC and background). (5) Assessment of
maps for the initial (2001–2003) and final (2011–
2013) periods assuming that EGC pixel is reg-
istered on the maps for the initial and final
periods only if it was observed simultaneously on
all images of the considered period. (6) Assess-
ment of changes in the EGC areas between the
initial and final periods. (7) Calculation of area
changes distribution for the relief features (ele-
vation, exposure, slope steepness). (8) Calcula-
tion of the EGC stands spatial density for each
year using the method of focal statistics with
averaging within a sliding window of 5 pixels.
(9) Generation of a multilayer composite cover-
ing the entire analyzed period. (10) Calculation
of linear trends for each pixel. The raster of trend
lines slope coefficients, the significance levels of
trends, and the Pearson correlation coefficient
were calculated. (11) Calculation of areas with
statistically significant (p < 0.05) trends of the
EGC density. (12) Calculation of zones with
statistically significant (p < 0.05) trends in cli-
mate variables. (13) Calculation of trends distri-
bution for the relief features. The algorithm is
implemented using ESRI ArcGIS and Python
script. In each elevation belt, test sites (TS) were
established. TS description includes forest type,
species composition, and number of trees,
including their height and diameter, and the soil
cover and soil and topographic features (direc-
tion, steepness, slope convexity/concavity, and
altitude above sea level). Samples for den-
drochronological analysis were randomly taken
in the area of *0.5 ha around TS with elevation
range of about 10 m a.s.l. Within alpine forest–
tundra ecotone (2280–2000 m a.s.l.), Pinus
sibirica and Larix sibirica trees were sampled for
the dendrochronological analysis at root collar
level (N = 20 and N = 13, respectively). At high
elevation (1200–2000 m) and middle (800–
1200 m) elevations, Pinus sibirica only were
sampled at dbh (1.3 m) height (N = 28 and
N = 46, respectively). LINTAB 3 platform with
precision 0.01 mm was used to measure wood
cores (Rinn 1996). As a result, absolute

individual tree-ring chronologies (in millimeters)
were obtained. TSAP and COFECHA were used
to assess the quality of crossdating and mea-
surement accuracy (Holmes 1983). To eliminate
the age trend, we applied the standardization
procedure that converts the time series of the
annual rings width to the time series of unitless
indices with a defined mean of 1.0 and a rela-
tively constant variance (Speer 2010).

15.3 Results

15.3.1 Climate Variables Dynamics

At both low and high elevations, the “warming
hiatus” was observed from c.1997 till 2014
(Fig. 15.3a, e). At high elevation, summer tem-
perature during the hiatus increased by
about +1.0 °C in comparison with the “pre-
warming” period (Fig. 15.3a); the growing sea-
son increased for about three days. After the pre-
cipitation increase in 1970s–80s, a strong negative
trend of minimal precipitation values has been
observed (Fig. 15.3d). At low elevations, precipi-
tation trends were not observed (Fig. 15.3b).

15.3.2 EGC Area Dynamics
in the Altai-Sayan
Region

The total EGC area within the ASR increased
by *+20% during the hiatus. Meanwhile, at
lower elevations (<1000 m a.s.l.), the area
decreased (−7%), whereas in the highlands, the
area increased by +30% (Fig. 15.4a). Negative
and positive EGC trends covered 8 and 17% of
the total EGC area, respectively (Fig. 15.1).

Along the elevation gradient, the EGC area
changes (DS) switched from minus to plus at
about 800 m a.s.l. (Fig. 15.4a). Maximums of DS
decrease and increase located at 650 and 1450 m
a.s.l, respectively. There is a similarity between
the EGC and SPEI area distributions. Thus, forest
mortality observed mainly within negative SPEI
areas, whereas the EGC area increases corre-
sponded to positive SPEI trends (Fig. 15.4b).
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Slope steepness and exposure have a modified
impact on the EGC area changes Thus, the maxi-
mal EGC absolute area increase is located at slopes
with about 10°; the relative area (in %) is
increasing with slope steepness increase
(Fig. 15.5a). As for exposure, the EGC area
decreased on the western slopes and increased on
the northern ones (Fig. 15.5b, c). In the highlands,
the EGC area changes positively correlated with
total summer precipitation (r = 0.67 ± 0.08;
p < 0.05) and mean summer SPEI
(r = 0.64 ± 0.07; p < 0.05). In the lowlands, the
EGC area changes also positively correlated with

the mean summer temperature (r = 0.64 ± 0.06;
p < 0.05), whereas correlations with SPEI are
negative (r = −0.64 ± 0.07; p < 0.05).

15.3.3 Tree Growth Index Dynamics
Within Different
Elevation Belts

Trees growth index dynamics was different along
the elevation gradient (Fig. 15.6). Let us consider
these differences with respect to climate
variables.

0

1

2

3

4

5

6

0

150

300

450

600

750

1-2 11-12 21-22

S(
EG

C
)

(h
un

dr
ed

s
km

2 )

S(
SP

EI
) (

km
2 )

Elevation, hundreds m a.s.l.

+S(SPEI)
-S(SPEI)
+S(EGC)
-S(EGC)

b

-100

0

100

200

300

400

500

-0.4

0.0

0.4

0.8

1.2

1.6

2.0

1-2 11-12 21-22
ΔS

(%
)

ΔS
(k

m
2 )

Elevation, hundreds m a.s.l.

ΔS (sq. km)
ΔS (%)

a

Fig. 15.4 a EGC stands area changes (in square km and in %) along elevation; maximums are indicated by vertical
lines; b EGC and drought index SPEI area trends (positive and negative) along elevation

b Fig. 15.3 Dynamics of eco-climatic variables within the
ASR for low and high elevations. a, e summer temper-
ature anomaly (base period 1950–2016), b, f precipitation

anomaly, d, g drought index SPEI, e, h RZM (root zone
moisture content)

0

10

20

30

40

50

0.0

0.2

0.4

0.6

0.8

1.0
1.2

1.4

0-2 12-14 24-26 36-38

ΔS
 (%

)

ΔS
(th

ou
sn

ds
 k

m
2 )

Slope steepness, degrees

1
2

a N

NE

E

SE

S

SW

W

NW

+S(EGC)
-S(EGC)b N

NE

E

SE

S

SW

W

NW

+S(EGC)
-S(EGC)c

Fig. 15.5 a EGC area changes (DS) relative to slope steepness. b, c EGC area trends dependence on exposure for
elevations, b � 1000 m.a.s.l and c >1000 m a.s.l. respectively

15 Conifer Growth During Warming Hiatus in the Altay-Sayan … 391



15.3.3.1 Alpine Forest–Tundra Ecotone
(2000–2280 m)

Alpine forest–tundra ecotone is formed by Pinus
sibirica and Larix sibirica species.

Both species show a minor GI since 1970s
with followed depression in the mid of 1980s and
a strong GI increase since the late 1990s
(Fig. 15.6a). The latter period coincided with the
transformation of krummholz Siberian pine into
the upright form (Fig. 15.7). Larch was growing
upright during the entire observed period.

The GI of both species positively correlated
with air temperature (Fig. 15.8a). The GI of
Siberian pine also showed positive correlation
with moisture parameters (precipitation and root
zone moisture content, Fig. 15.8b, c) and nega-
tive one with sunshine duration (Fig. 15.8d). For
larch, those correlations are insignificant.

15.3.3.2 High (1200–2000 m)
and Middle Elevation
(800–1200 m) Belts

At high and middle elevations, stands were
composed by Siberian pine (dominant species)
with larch as a minor component; because of that,
the larch GI was not considered.

The Siberian pine GI was permanently
increasing since late 1960s and that increase
correlated with June temperature. Moisture
parameters (precipitation, SPEI, RZM content)
have a negative effect on the GI (Fig. 15.9a, b).
At middle elevations, GI increase followed by
growth depression with a breakpoint in c.
1983 (Fig. 15.6b, c). In late 1990s, trees split into
“decliners” and “survivors” cohorts (Fig. 15.6c).
At the breakpoint, the GI correlations switched
from positive to negative with air temperature
and from negative to positive with precipitation
and SPEI; this switch was observed for both tree
cohorts (except for precipitation for “survivors”)
(Fig. 15.9). Trees from “decliners” cohort even-
tually die back (Fig. 15.10).

15.3.3.3 GI Dynamics of Old-Growth
Trees Within Refugium

Finally, we considered the GI dynamics of old-
growth Siberian pine trees from the refugium,
i.e., the zone where trees survive during LIA.

The “refugee’s line” is located, dependent on
relief features, at about 1800–2000 m a.s.l.
(Fig. 15.11).

The elevation difference between old-growth
trees and regeneration lines varied within 30–
50 m. Tree establishment was poor during the
period of the GI decrease (i.e., during air tem-
perature decrease); establishment of a new gen-
eration occurred since the beginning of the GI
increase (and, accordingly, to air temperature
increase). The GI of old-growth trees decreased
during the LIA period until the mid of the
nineteenth century with following GI increase
until the mid of 1940s (Fig. 15.12). Next period
of the GI increase coincided with warming in
1980s. The GI of old-growth trees correlated
with summer air temperature (r2 = 0.4; analyzed
period since the beginning of instrumental
observations, 1930). No correlation with precip-
itation was found.

15.4 Discussion

In the Altay-Sayan Mountain Region despite of
the warming hiatus, the total EGC area increased
by +20%. Meanwhile, the EGC area changes
were opposite in high and low elevations: in the
highlands (>1000 m a.s.l.), conifer area increase
was +30%, whereas in the lower elevations, area
decrease observed (−7%). Similarly, observa-
tions in Southern Tibet, China, showed that while
Abies georgei population is expanding and upper
limit of this species has advanced upslope, the
lowest limit has retreated upslope (Wong et al.
2010; Shen et al. 2016).

The EGC area increase in the highlands could
be attributed to the higher mean air temperature
(+1.0 °C) during the hiatus than in the pre-
warming period (1950–1970) and longer grow-
ing season period (+3 days). The Siberian pine
growth index in the highlands also permanently
increased since warming onset and during the
hiatus (Fig. 15.6b). Thus, during the hiatus, the
EGC stand’s area in the highlands increased due
to improved thermal conditions on the back-
ground of sufficient precipitation. Similarly, He
et al. (2017) found that evergreen conifer forest
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expansion in Western Siberia continued during
the warming hiatus. Meanwhile, the highlands
remained the zone of excessive moistening,
which was indicated by the GI negative correla-
tions with precipitation, root zone moisture
content, and SPEI (Fig. 15.9b).

The highest relative conifer area increase
observed within the alpine forest–tundra ecotone
(Fig. 15.4a). On the contrary to high-elevation
stands, Siberian pine within ecotone is sensitive,
alongside to temperature, to the water supply,
which is indicated by positive correlation with
precipitation and root zone moisture content
(Fig. 15.8b, c).

It is noteworthy that within adjacent high-
elevation closed stands, Siberian pine growth
does not depend neither on the precipitation nor
the RZM content. This phenomenon is caused by
poor snow accumulation due to low closure
vegetation cover (Fig. 15.7). Therefore, winter

winds (with mean wind speed of about 4 m/s)
blow off snow from the forest–tundra ecotone.
Consequently, seedlings are located within the
sites of snow accumulation, e.g., in microde-
pressions, behind stones or within shrubs. That
explains the GI dependence on the RZM content
in the beginning of vegetation period (Fig. 15.8
c). Growth of more drought-resistant larch
depended on the air temperature only. Larch is
also more cold-resultant species; due to that, the
larch regeneration line is located about 10 m
higher in comparison with the Siberian pine one.
It is worth noting that Pinus sibirica growth
negatively correlated with sunshine duration
(Feb–April), whereas larch did not (Fig. 15.8d).
The effect of SD impact should be attributed to
the evergreen pattern of Siberian pine: it is
known that needles increased twig’s surface area
about 150–300 times which led to about two
orders evaporation increase, Larch escaped that

Fig. 15.7 Pinus sibirica krummholz transformed into the upright form
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effect due to its deciduous pattern. Alongside the
GI increase, warming results in the fascinated
phenomenon of Siberian pine krummholz trans-
formation into upright forms (Fig. 15.7). Larch
trees were vertical mainly even before warming.
Due to its higher cold resistance, this species
formed an upper regeneration line, whereas
Siberian pine line is located about 10–20 m
below. Let us note that the conifer area increase
within the alpine ecotone and high elevations
attributed mainly to the growth of pre-existing
small trees because the observation period is too
short for the area expansion due to the new trees

establishment. For example, warming-driving
regeneration line upward shift estimated as
0.35–0.8 m/yr. (Kharuk et al. 2010, 2017a), or
about 10–15 m for the observation period; that
difference is hardly detectable by MODIS sensor.

At the middle elevation, the conifer area
decrease (−7%) coincided with the moistening
decrease and a strong drought episode (as indi-
cated by SPEI values; Figs. 15.3c and 15.4).

The Siberian pine GI positive response to
warming at middle elevations switched to the GI
depression with a breakpoint in 1983. After the
breakpoint, growth limitation by temperature
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switched to limitation by moisture (Fig. 15.9).
Thus, growth depression was caused by water
stress via elevating air temperature. Similar
switch (from temperature to moisture limitation)
was described for Pinus mugo in high Alps
(Churakova et al. 2016). Notably, the described
GI decreasing pattern (Fig. 15.6c) is typical for
declining stands and may precede stands mor-
tality (Cailleret et al. 2017).

The main species that experienced mortality,
as shown earlier (Kharuk et al. 2013a,2017b, c),
were Siberian pine and fir (Abies sibirica).
Meanwhile, there are no reports on the Pinus
sylvestris or notable spruce (Picea obovata)
mortality within the ASR, although the latter
species mortality was described in Western
Siberia lowlands. As for fir mortality, it was
caused by synergy impact of bark-beetles and
water stress (Kharuk et al. 2016). Similarly,
increased water deficit together with pest attacks
caused Douglas fir (Pseudotsuga menziesii
(Mirb.) Franco) growth decrease in Western US
forests (Restaino et al. 2016).

Projected air temperature increase (IPCC
2014) will lead to further Siberian pine and fir
area reduction in the lowlands, and area increase

in the highlands, as well as trees migration into
the alpine tundra. Moreover, warming will also
adversely affect wildfire regime; thus, both fire
frequency and burned area in Siberia have
increased in recent decades (Kharuk and Pono-
marev 2017). An additional factor of tree mor-
tality is an activation of primary pests such as
Siberian silkmoth (Dendrolimus sibiricus),
which extended its range northward and caused
huge forest mortality (about 800 thousand ha) in
the mid-taiga zone (Kharuk et al. 2017d).

15.5 Conclusions

1. Warming hiatus in the ASR caused a general
increase in the EGC area (+20% mean).
However, in the lowlands (<1000 m a.s.l.),
the EGC area decreased (−7%) with signifi-
cant (+30%) increase at high elevations
(>1000 m). The EGC area increase in the
highlands correlated with air temperature
mainly. Tree mortality in the lowlands was
caused by the increased water stress via ele-
vated temperature in synergy with bark-
beetles attacks.
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Fig. 15.10 Siberian pine trees a and stands b (gray color) mortality at middle elevations
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2. Elevated temperatures facilitated Pinus sibirica
growth index (GI) since 1970s within all eleva-
tion belts. Within the zone of sufficient precipi-
tation (highlands), the GI demonstrates
permanent increase since warming onset. Mean-
while, withinmiddle elevation belt (i.e., “Siberian
pine—softwoods” transition), the GI curve has a
breakpoint (c. 1983) with subsequent GI depres-
sion. After the breakpoint, the GI correlation
switched from positive to negative with air tem-
perature. Along with that, positive correlations

between the GI and “moisture parameters” (pre-
cipitation, RZM, SPEI) have arisen.

3. Within the alpine forest–tundra ecotone,
warming leads to transformation of prostrate
Siberian pine into the vertical form. Along-
side air temperature, growth of Siberian pine
was also limited by moistening.

4. Under the projected climate change scenario,
Siberian pine will shrink its habitat at middle
and low elevations with substitution by
drought-resistant larch and softwoods species.

Fig. 15.11 Old-growth Siberian pines in the refugium (c. 1900 m)
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16Climate-Induced Fir (Abies sibirica
Ledeb.) Mortality in the Siberian
Mountains

Viacheslav I. Kharuk, Sergei T. Im,
Il’ya A. Petrov, Alexander S. Shushpanov,
and Maria L. Dvinskaya

Abstract

The mortality of Abies sibirica Ledeb. trees
and stands in the Siberian Mountains was
analyzed. Fir trees’ growth index (GI) response
to warming was two-phased. Since warming
onset, the GI was increasing, whereas further
air temperature increase caused the GI depres-
sion via water stress. Since the GI breakpoint
(c. 1983–84), the GI dependence on the
moisture increased. Distributions of dead and
alive stands with respect to the sum of positive
temperatures (R(t > 0 °C)), precipitation, root
zone moisture and drought index SPEI were
different. Mortality of fir stands was strongly
increasing with the R(t > 0 °C) increase, and
it was decreasing with precipitation and root

zone moisture increase and atmospheric
drought decrease. Stands’ mortality was pre-
disposed by poorer soil moisture within those
stands location. Those stands also had initially
lower GPP in comparison with the “survived”
stands. With respect to relief features, mortal-
ity was located mostly on the southeastern
slopes, and it was decreasing with elevation
increase. Water-stressed fir trees were attacked
by bark-beetle Polygraphus proximus Bland-
ford, the bark-beetle that was not observed
earlier within the Abies sibirica range. In
synergy with water stress, that has led to
stands mortality since 2000s. Fir mortality is
unprecedented, covered over 5% of fir range
and continues to increase. Thus, Abies sibirica
is retreating from its low and middle elevation
range in the Southern Siberian Mountains.

Keywords

Tree mortality � Conifer decline � Climate
change � Pest attacks � Bark-beetles �
Polygraphus proximus � Drought � Abies
sibirica � Siberian fir � Siberian taiga

16.1 Introduction

Siberian taiga forests formed by fir (Abies sibirica
Ledeb.) and Siberian pine (Pinus sibirica du Tour)
experienced an increasing decline and mortality in
recent decades. Conifer stands’ vigor is decreasing
in the Baikal, Kuznetsk Alatau and Sayan
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Mountains (Kharuk et al. 2013, 2016, 2019).
Conifer mortality increase is also observed within
the other parts of “cold forests” zone. Mortality in
the stands formed by Pinus ponderosa Engel
spreads over an area of several million ha in North
America (Logan et al. 2003; Millar and Stephen-
son 2015). Mass spruce (Picea abies L.) mortality
occurs in the Eastern and Western European for-
ests (Yousefpour et al. 2010; Martínez-Vilalta
et al. 2012), as well as in Belarus and the European
part of Russia (Sazonov et al. 2013; Kharuk et al.
2016). Climate-driven redistribution of tree spe-
cies is predicted for the whole boreal zone,
including reduction of fir and Siberian pine range
in the southern taiga (Anderegg et al. 2013;
Kharuk et al. 2016). Adverse climatic impact on
the coniferous species is increasing due to the
synergywith a pest impact (Raffa et al. 2008; Kolb
et al. 2016; Kharuk et al. 2016). Warming acti-
vated an insect attack on Siberian taiga forests,
including both “traditional” species (Siberian silk
moth, Dendrolimus sibiricus Tschetv) and those
not observed in this area earlier (Polygraphus
proximus Blandf.). Thus, an outbreak of the
Siberian silkmoth in theMiddle Siberia (2014–18)
caused decline andmortality of the stands over 800
thousand ha. Moreover, this pest outbreak migra-
ted northward of its traditional range (Kharuk et al.
2018a). The other species, bark-beetle Polygra-
phus proximus Blandford, have become the most
dangerous pest for Abies sibirica trees. Currently,
its habitat covers the most part of fir range in the
southern taiga (Krivetz et al. 2015).

We aim to analyze the dynamics and causes of
mortality of Siberian fir (Abies sibirica) trees and
stands within the Siberian Mountains.

We are seeking answers to the following
questions:
1. What are the temporal and spatial patterns of

fir stands’ mortality?
2. How do relief features modify mortality spa-

tial pattern?
3. How do climate-driven warming and mois-

ture availability changes affect fir growth and
mortality?

16.2 Materials and Methods

16.2.1 Study Area

The study area included fir range in the Siberian
Mountains (with key-site in the Eastern Sayan
Mountains).

16.2.1.1 Southern Siberian Mountains
The highest elevations within the study area
reached above 2500 m, although the typical
elevation is from 800 to 2000–2200 m. The
lowlands are located at elevation of 300–800 m
and are formed by narrow ridges stretching into
the direction of the foothill plains. The climate is
continental with negative annual temperatures.
The average January temperatures are
about −18 °C in the foothills up to −34 °C
within the intermountain depressions. The aver-
age July temperature is about +15 °C in the
mountain and about +18 °C in the foothills. The
precipitation is strongly influenced by moun-
tainous terrain and varies from 100–200 to 1500–
2500 mm/year with minimal values on the east-
ern rain shadow slopes and in the intermountain
depressions. The upper tree limit varies from
2300–2400 in the south to 1200–1600 m a.s.l. in
the north. Soils are typically shallow rocky or
mountain-podzolic. Stands in the humid areas are
formed mostly by fir (Abies sibirica Ledeb.) and
Siberian pine (Pinus sibirica du Tour) with an
admixture of spruce (Picea obovata Ledeb.),
larch (Larix sibirica Ledeb.) and Scotch pine
(Pinus sylvestris L.). Deciduous species (birch,
Betula sp. and aspen, Populus tremula L.) are
regularly found as an admixture to coniferous
within the lower elevation belt mainly.

16.2.1.2 The Eastern Sayan Mountains
Key-Site

This site is typical for “dark needle conifer” taiga
(i.e., composed by fir, Siberian pine and spruce).
The maximal elevation within the key-site is
about 800 m a.s.l. Dark needle conifers occupy
500–800 m a.s.l. elevations mostly. Stands are
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formed mainly by fir (about 75%); spruce is a
minor (about 1–2%) component located along
creeks; the rest of the territory is occupied by
Siberian pine. At lower elevations (200–500 m a.
s.l.), forests are composed mainly by Pinus syl-
vestris L., Populus tremula L., Betula sp. and
Larix sibirica Ledeb. The climate is continental
with average temperatures +16 °C in summer
and minus 17 °C in winter. The annual precipi-
tation is 680 mm (Fig. 16.1).

16.2.2 Materials

The study was based on remote sensing, ground
surveys, dendrochronology and climate data. The

values of precipitation, temperature and root zone
moisture (RZM) were extracted from the CRU TS
4.02 databases (https://www.cru.uea.ac.uk/; reso-
lution 0.5° � 0.5°; Harris and Jones 2017) and
MERRA2 (https://gmao.gsfc.nasa.gov/reanalysis/
MERRA-2; 0.625° � 0.5°; Gelaro et al. 2017).
The Standardized Precipitation Evapotranspiration
Index (SPEI; the difference between precipitation
values and potential evapotranspiration; Vicente-
Serrano et al. 2010)was calculated using the data of
https://sac.csic.es/spei (resolution 0.5° � 0.5°).

We used Landsat-based forest cover loss
product (loss year), which is the part of the
Global Forest Change 2000–2017 v.1.5 dataset
created in the University of Maryland (Hansen
et al. 2013) to investigate fir mortality dynamics.

Fig. 16.1 Study area within Siberia. Green and yellow
colors indicate alive and dead fir stands. The key-site in
the Eastern Sayan Mountains indicated by the square.
Stands killed by Siberian silk moth are indicated by the

oval. The analyzed territory (which included >95% of fir
range) is delineated by the bold line. The background
shows elevation above sea level
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Fir stands were identified according to the map of
forest species obtained from VEGA-PRO portal
(https://pro-vega.ru/eng/maps; based on the
MODIS data; spatial resolution 230 m). We
analyzed stands with tree coverage � 60% of
dominated species.

The burned areas were excluded from the
analysis with the available MCD64A1 data
(https://modis-fire.umd.edu). DEM SRTM 1-Arc
second with on-ground resolution 30 m (down-
loaded from https://earthexplorer.usgs.gov) was
used for geospatial analysis.

A time series of the Landsat (5, 7, 8) scenes
(https://glovis.usgs.gov) were used to analyze fir
mortality dynamics within the Eastern Sayan
key-site. A high-res data (WorldView, GeoEye;
0.41–0.46 m; www.google.com/maps; www.
bing.com/maps) were used for verification.

16.2.3 Methods

Fir stands were obtained from forest cover loss
product by masking it by fir stands according to
the map of forest species (https://pro-vega.ru/eng/
maps). Next, the area of dead fir stands was
related to topography and eco-climatic variables.
Mortality was calculated as a ratio of the dead fir
stand area to the total fir stand area for the same
year, in percent.

From the analysis of the distribution of dead
fir stands with respect to elevation, a relatively
mountainous area was identified as a territory
with the elevation >300 m a.s.l.

Spatial data were processed using ESRI Arc-
GIS and Erdas Imagine software, and statistical
analysis done using Statsoft Statistica.

16.2.3.1 The Eastern Sayan Key-Site

Maps Generation
Time series of alive and dead stands’ maps were
generated based on Landsat scenes for the period
since 1999 (before forest mortality) until 2017.
The scenes were topographically corrected
(Riano et al. 2003). The analysis included the
following steps:

1. Generating a mask of “dark needle” stands
based on the Landsat scene acquired in 1999.
24 samples were used (1444 ± 217 pixels in
each sample). Accuracy of classifications was
estimated using KHAT(j)-statistics. Omis-
sion and commission errors were 8 and 13%;
with j = 0.79, it corresponds to the good
level of accuracy.

2. Normalized difference infrared index was
applied to identify declined stands (NDII):

NDII ¼ NIR� SWIRð Þ= NIRþ SWIRð Þ;
ð16:1Þ

where NIR is a digital value from the near-
infrared band (851–879 nm), and SWIR is a
digital value from the shortwave infrared band
(1566–1651 nm). NDII ranges ±1; this index is
efficient for estimation of vegetation vigor (Gu
et al. 2007). Applicability of the NDII to identify
dead stands was investigated based on the
interpretation of the Landsat-8 scene (2017). Test
points (N = 40) with relatively persistent spectral
brightness (stony and water surfaces, urban
areas) were used to calibrate other Landsat sce-
nes obtained by different sensors and time
(Landsat-5/TM, Landsat-7/ETM+). Linear
regressions were calculated based on the
obtained data, which related NDII values from
the master Landsat scene with NDII values of
other scenes. Classifications accuracy was mod-
erate; it was estimated using a set of test sites
(N = 255 with size about 50 pixels).
3. The dead stands spatial distribution was

analyzed with respect to exposure (45° sec-
tors) and slope steepness (1° resolution). To
remove bias caused by non-uniform distri-
bution of the relief features, the data were
normalized:

Kc ið Þ ¼ Ac ið Þf =Ac ið ÞI
� � � 100; ð16:2Þ

where Kc(i) is the normalized area (%), c(i) is the
i-th category of the relief feature c, Ac(i)f is the
area of the given class f within i-th category of
the relief feature c and Ac(i)I is the total area of the
i-th category of the relief feature c.
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16.2.3.2 Gross Primary Productivity
Calculations

Gross primary productivity (GPP) values were
obtained from MODIS/Terra (eight days com-
posites with 500 m pixel size; period 2000–
2018; https://lpdaac.usgs.gov/products/
mod17a2hv006/). GPP calculations are based
on the equation:

GPP ¼ e � APAR ¼ e � NDVI � PAR gm�2
� �

;

ð16:3Þ

where PAR is photosynthetic active radiation, e
is PAR use efficiency, and APAR stands for
absorbed PAR (Running et al. 2004). For the
Eastern Sayan key-site, mean summer GPP
dynamics of “survived” and “declined” stands
was analyzed (polygon size 500 � 500 m,
polygons number N = 19 and 20, correspond-
ingly). GPP values were normalized against the
“background” data, i.e., the whole analyzed area
(S = 15,000 ha).

16.2.3.3 Fieldwork
During in situ studies, temporary test plots
(TP) were established within the key-site
(R = 9.8 m). Within each TP relief characteris-
tics (exposure, slope steepness, elevation), forest
type, canopy closure, tree mortality, species
composition, ground cover and soil type) were
described and tree height and diameter were
determined. Samples for dendrochronological
analysis were randomly taken within the territory
of *0.5 ha (centered on the TP) at 1.3 m height
by an increment borer.

16.2.3.4 Dendrochronological Analysis
Dendrochronological analysis was performed
based on a representative sample (N = 166) of fir
trees. The measurements were carried out on the
platform LINTAB 3 with an accuracy of
0.01 mm. As a result, absolute individual
chronologies were obtained for each tree (in
mm). The TSAP and COFECHA programs were
used to check the quality of cross-dating (Holmes
1983; Rinn 1996). The average interserial cor-
relation coefficient was 0.48 for a cohort of living

trees and 0.44 for declining ones. The expressed
population signal (EPS) for both cohorts is 0.98.
To eliminate the age trend, standardization was
applied using the ARSTAN program, which
converts tree-ring widths to time series of
dimensionless indices (growth index, GI) with an
average of 1.0 and relatively constant dispersion
(Speer 2010).

16.3 Results

16.3.1 The Eastern Sayan Mountains
Key-Site

The stands were composed by fir and Siberian
pine with crown closure of 0.4–0.6. The average
heights and diameters were 16 m and 20 cm for
fir and 17.5 m and 36.0 cm for Siberian pine,
respectively. The average age of fir and Siberian
pine was 85 and 115 years, respectively. Soil
drainage was characterized as moderate and
good. The majority of fir trees were declined or
dead (Figs. 16.2 and 16.3). The age difference
between survived and dead trees was insignifi-
cant. Siberian pine trees mortality was low
(<5%).

16.3.2 Stand Mortality and GPP
Dynamics

Mortality in fir stands has been observed since
2005, strongly increasing in 2014–17; the total
area of dead stands is about 75% of the “dark
coniferous forest” area (Figs. 16.4 and 16.5).
Actually, these were fir stands, whereas Siberian
pine and spruce stands were not killed
(Figs. 16.2 and 16.3). The mortality phenomenon
was preceded and coincided with periodic
droughts and aridity increase (i.e., drought index
SPEI decrease), and root zone moisture
(RZM) decrease (Fig. 16.6).

The GPP of “declined” stands was lower than
“survived” ones even before fir mortality,
increasing since mass stands’ mortality (c. 2008;
Fig. 16.7).
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16.3.3 Fir Trees’ Growth Index
Dynamics

The growth index (GI) of fir trees has been
increasing since the mid-1960s with a subsequent
depression after the breakpoint in c. 1983–84 yrs.
A minor GI observed around 2010 was followed
by a sharp GI drop and trees division into “de-
cliners” and “survivors” cohorts. The GI of the
trees sampled within the treeline (elevation about
1400 m) showed a relatively steady GI increase
(Fig. 16.8). The tree mortality pattern (on-ground
data) was similar to the satellite-derived data of
stands’ mortality (Figs. 16.5 and 16.8).

Before the GI breakpoint, the GI of both tree
cohorts showed a weak correlation with air
temperatures, whereas after the GI breakpoint, a
significant correlation with May temperature

occurred when drought and root zone moisture
were increasing (Figs. 16.8 and 16.9a, c). After
the breakpoint, the GI of both survivors and
decliners correlated with drought index SPEI,
whereas sensitivity to RZM was demonstrated by
decliners only (Fig. 16.9b, d).

Maximal GI dependence of “decliners” on
SPEI (r2 = 0.74) and RZM (r2 = 0.56) was
observed during 1997–2010. In the period of
mass tree mortality (since 2010), the GI corre-
lations of both cohorts with climatic variables
become insignificant.

16.3.4 Stands’ Mortality Within
the Fir Range in Siberia

Within the fir range, the distribution of both dead
and alive stands is bi-modal with the main
maximum at low elevations (200–300 m. a.s.l.;
Fig. 16.10a). These elevations are typical for the
West Siberian Plain. Thus, the following analysis
will be focused on the elevations higher than
300 m, i.e., the mountain area.

There was an increase of fir mortality since the
beginning of 2000s for both mountain and total fir
range (Fig. 16.10a, b). Annual fir mortality was
increasing with saturation in 2010 (Fig. 16.10c).

Fir mortality depends on the moisture
parameters (SPEI, precipitation, and RZM) and
the sum of positive temperatures (Fig. 16.11a–c).
Fir mortality is strongly increasing with

P
(t >

0 °C) increase and decreasing with RZM
increase (Fig. 16.11c, d). Median values ofP

(t > 0 °C) for dead and alive stands are sig-
nificantly different (1720 °C and 1620 °C,
respectively; p < 0.05).

Dead stands’ area (relative) is strongly
decreasing at elevation higher than *1100 m a.
s.l.; medians of dead and live stands distribution
differ significantly (830 and 965 m, respectively;
Fig. 16.12a; Table 16.1).

Mortality is strongly decreasing with eleva-
tion and slope steepness increase (Fig. 16.12b,
c). Alive stands are located on the northern
slopes, whereas mortality is observed mainly on
the southern ones (Fig. 16.12d).

Fig. 16.2 Fir tree attacked by Polygraphus proximus.
The resin streams are tree response to the bark-beetles
invasion
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Fig. 16.3 Fir stands killed by Polygraphus proximus attacks

Fig. 16.4 Eastern Sayan Mountains key-site. 1, 2—dead and alive fir stands, respectively; 3—radial increment sample
sites
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Fig. 16.6 Root zone moisture (RZM) and drought index
SPEI dynamics

Fig. 16.7 GPP dynamics of “survived” and “declined” stands in the Eastern Sayan key-site. GPP presented as a
relative to the mean “background stands” GPP (number of polygons, N = 580)
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The location of dead and alive stands is sig-
nificantly different with respect to elevation, a
sum of positive temperatures, atmospheric and
soil humidity (indicated by SPEI and RZM), and
summer precipitation (Table 16.1).

16.4 Discussion

The unprecedented mass fir stands’ mortality in
the Siberian Mountains was induced by drought
increase via elevated temperatures. Water-
stressed fir trees were attacked by bark-beetle
Polygraphus proximus Blandford, the species
that was not observed earlier within Abies sibir-
ica range.

Fir trees’ mortality was preceded by the GI
depression since the mid of 1980s, whereas since
warming onset (c. 1970) increasing air tempera-
ture at the beginning of the growing season
stimulated tree growth. The “breakpoint” of the
fir GI curve (c. 1983–84) corresponded to the
threshold after which the GI stimulation by
temperature switched to depression via water
stress. A similar growth trajectory is described
also for Siberian pine and larch (Larix sibirica, L.

dahurica) that experience limitation by moisture,
whereas within areas with sufficient precipitation,
the GI depression was not observed (Kharuk
et al. 2017, 2018a, b).

The cohort of “decliners” was more sensitive
to root zone moisture and possessed initially
lower GPP in comparison with “survivors”
(Fig. 16.7, 16.9a, c). These observations indi-
cated “decliners” pre-disposition to mortality by
initially worse growth conditions.

The fir growth negatively reacted to the high
air temperature in the beginning (May) of the
growth period (Fig. 16.9a, c). That effect was a
consequence of temperature enhanced evapora-
tion while water supply from still-frozen soil was
limited; as result, needles desiccation (one-year-
old mostly) occurred. In the years with anoma-
lously high spring temperatures, it leads to fir
crowns reddening over vast areas.

Fir experienced maximal water stress in the
first decade of the twenty-first century; that
coincided with the first findings of Polygraphus
proximus bark-beetle, an aggressive Siberian fir
pest (Krivetz et al. 2015). Earlier this species was
known in the Russian Far East forests only
(Krivolutskaya 1983). Ground surveys showed
that all dead and declining fir trees were attacked
by Polygraphus proximus. Eventually, that leads
to about 5% stands’ mortality within the fir range
(with up to 75% within some areas) (Fig. 16.5
and 16.10c). It is known that water-stressed trees
decrease protective substances synthesis such as
phenols and terpenes (Kolb et al. 2016; San-
güesa-Barreda et al. 2015). Along with that, the
soluble carbohydrates concentration in plant tis-
sues is increasing which increases its nutritional
value for pests (Liu et al. 2011). An additional
factor that promotes pest reproduction was the
growing season increase by 7–8 days within the
study area.

Bark-beetles attacks of physiologically stres-
sed trees resulted in quick stands’ mortality; thus,
during 2013–2015, mortality increased from 30
to 70% (Fig. 16.5). A similar phenomenon was
described for the Sierra Nevada forests, USA,
where mortality of drought-weakened coniferous
trees increased by 40–50% during 2015–16 (Pile
et al. 2018). Notably, that fir regeneration under
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Fig. 16.9 c, d “Survivor” and a, b “decliner” trees’
growth index correlations with a, c air temperature, b, d
drought index SPEI and a, c root zone moisture

(RZM) before and after the GI breakpoint (1983–
84 yr.). The confidence levels are shown by solid and
dashed lines
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Table 16.1 Quantiles of
dead and alive stands’
location with respect to
eco-climatic parameters

Parameter range Dead stands Alive stands

5% Median 95% 5% Median 95%

Elevation, m a.s.l 355 830 1390 405 965 1560

R(t > 0 °C) 1225 1720 2195 1095 1620 2025

SPEI −12.4 −5.8 −3.9 −11.1 −5.7 −3.6

RZM (m3/m3) 0.21 0.29 0.39 0.22 0.30 0.40

Mean JJA PRE (mm) 180 215 310 195 220 325
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the dead canopy was mostly healthy which is
probably due to upper canopy drought mitiga-
tion. Healthy regeneration is a potential for fir
recovering under a favorable climatic scenario.
Meanwhile, models predicted drought increase in
the southern taiga zone (Pachauri and Meyer
2014).

Within the fir range in the Siberian Moun-
tains, dead and alive stands location significantly
different with respect to eco-climatic variables:
elevation, a sum of positive temperatures, atmo-
spheric and soil humidity (indicated by SPEI and
RZM) and summer precipitation (Table 16.1).
Dead stands area strongly (r2 = 0.94) decreasing
with elevation increase, and the median of its
location (830 m) significantly differs from that
one of alive stands (965 m) (Fig. 16.12a;
Table 16.1). Alive stands found on the northern
slopes mostly, whereas mortality observed
mainly on the southeastern ones (Fig. 16.12d).
The shift from expected maximal mortality on
the southern slopes is due to lower precipitation
on the eastern rain-shadow slopes.

Fir mortality is strongly increasing withP
(t > 0 °C) increase; dead stands located in

areas with a higher
P

(t > 0 °C) (1,720 °C in
comparison 1,620 °C for alive stands) and, con-
sequently, a higher water stress. With moisture
regime improvement (root zone moisture and
precipitation increase, and atmospheric drought
decrease), mortality is decreasing (Fig. 16.11).
Similarly, Stephenson et al. (2019) found that
Abies concolor Gordon mortality in the US for-
ests was dominated by water stress.

The upper boundary of 90% fir mortality was
located at 1390 m (Table 16.1); this value cor-
responded to the reported elevation limit of
Polygraphus proximus habitat in the Southern
Siberian Mountains (1400 m a.s.l.). At that ele-
vation,

P
(t > 0 °C) is about 1350 °C which

could be considered as a thermal limit proxy of
Polygraphus proximus activity. On the other
side, fir trees at higher elevation experience less
water stress and, consequently, possess a higher
resistance to pest attacks; thus, this issue needs
more studies.

Within mixed Abies sibirica- Pinus sibirica
stands, Siberian pine experienced less mortality,

although both species are precipitation sensitive.
The factors of higher Siberian pine drought
resistance are the deeper root zone (2.0–3.0 m vs
0.5–1.0 m for fir) and lower leaf area index
(LAI), which is an important water balance
parameter. There are no reliable LAI data for
these species. However, similar North American
species, Pseudotsuga menzieslii Mirb and Pinus
strobus L., have LAI 9.3 and 4.5, respectively
(Thomas and Winner 2000; Guiterman et al.
2012), that could be a proxy of Abies sibirica and
Pinus sibirica LAI values. It is also important
that Siberian pine experienced only native pest’s
attacks (such as Ips sexdentatus Boern) and did
not face pests similar to Polygraphus proximus
that is considered as an invader (Krivetz et al.
2015). Since that pest species was first found, its
synergy with water stress caused fir mortality on
about 600 thousand ha (Fig. 16.1). A similar
bark-beetle Dendroctonus ponderosae Hopkins,
species also from Scolytinae subfamily, caused
catastrophic mortality of drought-weakened
North American conifers over 25 million ha
(Millar and Stephenson 2015).

The majority of fir stands’ mortality in the
Siberian Mountains associated with bark-beetles,
with exception to stands killed by Siberian silk
moth (Dendrolimus sibiricus; Fig. 16.1). It is
known that leaf-eating outbreaking insects kill
trees independently of their stress. Meanwhile,
latest catastrophic Siberian silk moth outbreak
was also induced by consecutive warm years
with drought events which stimulating pest
population. Eventfully, silk moth outbreak killed
over 800 thousand ha of forest (predominantly
stands formed by Siberian pine). Moreover, that
outbreak crossed outbreaks in historical northern
boundary and moved about 50 km northward
(Kharuk et al. 2018a).

Finally, it is noteworthy that both “survivors”
and “decliners” growth index trajectories are
demonstrating the decreasing pattern which
indicates a chronic stress (Cailleret et al. 2017).
In the case of likely climate aridity increase in the
southern Siberia (Pachauri and Meyer 2014), the
observed GI depression may indicate a potential
“survivors” mortality within the southern range
of Abies sibirica.
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The results of this study show that fir mor-
tality is increasing which indicated Abies sibirica
retreat from its low and middle elevation ranges
in the Southern Siberian Mountains.

16.5 Conclusions

1. Fir trees response to warming was two-
phased. Since warming onset (1970) the fir
GI was increasing, whereas further tempera-
ture elevation caused GI depression via water
stress. Since the GI breakpoint (c. 1983–84),
trees growth showed a higher dependence on
the moisture availability.

2. Water-stressed fir trees were attacked by
bark-beetle Polygraphus proximus Blandford,
the species that was not observed earlier
within Abies sibirica range. The synergy of
drought and pest attacks had led to tree
mortality since the beginning of 2000. The
tree cohort of “decliners” was predisposed to
mortality due to location within worse growth
conditions, including lower soil moisture.

3. Dead and alive stand distributions differ with
respect to the sum of positive temperatures
(1720 °C and 1620 °C, correspondingly). Fir
mortality is increasing with R(t > 0 °C) and
decreasing with precipitation and root zone
moisture and SPEI increase.

4. Stands’ mortality is observed on the south-
eastern slopes mostly and is decreasing with
the elevation increase.

5. Stands’ mortality spreads over 5% of fir range
in the Siberian Mountains and continues to
increase. Thus, Abies sibirica is retreating
from its low- and middle elevation range in
the Southern Siberian Mountains.
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17Climate Change and Dynamics
of Vegetation in the Lesser Caucasus:
An Overview

George Fayvush and Alla Aleksanyan

Abstract

This review addresses potential changes of
natural ecosystems of the Lesser Caucasus due
to predicted climate change. Using methods of
ecological modeling we show not only possi-
ble changes of ecosystems, but also changes
of distribution of component species. Partic-
ular attention is paid to wetlands and two rare
ecosystems of Lesser Caucasus, which have
very limited local distribution and occupy
very small areas.

Keywords

Climate change � Natural ecosystems � Lesser
Caucasus � Ecological modeling

17.1 Introduction

Mountain ecosystems in connection with various
cardinal orographic processes are unstable and
because of this, very vulnerable to any additional
influencing factors.

One of these factors is climate change, which
has a serious impact on natural ecosystems and

social life of population in mountainous regions.
This is especially visible in mountainous systems
like the Lesser Caucasus, which is one of the
centers of development of human civilization and
accordingly has intensive anthropogenic impact
on nature in general and on natural ecosystems in
particular. Mountain ecosystems are an important
production resource for the population of this
area, 50% of which resides in the countryside
and for centuries has been using the goods and
services provided by ecosystems (The Fifth
National Report to Convention on Biological
Diversity 2014).

The Lesser Caucasus, which is mainly located
in the northeastern part of the Armenian High-
lands, it is the core part of the so-called Tran-
scaucasian Highlands (Fig. 17.1). From the
orographic and physico-geographical points of
view, the Transcaucasian Highlands form the
northern edge of the system of folded-blocky
mountains of the Armenian Highland. Unlike the
Greater Caucasus, the Lesser Caucasus is not a
single, distinct watershed ridge. It is a system of
coulisse-spaced ridges that merge with the
mountain formations of the inner parts of the
Armenian Highland and adjacent high areas.

Since early geological epochs the land surface
of Armenia, and the surrounding Armenian pla-
teau, has been mountainous, with further moun-
tain building occurring during the Cenozoic era
(particularly after the Miocene). These complexG. Fayvush � A. Aleksanyan (&)
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tectonic shifts have resulted in a country domi-
nated by a series of mountain massifs and valleys
as well as in extensive volcanic activity. Climatic
changes over the last million years also have left
their mark on the country, with evidence of two
glacial periods (Riss and Wurm) preserved on
almost all mountains over 3000 m a.s.l. (Aslan-
yan 1958, 1985).

Climate change in mountainous regions first
of all leads to a change in the distribution of
altitudinal belts. And this in turn leads to changes
in distributions of species and respective changes
of mountainous ecosystems.

17.2 Database and Methodology

17.2.1 Climate

A wide range of climatic zones is distinguished
within the Lesser Caucasus. Accurate and
detailed data on climate change in the modern
period are available for the central part of the
Lesser Caucasus, namely for Armenia. The main
reference data for this study have been taken from
long-term meteorological information from 44
meteorological stations located throughout the

Fig. 17.1 Lesser Caucasus

418 G. Fayvush and A. Aleksanyan



country in different altitudinal belts, received
from the governmental non-commercial organi-
zation “Armenian State Hydrometeorological and
Monitoring Service.” The territory of the Lesser
Caucasus shows a pronounced vertical succession
of six basic climate types—from dry subtropical
up to severe alpine (Figs. 17.2 and 17.3). The
average annual temperature ranges from −8 °C in
high-altitude mountainous regions (2500 m a.s.l.
and higher) to 12–14 °C in low-traced valleys. In
the lowlands, the average air temperature in July
and August reaches 24–26 °C, and in the alpine
belt, the temperature does not exceed 10 °C.
January is the coldest month with an average
temperature of −6.7 °C. The absolute minimum
temperature is −42 °C. The overall climate is
best characterized as dry continental, in some
areas with an annual rhythm more or less similar
to the Mediterranean climate regime. The average
annual precipitation in this area is 592 mm. The
most arid regions are the Ararat valley and the
Meghri region with annual precipitations of 200–
250 mm. The highest annual precipitation, 800–
1000 mm, is observed in high-altitude mountain
regions. Most precipitation falls in the spring. In
the northern part of Armenia, humidity comes
from the Black Sea in the west, in the southern
part from the Caspian Sea in the east, while the
central part lies in the rain shadow of mountain
ridges and is the driest area (Baghdasaryan 1958;
Third National Communication on Climate
Change 2015; Fourth National Communication
on Climate Change 2020).

Prediction of climate change for different
scenarios of greenhouse gas emissions is given in
the Third and Fourth National Communications
on Climate Change (2015, 2020). Climate
change in Armenia is assessed using the CCSM4
model in accordance with the IPCC recom-
mended RCP8.5 and RCP6.0 scenarios for CO2

emissions. Therefore, as per the RCP6.0 scenario
(equivalent to the SRES B2 scenario) CO2 con-
centration will be 670 ppm by 2100 and it will be
936 ppm according to the RCP8.5 scenario
(equivalent to the SRES A2 scenario). Future
change forecasts for ambient air temperature and
precipitation have been developed up until 2100.
The results indicate that the temperature will

continue to increase in all seasons of the year.
However, according to the RCP8.5 scenario,
starting from the mid-twenty-first century (2041–
2100), the temperature will rise at a more rapid
rate. According to the RCP8.5 scenario, it is very
likely that, by 2100, the average annual temper-
ature in Armenia will be 10.2 °C, which exceeds
the baseline (1961–1990) by 4.7 °C. Evaluation
results for precipitation change show that,
according to the RCP8.5 scenario, there might be
16.3% increase in annual precipitation in Arme-
nia by the mid-twenty-first century. There will be
no changes in precipitation according to the
RCP6.0 scenario. However, according to both
scenarios for the summer months, there is an
expected significant decrease in precipitation in
all three periods: in 2011–2040 summer precip-
itation is expected to decrease by about 23%
compared to the baseline (1961–1990) period. At
the same time, the changes in temperature and
distribution of precipitation will be very uneven
both during the seasons and in separate regions
of Armenia (Third National Communication on
Climate Change 2015; Fourth National Com-
munication on Climate Change 2020).

17.2.2 Vegetation

Forecast of vegetation changes in Lesser Cau-
casus is developed based on our personal
observations using the «Holdridge Life Zones»
scheme (Holdridge 1966), and for some rare
ecosystems species distribution models were
used: generalized boosted regression models,
Breiman and Cutler’s random forests for classi-
fication and regression, multiple adaptive
regression splines, and maximum entropy.

17.3 Climate Change

According to data of meteorologists and clima-
tologists, changes in annual ambient temperature
and precipitation in Armenia have been assessed
for various time periods; the results were used in
preparations for First and Second National
Communications (1998, 2010). Particularly in
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the first national communication it is said: The
mountain ecosystems are vulnerable to global
climate change and are the bio-indicators of these
changes. The sum-up of historical, archeological,
palaeo-botanic, palaeo-palynological data certi-
fies that significant changes in the ecosystems of
Armenia have taken place in the last three mil-
lenniums and were connected to global warming

and climate aridization. During that period,
the forest areas have significantly reduced, the
semi-desert and steppe vegetation belts have
expanded, and the alpine vegetation belt has
reduced, etc. Based on this, maps were prepared
of the distribution of the main natural ecosystems
in the past and their distribution in future
(Fig. 17.4).

Fig. 17.3 Climatic diagrams for some regions of Armenia (1970–2010)
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These results show that, in recent decades,
there has been a significant temperature increase.
In the period of 1929–1996, the annual mean
temperature increased by 0.4 °C; in 1929–2007
by 0.85 °C; in 1929–2012 by 1.03 °C. The
comparison of changes in the assessment of
precipitation amounts for different periods
demonstrates that precipitation continues to
decline. Observations showed that, in 1935–
1996, there was a 6% decrease in annual pre-
cipitation, while in 1935–2012 it was close to a
10% decline. The spatial distribution of changes
in precipitation amounts is fairly irregular. Over
the last 80 years, the climate in the northeastern
and central (Ararat Valley) regions of the country
has turned arid, while precipitation has increased
in the southern and northwestern regions, as well
as in the western part of the Lake Sevan basin.

17.4 Results and Discussion

17.4.1 Climate Change
and Vegetation
Dynamics

All the main Caucasian ecosystems (besides
humid subtropics) are represented in the Lesser
Caucasus—deserts and semi-deserts, steppes,
meadow-steppes, forests and open woodlands,
subalpine and alpine vegetation as well as intra-
zonal ecosystems.

Current distribution of natural ecosystems in
altitudinal belts and in territory of Armenia was
accounted on the basis of our own long-term
studies, as well as based on literature data of the
vegetation of Armenia (Magakyan 1941;
Takhtadjan 1941, etc.).

Currently, when predicting changes in vege-
tation with an expected climate change, first of
all, researchers pay attention to a possible change
in the zonal and altitudinal distribution bound-
aries of individual types of vegetation. Back in
1976, Turmanina (1976) suggested that the dis-
placement of these boundaries is most likely
where the conditions are extreme and air tem-
perature is a limiting factor. For example, a shift
to the north of woody vegetation of European

Russia and Western Siberia is supposed
(Rumyantsev et al. 2013). Interesting studies
were conducted in the alpine zone in the North
Caucasus (Russia) (Soudzilovskaia et al. 2013).
It was shown that plant functional traits can be
used as predictors of vegetation response to cli-
mate warming, accounting in the test ecosystem
(the species-rich alpine belt) for 59% of vari-
ability in the per-species abundance relation to
temperature. In this mountain belt, traits that
promote conservative leaf water economy
(higher leaf mass per area, thicker leaves) and
large investments in belowground reserves to
support next year’s shoot buds (root carbon
content) were the best predictors of the species
increase in abundance along with temperature
increase. This finding demonstrates that plant
functional traits constitute a highly useful con-
cept for forecasting changes in plant communi-
ties, and their associated ecosystem services, in
response to climate change. As a result of these
studies, it was shown that an increase in the
average temperature of 0.6 °C over the past
25 years caused an increase in the optimum for
the studied plants by 100 m. It is also indicated
that the change in the amount of precipitation did
not affect the studied parameters of plants. Most
likely, this is due to the fact that in the alpine
zone in both the Greater and the Lesser Cauca-
sus, the amount of precipitation usually exceeds
the needs of the plants living here. In addition, it
should be noted that in the Greater Caucasus,
alpine plants have a reserve of altitudes; that is,
when glaciers melt, it is possible to migrate up
the slope to reach their optimal climatic condi-
tions (without taking into account edaphic con-
ditions). In the Lesser Caucasus, in most cases,
this is not possible for most alpine plants. Of
course, it should be borne in mind that many
species have a fairly wide ecological amplitude
and high adaptive potential, and they will be able
to adapt to new conditions. But at the same time,
quite naturally, there will be a change in plant
communities. Therefore, we used the “Holdridge
Life Zones” scheme (Holdridge 1966) to predict
the dynamics of vegetation in Armenia and the
main ecosystems of wetlands, where both tem-
perature and rainfall are taken into account. And

17 Climate Change and Dynamics of Vegetation in the Lesser Caucasus … 423



when forecasting changes in individual rare
ecosystems, other factors were also taken into
account (soil conditions, steepness and exposure
of slopes, etc.).

According to the results of our forecasts over
the twenty-first century, the following changes in
ecosystems may occur (Fayvush and Aleksanyan
2016).

Alpine meadows. Prediction of changes of
bioclimatic conditions shows that the general
direction of condition changes will not be in the
direction of subalpine meadows, as expected, but
in the direction of subalpine tall-grasses and
expansion of wetlands.

Subalpine meadows. The transition is pre-
dicted to meadow-steppes, possibly extension of
forest ecosystems on the territory of current
meadows. In forest regions probably will occur
raising of upper limit of the forest and in non-
forest regions—transition to meadow-steppe
ecosystems. It has to be noticed that alpine and
subalpine meadows are the most vulnerable nat-
ural ecosystems in Armenia.

Forests. In the humid forests of the middle
belt probably probably processes of will begin
processes of xerophytization, thinning and pen-
etration of plants of the steppes, arid woodlands,
and shibliak. Some xerophytization of wet forests
will move it into the humid forests. Modern
forests of subalpine zone with time will be
replaced to common humid forests, there will
occur rising of upper limit of forest vegetation
with a corresponding shift of subalpine crooked
forests and park forests.

Meadow-steppes. The transition of these
ecosystems to steppes is expected, in some cases
(when the amount of precipitation will be
increased), the formation of subalpine tall-grasses,
and sometimes the extension to the territory of
modern forest ecosystems will be possible.

Steppes. The general direction of ecosystem
changes is xerophytization. The modern dry
steppes can be replaced by semi-deserts, the
areas of traganth steppes will be expanded.

Current relatively mesophile steppe ecosystems
can be replaced by drier sub-types.

Semi-desert. In the most of cases, is assumed
the conservation of semi-desert vegetation, with
an extension of phryganoid zone. Also is
expected expansion of areas of desert ecosys-
tems, such as solonchaks and saline deserts.

Shibliak and arid woodlands. In general, the
conditions of these ecosystems will conserve and
even slightly will increase, but natural regenera-
tion of trees and shrubs can be worsen, and
eventually these ecosystems, especially in the
lower mountain belt can be replaced by
phryganoids.

Petrophilous ecosystems and wetlands are
intrazonal, and their vulnerability depends on
their altitudinal and geographical locations.

Due to the predicted decrease of precipitation
and especially their uneven distribution during
the seasons (the absolute maximum will be in
spring) wetland ecosystems will be especially
vulnerable. According to our forecasts with cli-
mate change in the Lesser Caucasus the follow-
ing changes may occur in these ecosystems
(Fig. 17.5).

Changes of precipitation and seasonal regime
will first of all lead to changes of rivers and water
flows. In particular, there will be replacements of
one ecosystem with another. Permanent non-
tidal, fast, turbulent watercourses will be
replaced with permanent non-tidal, smooth-
flowing watercourses.

The increase of temperature first of all will
affect the trophic level of lakes. Nowadays
basically all oligotrophic lakes of Armenia are
located above 3000 m and the increase of tem-
perature will lead to intensification of eutrophi-
cation processes and their transition to permanent
mesotrophic lakes.

Consequently, as a result of the same pro-
cesses, mesotrophic lakes will change to
eutrophic and even dystrophic lakes. Even now
the similar processes can be observed in the lakes
of Lori plateau.
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Current ecosystem Forecasted climate change Forecasted ecosystem

Permanent non-tidal, fast, turbulent water 
courses (a)

Decrease of precipitation and 
change in their regime

Permanent non-tidal, smooth-flowing water
courses (b)

Permanent non-tidal, smooth-flowing 
water courses (c)

Decrease of precipitation and 
change in their regime

Temporary running waters (d)

Permanent oligotrophic lakes (e)

Increasing temperature

Permanent mesotrophic lakes (f)

Permanent mesotrophic lakes (g)

Increasing temperature

Permanent eutrophic lakes (h)

Permanent eutrophic lakes (i)

Increasing temperature

Permanent dystrophic lakes (j)

Fig. 17.5 Forecasted change in wetland’s ecosystems
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As a result of the lakes stagnation, increase of
the temperature and changes of precipitation
regime changes in riparian zone ecosystems can
cause transition of inland surface water ecosys-
tems to marshes and wetlands. Besides, many
lakes can become temporary lakes due to the
decrease in precipitation. Salt marshes of lower
belts as a result of reduced precipitation can
make the transition to grasslands particularly to
the continental inland salt steppes.

17.4.2 Change in Rare Ecosystems

Besides of general predictions for the main
important types of vegetation of the Lesser Cau-
casus, we carried out special investigation and
forecast of changes in rare ecosystems ofArmenia.

As an example below is given forecast of
changes of two very rare ecosystems of the
Lesser Caucasus—Steppe scrub with

Permanent mesotrophic lakes (k-1, k-2)

Decrease of precipitation

Temporary lakes, ponds and pools (l)

Communities with Typha latifolia
dominance (m)

Salt marshes with Juncus acutus 

Decrease of precipitation and 
increase of temperature 

Ecosystems with Cynodon dactylon
dominance (n) dominance (o)

Fig. 17.5 (continued)
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Asphodeline taurica and Plane Grove under cli-
mate change (Aleksanyan 2017).

First ecosystem is located in southern slopes
of Shirak range on 2150 m above sea level. It
occupies a small area but includes 11 rare species
of the Red Book of Armenia. The dominant
species here is Asphodeline taurica. Based on
ecological modeling for all rare species favorable
and unfavorable areas for growth are separated.
According to our results, under predicted climate
change, this ecosystem will enlarge its distribu-
tion, but the structure and compostion can
undergo significant changes. For example, cli-
mate change can seriously harm following spe-
cies: Allium rupestre, Tragopogon armeniacus
and Asperula affinis.

Second ecosystem is Plane Grove, which is
located in the basin of Tsav river, 650–750 m
above sea level. The dominant species here is
oriental plane (Platanus orientalis). This area is
unique for this ecosystem in the Caucasus.
According to ecological modeling results 6
mesophilous species (Carex pendula, Euonymus
velutina, Platanus orientalis, Pteridium tauricum,
Pyrus raddeana, and Ranunculus cicutarius) in
future will have a reduction of favorable growth
areas. For xerophyte rare species like Lathyrus
cassius, Medicago arabica, Nonea rosea, Lens
ervoides, Thlaspi umbellatum ecological condi-
tions will be favorable, and for some other species
(Calendula persica, Galanthus artjuschenkoae,
Lathyrus sylvestris, Trifolium angustifolium)
favorable growth areas will even enlarge.

17.5 Conclusion

As a result of the research and ecological mod-
eling, it was shown that the main part of natural
ecosystems of studied area are very vulnerable
due to climate change. Very serious changes are
expected both in the distribution of plant species
and ecosystems as a whole. This should take into
account that that even if climate change will
contribute to expansion of the areas occupied by
different ecosystems based on different adapta-
tion potential of individual species the changes of

their distribution will be very uneven and the
structure of ecosystems will change greatly.

Because of the different adaptation potential
of individual species, the change in their distri-
bution will be very uneven and as a result the
structure of ecosystems will change strongly. It
means that in future we can and we will have the
same ecosystems (forests, meadows, steppes, and
others) but they will be completely different from
current ecosystems called with the same names.
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18Changing Climate Scenario in High
Altitude Regions: Comparison
of Observed Trends and Perceptions
of Agro-Pastoralists in Darma Valley,
Uttarakhand, India

Deepika Rawat and Udo Schickhoff

Abstract

Climate change in the Himalayan region has
serious implications for livelihood support
systems and overall human well-being. In
Darma valley (Uttarakhand, India), local peo-
ple, known as Bhotias, use alpine pasturelands
(bugyals) for transhumant grazing of their
livestock. In the region, transhumant pastoral-
ism has seen a tremendous decline due to
various environmental and socio-economic
changes. In the context of present climatic
conditions, the article addresses the extent of
climate change in the region, the perceptions
of climate change among local pastoral com-
munities and socio-economic dimensions of
climate change impacts on the local commu-
nities and environment. A substantial step of
the study is to investigate the local commu-
nity’s perceptions of climate change which
affects their motivation to engage in alterna-
tive livelihood options. Socio-economic data
on impacts of climate change were correlated
with meteorological data (CRU TS climate
data v4.02) and remote sensing-based indica-
tors such as NDSI (Normalized Difference
Snow Index) in order to validate the impacts

of changing climate as experienced by the
local community. The results suggest that a
substantial number of pastoralists perceived
climatic change and its associated impact on
the environment and on their livelihoods.

Keywords

Transhumant pastoralism � Bhotia community� Socio-economic changes � Mountain
livelihoods � Himalaya

18.1 Introduction

Climate change is an urgent and serious problem
for human civilization. Globally, warming of
approximately 1 °C above pre-industrial levels
has been observed (IPCC 2018). It is also pro-
jected that with the current rate warming is
expected to reach 1.5 °C between 2030 and 2050
(IPCC 2018). In the Himalayan region, an
increasing trend of annual mean surface air
temperatures has been observed between 1901
and 2014 (Ren et al. 2017), resulting inter alia in
a considerable rate of recession of the majority of
high altitude Himalayan glaciers (Bolch et al.
2019), and in earlier snowmelt and shorter winter
seasons at higher altitudes. A significant amount
of total annual precipitation is now received in
the form of rain instead of snow (Sharma et al.
2009; Zomer et al. 2016; Bhutiyani 2016; Bolch
et al. 2019; Mal et al. 2019). Other climatic
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change impacts in the Himalaya include water
scarcity, altitudinal shifts of plant and animal
species, changes in species compositions,
changing productivity of pasturelands and agri-
cultural lands, the emergence of insects and
pests, and severe socio-economic implications
(IPCC 2014).

Climate change has a wide array of socio-
economic implications for the local population
and their livelihood practices. Changing climatic
conditions facilitate changes in traditional agri-
cultural and pastoral practices of rural commu-
nities which need to cope with globalization
effects, in particular with emerging consequences
of high levels of poverty, rapid urbanization,
population growth, low levels of economic
development, and social transitions such as pre-
dominant male outmigration (O’Brien and Lei-
chenko 2000; Sharma et al. 2009; Ogra and
Badola 2015; Rautela and Karki 2015; Yi et al.
2007). It has been observed that climate change
has adversely affected transhumant pastoralism
in various socio-economic ways across the
Himalayan region, such as in India (Negi et al.
2017; Sati 2015; Rautela and Karki 2015), Nepal
(Aryal et al. 2014; Gentle and Thwaites 2016),
Bhutan (Namgay et al. 2014), Gilgit-Baltistan
Province of Pakistan (Joshi et al. 2013a), Tibetan
Plateau (Wu and Yan 2002) and the extended
Hindukush Himalayan region (Xu et al. 2009;
Dong et al. 2010; Chaudhary and Bawa 2011)
Transhumant pastoral communities who season-
ally move with their livestock between fixed
summer and winter pastures are particularly
affected since they depend on alpine pasturelands
which are among the most fragile ecosystems
and most vulnerable to climate change (Sati
2015). The practice of transhumant pastoralism is
based on a high dependence on natural resources
and involves maintaining an ecologically bal-
anced relationship between pastures, livestock,
and people (Bhasin 2011). Pastoralists’ seasonal
migration is directly related to the timing of
rainfall, snowfall, water availability, nutritive
grass production and therefore, it is highly sen-
sitive to any change in climate (Aryal et al.
2014). Pasture productivity is highly correlated
with temperature and precipitation trends

(Williams and Albertson 2006; Wilkes 2008;
Eriksson et al. 2009). In general, warmer tem-
peratures enhance pasture productivity as long as
humidity and soil moisture is sufficient to com-
pensate for higher evapotranspiration (Luo et al.
2004).

In mountain regions of Pakistan, reduced
livestock productivity and diminishing pastoral
practices was a result of increased occurrences of
prolonged droughts which has led to degradation
of pastures by reducing the vegetation cover
(Afzal et al. 2008). In such circumstances, the
absence of prior conditioning often leads to
reduced cattle performance and livestock deaths,
ultimately leading to economic losses (Mader
2003). Climate change also facilitates an upward
shift of the treeline and encroachment of woody
vegetation on alpine meadows, thus affecting
principal alpine habitats and grazing land distri-
bution (Schickhoff et al. 2015). Acute shortage of
fodder is forcing pastoral communities to aban-
don traditional livestock-based livelihood sys-
tems and engage themselves in other forms of
non-agrarian incomes (Wu et al. 2014; Berhanu
and Beyene 2015). The practice of transhumant
pastoralism, in general, is declining due to vari-
ous climatic and non-climatic factors, as reported
in other mountain regions of the world (Maikhuri
et al. 2001; Intigrinova 2005; Afzal et al. 2008;
Banerjee 2009; Kerven et al. 2012; Namgay et al.
2014; Schickhoff and Mal 2020). Studies show
that the high dependence of pastoral communi-
ties on alpine pasturelands has affected different
aspects of their lives such as livestock manage-
ment, pastoral production and their overall socio-
economic development (Joshi et al. 2013b; Wu
and Yan 2002). Vasquez et al. (2010) and Gentle
and Thwaites (2016) observed an increasing
presence of exotic invasive weeds, potentially
inducing outbreak of livestock diseases and
potentially leading to lesser numbers of live-
stock, declining livestock productivity, and
changes in seasonal migration patterns.

In the Himalayan state of Uttarakhand, com-
plex climate change impacts have been observed
at regional and local scales. The time period
2007–2012 was the warmest in all thirteen dis-
tricts of Uttarakhand (Mishra 2014, 2017),
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associated with glacier retreat and erratic patterns
of precipitation (Bhutiyani et al. 2007; Mal and
Singh 2014; Dobhal and Pratap 2015; Mal et al.
2019). In some villages in Uttarakhand, farmers
have shifted to less water-intensive crops (such
as cabbage, carrots, maize, and pumpkin) and to
other sources of livelihood due to climate vari-
ability and water stress (Kelkar et al. 2008). High
altitude villages of Niti and Mana valleys of
Chamoli District, and of Chaudas, Darma and
Byans valley in Pithoragarh District in Uttarak-
hand have experienced a shortage of water
resources used by livestock over the last 15–
20 years, enforcing pastoralists to reduce the
livestock population as well as abandon their
agricultural practices (Negi et al. 2017). Another
study by Rautela and Karki (2015) in Johar,
Byans, Niti and Bhagirathi valley highlighted
that scarcity of fodder for the livestock has ulti-
mately forced local people to purchase fodder
from markets. Due to this extra financial pres-
sure, most of the people have abandoned their
pastoral livelihoods and have shifted to other
sources of income.

Observations by Negi (2007) in Johar Valley
highlighted a decline in the sheep population due
to governing environmental and socio-economic
factors, followed by a significant decline in the
traditional art of weaving. Economic uncertain-
ties, along with other push factors of demo-
graphic, political, environmental and social
concerns have resulted in accelerated labor out-
migration from villages to urban areas across
Himalayan regions (Hoermann et al. 2010; IPCC
2014; Siddiqui et al. 2019) as also reported from
the above mentioned valleys (Rautela and Karki
2015; Negi et al. 2017). In recent decades, labor
outmigration has been a general trend in the
Himalayan regions as a result of globalization
and constraints posed by subsistence agriculture,
especially the younger generation outmigrates in
search of better livelihood opportunities (Hoer-
mann and Kollmair 2009; Schickhoff and Mal
2020). Climate change is an additional stressor
which is likely to influence the rate of outmi-
gration (Hoermann and Kollmair 2009; Banerjee
et al. 2011; Mueller et al. 2014; Namgay et al.
2014; Gentle and Thwaites 2016; Siddiqui et al.

2019). In Nepal (Gentle and Thwaites 2016) and
Bhutan (Namgay et al. 2014), climate-driven
socio-economic changes have modified demog-
raphy as mostly male members out-migrate,
leading to a higher workload on women and to a
shift to non-pastoral livelihoods. In Pakistan,
Mueller et al. (2014) found a positive relation-
ship between adverse effects of increasing heat
stress on farming and long-term migration of
men. Another study by Banerjee et al. (2011)
reports that labor migration is a viable strategy
for adaptation to severe droughts and floods
among mountain communities in India, Nepal,
China, and Pakistan. In Uttarakhand, decreasing
agricultural productivity has been a major reason
for the accelerated migration of people to urban
areas (Hoermann et al. 2010; Tiwari and Joshi
2016). Thus, outmigration can be perceived as an
adaptive strategy of vulnerable pastoral commu-
nities to minimize economic hardship under
globalization and climate change conditions (Wu
et al. 2014; Hoermann et al. 2010).

In this regard, a deepened understanding of
the local community’s perception of climate
change is needed which shapes their adaptation
strategies (Vedwan and Rhoades 2001; Adger
et al. 2009; Weber 2010; Chaudhary and Bawa
2011; Loria and Bhardwaj 2016). There have
been many studies addressing local perceptions
of climate change and its adverse impacts, the
vulnerability of local communities, and their
adaptations across Himalayan regions (for
example, Chaudhary and Bawa 2011; Chaudhary
et al. 2011; Gentle and Maraseni 2012; Shrestha
et al. 2012; Macchi et al. 2015; Vidya et al. 2015;
Loria and Bhardwaj 2016; Ndungu and Bhard-
waj 2015; Aryal et al. 2016). A few of these
studies have substantiated their results with
quantitative data, and have found them quite
consistent (for example, Sujakhu et al. 2016;
Aryal et al. 2016). The Bhotias in Darma valley
are subjected to adverse socio-economic chan-
ges, facilitated by ongoing fast-paced urbaniza-
tion, predominant male outmigration, and
various environmental concerns. In the context of
the current climate change regime, it is necessary
to understand the effects of changing climate on
the pastoral economy and the obvious need to
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adopt alternative sustainable livelihood strate-
gies. To date, there has been no proper docu-
mentation on how transhumant pastoralists in the
higher Himalayan regions of Uttarakhand have
perceived climate change and socio-economic
changes mainly because of its nearly inaccessible
and remote location, especially in Darma valley.
Therefore, this study aims to address the demand
for more coherent research on examining
(i) temperature trends, rainfall trends and snow
availability; (ii) local community’s perception
regarding key climatic variables and their asso-
ciated impacts; and (iii) comparison of meteo-
rological trends with local community’s
perception of climate change; which is crucial for
designing, planning and proper implementation
of effective adaptation and mitigation strategies.

18.2 Methods

18.2.1 Study Area

The Darma valley lies in Kailash Sacred Land-
scape region, situated in the north of the Pan-
chachuli mountain, between 29° and 31° North
latitude and 79° and 81° East longitude in
Dhauliganga watershed, Dharchula subdivision,
Pithoragarh District, Kumaon region, Uttarak-
hand, India (Figs. 18.1 and 18.2a, b), bordering
Tibet in the North and Nepal in the East. It
consists of 12 villages namely, Sela, Chal,
Nagling, Baling, Dugtu, Dantu, Go, Philam,
Bon, Tidang, Marcha and Sipu. Having a striking
topography and subtropical, temperate and alpine
vegetation, the entire valley lies at an altitude
between 7500 and 14,000 ft adjacent to Johar
valley in the West and Byans valley in the East.
Rainfall throughout these regions is significantly
variable.

The valley is inhabited by an indigenous tribe,
the Bhotias (sub-tribes: Rang) who are semi-
nomadic agro-pastoralists, also locally known as
Darmya or Darmani. Earlier, along with seasonal
migration their main source of livelihood was
cross-border trade with Tibet until the disruption
caused by the Indo-China War in 1962. Products
such as sugar, grain, and wool from India were

exchanged for borax, wool, and salt from Tibet
(Bergmann et al. 2008, 2011). After the distress
caused by the war, the importance of agriculture,
forest, and pasture use became even more of
significant worth for their livelihood security
(Bergmann et al. 2008). These migratory
households practice mixed mountain agriculture,
i.e., a mix of animal husbandry, crop farming,
forest and pasture use (Ehlers and Kreutzmann
2000; Bergmann 2016) linked through seasonal
migration (Nüsser 2006). The main livestock
types include sheep, goat, cow/oxen, yak and yak
hybrids locally known as Jhubbu (male) and
Jumma (female) (Fig. 18.2g, h). At the beginning
of winter season (October–November), they
migrate to warmer regions in lower locations
near Dharchula and they return to Darma valley
in March–April to spend the summers with their
livestock. Their seasonal migratory pattern is
fully dependent on resource availability (nutri-
tional fodder and water) for their livestock and
extends over several altitudinal zones of the
Kumaon Himalaya (Nüsser 2006). At different
altitudinal belts, environmental conditions such
as the duration of the snow cover or the onset of
vegetation growth necessitate certain potentials
and limitations for pastoral land use by the
transhumant community (Bergmann et al. 2008).

Transhumant pastoralism also enables them to
collect rare medicinal herbs and to utilize agri-
cultural land in the summer villages to cultivate
high altitude crops and vegetables such as
buckwheat (Fagopyrum esculentum), barley,
cabbage and potatoes (Fig. 18.2c–e, h). Due to
the decline in the practice of transhumance in this
region, collection of wild medicinal plants
mainly Caterpillar Fungus (scientific name:
Cordyceps sinensis; locally known as Keedajadi
or Yarshagumba) and cultivation of medicinal
plants like Kutki (Picrorhiza scrophulariiflora),
Atish (Aconitum heterophyllum), Hathazari
(Dactylorhiza hatagirea), Kuth (Saussurea cos-
tus), Chippi (Pleurospermum angelicoides),
Jambu (Allium stracheyii), Kaala Jeera (Carum
carvi), etc. as a form of subsistence has become
prevalent in the study area, representing a con-
siderable share of the household income
(Fig. 18.2e, f).
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18.2.2 Data Collection and Analysis

For this study, the annual and seasonal temper-
ature and precipitation trends were computed and
analyzed through linear regression analysis for
the time period between 1975 and 2016 with the
CRU TS climate data v4.02 (0.5° � 0.5°, 1968–
2016). It is a high-resolution gridded dataset for
multiple variables on a 0.5° � 0.5° or finer grid
developed by the Climatic Research Unit
(University of East Anglia). The seasons were
classified as hot summer or pre-monsoon (March,
April, May), Monsoon (June, July, August,
September), Post-monsoon (October, November)
and Winter (December, January, February) to
conveniently analyze temperature and precipita-
tion trends. This seasonal classification is also
used in other studies in Uttarakhand (Mal et al.
2019).

Data analysis for climatic data (Mann–Kendall
Test and linear regression analysis) and informa-
tion gathered through primary survey was com-
puted and analyzed using XLSTAT and SPSS. In
Mann–Kendall test, if p-value is less than the
significance level a (alpha) = 0.05, H0 is rejected
which means that there is no trend in the tested
time series while accepting H0 indicates that no
trend has been found in the time series. If Null
Hypothesis (H0) is rejected it means the result is
statistically significant. Moreover, in Mann–Ken-
dall test, Kendall’s tau represents a measure of
correlation which has values between +1 and −1
where positive correlation indicates that both
variables increase together as opposed to a nega-
tive correlation which indicates an increase in one
variable and decrease in another. For both tem-
perature and precipitation data, the null hypothesis
is tested at 95% confidence level.

Fig. 18.1 Location of Darma valley in Dhauliganga watershed, Pithoragarh district, Uttarakhand. Source Own design
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Fig. 18.2 a A view of Panchachuli range from Dugtu
village, Darma valley; b Open pastureland near Pan-
chachuli base camp; c and d Pastoral herders grazing
sheep and goats in open fields in Sipu village, Darma

valley; e Caterpillar Fungus (locally known as Keedajadi
or Yarshagumba); f A group of Caterpillar fungus
collectors; g and h Farmers ploughing the fields with
Yak hybrids in Nagling and Dugtu village, respectively
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To delineate the trend of the presence of snow
in the study area over the period of last 28 years
(1990–2018), Landsat satellite imageries were
pre-processed and Normalized Difference Snow
Index (NDSI) values were computed in SAGA-
GIS 7.0. Subsequently, the NDSI values were
reclassified and NDSI maps were generated in
ArcGIS 10.6.1. Landsat TM, ETM+ and OLI
imageries for the years 1990, 2001, 2011 and
2018 were acquired from the United States
Geological Survey (USGS) Landsat Missions
website www.earthexplorer.org for the snow-
clad months of March (for 1990, 2001 and 2011)
and April (for 2018). NDSI uses green spectral
bands (high reflectance of the snow) and short-
wave infra-red (SWIR) (low reflectance). For
calculating NDSI, the equation used was:
NDSI = (Green − SWIR)/(Green + SWIR).
According to Hall et al. (1995), for an effective
threshold of snow mapping, NDSI values above
0.4 typically indicate the presence of snow usu-
ally represented in light color shades (close to
white). The time period 1990–2018 is chosen
because of the absence of SWIR band in previous
Landsat MSS (1972–1983) imageries.

An extensive field survey, based on qualita-
tive research approaches (historical transect,
semi-structured interviews, key informant inter-
views, focused group discussions, etc.), was also
conducted in 8 villages of the study area, strati-
fied by different altitudes. The main aim was to
investigate the socio-economic characteristics of
the affected community, their perceptions related
to changing climate and its impacts on their
livelihood and environment, and their local
response strategies. A sample size of 200
respondents (household heads) was selected
based on stratified random sampling representa-
tive of around 750 households (District Census
Handbook of Pithoragarh, Census of India 2011).
Initially, a pilot survey was done to pretest the
questionnaire which was later followed by actual
primary data collection. Focused Group Discus-
sions (FGDs) were conducted in 4 villages with a
group of 6–10 participants based on their avail-
ability (Fig. 18.3a–c). 10 Key Informant Inter-
views (KIIs) were held with village heads and a
few government officials (Fig. 18.3d).

Furthermore, the primary information gathered
on the people’s perception of climatic variability
and trends was later correlated with the meteo-
rological data and satellite imagery analysis in
order to verify whether perceived climate chan-
ges are actually taking place and to reappraise
adaptive strategies of the agro-pastoral commu-
nity in the study area.

18.3 Results and Discussion

18.3.1 Precipitation
and Temperature Trends

The results of the trend analysis for precipitation
and temperature (Table 18.1) show that in Darma
valley, annual, pre-monsoon and monsoon pre-
cipitation have significantly declined as com-
pared to the post-monsoon and winter
precipitation which showed no significant trend
(Fig. 18.4). These results are consistent with
studies from other high altitude regions in
Uttarakhand such as Milam glacier (Mal et al.
2019), and Bhagirathi and Saraswati-Alaknanda
basins (Bhambri et al. 2011b). Also, the
decreasing trend of monsoon precipitation and
overall annual precipitation is also observed in
other north-western Himalayan regions (Bhu-
tiyani 2016).

The overall temperature trends in the study
area are significantly increasing (Figs. 18.5,
18.6). The mean maximum temperature (in
annual, pre-monsoon and post-monsoon) showed
an increasing trend while no significant trend is
observed in monsoon and winter months
between 1975 and 2016. An increase in pre-
monsoon maximum temperature in the study area
is consistent with a significant high warming
trend (0.086 °C/yr) observed in Darchula district
of Nepal (DHM 2017) which lies in the closest
proximity of the study area. Moreover, there is an
overall seasonal and annual rise in the mean
minimum temperature for the same time period.
These results are consistent with the study con-
ducted by Mishra (2014, 2017) in all 13 districts
of Uttarakhand between 1911 and 2012, which
showed an increase in annual mean temperatures
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in Pithoragarh, where the present study area lies.
Considerable warming trend in mean annual
temperature increase (between 1968 and 2016) is
also observed in nearby Himalayan regions in
India (Bhutiyani et al. 2007, 2009; Zomer et al.
2014; Mal et al. 2019; Shafiq et al. 2018) and in
Nepal (Qi et al. 2013; Kattel and Yao 2013;
DHM 2017). At higher altitudes, the temperature
increase has changed precipitation patterns (from
snow to rain), causing cascading effects on the
snow cover and glacial mass and leading to
recession of glaciers (Sharma et al. 2009; Zomer
et al. 2016; Bhutiyani 2016; Bolch et al. 2019;
Mal et al. 2019). Thus, such changes in temper-
ature and precipitation patterns can have severe
socio-economic implications on the life and
livelihood of the local community.

18.3.2 Snow Cover Availability

In Darma valley, there has been a decline in the
snow-covered area from 881.25 km2 in 1990 to
664.41 km2 in 2018 (March–April). When ana-
lyzing the values of the snow-covered areas in
the valley, it is apparent that the share of land
covered by snow slightly increased from 1990 to
2011 and then eventually decreased by 2018
(Fig. 18.7). This corresponds to a drop of
216.84 km2 and a decline of 24.6% in total of the
snow-covered area. For the representation of
snow-covered areas (Fig. 18.8), only four Land-
sat imageries could be used due to the unavail-
ability of cloud-free satellite imageries for the
selected months (March and early April) in the
selected time period. To substantiate our results,
reference from other studies has been taken.

Fig. 18.3 a FGD with mixed group of respondents (household heads) in Dugtu village; b FGD in Sipu village; c FGD
with male household heads in Philam village; and d KII with village heads in Dugtu village
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Table 18.1 Mann–Kendall test for precipitation and temperature trends (1975–2016)

Varible Mean
Kendall
Statistic (S)

Kendall’s
Tau

Var (S) p-value
(two-tailed
test)

Alpha Sen’s
slope

Test
interpretation

Trend

Precipitation

Annual −245 −0.285 8514.333 0.008 0.05 −4.505 Reject H0 Significant
declining
trend

Pre-
monsoon

−118 −0.137 8518.333 0.021 0.05 −1.138 Reject H0 Significant
declining
trend

Monsoon −181 8514.333 8514.333 0.049 0.05 −3.329 Reject H0 Significant
declining
trend

Post-
monsoon

−81 −0.094 8514.333 0.388 0.05 −0.3 Accept H0 No
significant
trend

Winter −68 −0.079 8513.333 0.461 0.05 −0.352 Accept H0 No
significant
trend

Minimum temperature

Annual 599 0.697 8510.333 <0.0001 0.05 0.049 Reject H0 Significant
declining
trend

Pre-
monsoon

433 0.505 8506.333 <0.0001 0.05 0.053 Reject H0 Significant
declining
trend

Monsoon 660 0.771 8504.667 <0.0001 0.05 0.047 Reject H0 Significant
declining
trend

Post-
monsoon

435 0.508 8503.667 <0.0001 0.05 0.06 Reject H0 Significant
declining
trend

Winter 370 0.434 8492.667 <0.0001 0.05 0.04 Reject H0 Significant
declining
trend

Maximum temperature

Annual 257 0.3 8507.667 0.005 0.05 0.02 Reject H0 Significant
declining
trend

Pre-
monsoon

239 0.28 8501 0.01 0.05 0.035 Reject H0 Significant
declining
trend

Monsoon 138 0.161 8504.667 0.135 0.05 0.01 Accept H0 No
significant
trend

Post-
monsoon

184 0.215 8504.667 0.046 0.05 0.021 Reject H0 Significant
declining
trend

Winter 169 0.198 8497 0.067 0.05 0.025 Accept H0 No
significant
trend

Significance level (%): 5; Confidence level (%): 95
Source Own study
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In our analysis, although winter precipitation
shows no significant trend, the NDSI analysis
shows a considerable decline in the snow-
covered area. This can be explained by rein-
forced warming and melting processes. Studies
on glacier flow and recession (Sharma et al.
2009; Zomer et al. 2016; Bhutiyani 2016; Bolch
et al. 2019; Mal et al. 2019) reported change of
snow to rain due to warming temperatures in the
high altitude Himalayan regions, causing reduced
snow cover, melting of snow, and loss of glacial
mass. Bhutiyani et al. (2009) and Bhutiyani
(2016) reported reduced snowfall duration and
less snow cover due to increased warming in pre-
and post-monsoon seasons in higher altitudes of
western Himalaya. A study conducted by Mal
et al. (2019) on Milam glacier in the Gori Ganga
valley, Pithoragarh district, Uttarakhand, which
is close to the present study area, observed a
slower recession rate (21.1 ± 1.7 m a-1)

between the time period of 2001 and 2017. Over
time, other glaciers in Uttarakhand have also
shown recessions, such as Satopanth (Nainwal
et al. 2016) Bhagirathi, and Gangotri glaciers
(Bhambri et al. 2011a, b, 2012).

18.3.3 People’s Perceptions Towards
Climate Variable

The majority of the respondents perceived
changes in precipitation, snowfall, and tempera-
ture (Table 18.2). 82% of the respondents per-
ceived increasing change in annual mean
temperature whereas 78 and 85% of the respon-
dents perceived increasing changes in average
temperature in summer and winter months,
respectively. This corresponds to the assessed
overall rise in temperature in the study area.
Moreover, the perception of respondents about

Fig. 18.4 Precipitation trends in Darma valley (1975–2016)
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precipitation patterns was also in line with the
actual trends except for winter months. The
meteorological evidence shows that there has
been no significant trend in the pattern of winter
precipitation over the study period whereas 64%
of respondents perceived a decline in precipita-
tion. 69% of the respondents perceived a
decrease in overall precipitation while 50.5% of
the respondents perceived a change in precipita-
tion in monsoon months. These observations of
the respondents about change in temperature and
precipitation were reconcilable with the actual
observed trends. In addition, the respondents also
perceived a declining trend in snowfall avail-
ability or occurrence.

Furthermore, various impacts of climate
change as perceived by the respondents are
depicted in Figs. 18.9 and 18.10. For the
majority of respondents, the perceived changes in
climatic variables are expressed mainly in the
pattern of higher temperatures in summer

months, warmer temperatures in winter months,
less amount of snow in winter months, unpre-
dictable rainfall patterns, rainfall scarcity, less
number of rainy days, increased heat stress and
higher intensity of extreme events like flash-
floods, landslides, etc. An overall decline in
precipitation has been perceived by respondent.

Additionally, during questionnaire survey,
FGDs and KIIs respondents reported other per-
ceived climate change impacts such as drying up
of water sources, presence of invasive species in
pasturelands, lesser availability of wild medicinal
plants, increase in livestock diseases (foot-and-
mouth disease), change in flowering and matur-
ing season, decline in crop productivity, rapid
melting of snow in the pasturelands, less nutri-
tious forage, encroachment of shrub species, etc.
As mentioned by the respondents, these changes
have affected the socio-economic aspects of the
pastoral communities. Implications include a
decline in livestock production, diminishing

Fig. 18.5 Maximum temperature trends in Darma valley (1975–2016)
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prices of pasture products, financial uncertainty,
land abandonment due to low agricultural pro-
ductivity, food insecurity, change in dietary
habits, high dependence on the market for food
and fodder, etc. Environmental and socio-

economic changes have consequently resulted
in a decline in the overall practice of transhu-
mance while also leading to the male-dominated
rural exodus and increased pressure on women,
and social tensions within the community.

Fig. 18.6 Minimum temperature trends in Darma valley (1975–2016)

Fig. 18.7 Trend in the snow-
covered area in the study area
between 1990 and 2018
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18.3.4 Comparison of Observed
Trends and People’s
Perceptions

The results show that the majority of respondents
have experienced changes in climate in Darma
valley. Their perceptions in relation to the pre-
monsoon and winter (maximum and minimum)
temperature correspond to the assessed changes

in temperatures based on the CRU TS meteoro-
logical dataset. Perceived changes in precipita-
tion for the winter months, however, could not be
substantiated by the meteorological evidence
which does not show a significant trend in the
pattern of winter precipitation over the study
period. However, people’s response to adverse
changes in precipitation patterns has affected the
cropping patterns of the transhumant community

(a) 1990 (b) 2001

(c) 2011 (d) 2018

Fig. 18.8 NDSI snow cover maps for the years 1990, 2001, 2011 and 2018
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in the study area. Major changes in cropping
patterns include changed timing of agronomic
practices (sowing, harvesting, irrigation fre-
quency, etc.), use of HYV seeds and cultivating
less water-intensive crops (beans, potatoes,
colocasia, cabbage, carrots, maize, etc.) to cope
up with ongoing changes in climate. More
recently, there has been a shift to horticulture

(apple farming), supported by incentives given
by the government. Similar kind of alterations in
cropping patterns have also been observed in
similar to other regions in Uttarakhand (Sati
2015; Rautela and Karki 2015; Shukla et al.
2019) and other Himalayan states of Jammu and
Kashmir (Batool et al. 2019) and Himachal
Pradesh (Basannagari and Kala 2013; Ndungu

Table 18.2 Perception of transhumant pastoralists towards climatic variables

Variable Increasing Decreasing Unpredictable No
change

Don’t
know

1 Annual mean temperature 164 (82) 3 (1.5) 27 (13.5) 3 (1.5) 3 (1.5)

2 Temperature in summer (pre-
monsoon) months

156 (78) 13 (6.5) 29 (14.5) 0 (0) 2 (1)

3 Temperature in winter months 170 (85) 2 (1) 17 (8.5) 7 (3.5) 4 (2)

4 Annual precipitation 3 (1.5) 138 (69) 55 (27.5) 4 (2) 0 (0)

5 Monsoon precipitation 9 (4.5) 101 (50.5) 82 (41) 2 (1) 6 (3)

6 Winter precipitation 5 (2.5) 128 (64) 56 (28) 3 (1.5) 8 (4)

7 Snowfall availability/occurrence 3 (1.5) 154 (77) 37 (18.5) 3 (1.5) 3 (1.5)

Note n = 200; the brackets indicate percentage of respondents

Fig. 18.9 Transhumant pastoralists’ level of agreement towards different statements
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and Bhardwaj 2015; Loria and Bhardwaj 2016).
The observed results regarding overall increase
in mean annual temperature and warmer winters
are consistent with recent studies in Kailash
Sacred Landscape region of India by Zomer et al.
(2014), North-west Himalayan region over the
last century (Bhutiyani et al. 2007, 2009; Bhu-
tiyani 2016), and upto 0.6 °C/decade between
1980 and 2009 in western Nepal regions (Kattel
and Yao 2013). Additionally, the warming trend
of temperature and declining trend of precipita-
tion in the study area is found to be consistent
with previous studies in Uttarakhand (Bhutiyani
et al. 2007; Bhutiyani et al. 2009; Mishra 2014;
Dobhal et al. 2015; Mishra 2017; Mal et al.
2019), in Kashmir valley, Jammu and Kashmir
(Shafiq et al. 2018) and Nepal (Qi et al. 2013;
Kattel and Yao 2013; DHM 2017). Another
study by Negi et al. (2012) in Uttarakhand
reveals that precipitation and temperature trends
affect the discharge, volume, and availability of
water which in turn affects the farmer’s com-
munities. In Ladakh, agriculture is being affected
due to reduced snow and ice as farmers are
experiencing an acute shortage of water for irri-
gating the crops (Clouse et al. 2017). In the study
area, increased incidences of extreme events
(landslides, flash-floods, forest fires, etc.) were
also perceived by the respondents. The 2013
flood in Uttarakhand led to wide-scale misery
and havoc in the lives of people all across the
state, killing more than 5000 people (Rautela
2013; Awasthi et al. 2014), including people in
the study area.

18.4 Conclusion

The adverse changes in climatic variables, espe-
cially temperature, precipitation and snow cover
in Himalayan regions have altered the socio-
economic dynamics of the marginalized local
communities. At the same time, ongoing glob-
alization, rapid urbanization, low levels of eco-
nomic development, and other social transition
processes have significant implications on the
lives and livelihoods of mountain communities.
The combined effects of socio-economic change
and changing precipitation patterns, rise in tem-
peratures and less snowfall availability have
resulted in water scarcity, crop loss, less nutritive
pastures, fodder scarcity, change in cropping
patterns, emergence of insects and pests, and low
livestock production. This has further led to
economic uncertainties, food insecurities, aban-
donment of land holdings, accelerated outmi-
gration and societal conflicts over resources,
affecting various socio-economic aspects of
mountain pastoral communities.

Across Himalayan regions, mountain liveli-
hoods are constantly adapting to change, diver-
sifying and evolving. People are combining farm
with non-farm activities (such as daily wage
labour, tourism services and labor migration) to
gain more economic benefits (Gioli et al. 2019)
and further to adapt to socio-economic and
environmental changes being experienced by
them. Over time, environmental and socio-
economic changes (a particular stressor was the

Fig. 18.10 Transhumant
pastoralists’ level of
agreement towards pasture
productivity
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Indo-China war of 1962) have resulted in a
decline of traditional practices of transhumance
and sedentary agriculture among the pastoral
community in Darma valley. People have diver-
sified their livelihoods by engaging in govern-
ment wage labor schemes, tourism services
(trekking and homestay), transport business, and
collection and selling of medicinal plants to
name a few. Considering the potential impacts of
climate change on mountain livelihoods, there is
an urgent need to mitigate and adapt to these
environmental changes. Local community’s per-
ception of climate change can be crucial for
policy makers to better plan and implement
mitigation and adaptation strategies at regional,
national and global levels as perception-based
studies can substantially complement the
observed climate change evidences for remote
data-deficient locations like Darma valley in
Uttarakhand. Also, in the face of the current
climate change scenario, building the capacity
for the affected pastoral communities to adapt
and strengthen the socio-ecological system
through effective sustainable adaptation mea-
sures demands attention. However, whether these
benefits are realized depends on how well these
mitigation and adaptation measures are proac-
tively adopted, implemented and managed.
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19Current Crisis and Future Woes: The
Case of Climate Change
in the Drakensberg Mountains
Region of Southern Africa and Its
Socio-economic Impacts
in the Region

Geoffrey Mukwada

Abstract

The Drakensberg, the largest mountain range
of southern Africa, is currently facing a crisis
from its changing climate, with the certainty
of future woes looming. This paper investi-
gates how the climate of the Drakensberg
mountain region has changed between 1960
and 2016 and the implications that this change
has for the social-ecological systems of the
region and southern Africa as a whole. The
paper uses temperature and precipitation data
to conduct time series and spatial analyses and
assesses how maximum temperature and pre-
cipitation varied during this period. Anomalies
for maximum temperature and standardized
precipitation index (SPI) were calculated and
used to evaluate the changes that have
occurred to these variables, as well as impli-
cations for local habitats, water supply and the
socio-economic status of southern Africa. The
results indicate that between 1960 and 2016
the average maximum temperatures of the
Drakensberg mountains increased by more
than 2 °C, while changes in precipitation were
statistically insignificant (p = 0.899). How-
ever, the frequency of extreme and severe

droughts has increased. As a conclusion, the
paper recommends the development of effi-
cient climate adaptation strategies by policy
makers, to ensure that the current crisis and
imminent woes are averted.

Keywords

Drakensberg mountains � Drought �
Ecosystem services � Social-ecological
systems � Standardized precipitation index

19.1 Introduction

African mountains are under threat from climate
change. Their vulnerability is influenced by
altitude. Climate modelling has shown that cli-
mate change will affect the production of climate
sensitive crops in mountain regions in some parts
of southern Africa. For instance, the climatic
suitability of coffee in Eastern Highlands of
Zimbabwe, especially Chipinge, Chimanimani
and Mutare districts, is likely to decrease (Che-
mura et al. 2016). Similarly, the effects of climate
change have been equally conspicuous in the
East African Mountains, particularly Mt Meru
and Mt Kilimanjaro (Hemp 2005, 2009; Munish
and Sawere 2014). Hemp (2009) reported of
varnishing glaciers and loss of forest cover on Mt
Kilimanjaro. Compared to the glacier cover in
1912, Mt Kilimanjaro lost 82% of its ice cap in
92 years (Hemp 2005). Kaser et al. (2004)
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attribute this glacial retreat to a complex combi-
nation of changes in air temperature, air humid-
ity, precipitation, cloudiness and incoming
shortwave radiation, rather than warming alone.
Mt Kilimanjaro has also lost a third of its forest
cover, partly due to climate induced fires (Hemp
2009). While most of the fires in this mountain
area have started by humans, their effect would
be less devastating if the climate had not become
drier (Hemp 2009). In East African Mountains,
despite an increase in rainfall that has been
reported in some catchments (Munishi and
Sawere 2014), climate change has altered
hydrologic systems and worsened water and food
insecurity in local communities. Overall, there
has been a decrease in regional precipitation and
an increase in drought frequency in these
mountain areas (Munishi and Sawere 2014). In
Mt Kilimanjaro, climate change has even been
reported to have triggered speciation in Orthop-
tera species (Voje et al. 2009). Research in the
Atlas Mountains suggests that climate change
could lead to a temporal shift in both the vege-
tation cover and rainfall patterns (Simonneaux

et al. 2015). Anticipated heavier rainfall on
poorly protected soils, resulting from intensifi-
cation of human activity and a shift in the veg-
etation patterns, will contribute to large increases
in rates of soil erosion (Simonneaux et al. 2015).
The vulnerability of mountains to climate change
arises from the fragile nature and high biodiver-
sity value of mountain biota (Carbutt and
Edwards 2015).

The objective of this paper is to assess climate
change in the Drakensberg mountains of south-
ern Africa and evaluate the impact of this change
on social-ecological systems of the communities
living in these mountains, as well as the impli-
cations for livelihoods in southern Africa as a
whole. Using Climate Research Unit Time Series
4.01 monthly observation data for the Drakens-
berg mountains, the paper assesses how climate
change has affected precipitation and temperature
trends, as well as the anomalies of these variables
between 1960 and 2016. The Drakensberg
mountains sprawl over Lesotho and the eastern
part of South Africa (Fig. 19.1), where they
cover large portions of the Eastern Cape, Free

Fig. 19.1 South African main mountain belt and selected grid points
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State, KwaZulu Natal and Mpumalanga pro-
vinces of South Africa. Understanding how the
climate of this region is changing will not only
help policy makers in these two countries to plan
better for mitigation but will also have a variety
of applications in hydrological, ecological, social
and agricultural studies and related fields.

This study is based on two key interrelated
approaches. The first involves the analysis of
trends for precipitation and maximum temperature
for the period between 1960 and 2016. Trends for
three locations, including (from north to south)
Ermelo, Harrismith and Maseru (Fig. 19.1), were
compared in order to determine how the climate of
the region has been changing through time. The
second approach involves the spatial analysis of
severe and extreme climate events, including
drought and wet conditions in order to identify
areas that are most vulnerable to climate change.

19.2 Study Area

The Drakensberg mountains are a chain of
mountains stretching for a distance of over
1000 kms and are roughly divided into six units,
including from the north to the south the Mpu-
malanga, Enkangala, Northern, Southern, Maluti
and Eastern Cape Drakensberg units in that
order. Drakensberg literally translates to “Dragon
Mountains”, in Afrikaans. The Drakensberg are
also locally known as Ukahlamba, in isiZulu,
depicting the spear-like resemblance of their
morphological appearance that is characterized
by jutting summits. The Sotho people call them
the “Maluti”, meaning mountains. The Drak-
ensberg Mountains are the highest in southern
Africa and they lie at the interface between the
sub-continent’s drier, colder, more seasonal
interior and its perennially productive sub-
tropical coastal belt (Stewart and Mitchell
2018). Some prominent scenic landforms found
along the Drakensberg include the Cathedral
Peak and Sentinel Peak, Champagne Castle,
uThukela Falls and Monks Cowl. The Monks
Cowl is located between the Champagne Castle
and the Cathedral Peak and earned its name from
its hood like shape.

The Drakensberg mountains experience cool
summers and severe cold winters, with summer
temperatures ranging between 10.8 and 23 °C at
the summit (Carbutt et al. 2013), while winter
temperatures fall below 0 °C, though both vary
spatially according to altitude, latitude and con-
tinentality. The Drakensberg mountains are
characterized by low and variable rainfall
(Grundling et al. 2013). The Drakensberg
Escarpment receives relatively higher amounts of
precipitation compared to the rest of the region,
with annual precipitation exceeding 2000 mm in
some places (Nel and Sumner 2008). Mukwada
et al (2016: 384) referred to the Drakensberg as
‘‘water factories of the region’’ due to their
higher levels of precipitation and the prevalence
of wetlands, which feed water into the most
viable catchments that Lesotho, South Africa and
Namibia depend on for water supply, mainly
through two water transfer schemes, the Tugela
Vaal Scheme and the Lesotho Highlands. These
schemes are the primary source of water for
agriculture, industry and commerce in South
Africa.

Phytogeographically, the Drakensberg Alpine
Centre is the only centre of plant endemism in
southern Africa which is characterized by an
alpine environment, making the Drakensberg
mountains a region of rare assemblage of unique
floristic and ecosystem diversity, depicting
complex vegetation formations and habitats.
Pumeza (2015) notes that the Drakensberg
comprises three distinct altitudinal zones, namely
montane, sub-alpine and alpine zones. The
montane zone is generally found between 1280
and 1829 m above sea level (masl). This zone is
generally dominated by Protea savannah and
Afromontane forest, especially in sheltered gor-
ges, with the former being the most dominant on
north-facing slopes and the latter on south-facing
slopes of the gorges. The sub-alpine zone ranges
between 1829 and 2865 masl. This zone is
dominated by fynbos and Themeda-Festuca
grassland (Pumeza 2015). The uppermost zone
is the alpine zone, which is largely found
between 2865 and 3353 masl. Erica and
Helichrysum are the most dominant species in
this zone (Pumeza 2015).
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Due to its species richness and spectacular
landscapes, as well as occurrence of endemic
species and other natural resources, the Drak-
ensberg mountains are associated with numerous
livelihood activities that are undertaken by local
communities, including mining, agriculture,
tourism (Magi and Nzama 2009; Mukwada et al.
2016; Mutana and Mukwada 2019) and pas-
toralism (Morris 2017a). Morris (2017a: 219)
notes that “livestock, which graze largely on
rangeland, are an indispensable part of the
national and household economies and cultural
life in Lesotho as well as providing many useful
goods and services such as draught, transport,
meat, milk, dung, hides and skins, for the
Basotho people”. Ninety per cent of people liv-
ing in rural communities around the Mariepskop
Mountain in the Mpumalanga Drakensberg
region depend on firewood and water from the
mountain, while 56% of them need better access
to its resources (Ngwenya et al. 2019). Some
ecosystem services relate to the land use activi-
ties practiced in the region (Fig. 19.2). These
activities are central to the livelihoods and are
therefore critical for sustaining the social-
ecological systems of local communities.

Due to high levels of poverty, communities
living in the Drakensberg mountains depend

directly on resources drawn from the mountains,
including wild foods such as vegetables and
fruits, as well as phytomedicines.

19.3 Database and Methodology

Climate Research Unit Time Series (CRU-TS) 4.01
data were downloaded from the Climate Explorer
Website. The CRU-TS data set “was developed
and has been subsequently updated, improved and
maintained with support from a number of funders,
principally the UK's Natural Environment Research
Council (NERC) and the US Department of
Energy” (https://crudata.uea.ac.uk/cru/data/hrg/cru_
ts_4.01/Release_Notes_CRU_TS4.01.txt).

The data comprised of both temperature and
precipitation data for the period between 1960
and 2016. The resolution of the data was
0.5° � 0.5° and covered the mountain belt that
was delineated from a digital elevation model
(DEM), comprising all areas whose altitude
exceeds 1 600 m above sea level (masl). Fig-
ure 19.1 shows the delineated belt and the grid
points that were included in the analysis. Time
series and spatial analyses of the data were
undertaken. Standardized precipitation index
(SPI) values were calculated from the rainfall
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data using the drought indices calculator, an
online tool. Originally developed by Vicente-
Serrano, the SPI allows for the monitoring of dry
and wet periods over a wide spectrum of tem-
poral scales due to the advantage that it is tem-
porarily and spatially comparable, independent
of geographical and topographical differences
based on precipitation anomalies. This makes
assessments of drought (and also wet conditions)
possible even in the absence of other hydrome-
teorological measurements (Manatsa et al. 2010).
The SPI is the number of standard deviations that
an observed precipitation value would deviate
from the long-term average if the precipitation
was normally distributed (Türkeş and Tatli 2009;
Mbiriri et al. 2018a). However, one important
limitation of this study is the unavailability of
long-term station data, which necessitated use of
modelled data. Another limitation relates to the
resolution of the data (0.5° � 0.5°), which was
not high enough to allow micro-level analysis in
a mountain environment where micro-level
topographic variations are obvious.

The SPIs that were calculated were for the
October–March period. This provided an overall
picture about adequacy of precipitation throughout
the entire summer season, the main season in
which the mountain region receives most of its
precipitation. The SPI values were then classified
using McKee et al (1993) classification, and the
years that were characterized by severe and extre-
mely wet and dry conditions were identified, while
their frequencies were calculated. Table 19.1 pro-
vides a summary of the classification that was
developed by using McKee et al. (1993).

19.4 Results

The results from the empirical data used in this
study confirm that the climate of the Drakensberg
is changing. As shown in Figs. 19.3, 19.4 and
19.5, maximum temperatures increased signifi-
cantly between 1960 and 2016. The trends of
temperature change for all the three locations
whose trends were analysed in this study, namely
Ermelo, Harrismith and Maseru, are generally
uniform, suggesting that the cause of the change

could be the same. At all the three locations,
temperatures increased by more than 2 °C
between 1960 and 2016. This suggests that
warming has been a universal phenomenon in the
mountain areas.

However, as shown in Fig. 19.6, there has not
been any significant changes in the amount of
precipitation received between 1960 and 2016.
Nevertheless, the analysis revealed that average
precipitation for the whole region is highly vari-
able, occasionally leading to frequent droughts.

When correlation analysis was performed to
determine if there is any relationship between
temperature changes and average precipitation
recorded at the 34 grid points located in the
mountain region, the results indicate that at all
the locations, temperature negatively correlates
with precipitation. This applies for all the three
towns that were sampled for this study, namely
Ermelo, Harrismith and Maseru, with correlation
coefficients of −0.30, −0.24 and −0.27, respec-
tively. However, the relatively low correlation
coefficient values suggest that there could be
other factors that account for the variability of
precipitation in the region, apart from
temperature.

Figure 19.7 shows the temporal variation of
severe and extreme wet years in the Drakensberg
region. As shown in Fig. 19.7, the frequency of
these events has generally decreased since the
early 1990s, with notable gaps for the period
between 2002 and 2009 and the post 2012
period.

The highest frequencies of extreme wet years
have been evident in the extreme northern and
southern parts of the mountain region, as shown
in Fig. 19.8, especially in the northern parts of
the Eastern Cape Province and central regions of
Mpumalanga Province. On the other hand, severe
wet years have been mostly associated with the
middle belt of the mountains, especially in the
eastern parts of the Free State Province and the
northern parts of Lesotho (Fig. 19.9).

When compared to severe wet and extreme
wet events, severe and extreme drought events
seem to have increased since 2000 (Fig. 19.10).

The most severe and widespread drought that
was recorded in the Drakensberg occurred during
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the 2015–2016 regions. Between 1960 and 2016,
the southern parts of Lesotho experienced the
highest frequency of extreme drought, as indi-
cated in Fig. 19.11, whereas the central parts of

Lesotho and western regions of the Mpumalanga
Province recorded the highest frequency of sev-
ere droughts compared to the rest of the moun-
tain belt (Fig. 19.12).

y = 0,0327x - 42,395

R² = 0,453
p<0,00

Fig. 19.3 Changes of maximum temperature at Ermelo between 1960 and 2016 and maximum temperature anomalies
between 1960 and 2014. Data sourced from the Climate Research Unit Time Series 4.1

y = 0,029x - 35,514
R² = 0,4116

p<0,00

Fig. 19.4 Changes of maximum temperature at Harrismith between 1960 and 2016 and maximum temperature
anomalies between 1960 and 2014. Data sourced from the Climate Research Unit Time Series 4.1
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It is noteworthy that in some cases the areas
that have experienced extreme and severe wet
conditions are the same as those that are affected
by severe and extreme droughts. As shown in
Fig. 19.13, during the 1975–1976, drought
Lesotho experienced the most extreme wet con-
ditions, as denoted by the low SPI values.

However, during the 1995–1996 period,
Mpumalanga Province (Fig. 19.14) recorded

the wettest conditions. Figures 19.15 and 19.16
provide typical examples of years when the
lowest SPI values were recorded in regions that
normally receive the highest amounts of pre-
cipitation, while Fig. 19.17 shows the areas
that were affected by the 2015–2016 drought.
As shown in Fig. 19.17, the 2015–2016
drought was not only widespread but also quite
severe.

Fig. 19.5 Changes of maximum temperature at Maseru between 1960 and 2016 and maximum temperature anomalies
between 1960 and 2014. Data sourced from the Climate Research Unit Time Series 4.1

Fig. 19.6 Average amount of precipitation recorded at 34 mountain grid points between 1960 and 2016. Data sourced
from the Climate Research Unit Time Series 4.1

19 Current Crisis and Future Woes: The Case of Climate Change … 455



Fig. 19.7 Temporal variation of severe and extreme wet years in the Drakensberg mountains between 1960 and 2016

Fig. 19.8 Spatial variability of the frequency of extreme wet years between 1960 and 2016

456 G. Mukwada



Fig. 19.9 Spatial variability of the frequency of severe wet years between 1960 and 2016

Fig. 19.10 Temporal
variation of severe and
extreme drought years in the
Drakensberg mountains
between 1960 and 2016
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19.5 Discussion and Future
Implication

The results of this study indicate that even though
the amounts of precipitation received in the Drak-
eneberg mountains have been variable, changes in
the amount of precipitation received in the Drak-
ensberg mountains between 1960 and 2016 are not
statistically significant. However, maximum tem-
perature has risen significantly, as shown in
Figs. 19.3, 19.4 and 19.5. The swing of tempera-
ture anomalies from the negative values that pre-
vailed before 1980 to the positive ones in the post
2000 phase confirms a rise in temperature.

From the results presented in the foregoing
section, there are some inferences that can be
drawn about the relationship between tempera-
ture and precipitation. Between 1960 and 2016,
most of the precipitation was received in summer

when temperatures are generally high, suggesting
that the dominant type of rainfall received in the
mountain region is of convectional type. How-
ever, an increase in temperature has a negative
effect on precipitation and has the capacity to
trigger other undesirable environmental condi-
tions which reduce chances of precipitation
occurring. Results from this study indicate that
the years that recorded the highest maximum
temperatures also recorded the lowest average
amounts of precipitation, leading to drought.
Examples are 1992 and 2015, both of which were
drought years. This can be explained within the
context of changes in relative humidity. Exces-
sively high temperatures reduce relative humidity
and lower chances of precipitation, since the
ambient air can never fully reach its dew point
temperature. Beniston (2003) has reported simi-
lar rapid and systematic changes in climatic
parameters in the Alps, in particular temperature

Fig. 19.11 Frequency of extreme drought years in South African mountain regions between 1960 and 2016
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and precipitation, which have varied drastically
over very short distances and led to enhanced
direct runoff and erosion. Beniston (2003) also
noted systematic variations in other environ-
mental conditions such as radiation, as well as
soil types, all of which have been shown to
exhibit an elevation dependency on temperature
trends and anomalies.

The results discussed above suggest serious
implications for both the environment and the
social-ecological systems of the Drakensberg
region. Even if precipitation does not change, a
warming climate is likely to put additional water
stress on water resources in the future (Hulme
et al. 2001), posing a threat to vegetation health
(Mukwada and Manatsa 2018) and ecosystem
services in general. The results of this study also
confirm findings from earlier studies conducted
in the region. However, in the Drakensberg

mountains, climate change is not only a threat to
economic activities undertaken by the mountains
and downstream communities, but will also an
onslaught on the livelihoods of these communi-
ties. It has already been established that the role
of mountains in global water resources could be
significantly altered by climate change (Viviroli
et al. 2011).

The impact of a warming climate in the
Drakensberg mountain ecosystems could extend
to the hydrological, ecological and societal sys-
tems of these mountains (Mbiriri et al. 2018b)
and enhance uncertainties associated with
extreme weather events. Rosenzweig et al.
(2001) note that even relatively small changes in
mean temperature can result in disproportion-
ately large changes in the frequency of extreme
weather events such as spells of very high tem-
perature, torrential rains and droughts. From the

Fig. 19.12 Frequency of severe droughts years in South African mountain regions between 1960 and 2016
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results above, it is evident that maximum tem-
perature has risen significantly at all the three
locations included in this study, signifying uni-
versal warming in the Drakensberg region. This
has serious implications for both the region and
South Africa as a whole. The remaining part of
this paper highlights the implications for two
categories of impacts, namely those associated
with habitat changes and those that relate to
socio-economic impacts.

In the Drakensberg mountains, a number of
biophysical changes are likely to arise due to cli-
mate change. These include direct impacts such as
loss of biodiversity and indirect impacts like soil
erosion and siltation. Bishop et al. (2017: 106)
note that “organisms tend to have larger thermal
tolerance ranges in environments known to be
more variable and this is due to greater variation
in lower thermal tolerance limits”. In mountain
regions, climate change is likely to undermine the
survival of many organisms whose thermal

tolerance limits are already restricted. Plant and
animal communities are likely to be affected by
changes in thermal temperature limits. For
example, since low temperatures limit the distri-
bution of C4 grasses in the Drakensberg moun-
tains, a warmer climate and longer growing
seasons will enable C4 grasses to colonize higher
and previously cooler slopes (Angelo and Daehler
2015), thus altering grazing dynamics. Adjorlolo
et al. (2015: 49) note that “increases in tempera-
ture should favour C4 species, and C3 species
could possibly move up to higher altitudes or into
south-facing cooler and moister slopes in response
to increasing temperatures”. The elevational range
of shrubs is likely to increase (Morris 2017b),
hence leading to bush encroachment and increase
pressure on remaining pastures (Morris 2017b).

However, only a few studies have investigated
temporal variations of elevational diversity of
species (Bishop et al. 2014). Climate change is
one factor that can alter elevational diversity. Due to

Fig. 19.13 Frequency of extreme wet years in the Drakensberg mountains
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Fig. 19.14 Variability of SPI values during the 1975–1976 wet season

Fig. 19.15 Variability of SPI values during the 1995–1996 wet season
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Fig. 19.16 Variability of SPI values during the 1982–1983 drought season

Fig. 19.17 Variability of SPI values during the 2015–2016 drought season
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climate change, species distributions are expected to
shift along elevational gradients as well as along
latitudinal gradients (Wilson et al. 2005; Colwell
et al. 2008). Changes in species distribution will
have many negative effects on social-ecological
systems in mountain communities. Some rare plant
species, especially endemic species, might become
locally extinct and unavailable to mountain com-
munities that depend on them for food, pasture or
medicines. Many Basotho people, the indigenous
people of the Maluti Drakensberg region, depend on
phytomedicines for their health. A number of forb
species are used for medicinal and horticultural
purposes and are openly traded by venders (see
Figs. 19.18 and 19.19). Species such as the Arum
lily (Scilla natalensis), Helichrysum spp., Ledeburia
spp., Pineapple lily (Eucomis spp) and Watsonia
spp. are used by the Basotho for medicinal purposes
(Zondo, 2016). Similarly, rare species such as
Brunsvigia spp., Arum lily and pineapple lily are
highly sought after because of their ornamental
worth. Many other plants, including grasses and
sedges, are used by locals as thatch or raw materials
for brooms, mats and hats. This demonstrates the
range of goods and ecosystem services that local
people derive from the Drakensberg mountains.
These rare and highly sought after species are
threatened with extinction due to climate change.

Changes within plant communities could put
pressure on pastures and worsen overgrazing, as

some palatable grass species are heavily foraged
by livestock. Previous studies have revealed that
sustained overgrazing contributes to accelerated
erosion and alter the composition, structure and
overall productivity of mountain rangelands
(Morris 2017a). Also, overgrazing enhances
surface runoff and accelerated erosion
(Fig. 19.20), which will contribute to high silta-
tion and reduction of surface water resources in
downstream communities. Overgrazing can pave
way for invasion by species that are not palatable
to livestock. The most prominent plant invader is
the black wattle (Acacia mearnsii), an exotic tree
species which communities in the Maluti Drak-
ensberg are already struggling to bring under
control. Silver wattle (Acacia dealbata), Green
wattle (Acacia decurrens) and Tree of heaven
(Ailanthus altissima) are some of the invasive
species that have been declared noxious weeds
because of the threat they pose to wildlife con-
servation in the Golden Gate Highlands National
Park (SanParks 2012). Some invasive species
such as the black wattle and Leucosidea sericea,
a native species, have a high affinity for water.
Their proliferation might lead to widespread soil
desiccation and undermine the survival of other
species in the environment.

Considering that the Drakensberg mountains
are a critical water source for South Africa, 50%
of whose GDP depends on this water source, it is

Fig. 19.18 a A Basotho vendor selling artefacts at a
traffic circle near Katse Dam in Lesotho where tourists
frequently visit. b On display are artefacts such as
brooms, hats, mats, walking sticks (knobkerries) and other

accoutrements sold by on a pavement by vendors in
Phuthaditjhaba, in Qwaqwa, the former homeland of the
Sotho people in South Africa

19 Current Crisis and Future Woes: The Case of Climate Change … 463



evident that climate change will have serious
socio-economic implications for both South
Africa and the southern African region as a
whole. Water shortages due to increased evapo-
transpiration caused by a warming climate will

affect a number of sectors of the economy,
leading to a fall in GDP, reduced employment
and worsening of poverty in the region. As
explained below, within both the Sequ-Orange
Basin and the Gauteng Region, sectors such as

Fig. 19.19 A stall of herbal medicines located in front of a clothing shop in Phuthaditjhaba

Fig. 19.20 Overgrazed land around Kase Dam in
Lesotho. In the foreground is degraded land largely
affected by sheetwash erosion. In the middle ground is
cultivated land. As shown in the photo, steeply inclined

land is terraced to make it possible for farmers to grow
crops. Unfortunately, due to land shortage, cultivation is
often practiced in unsuitable areas, including those close
to water bodies where siltation is slowly taking its toll
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industry, agriculture and tourism which depend
directly on water from the Drakensberg mountain
region will all be negatively affected.

The Gauteng Region is South Africa’s biggest
economic hub and directly and indirectly sup-
ports livelihoods of many people across the
whole of southern Africa. Commodities pro-
duced in this region are traded in the whole of the
Southern Africa Development Community
(SADC) Region, embracing Botswana, Mozam-
bique, Zimbabwe, Zambia, Malawi, Democratic
Republic of Congo, Namibia, Madagascar, Tan-
zania and South Africa itself. In recent years, the
food security of millions of people in this region
has been dependent on South Africa because of
recurrence of drought in the region. In the
Drakensberg mountain region, where the promi-
nence of tourism is steadily increasing, local
water shortages and land degradation are likely
to worsen by climate change. In recent years, the
region has been affected by a spate of serious
droughts. As shown in Fig. 19.11, the areas that
have been affected by severe and extremely
severe drought include the central and southern
parts of Lesotho and western parts of
Mpumalanga.

The effect of shortage of water will be most
felt in human settlements that depend on water
from the Drakensberg mountains. Critical short-
ages of water have already been reported in some
communities in the Drakensberg mountains. For
instance, communities in Qwaqwa, which is
located in the eastern part of the Free State
Province, are currently facing severe water
shortages. Shortage of water is likely to become
the biggest threat to the sustainability of human
settlements. With persisting positive temperature
anomalies, shortage of water for both economic
and domestic use could worsen in the future as a
result of high recurrence of drought caused by a
warming climate, leading to economic depres-
sion and the worsening of the livelihoods mil-
lions of people in southern Africa. The ensuing
hydropolitical problems will fuel social conflicts
in a region that has already been ravaged by civil
wars. This will exacerbate the prevailing refugee
and xenophobic crisis. Water shortages will be
most critical in towns and cities that are found in

karoo or semi-arid environments, for instance
Bethlehem and Bloemfontein, both of which are
situated within the Sequ-Orange Basin. Nearly
70% of Bloemfontein’s water supply is derived
from the Drakensberg mountains through the
Lesotho Highland Water Project. Similarly,
Durban, an industrial and tourist hub situated
along the eastern coast of the country, depends
on water from the Drakensberg mountains. The
Thukela River, which drains into the Indian
Ocean, is an important source of freshwater for
this city and is part of the water transfer scheme
linking Lesotho and South Africa. Loss of rev-
enue from water exports to South Africa will
undermine Lesotho’s GDP and worsen poverty
in the country. Currently, plans for Phase 2 of the
Lesotho Highland Water Project, which is
scheduled for completion by 2020, are underway
to augment water exports to South Africa at a
cost of R20 billion.

19.6 Conclusion

The results of this study indicate that the climate
of the Drakensberg mountain region is becoming
warmer, while droughts are becoming more fre-
quent due to reduced rainfall reliability. These
changes have already started to create environ-
mental challenges which will impact negatively
on habitats, ecosystem services and the liveli-
hoods of both mountain and downstream com-
munities in the future. Thus, it can be concluded
that the effects of climate change in the Drak-
ensberg mountains, just like those in other parts
of southern Africa, are similar to those experi-
enced or anticipated in mountain regions in other
parts of the African continent. Patterns and trends
of climate change experienced or anticipated in
the Drakensberg closely resemble those reported
in other mountain regions elsewhere in Africa.

In order to address the impact of climate
change induced uncertainties in the Drakeneberg
mountains and their implications for the social-
ecological systems of southern Africa, more
research is needed on the adaptation measures
that can be developed to ensure the continual
supply of ecosystem services that support the
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livelihoods of both mountain and downstream
communities. The uncertainties arising from
impacts of climate change in the Drakensberg
make the future of southern Africa bleak. Pangs
of future woes have already started manifesting
themselves as the climate change crisis deepens.
Policy makers in southern Africa, particularly in
Lesotho, South Africa and Namibia, need to
redesign climate adaptation policies to ensure
secure and sustainable livelihoods of these
communities and avert socio-political upheavals
in the future.
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Part II

Response Processes of Mountain
Environments to Land Use Change

Introduction

This part presents a compilation of contributed
chapters from researchers in a variety of fields,
who address effects of land use changes in
mountain environments from different perspec-
tives and in different mountain regions of Asia,
Europe, and North America. The collection of
case studies allows for developing a compre-
hensive view on current and historical land use
changes in mountains of the Global South and
North, ranging from effects of changing agricul-
ture and pastoralism over forest/water resources
management and urbanization processes to
landscape management and biodiversity conser-
vation. The studies showcased in this part are
based on fieldwork, complemented by remote
sensing and modelling approaches. The common
ground of the following case studies is the
dynamics of mountain environments, triggered
by the alteration of complex resource utilization
strategies in space and time and accelerated by
impacts of globalization. Over the past decades,
modified land use intensities and land use sys-
tems have had tremendous effects on mountain
landscapes. Geoecological settings and eco-
nomic, political and socio-cultural aspects in
mountain regions are interwoven in a very
complex manner. In this context, changing land
use systems point to changing interrelationships
between state policies, local power relations,
cultural adaptations and external interferences at
the interface between the ecosystem and the

anthroposystem. As obvious from the following
case studies, effects of changing land use systems
often contradict the UN Sustainable Develop-
ment Goals. Thus, it is imperative, in particular
in mountain regions, to redirect land use modi-
fications towards promoting sustainable use of
terrestrial ecosystems, reversing land degrada-
tion, and halting biodiversity loss.

The first four case studies address land
use/land cover changes in the Himalayan
mountain system. Respective changes in the
western Himalaya (S. Rani and S. Sreekesh) and
in the foothills of the eastern Himalaya (V.
P. Sati; J. Debnath et al.) are stongly linked to
driving forces such as demographic changes,
cropland expansion, political/administrative
interventions, rural-urban migration, and shift to
non-agrarian activities. Heterogeneous land use
patterns in each study area and diverging trajec-
tories of change suggest that caution is advisable
in attempting to generalize results within a
mountain system. Another Himalayan case study
(M. M. Anees et al.) addresses the impact of
urbanization processes on land use/land cover
changes and infrastructure development with
focus on the Indian Himalayan regions, high-
lighting the role of rural to urban migration as
major driver. The need for a revised agriculture
and land use policy in supporting crop diversi-
fication, agricultural productivity, and climate
resilience is stressed in a case study in the Cen-
tral Highlands of Sri Lanka (M. Peiris and A.
D. N. Gunarathne). Montane and alpine



grasslands responses to changing grazing
regimes are analysed in the next two case studies
in the Qilian Mountains (NE Tibetan Plateau)
and in the mountains of NW Greece. Degrada-
tion of grazinglands, reflected in vegetation
structure, plant species composition, and soil
physical and chemical properties, is a conse-
quence of overuse of grazing resources in the
Qilian Mountains in recent decades (A. Baranova
and U. Schickhoff), while the NW Greece case
study (M. Vrahnakis and Y. Kazoglou) high-
lights the chance of improved rangeland man-
agement and biodiversity conservation associated
with changes in grazing management schemes.
The significance of maintaining traditional graz-
ing and forest management practices for biodi-
versity and cultural landscape conservation
becomes particularly evident in the case study in
the mountains of NW Spain (I. J. Diaz-Maroto)
where sustainable land management faces the
challenge of land abandonment. Providing pale-
operspectives is often the key for understanding
present-day landscape patterns as obvious from
the case study in the northern European Alps (A.
Friedmann et al.). Pastoral use of alpine graz-
inglands has played a major role in the history of
vegetation, and sheep grazing continues to be
highly significant for recent vegetation dynamics
on the Zugspitzplatt. The difficulties of disen-
tangling land use and climate change effects on

treeline dynamics are highlighted in the case
study from Norway (A. Bryn and K. Potthoff)
which identified land use changes as the main
driver for treelines shifting towards higher ele-
vations while climate warming is facilitating this
process. Future water demand exceeding water
supply is a prominent feature of change in
mountain regions. The case study in the Wasatch
Mountains in Utah (M. A. Baker and C. G. Flint)
explores the dynamics of this water tower system
and the challenges on the road to a mutual
agreement on water management and planning.
Several research and development institutions
have emerged in recent decades as important
drivers in generating awareness and increasing
attention to sustainable mountain development.
The International Centre for Integrated Mountain
Development (ICIMOD), supporting regional
and transboundary cooperation in the HKH
region, is an outstanding example in this respect.
The final chapter (N. Chettri et al.) presents a
retrospect of the achievements of ICIMOD in
transboundary landscape management since
its establishment in 1983, focusing on socio-
economic, ecological and environmental dimen-
sions. Concluding Part II of ‘Mountain
landscapes in transition’, it represents an encour-
aging example of facilitating cooperation and
policy coherence among different countries
aiming at sustainable mountain development.
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20Assessment and Prediction of Land
Use/Land Cover Changes of Beas
Basin Using a Modeling Approach

Seema Rani and Sreedharan Sreekesh

Abstract

Ever-increasing human population is leading
to modification in land use/land cover (LULC)
conditions around the world. Changes in
LULC are often happening in an undesirable
direction. It is imperative to monitor the
patterns of LULC change for appropriate
planning and management of an area. Remote
sensing and GIS offer an opportunity to
analyze these changes and associated driving
factors. The present work is an effort to
analyze the LULC changes in the upper Beas
river basin, Western Indian Himalaya. Markov
chain (MC) model is used to analyze the
LULC changes over time and space.
The LULC of 1991 and 2000 was used to
optimize the MC model, while the image of
2010 was used for validation of an MC model
using ground control points. Then, LULC
maps of the years 2000 and 2018 were applied
to foreshadow the possible future LULC of the
year 2036. It is predicted that the area under
built-up and cultivated land will increase at the

expense of forest land. The findings indicate
the influence of anthropogenic factors on the
growth of settlements and agricultural land.
The LULC modeling approach provides useful
inputs to the planners of the area, and these
data are also useful in hydrological modeling
for effective water resource planning.

Keywords

LULC prediction � Transition matrix �
Markov chain analysis � Himalayas

20.1 Introduction

Land use/land cover (LULC) is a dynamic
operation that has taken place as a result of the
interaction of human beings and the environment
over a period of time. In recent decades, concern
about changes in LULC has been increasing
around the globe. According to Di Gregorio and
Jansen (2000), “land use is characterized by the
arrangements, activities, and inputs, people
undertake in a certain land cover type to produce,
change or maintain it such as built-up area, etc.
On the other hand, land cover is the observed
(bio) physical cover on the Earth’s surface such
as forest, grassland, barren, water bodies, snow,
etc.”. Changes in LULC are the major issue and
challenges for the sustainable development of
any area. Increasing human population results in
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a rise of demand for food and energy. Conse-
quently, human activities such as cultivation,
construction of hydro projects, and deforestation
become intense over time and lead to changes in
LULC. Hence, modeling of changes in LULC is
an important focus of studies in recent times to
mitigate the consequences of their modification
(Lambin et al. 2001).

Modification of LULC indicates the utiliza-
tion of land in an area, and it is also considered as
one of the important elements that affect the
ecological system (Saleem et al. 2018). Different
studies have shown changes in the LULC at
different spatial scales (Osgouei and Kaya 2017;
Gashaw et al. 2017; Palmate et al. 2017; Wang
et al. 2018; Lu et al. 2019). Studies have reported
the LULC changes across India (Singh et al.
2015; Maithani 2015; Mishra and Rai 2016).
Human actions are not always leading to alter-
ations in the LULC, sometimes physical factors
such as forest fire, landslide, and flash flood also
initiate modifications upon the landscape. Still,
the alterations are largely initiated by anthro-
pogenic factors, followed by natural factors
(Niemelä et al. 2000; Srivastava et al. 2012).
Anthropogenic factors include the deforestation,
expansion of agriculture, urbanization, and losses
of biodiversity. Urban development has been the
most significant driver in LULC changes in
recent decades (Remondi et al. 2016). LULC
changes influence the relationship among the
diverse parts of the ecosystem and sometimes
result in destructive impacts such as soil erosion,
landslide, floods, and so on. Changes in land-use
practices may lead to considerable effect on the
hydrology of a basin (Zheng et al. 2012; Shaw
et al. 2014) and water quality (Wang et al. 2014;
Goldshleger et al. 2015). Therefore, spatio-
temporal analysis of LULC of an area is imper-
ative to address the mitigation and adaptation
options in the context of climate change,
ecosystem balance, and natural resources man-
agement (Tallis and Polasky 2009; Nelson et al.
2009; Turner and Annamalai 2012; Bagan and
Yamagata 2012). Understanding the impact of
LULC changes is essential for the management
of the watershed.

Good quality of data is required for monitor-
ing and effective planning of land and water
resources. Satellite remote sensing is providing
an opportunity for the management of natural
resources because of high spatial and temporal
resolution (Chandra et al. 2003). It provides
synoptic and continuous data for LULC change
and related studies (Szabó et al. 2012). Infor-
mation provided by satellite images is helpful in
the prediction of LULC change and dynamics
associated with it. Many researchers have used
different types of satellite images to understand
the LULC changes (Mishra and Rai 2016; Pal-
mate et al. 2017; Anand et al. 2018; Lu et al.
2019). Various statistical and spatial models are
available to understand and predict the probable
LULC pattern of an area (Costanza and Ruth
1998) such as logistic regression model (Hu and
Lo 2007), Markov chain (MC) (Kamusoko et al.
2009), cellular automata (CA) (Han et al. 2009;
Mitsova et al. 2011), and machine learning
algorithms (Huang et al. 2010). All mentioned
methods are widely applied to study urban
dynamics. Fewer studies used them at basin
level, particularly in the Himalayas. Therefore,
this study is an attempt to apply the given model
to predict LULC at the basin level. The objec-
tives of the study are: (i) to understand the spatio-
temporal changes in the LULC of the study area
during 1991–2018, (ii) to check the reliability of
the Land Change Modeler Ecological Sustain-
ability (LCMES) model (MC) for the LULC
prediction in the basin, and (iii) to predict the
LULC changes for the year 2036 using the
model.

20.2 Study Area

The area of the present study is the upper Beas
river basin up to the Pandoh dam (Fig. 20.1),
which is one of the main tributaries of the Indus
river. It originates at the Beas Kund in the Kullu
district of the state of Himachal Pradesh at
4085 m. The area and length of the Beas river up
to the Pandoh dam are 5300 km2 and 116 km,
respectively, of which 14% is under permafrost
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conditions (BBMB 1988). The altitude of the
basin varies from 840 to 6582 m asl. The popu-
lation and its density in the area are 437,903 and
80 persons/km2, respectively (Census of India
2011). The area contains nearly 6.38% population
of the state of Himachal Pradesh. There are many
important towns in the basin, namely, Manali,
Kullu, Kasol, Bhuntar, and Banjar. The density of
population is high in the towns. Besides tourism,
horticultural plantations such as apple are the
main sources of livelihood of the people.

20.3 Data and Methods

Satellite images of the study area were taken
from the global visualization viewer of the Uni-
ted States Geological Survey (USGS)
(Table 20.1) (NASA Landsat Program 2019)
because these images have high spatial and
temporal resolutions. Toposheets of 1964–65 and
2005–06 at 1:50,000 were obtained from the
Survey of India (SoI), Government of India, for
preparing the base map of the upper Beas basin.

Fig. 20.1 Location and extent of the upper Beas river basin in India. The background 30 m DEM is derived from
Cartosat 1 satellite image
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Cartosat-1 digital elevation model (DEM) data
(30 m) was taken from the Bhuvan Web site for
analyzing the topographical details of the area to
develop a decision tree (Cartosat-1 DEM 2014).

20.3.1 Land Use/Land Cover Mapping

A methodological framework for LULC map-
ping of the study area is presented in Fig. 20.2.
Firstly, the basin boundary was demarcated from
the DEM in ArcGIS 10.1. The study area from
the Landsat images was clipped by the demar-
cated basin boundary. The top-of-atmosphere
(TOA) reflectance of the satellite images was
estimated in ENVI 5.2. Dark object subtraction
(DOS) atmospheric correction was applied to the
images for removing the dark pixel values. It is
based on the assumption that dark pixel has no
reflection of light. It searches the darkest pixel
value in each band and subtracts this value from
the value of each band pixel.

Following the LULC classification scheme of
the National Remote Sensing Centre (NRSC) and
Indian Space Research Organization (ISRO)
(2011), seven LULC types were identified and
used in the study. They are built-up area, culti-
vated land, forest, grassland, barren/unculturable/
wasteland (BUW), water bodies, and snow. To
classify the LULC, a decision tree classification
method was developed for the study area in
ENVI 5.2. Decision tree1 classification method is

based on certain rules or algorithm that can be
used either in one image or multiple images.

It consists of a number of binary conclusions
that help to categorize each pixel. Segmentation
of the image is not completely based on a single
decision in the tree. Rather, each decision rule
categorizes the image into two potential cate-
gories. Training samples for all LULC classes
were prepared with the help of toposheets and
field knowledge. Decision rules were derived
from spectral separability analysis of the spectral
profile of the training samples. Descriptive
statistics were computed from the spectral profile
of training samples of all LULC classes. Band
ratios and their threshold, most suited for iden-
tification of different LULC types, were placed in
conjunction with the area-specific knowledge of
the study area. For better classification results,
along with spectral properties, some spectral
indices such as a normalized difference snow
index (NDSI), water ratio index (WRI), normal-
ized difference built-up index (NDBI), and nor-
malized difference vegetation index (NDVI) were
also used.

Quantitative data of LULC changes of images
between 1991 and 2018 were compiled. The
change in the area and the rate of change in each
LULC classes of the study area were, thus,
computed as follows:

Aa ¼ Ta y2ð Þ � Ta y1ð Þ

Ar ¼ Aa

Ta y1ð Þ
� 100

where y1 and y2 are base and current time (year)
of the land cover map.

Table 20.1 Satellite
images used in the study

Satellite Sensor Path/Row Date of
acquisition

Number of
bands

Landsat 5 TM 147/038 11/16/1991 7

Landsat 7 ETM + SLC on 147/038 10/15/2000 8

Landsat 5 TM 147/038 10/3/2010 7

Landsat 8 OLI_TIRS 147/038 10/25/2018 11

TM Thematic Mapper, ETM + SLC On-Enhanced Thematic Mapper Plus, OLI_TIRS
Operational Land Imager, and Thermal Infrared Sensor

1https://perso.univ-lemans.fr/.../06%20Decision%20Tree
%20Classification/Decision_Tree.pdf.
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Ta = Total area; Aa = absolute change in
area; Ar = relative change in area.

The LULC transition matrix was also pre-
pared to determine the spatial conversion from
one class to another during the period of analysis.
Through simple random sampling, samples were
chosen for the field survey. Points above 2400 m
and far from the road network were considered
inaccessible and excluded from the sample of
points to be visited. Garmin GPS etrex 10 was
used for the field survey. Photographs were
clicked on all the GPS points noted during the
field study. Kappa (K) coefficient was used for
accuracy assessment of the classified map
(Cohen 1960). The accuracy of classified maps
was also evaluated by an error matrix. “Accura-
cies of each category in error matrix are plainly
described along with the errors of inclusion

(commission errors) and exclusion (omission
errors) present in the classification” (Congalton
1991), which are calculated as follows:

Overall accuracy ¼
Pq

k¼1 nkk
n

� 100

Producer’s accuracy ¼ nii
niþ

� 100

User’s accuracy ¼ nii
niþ

� 100

where q is a number of classes; nii is the total
number of correct pixels in a category, niþ is the
total number of pixels of that category as derived
from the reference data. The overall accuracy of
the classified maps lies between 85 and 87%.
Kappa coefficients of the mentioned years varied
from 0.82 to 0.86 (Table 20.2).

Fig. 20.2 Framework for
preparing LULC map of the
study area
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20.3.2 Prediction of Land Use/Land
Cover

Future LULC conditions of the area are pre-
dicted, using the MC model in IDRISI software
environment. Steps involve reclassification and
conversion of format of classified maps, com-
putation of transition probability matrix of the
classified maps, and estimation of final suitability
of transition for the images. The number of years
used for the prediction is equal to the number of
years (gap) between the base and current classi-
fied map (Palmate et al. 2017). Prediction of
LULC includes analysis of changes, transition
potentials, and prediction (Eastman 2012). The
percentages of the area of two classified images
of the years 1991 and 2000 are computed to
observe the changes in LULC classes. Then, the
earlier and later classified images were used in
the Land Change Modeler (LCM) change anal-
ysis module to provide gain, loss, and net change
in the area of LULC classes. Multilayer percep-
tron (MLP) method was applied to compute the
transition potentials in LULC classes to run the
transition submodel (Eastman 2012). MLP
method was selected because it can run multiple
transitions, up to 9, per submodel. The transition
submodel consists of a single or group of land
cover transitions in the LULC classes with con-
trolling (driving) factors (elevation and slope in
the present study). These controlling factors are
helpful to understand the process of past change.
Finally, the transition probability of future LULC
changes is modeled through MC analysis. Using
the rates of change of the LULC images and the
transition potential model, future LULC map of a
specified year can be predicted. As per the pre-
diction theory in the MC model, the prediction
period is equal to the interval between the base
and current image used for the simulation (Wang
et al. 2018). Classified images of 1991 and 2000
were used for predicting the LULC of 2010,
which is validated with the classified image of
2010 using the Kappa (K) coefficient. Similarly,
the output from the transition potentials of clas-
sified LULC maps of 2000 and 2018 was utilized
for predicting the LULC of the year 2036.

20.4 Results and Discussion

20.4.1 Present Scenario of LULC

Land cover of the basin is dominated by forest
and snow (Table 20.3). The coverage of snow in
the area varies with seasons. Currently, built-up
area and cultivated land together constitute
approximately 8.5% of the total basin area. Built-
up area in the basin remained less than 1% of the
total basin area during the last three decades.

On the other hand, cultivated land has been
found 4.98% and 7.72% in 1991 and 2018,
respectively. Forest area varied between 28%
(2018) and 34% (1991). Grassland covers about
15% of the basin area. The extent of BUW has
increased during this season due to the least
snow-covered area. It remained higher than 20%
during the study period. It varies with variations
in the extent of snow as debris is also included in
this category. Water bodies showed an area
below 0.23% of the basin area.

20.4.2 Changes in LULC

The analysis of changes in LULC of the basin
has shown a minor reduction in the forest by
about 7 km2 during 1991–2000 (Table 20.4).
Cultivated land and snow-covered area have
increased by 14 and 53% while grassland
decreased by 2% during 1991–2000. On the
other hand, cultivated land, grassland, and snow
have increased by 20, 55, and 52% during 2000–
2010. The major reduction was noted in the area
of forest (73 km2) and BUW (723 km2) during
the period. In the last eight years (2010–18), the
major reduction was found in a forest (234 km2)
followed by grassland (103 km2). In contrast, the
cultivated land of the study area has increased by
50 km2. Two main trends of LULC were
observed during 1991–2018: the increase of
built-up area (28 km2) and cultivated land
(148 km2) and a decrease in the forest
(314 km2). Waterbody showed a slight increase
of about 6 km2 during the study period. An
increase in snow cover is also observed during
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the period, but it is difficult to conclude any trend
based on results of two-years’ images as it
requires high temporal resolution and continuous
monitoring.

Continuous reduction of forest along the val-
leys during 1991–2018 is a matter of concern
because it may increase the slope instability in
the area. Reduction of forests in hilly area can be
due to natural factors such as landslides and
forest fire and also due to developmental activi-
ties such as construction of roads and other
infrastructure facilities. Degradation of forested
areas at an increasing rate in the Himalaya is also
reported by a previous study (Munsi et al 2012).

Spatial distribution of all land cover classes
indicates that main changes have occurred in and
around the lower reaches of the valley, namely
Kullu, Parbati, and Sainj (Fig. 20.3). It is also to
be noted that the cultivated area has marginally

engrossed to higher altitudes. These may hold
severe implications on the ecological system of
the basin (Munsi et al 2012). The transition
matrix of the land cover classes of 1991 and
2018 is prepared to assess the conversion among
different land cover classes. During 1991–2018,
about 17% area of cultivated land has been
converted into grassland and 3% into BUW
(Table 20.5). About 4% area of forest has been
converted into cultivated land, 10% area into
grassland, and 7% into BUW. From grassland,
about 12% area has been converted into culti-
vated land, 6% area into a forest, and 14% into
BUW. Approximately 21% of BUW has con-
verted into the snow as the snow cover area is
higher in 2018.

A major rise in settlement and the cultivated
area was found after 2000, probably due to a rise
in population and tourism activities. A past study

Table 20.3 Land cover conditions of the study area

LULC classes 1991 2000 2010 2018

km2 % km2 % km2 % km2 %

Built-up area 14 0.26 19 0.34 25 0.46 42 0.78

Cultivated land 268 4.98 305 5.67 365 6.78 416 7.72

Forest 1831 34.03 1824 33.89 1751 32.53 1517 28.19

Grassland 605 11.24 594 11.03 921 17.11 818 15.20

Barren/unculturable/wasteland (BUW) 1262 23.44 1976 36.71 1253 23.27 1101 20.45

Water bodies 7 0.12 5 0.1 4 0.08 12 0.23

Snow 1396 25.93 659 12.25 1000 18.57 1476 27.42

Table 20.4 Absolute and relative changes in LULC classes in the study area

LULC classes 1991–2000 2000–2010 2010–2018 1991–2018

Aa(km
2) Ar(%) Aa(km

2) Ar(%) Aa(km
2) Ar(%) Aa(km

2) Ar(%)

Built-up area 5 33 6 33 17 94 28 201

Cultivated land 37 14 60 20 50 17 148 55

Forest −7 0 −73 −4 −234 −13 −314 −17

Grassland −11 −2 327 55 −103 −17 214 35

Barren/unculturable/wasteland (BUW) 714 57 −723 −37 −152 −8 −161 −13

Waterbodies −1 −22 −1 −23 8 157 6 84

Snow −736 −53 340 52 476 72 80 6
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has also attributed the changes in LULC of the
area to the rising population (Singh 1998). The
density of settlements has increased over the time
(Fig. 20.4). As per the data from the Census of
India (2011), Manali, Kullu, Samshi, Bhuntar,
and Banjar are important towns in the area.
Among them, Manali and Bhuntar have been
experiencing a population growth rate of 252 and
62%, respectively, between 1981 and 2011.

The former town has recorded a substantial
population growth rate of about 157% during the
period 1991–2001. It was noted as the highest
among all the towns in the state of Himachal

Pradesh indicating that Manali has attracted a
significant migrant population during this period.
Bhuntar, during the same decade, has also shown
a population growth of around 43%. Subse-
quently, anthropogenic activities have increased
in the region. The upper Beas basin is located
mainly in Kullu district (leaving Ani and Her-
mand block), which has registered a decadal
population growth 15% during 2001–2011,
compared to the growth rate of about 13% in the
state. The main source of income of the area is
agriculture and tourism. It holds the 4th position
among the districts of the state in terms of

Fig. 20.3 Distribution of
LULC classes of the study
area
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cultivators. It results in the expansion of culti-
vated land over other land categories. The main
changes observed in the LULC in the transition
probability matrix were from cultivated land to
built-up area, from forest to cultivated land and
from grassland to cultivated land.

20.4.3 Predicted LULC

Predicted LULC map of the basin is validated to
check the model’s uncertainty and set the model
for future land cover map prediction. LULC

maps for the years 1991 and 2000 were used to
predict the land cover conditions of 2010 in the
study area using an MC model. Then, predicted
maps were compared with the LULC of 2010
derived from the satellite image to understand the
level of uncertainty in the prediction of different
LULC classes.

Results indicate that some classes were pre-
dicted well, except grassland, BUW, and snow
(Table 20.6 and Fig. 20.5). Grassland and snow
are underpredicted, though the underpredicted
area is about 6% of the entire watershed area.
Further, BUW was overpredicted, i.e., around

Fig. 20.4 Settlements in the
Kullu valley of the basin
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13% of the study area because it contains a major
portion of snow debris that covered a larger area
in 2000 due to a reduction in snow coverage in the
basin. The model’s transition probability matrix
assumes an increase in BUW in the predicted
map. Likewise, snow cover was underestimated
because of the snow-covered less area in 2000.
Kappa coefficient of predicted and observed
LULC map of 2010 is about 0.82, which indicates
the overall reliability in the predicted map. It
shows the limitation of the application of the MC
model in a larger area, which has low and dis-
persed urban growth like hilly areas. It also
emphasis on the importance of usage of contin-
uous high-resolution satellite images for larger
hilly terrain for minimizing the uncertainty in the
prediction of LULC conditions. Such predicted
map is useful for evaluating the effect of future
LULC on the discharge conditions of a Hima-
layan watershed because the uncertainty in the
predicted area is a small fraction of the entire
basin area and would make a minor or no alter-
ation in the streamflow in the region and can give
better estimation at the outlet.

Transition probability matrix for predicting
the LULC conditions 2036 of the study area is to
indicate an increase in built-up area, cultivated
land, snow cover, and decrease in the forest,
BUW (Table 20.7).

Changes in BUW due to snow are common in
a Himalayan watershed that is dominated by the
snow because snow cover varies with the seasons
in the basin (Rani and Sreekesh 2016). Hence, it
is not logical to accurately predict the BUW and
snow based on two time period images, which is
also a limitation of this model because it is
unable to consider multiple period satellite ima-
ges for prediction.

Predicted LULC of 2036 shown LULC tran-
sitions during 2018–2036 (Figs. 20.5 and 20.6).
Built-up area and cultivated land will increase to
1.12 and 8.447% of the basin area by 2036,
particularly along with the valley areas. Built-up
area and cultivated land shown a rise of 43 and
9%, whereas the area under forest has shown a
reduction of 4%. BUW area will reduce to 12%
of the basin area. While snow covers shown an
increase to 35% of the basin. However, the pre-
vious study has shown a reduction in snow cover
area over the years in the basin (Rani and Sree-
kesh 2016). Singh (1998) and Munsi et al. (2012)
have shown concern of reducing the biodiversity
of the region due to deforestation. A long-term
database might provide a potential tool for fur-
ther related studies, planning, and implementa-
tion for land and water resource management,
thus leading to sustainable development.

Table 20.6 Validation of predicted LULC map (2010) of the study area

LULC classes 2010 Difference b/w observed and predicted
area (km2)

Area
(%)Area (km2)

Observed Predicted

Built-up area 14.4 18.4 4 0.1

Cultivated land 348.2 310.9 −37.3 −0.7

Forest 1832.9 1817.3 −15.6 −0.3

Grassland 924.7 597.2 −327.6 −6.1

Barren/unculturable/wasteland
(BUW)

1230.8 1957.8 727 13.5

Waterbodies 15 5.6 −9.4 −0.2

Snow 999.7 658.6 −341.1 −6.3
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Fig. 20.5 Predicted LULC
conditions of the study area
during 2010 and 2036
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20.5 Conclusion

Concern about emerging LULC changes in the
Himalayas has increased over the time due to the
occurrence of disasters such as floods and land-
slides. Anthropogenic activities have increased
over the time in the region due to the rising
population and increased demand for food and
energy. Hence, studies are making efforts to
predict future LULC changes for effective land
and water resource planning and management.
Hence, the present work is an effort to understand
the existing LULC conditions of the upper Beas
basin and predict their changes by 2036. Digi-
tally analyzed satellite images were used in the
LCMES module of IDRISI by MC analysis.
The LULC during 2018 has shown that built-up
area and cultivated land together constitute about
8.5% of the total basin area. Forest and grassland
cover an area of 28 and 15%. Snow cover is
about 27% of the basin area. The LULC analysis
showed an increase of built-up area and culti-
vated land and a decrease in forest cover. The
transition matrix indicates the conversion of
cultivated land into built-up area along the val-
leys and conversion of forest into cultivated land
in the lower altitudes. An increase in built-up
area and cultivated land may be attributed to
rising anthropogenic activities such as tourism
and expansion of horticulture along the hill

slopes, respectively. Reduction in the forest area
is a continuous process in the basin in the last
three decades. It may be attributed to the
expansion of cultivated land (including planta-
tion) along the lower elevations and natural fac-
tors (landslide or forest fire).

Results of LULC prediction indicated the
reliability of the MC model and deployability in
the Himalayan environment for the wider appli-
cations, such as land and water resource man-
agement. As per the predicted LULC outputs,
built-up area and cultivated land together will
cover about 9% of the basin area by 2036, par-
ticularly along with the valley areas. The built-up
area and cultivated land will increase by 43% and
9%, whereas the area under forest has shown a
reduction of 4%. Expansion of concrete surface
along the river banks makes the population vul-
nerable to flood-related hazards. The reduction in
the forest area in the region is relatively less.
Nevertheless, continuous reduction in the forest
is a matter of concern because it may harm the
ecological balance. Decreasing forest along with
an increase in built-up area can lead to slope
instability, which may make the area prone to
landslides and other associated risks. Forest
cover in the area may be increased by plantation,
but it will not increase the biodiversity of the
region, which is very important for maintaining
the ecological balance and overall sustainability
in the area.

Fig. 20.6 Changes in LULC
of the study area during
2018–2036
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21Dynamics of Land-Use/Cover Change
in Mizoram, Eastern Extension
of Himalaya

Vishwambhar Prasad Sati

Abstract

Land-use/cover change has become a global
phenomenon and a major concern, partly due
to large-scale anthropogenic activities and
because of its impact on the natural environ-
ment. This paper assesses land-use/cover
changes in Mizoram state, which is located
in the eastern extension of the Himalaya.
Land-use data were obtained from the sec-
ondary sources—Forest Survey of India and
land-use statistics, Ministry of Agriculture,
Government of India, during the two consec-
utive periods—2005 and 2010. Data on
changes in cropping pattern were also gath-
ered from the State Agricultural Department
for the same period. A case study of 16
villages of Mizoram state was conducted and
land-use data were obtained through the
household level survey. Land-use pattern in
Mizoram is very peculiar. Forest covers about
75.58% land (2010), while forest area, notified
by the forest department is 86% (2017). In the
meantime, land under net area sown is only
4.5%. Out of the total sown area, 47.5% area
is under shifting cultivation. Land cover
changes have been noticed during the corre-

sponding years. Area under Jhum and wet
paddy cultivation has largely decreased, while
net area sown was increased slightly (1.1%).
Land under forest cover has decreased about
2% during the period of production and
productivity of a number of crops have
decreased. This study shows that increase
and decrease in area, production and yields of
various crops do not present any specific trend
rather it is heterogeneous and the various
factors are affecting these changes.

Keywords

Land-use pattern � Land cover change �
Cropping pattern � Shifting cultivation �
Mizoram

21.1 Introduction

Land cover may be defined as the biophysical
earth surface, while land-use is often shaped by
human, socioeconomic and political influences
on the land (Nagendra et al. 2003). Land-use
refers to uses of land under various categories
such as forest land, cultivable land, wasteland,
land under settlements and other miscellaneous
land while land cover changes denote the chan-
ges in various categories of land during a certain
period of time (Sati 2014). The land-use/cover
changes (LUCC) are mainly anthropogenic and
are being increasingly recognized as critical
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factors influencing global environmental changes
(Helmut et al. 2002; Nagendra et al. 2004).
The LUCC is primarily and largely confined to
tropical countries (Meyers 1994). However, the
conversion of forest to other agricultural land-
use, mainly shifting agriculture is common in the
Northeast India (Singh et al. 1984; Rai et al.
1994; Ramakrishna et al. 1994; Schweik et al.
1997; Sen et al. 2002), as it continues to be the
main source of livelihood for majority of people.

Land cover change is a dynamic process and
influenced by various factors. In Mizoram,
change in land cover is common, because of
many driving forces, mainly due to shifting cul-
tivation, which dominates the farming systems.
Shifting cultivation leads to drastic changes
under area sown from year to year, because of its
cyclic nature, and therefore, it has tremendous
impact on changes in all the land-use categories.
The hilly terrain and extensive forestland
(75.5%) characterizes land-use pattern in Mizo-
ram. Forestland that includes grasses and bushes
covers about 86% geographical area (FSI 2017).
Net area sown is only 4.5% and out of which,
56.8% land is under shifting cultivation. Shifting
cultivation is mainly carried out in gentle to steep
slopes, while valley regions constitutes very
small area where permanent agriculture is prac-
ticed which is known as wet rice cultivation
(WRC). The other land-use patterns are perma-
nent pasture and other grazing lands, land under
misc. tree crops and groves, cultivable wasteland,
fallow land other than current fallow and current
fallow land. Settlements are scattered, located
mainly along the hills and ridges. The people
prefer residing on the top of the hills and it is also
an indicator of their social status. Traditional
subsistence cereal crops dominate the cropping
pattern, carried out mainly under the shifting
cultivation and it is the main occupation of the
people. About 54% people are engaged in prac-
ticing shifting cultivation. Area and production
of paddy are higher in comparison with the other
crops and it grows both in the hilly terrain under
shifting cultivation and in the small valley pat-
ches as WRC. Pulses, oilseeds, fruits and veg-
etables, the other crops, grow under shifting
cultivation, whereas the proportion of arable land

is less under these crops. Further, area under
WRC is proportionately very less. Even being as
the main occupation, overall output from both
shifting and WRC is subsistence, does not sub-
stantiate the food requirement of the rural mar-
ginal farmers, and therefore, they struggle for
sustaining livelihoods. Further, often poverty and
malnutrition are observed common. This paper
assesses the land-use/cover changes and exami-
nes the major factors affecting it. It broadly
analyzed forest and agricultural land-use/cover
change of Mizoram state in general and case
study of villages in particular.

21.2 Materials and Methods

21.2.1 The Study Area

Mizoram, a state of republic of India is located in
the extreme northeast part, bordered with
Myanmar in the east and south and Bangladesh
in the west. Its border with the states of northeast
India includes Assam and Manipur in the north
and northeast, and Tripura delimits its small
boundary from the northwest. It has eight dis-
tricts and 26 administrative blocks with Aizawl
as the state capital city. Its total population is
10.92 lakh and out of it, 2.9 lakh people (26.6%)
live in Aizawl city (2011). About 98% people are
Christian. Population distribution is sparse and
the settlements are mostly located in the high-
lands; therefore, Mizoram is called the ‘land of
highlanders.’ Literacy rate stands for 91.85%
while sex ratio is 975 and density of population
is only 52 persons/km2. Mizoram is located in
the eastern extension of the Himalaya. It is an
integral part of the Indo-Myanmar Arc. Arakan-
Yoma and Patkoi Hills are located in the
Northeast India and the Mizoram hills constitute
their parts. The average altitude of these hills
varies from 500 m to 800 m AMSL and the
maximum elevation is 2,157 m, which is found
in the Blue Mountain (Phawngpui) (ISFR
2011a). The hills of Mizoram are highly fragile.
Land degradation in the forms of soil erosion and
landslides is common. Its total geographical area
is 21,087 km2and shares 0.64% of the country’s
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geographical area. Lying to the south of the
Brahmaputra River, it forms a part of the
Northeast hill states bio-geographical zone.
A landlocked state, Mizoram extends between
21o 58’ to 24o 35’ N and 92o 15’ to 93 o 29’ E
(Fig. 21.1).

21.2.2 Methodology

This study was conducted using both qualitative
and quantitative approaches. Data were collected
from the primary and secondary sources. Primary
data on land-use pattern were collected through
conducting a study of 16 villages of eight

districts of Mizoram state and household
(HH) level survey was carried out (2014). Out of
total 2010 HHs, 1527 HHs (76%) were selected
for inclusive HH level survey. A structured
questionnaire was constructed on the various
issues and the local people were interviewed;
land-use and cropping pattern data from the 16
case study villages were obtained. Land-use data
were also obtained from the secondary sources,
mainly from the land-use statistics, Ministry of
Agriculture, Government of India, 2005 and
2010; land cover changes were illustrated and
presented in the tables and figures. Data were
also calculated using descriptive statistics.

Fig. 21.1 Location map of
Mizoram state
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21.3 Results

21.3.1 Land-Use Pattern

Forest land and shifting cultivation largely
characterize the land-use pattern in Mizoram
state. Forest covers about 75.58% land, excludes
the extensive grasslands, while total forest area is
86% (2017). It is followed by fallow land (cur-
rent fallows and fallow land other than current
fallow) which occupies 10.95%. The land, which
is not available for cultivation, ranks third
(6.31%). Land under misc. tree crops and groves
have 2.18% area. The other land-uses are per-
manent pasture and other grazing lands (0.24%)
and cultivable wasteland (0.24%). Meanwhile,
net area sown obtains only 4.5% geographical
areas (Table 21.1).

21.3.2 Land Cover Change

Change in land cover from 2005 to 2010 was
assessed. The highest increase was obtained
under land not available for cultivation (731.3%).
It was followed by land under current fallows,
i.e., 66.7%. About 48.4% increase was noticed
under misc. tree crops and groves land. Fallow
land other than current fallow increased by 9.6%
and 1.1% increase was noticed in net area sown
during the period. Simultaneously, a decrease in
various land cover was observed. The highest

decrease was noticed under cultivable wasteland
(96.1%) followed by permanent pasture and
other grazing lands (78.3%). Forest land
decreased by about 2% (Table 21.2). During the
recent period (2011–2017), forests cover has
decreased by 6%.

21.3.3 Forest Land-Use/Cover
Change

Mizoram state enjoys rich biodiversity. It forms
a part of the Indo-Burma Global Biodiversity
Hotspot. Natural vegetation comprises from
tropical evergreen in the lower altitudes to semi-
evergreen on the upper slopes (Champion and
Seth 1968). Diversity in forests is found
according to altitude, rainfall and dominant spe-
cies composition (Singh et al. 2002). One of the
major sources of livelihoods, forest resources in
Mizoram state dominate in the natural resources
potential. Tropical evergreen rainforest and
semi-evergreen forest characterize forest diver-
sity, as most of the part of the state falls under
tropical regime. Meanwhile, montane and tem-
perate forests are also found from 900 m to
2000 m, respectively. Bamboo forests are found
almost in all the altitudinal zones but restricted
up to 1500 m. The forestland in the state was
noticed 19,117 km2, which represents 90.68% of
the state’s geographical area (ISFR 2011b). Out
of the total forest cover, protected area occupies

Table 21.1 Land-use pattern in Mizoram: 2005 and 2010

Land-use 2005 2010

Area in ‘000 ha Percentage Area in ‘000 ha Percentage

Forest 1626 77.10 1594 75.58

Not available for cultivation 16 0.76 133 6.31

Permanent pasture and other grazing lands 23 1.09 5 0.24

Land under misc. tree crops and groves 31 1.47 46 2.18

Cultivable wasteland 127 6.02 5 0.24

Fallow land other than current fallow 156 7.40 171 8.11

Current fallows 36 1.71 60 2.84

Net area sown 94 4.46 95 4.50

Total 2109 100 2109 100

Source Land-use statistics, Ministry of Agriculture, Government of India, 2005 and 2010
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1,240.75 km2, represents 5.88%. In terms of
forest canopy density classes, the state has
134 km2 areas under the dense forests,
6,086 km2 area under moderately dense forests
and 12,897 km2 areas under open forests.

Table 21.3 shows altitudinal distribution of
forests and their characteristics in Mizoram state.
About 42.4% forest area lies below 500 m alti-
tude. It is followed by area under 500-1,000 m
altitude that occupies 41.5% of the total forest
cover. The area, which lies between 1,000 m and
2,000 m altitude, forest area is 16%, whereas
0.02% forestland lies above 2000 m altitude. It
shows that the highest geographical area of the
state lies below 500 m altitude; therefore, forest
cover decreases along with increase in altitude.

21.3.4 Agricultural Land-Use/Cover
Change

Agricultural practices comprise both shifting
cultivation and WRC. Shifting cultivation is
practiced largely in the hilly slopes and spread

from mountains to lowland ecosystems and from
tropical forests to grasslands (Spencer 1966). It is
the main occupation of the rural people. Singh
and Ramakrishnan (1982) observed that shifting
cultivators comprise of 82% of the rural main
workers and few urban main workers also
involved in shifting cultivation. Maithani (2005)
observed that shifting cultivation is widely
practiced in Mizoram. It is the main occupation
of the populace and a major source of economy.
There has been an ambiguity in terms of report-
ing area under shifting cultivation. A report of
the Inter-Ministerial National Task Force on
Rehabilitation of Shifting Cultivation Areas
(GBPIHED 2008) reveals that annual area under
shifting cultivation in Mizoram was 63,000 ha.
Kumar (2012) reported that during 2004–2005,
area under shifting cultivation was 64,536 ha,
whereas Pachuau (2009) in his study of Mizoram
denotes that 40,969 ha land (50% of the total
cropped area) was under shifting cultiva-
tion, during the same period (2004–05).
Figure 21.2 shows area under WRC and Shifting
cultivation.

Table 21.2 Land covers change: 2005–2010

Land-use Land cover change (ha) Percentage of land cover change

Forest −32 −2

Not available for cultivation 117 731.3

Permanent pasture and other grazing lands −18 −78.3

Land under misc. tree crops and groves 15 48.4

Cultivable wasteland −122 −96.1

Fallow land other than current fallow 15 9.6

Current fallows 24 66.7

Net area sown 1 1.1

Source Analyzed by author

Table 21.3 Forest cover according to altitude (Km2)

Altitude (M) VDF % MDF % OF % Total %

<500 15 11.2 1971 32.4 6129 47.5 8115 42.4

500–1000 56 41.8 2872 47.2 5001 38.8 7929 41.5

1000–2000 62 46.3 1241 20.4 1765 13.7 3068 16.0

>2000 1 0.7 2 0.03 2 0.02 5 0.02

Total 134 100 6086 100 12897 100 19117 100

Source ISFR (2011). Abr. VDF: Very dense forests, MDF: Moderate dense forests, OF: Open forests. (Based on SRTM,
Digital Elevation Model)
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Agriculture land-use varies from paddy crop
that grows under both shifting and WRC to
cultivating various other crops largely in the
Jhumland. Paddy crop grows twice in a year in
both Rabi and Kharif seasons only under WRC,
in the valleys and flat land, where irrigation
facilities are adequate. Mizoram state has suitable
agro-climatic conditions, as average annual
temperature is 23o and minimum and maximum
temperature is 15o and 30o, respectively. There-
fore, it supports cultivating paddy crop twice in a
year along with varieties of pulses, oilseeds,
vegetables and fruits, vertically and horizontally.
On account of arable land under various crops,
paddy crop under shifting cultivation dominates,
as it covers 36,841 ha area, which is 56.8% of
the total arable land. WRC follows it with cov-
ering 10,363 ha arable land (16% of the total area
sown). The third largest crop is maize, which
obtains 8,551 ha arable land (13.2%). Pulses
(6%) and oilseeds (4.2%) follow it. Maize, pulses
and oilseeds also grow twice in a year in both
seasons. Arable land of other crops—potato,
sugarcane and tapioca—varies from 0.3 to 2.2%
and the crops are. Table 21.4 reveals agricultural
land-use in 2005 and 2010 and shows that
shifting cultivation obtained about 56.8% area in
2010.

Change in cropping pattern (area, production
and yield) was noticed during the years 2005–
2010 (Table 21.5). Except sugarcane, which area
was increased to 3.7%, area under all other crops

decreased significantly. Area under potato has
decreased by 70.1% and oilseeds (-53.3%) and
pulses (42.9%) follow it. Area of paddy under
Jhum was decreased by 8.1% and under WRC; it
decreased by 36.7%. Average area under all
crops has decreased by 23.1%. Simultaneously,
production and yield of crops decreased (average
47.3 and 36.8%, respectively).

21.4 Case Study

A case study of 16 villages of eight districts of
Mizoram state was carried out and HH level
survey was conducted. Out of 2010 HHs of the
sixteen villages, 1527 HHs (76%) was surveyed.
Data on land-use pattern were gathered and dis-
cussed to understand the present trend. Shifting
cultivation is the main occupation of the people
of these villages as about 25.6% people are
engaged in this practice. It is followed by people,
who are engaged in WRC (25.4%). The third
largest category of people is involved in daily
wages. Discussion on the occupational structure
revealed that out of the total population, above
50% people are engaged in practicing
agriculture.

Table 21.6 shows land-use pattern in the six-
teen case study villages and descriptive statistics
is shown in Table 21.7. Total land under differ-
ent categories, except settlement, is 1,821.64 ha,
out of which 38.2% land is under shifting

Fig. 21.2 Area under WRC
and shifting cultivation
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cultivation. The second highest area is under
cultivable wasteland which is 32.9%. Percentage
share of wasteland is 17.9 and only 11% land is
under permanent farming, which is mainly
comprised of WRC. Area of crops grow under
shifting cultivation is quite higher than perma-
nent cultivation, the study revealed.

Table 21.8 shows a comparison of area, pro-
duction and yield of crops between 2011 and
2014. There are total 11 crops grow in these

villages and out of these crops, paddy crop
obtains the highest area (64% of the total cropped
area of sixteen village in 2011) production (96%)
and yield (1361.1 per ha). Banana crop follows
the figure with 10% of the total area. Ginger is
the third largest crop (4.7% area) and the area
under various other corps ranges from 1.7 to
3.8%. On account of production, ginger has 3.8%
which follows the production of paddy. Produc-
tion of other crops varies between 0.003 and

Table 21.4 Agricultural land-use

Crops 2005 2010

Area
(ha)

% Prod
(MT)

% Yield
(MT/ha)

Area
(ha)

% Prod
(MT)

% Yield
(MT/ha)

Paddy
(Jhum)

40,100 47.5 63,100 32.2 1574 36,841 56.8 43,985 42.5 1194

Paddy
(WRC)

16,360 19.3 44,640 22.7 2729 10,363 16 22,147 21.4 2137

Maize 11,742 13.9 22,703 11.6 1933 8551 13.2 11,510 11.1 1346

Pulses 6861 8.1 8663 4.4 1263 3920 6 6479 6.3 1653

Tapioca 300 0.3 1222 0.6 4073 193 0.3 1397 1.3 7238

Oilseeds 5870 6.9 5560 2.8 947 2741 4.2 2988 2.9 1090

Cotton 308 0.7 241 0.1 782 201 0.3 128 0.1 637

Tobacco 511 0.6 364 0.2 712 371 0.6 249 0.2 671

Sugarcane 1383 1.6 45,953 23.4 33,227 1434 2.2 12,368 12 8623

Potato 953 1.1 3891 2 4083 285 0.4 2235 2.2 7853

Total 84,388 100 196,337 100 5132.3 64,900 100 103,486 100 3244.2

Source Data were collected from the State Agricultural Department Reports: 2005 and 2010, Mizoram and by author;
Abr.: Prod = Production
Note Figures in parentheses are percentage of cropped area

Table 21.5 Changes in
cropping pattern in
percentage (2005–2010)

Crops Area (ha) Production (MT) Yield (MT/ha)

Paddy (Jhum) −8.1 −30.3 −24.1

Paddy (Permanent) −36.7 −50.4 −21.7

Maize −27.2 −49.3 −30.4

Pulses −42.9 −25.2 30.9

Tapioca −35.7 14.3 77.7

Oilseeds −53.3 −46.3 15.1

Cotton −34.7 −46.9 −18.5

Tobacco −27.4 −31.6 −5.8

Sugarcane 3.7 −73.1 −74

Potato −70.1 −42.6 92.3

Total −23.1 −47.3 −36.8

Source By author
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0.3%. In productivity, ginger follows paddy with
671.1 kg/ha. The other crops have comparatively
low productivity of crops. Area, production and
productivity vary from 2011 to 2014. In a nut-
shell, the figure shows that paddy crop dominates
in all categories, i.e., area, production and pro-
ductivity, as paddy is the staple food and the
other crops substantiate it.

Table 21.9 depicts change in cropping pattern
that includes area, production and yield in per-
cent. Total 11 crops comprises cropping pattern in
the 16 case study villages. Change in area under
all 11 crops was noticed acceding between 2011
and 2014. It was multi-times under lemon crop
(highest) and 60.4% under paddy crops. As a
whole, 281.5% area was increased under all
crops. On account of change in production, rub-
ber and ginger crops received decreasing trends
during these two consecutive periods. On the
other hand, the production of other crops, mainly
of fruit crops, was increased multifold (average
32.8%). However, per ha yield of other crops was
decreased, e.g., paddy, palm oil, rubber, mango
and ginger (average -29.9%). Concisely, area and
production of crops were increased and yield of
crops was decreased, simultaneously.

21.5 Discussion and Conclusions

The result of the above-cited study shows that a
substantial change in land-use/cover has taken
place both at state level and villages during the
last decade. At the state level, area, production
and yield of crops have decreased substantially,
whereas in the villages, although, area has
increased, but production and yield of crops have
decreased. Although paddy rice is the staple food
yet, during the past, its production and yield have
also decreased largely. There was an increase in
area under forest cover till 2005; however, during
the last decade, about 6% forest area has
decreased. A long lasting debate is going on
about decrease in forest area. The government
officials are arguing that decrease in forest cover
is due to practices of shifting cultivation; how-
ever, a study conducted by the author on shifting
cultivation shows that area under shifting culti-
vation has decreased about 58% during the last
three decades (Sati 2017). Therefore, the ques-
tion is unanswered. It is true that shifting culti-
vation is causing forest depletion and degrading
the spectacular landscape.

Table 21.6 Land-use pattern in 16 case study villages

Land category Area (ha) Percentage

Land under shifting cultivation 692.7 38.2

Permanent agricultural land 198.24 11

Wasteland 323.8 17.9

Cultivable wasteland 597.9 32.9

Total land 1812.64 100

Source by author

Table 21.7 Statistical description of land-use pattern (area in ha) in study villages

Variables Minimum Maximum Mean Std. deviation

Total land (n = 16) 4.00 572.20 1.01E2 155.33

Land under shifting cultivation (n = 15) 0.40 408.00 46.18 103.39

Wasteland (n = 8) 0.80 98.40 24.78 36.52

Land under WRC (n = 15) 0.60 86.80 21.58 26.47

Cultivable wasteland (n = 16) 2.00 332.00 37.36 79.50

Source Data collected from the primary sources and calculated by the author
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Among the drivers of land-use/cover change,
New Land-use Policy (NLUP) of the state gov-
ernment dominates which has affected shifting
cultivation by decrease in its area and production.
NLUP promotes settled agriculture; and hence-
forth, the area under shifting cultivation received
a substantial decrease in Mizoram state. This has
resulted in increase in net area sown under WRC.
NLUP of Mizoram government is pushing hard

to eradicate Jhum cultivation and it is the major
driving force (Tiwari 1991, Raman 2014).
Among the other driving forces that have chan-
ged cropping and land-use patterns are low out-
put from the cropped land and rural-urban
migration. Mizoram state has very sparse distri-
bution of population and the villages are remo-
tely located. Further, migration from rural areas
to urban centers mainly to Aizawl city has

Table 21.8 Area, production and per ha yield of crops

Crops 2011 2014

Area
(Ha)

% P (kg) % Yield
(kg/ha)

Area
(Ha)

% P (kg) % Yield
(kg/ha)

Paddy 170.5 64 288,861 96.6 1694.2 273.5 26.9 372,256 93.7 1361.1

Oil Palm 8 3 65 0.02 8.1 72.3 7.1 277.5 0.1 3.8

Betel Nut 9.5 3.5 10 0.003 1.1 63.9 6.3 2100.04 0.5 32.9

Rubber 6 2.3 5 0.007 0.8 70.5 6.9 2 0.09 0.02

Mango 5.5 2.1 65.02 0.04 11.8 75.14 7.4 700 0.2 9.3

Lemon 6 2.3 25.01 0.03 4.1 170.63 16.8 2158.37 0.51 12.6

Pineapple 4.5 1.7 266.66 0.09 59.3 45.45 4.5 2966.65 0.7 65.3

Orange 7 2.6 23 0.01 3.3 65 6.4 5716.19 1.4 87.9

Ginger 12.5 4.7 8388.2 2.8 671.1 35 3.5 1180 0.3 33.7

Grapes 10 3.8 800 0.3 80 28 2.8 3628 0.9 129.6

Banana 26.7 10 474.33 0.1 17.8 116.07 11.4 6192.49 1.6 53.4

Total 266.2 100 298,983 100 1123.1 951.59 100 394,799 100 414.9

Source By author

Table 21.9 Changes
(percent) in cropping
pattern—area, production
and yield

Crops Chang in area
(ha)

Change in production
(MT)

Change in yield
(kg/ha)

Paddy 60.4 28.9 −19.7

Oil Palm 803.8 326.9 −53.1

Betel Nut 572.6 2090 2890.9

Rubber 1075 −60 −97.5

Mango 1266 976.6 −21.2

Lemon 2743 8530.3 207.3

Pineapple 910 1012.5 10.1

Orange 828.6 24,753 2563.6

Ginger 180 −85.9 −94.9

Grapes 180 353.5 62

Banana 334.7 1205.5 200

Total 281.5 32.8 −29.9

Source Data collected from the primary sources and calculated by the author (2011–
2014)
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changed the land-use pattern. Area under oil
palm plantation is increasing in Mizoram. So far
101,000 hectares of land has been identified for
oil palm cultivation. Agricultural land-use has
also been influenced by high literacy and
improving education. The young generation of
rural farmers is now involved in tertiary activi-
ties, as they are getting substantial wages through
providing services and as a result, many of them
have left practicing shifting cultivation.

Dynamics of land-use/cover changes in
Mizoram state have illustrated broadly. Two
categories of land-use mainly forest land-
use/cover change and agricultural land-
use/cover change were discussed using both
primary and secondary data. Change in all types
of land-use was observed. The highest increase
was obtained under land not available for culti-
vation. This was followed by land under current
fallows. An increase under misc. tree crops,
groves, fallow land other than current fallows
and net area sown was noticed. Meanwhile, a
decrease under cultivable wasteland, permanent
pasture, other grazing lands and forest land was
noticed. On account of change in agricultural
land-use, area of paddy crop under shifting cul-
tivation is the highest, followed by WRC, maize,
pulses and oilseeds. Rice and maize are the major
crops in Mizoram. Changes in cropping pattern
were noticed decreased except sugarcane. In case
study, villages and area under all crops have
increased, whereas yield of crops has decreased.
This study revealed that there has not been any
clear cut trend of observed land-use/cover
change. Shifting cultivation is the major driving
factor of change in land cover, and due to it,
forestland was noticed decreased.
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22Changing Scenario of Tropical
Forests Due to Shifting Cultivation
in the Indo-Burma Bio-Geographical
Hotspot: A Study on Three Major Hill
Ranges of Tripura, North-East India

Jatan Debnath, Nibedita Das (Pan),
Amal Debnath, and Istak Ahmed

Abstract

The present study analysed the effects of
shifting cultivation and alteration of forest areas
in three hill ranges of Tripura, which belong to
the Indo-Burma bio-geographical realm of
India. Landsat imagery along with the modern
geoinformatics tool was used for this study.
NDVI was applied to evaluate the vegetation
scenario and justify the land use/land cover
maps. These maps of three hill ranges indicate
that the areas under shifting cultivation and
degraded forest have increased significantly
while areas under dense forest, open forest and
water body have declined sharply. The vegeta-
tion index indicates the absence of high NDVI
value in 2015 in all these hill ranges. The
findings of the present study affirm that the
overwhelming non-traditional shifting cultiva-
tion has arrested the secondary succession of
forest ecosystem enormously and helped for
weed invasion in the study sites which resulted
in obstacle to regeneration of tropical tree
species.

Keywords

Hill ranges of Tripura � Tropical forest �
Hotspot � Non-traditional shifting cultivation �
Weed invasion

22.1 Introduction

Tropical forests are often referred as one of the
most productive terrestrial habitats in the globe.
Their immense biodiversity produces a variety of
natural resource which helps to sustain the basic
needs of local communities (Mishra 1968). They
are extensively harvested in the Indo-Burma bio-
geographical realm of the tropics as primary
source of food for the rural inhabitants. But these
natural heavens are suffering from over-
exploitation and degradation.

Shifting cultivation was a sustainable use of
forest ecosystem when plenty of forests were
available to these cultivators (Myers 1990), but
due to the modification from traditional to non-
traditional jhuming (Gupta 2000), vegetation do
not get enough time to re-establish (Yadav et al.
2013). Thus, the retardation of natural regenera-
tion of trees, i.e. degradation which is regarded as
one of the most critical factors affecting climate
change, biodiversity, ecosystem and environ-
mental conditions (Skole et al. 1994), results to
manipulation of land use pattern and conversion
to various other land use/land cover (LULC)
categories (Subramani and Vishnumanoj 2014).
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Therefore, in this region, LULC cover change
has received much attention in current years
(Achard et al. 2002).

The north-eastern region of India is well-
known for rich biodiversity and becomes a pri-
ority for leading conservation agencies of the
world. This region is identified as a geographic
gateway for much of the living organisms of
India. It is characterised by large scale variation in
flora and fauna and consequently identified as
Indo-Burma hotspot, one of the 35 recognised
global biodiversity hotspots (Myers 1988; Tri-
pathi et al. 2016). The richness of the avifauna
reflects the diversity of habitats along with wide
altitudinal range of this region. The region is
famous as a ‘cradle of flowering plants’ due to its
diversified angiosperm and many important cul-
tivated plant species (Takhtajan 1969; Agarwal
1996; Tripathi et al. 2016). However, according
to Forest Survey of India Report (2017), the forest
areas of this region are gradually reducing for
some anthropogenic activities. Increasing settle-
ment due to rising population, illegal tree felling,
shifting cultivation (locally known as jhuming),
etc., are largely responsible for this reduction.
Almost 0.45 million families in this region
annually cultivate 10,000 km2 forests while about
44,000 km2 forest areas are affected by the jhum
cultivation (Anonymous 2009; Tripathi et al.
2016). On the other hand, reduced jhum cycle
from 25–30 years (earlier) to 4–5 years (present)
has accelerated the degradation process of the
natural ecosystem (Grogan et al. 2012). Accord-
ing to the State Forest Report (2011), among the
eight north-eastern states the highest change was
recorded in Manipur, whereas Tripura occupied
seventh position in this respect unlike Sikkim (no
change observed). Being a small state, such type
of change has attracted the attention of the con-
servators. Typically, the hill ranges are dominated
by the forest cover and much more affected by the
shifting cultivation activity from the earlier peri-
ods. About 223 km2 of the forests (3.76% of the
total forest area of the state) is cleared annually
for jhuming which is higher than the national
average of 2.26% (Gupta 2000). Thus, the natural
ecosystem of the state is degrading day by day

due to the change of LULC categories, but the
measures have not yet been taken due to the lack
of relevant research works.

In modern times, remote sensing becomes a
prime tool for monitoring the vegetation cover-
age and land use change over a period of time.
Normalised difference vegetation index (NDVI)
is the most widely used tool for recognising
vegetation growth, vegetation variation, its
heterogeneity (Tuker et al. 1985) and thus con-
sistent spatio-temporal comparison and inter-
annual variation in vegetation (Kinthada et al.
2014; Jung and Chang 2015) can be computed.

The main purpose of this study was to view
the spatio-temporal changes of the LULC and
relation of those changes with anthropogenic
indices (shifting cultivation) within three hill
ranges, namely Longtarai, Sakhantang and Jam-
pui (Fig. 22.1). The NDVI status at different
altitudinal level with different biophysical con-
dition was also considered.

22.2 Study Area

Tripura with undulating hilly terrain is one of the
smallest states of the Indo-Burma bio-
geographical region of India. Geographically, it
lies between 22° 56ʹ to 24° 32ʹ N latitude and 91°
09ʹ to 92° 20ʹ E longitude covering an area of
10,491.69 km2 among which about 60% is cov-
ered by forest with diversified flora and fauna.
The mean annual rainfall is 2024.4 mm while
temperature ranges from 6 to 39 °C. Altitude
ranges from 12.5 m in the west to 939 m in the
east. Most of the forests are concentrated within
north–south trending five parallel hill ranges and
few in the southern plains. The study region is
mainly occupied by the tropical evergreen forest,
tropical moist deciduous forest, sal forest and
tropical moist deciduous mixed forest. Moreover,
there are also found some patches of grasslands,
swamp vegetation, bamboo, riverine forest and
garjan forest throughout the state. These forests
are highly disturbed by shifting cultivation
(jhuming) and monoculture practice. Shifting
cultivation is regarded as the main reason for
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Fig. 22.1 Location map of the study area: a Longtarai hill range, b Sakhantang hill range, c Jampui hill range
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land cover change. This cultivation is mainly
practised by the indigenous tribes of Tripura.
Generally, the plot selection for jhum cultivation
starts during the months of November and
December and slash and burn during mid-
February to early March, before the rain begins.
The weeding starts from June and continues till
August and harvesting in the next year during the
month from June to October. But increasing
population from 6,39,029 to 36,73,917 (474.92%
growth) during the census years 1951–2011
converted the traditional jhum cultivation into
non-traditional jhum cultivation. Botanically, the
state is of great interest because of its hot summer
and favourable environmental condition which
supports the growth of tropical aliens. As a result,
many exotic plants have vigorously propagated
and established in this region, thus, altered the
native vegetation and become an obstacle to the
natural regeneration of tree species.

22.3 Methodology

22.3.1 Datasets and Pre-processing

The satellite images used in this study were
derived from the United States Geological Survey
(USGS) using earth explorer (https://
earthexplorer.usgs.gov). Three satellite images,
i.e. Landsat TM 1989, 2005 and Landsat OLI
2015 were used for analysing the LULC change
and NDVI. Each of the datasets was of 30 m
resolution and acquired following the path 136
and row 044 (Table 22.1). The datasets of the

month of February and March for each study year
were collected as it is the commencing month of
jhum in north-east India. The researchers have
used Aster Global Digital Elevation Model
(GDEM) data collected from USGS to extract
topographic information and derived altitude-
wise jhum areas in the hill ranges.

In order to obtain essential information from
the satellite data, image pre-processing, i.e.
image enhancement, geometric rectification,
radiometric correction and mosaicing were done,
as well as authenticated and corrected data was
assembled for further analysis (Jensen 1996;
Iqbal and Khan 2014). WGS 1984, UTM Zone
46 N was assigned to all the datasets separately
using the project transformation system. Though
very small patches of cloud cover were observed
in the upper part of the datasets (beyond Tripura
state), but it had not covered the study area, and
hence cloud removal technique was not applied.
Image enhancement technique was used to all the
three datasets. Image geometric rectification was
employed to reduce the geometric distortion of
the images and the adjoining images were
brought into registration as well. Image mosaic-
ing was done for the selected datasets. In order to
reduce error during overlay and change detection
analysis, all the images were set into a standard
projection (Kardoulas et al. 1996) and used
radiometric correction to avoid radiometric errors
or distortions; in this way, the reliability of the
pixels’ brightness value was increased (Xie et al.
2008). Shadow removal was performed on
Landsat datasets and ancillary DEM using the
topographic correction technique of ArcGIS.

Table 22.1 Details about the datasets

Satellite sensor Date of satellite acquisition Path/Row Cloud cover Scene Id

Landsat TM 18-03-1989 136/044 0 LT51360441989077BKT00

Landsat TM 18-03-1989 136/043 4 LT51360431989077BKT00

Landsat TM 26-02-2005 136/044 0 LT51360442005057BKT00

Landsat Tm 26-02-2005 136/043 3 LT51360432005057BKT00

Landsat OLI 26-03-2015 136/044 0 LC81360442015085LGN00

Landsat OLI 26-03-2015 136/043 4 LC81360432015085LGN00
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22.3.2 Classification Scheme

The Arc GIS 10.1 software was used to process
the Landsat images by using the pixel-based
supervised image classification. Five land
use/land cover classes like (a) shifting cultivation
(SC), (b) dense forest (DF), (c) open forest (OF),
(d) degraded forest (DGF) and (e) water body
(WB) were selected following the USGS LULC
classification system (Anderson et al. 1976).
Maximum likelihood classification algorithm
was used as it has been recognised as one of the
most proficient parametric methods for LULC
classification (Rawat and Kumar 2015). Ground
truth verification was conducted using Global
Positioning System (GPS) device and the local
people were also consulted. The survey was done
for two months (June and July 2015) and almost
40–50 points were verified for each class of the
classified LULC maps. The areas under each
class were calculated and analysed statistically
for better illustration of the data.

22.3.3 Detection of Altitude-Wise
Shifting Cultivation Area

Shifting cultivation is the ancient traditional
farming system, mainly practised by the aborig-
inals all over the tropical and sub-tropical regions
of the world (Sharma 1976; Sati and Rinawma
2014; Datta et al. 2014; Deka and Sarmah 2010),
known as ‘jhum’ in north-eastern part of India
(Dasgupta 1986; Gupta 2000; Das and Das 2014;
Reimangam 2017; Debnath et al. 2017).The
areas under shifting cultivation were identified
from the false colour combination (FCC) of the
imagery using the on-screen visual interpretation
technique. The pre-burnt jhum plots have higher
reflectance in both the red and NIR band,
whereas the burnt jhum plots have low reflec-
tance in the red as well as NIR band (Pebam
2018). The current year jhum have normally
black (freshly burnt area), greenish blue tone,
whereas jhum plots with second year crop have
either light blue-green or blue tinge tone (Thong
et al. 2019). Here, the areas of densely vegetated
steep slopes with sufficient rain water are highly

favoured for shifting cultivation. In order to
estimate the altitude-wise area, under shifting
cultivation within the study sites contours at
200 m interval were generated on Aster DEM of
30 m resolution using Arc Map 10.1. The over-
lay tool was applied for extraction of the altitude-
wise jhum areas. This type of study assists to
identify the areas where ecological balance is
under threat due to shifting cultivation and could
be a most effective tool for taking a proper
management strategy.

22.3.4 Accuracy Assessment

The level of relationship between the remotely
sensed data and ground reference information
were mainly scrutinised with the help of classi-
fication accuracy (Congalton 1991). Confusion
matrix (error matrix) is a most proficient method
to express the classification accuracy in the
LULC study (Lillesand and Kiefer 2007). Fol-
lowing Burnicki (2011) and Gass et al. (2013),
error matrix table of the classified maps was
prepared by taking random points on the basis of
ground truth verification. From the error matrix,
table omission error percentage, commission
error percentage, accuracy of producer’s, user’s
accuracy, overall accuracy and Kappa coefficient
(Khat) were calculated for each classified map
using the following formula:

Overall accuracy:

Pr

i¼1
xii

N
� 100 ð22:1Þ

Kappa accuracy:
N
Pr

i¼1
xii �

Pr

i¼1
xiþ � xþ ið Þ

N2 �Pr

i¼1
xi þ � xþ ið Þ

ð22:2Þ

Source: Congalton (1991).
where r = number of rows in the matrix, xii =
total number of correctly classified pixels in row i
and column i, xiþ and xþ i = marginal totals of
row i and column i, respectively, and N = total
number of pixels in the matrix table.
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However, the omission percentages were
extracted to know the number of pixels which
could not be classified into proper classes,
whereas the commission percentage deliberate
about the number of pixels which belong to the
other class but confusedly added with another
class. Moreover, user’s accuracy measures the
proportion of each class which was classified
correctly in the maps as the actual landscape
present on the ground, based on the training
class. Whereas, producer’s accuracy expresses
how the proportion of LULC classes are cor-
rectly classified on the basis of the training pixels
(Debnath et al. 2017). The overall accuracy was
calculated as dividing the total accurately clas-
sified pixels by the total number of pixels in the
confusion/error matrix table (Congalton 1991),
while kappa coefficient (Khat) was recognised as
the discrete multivariate technique applied during
the accuracy assessment of the Landsat images
(Cohen 1960). According to Monserud and
Leemans (1992), the value of Kappa coefficient
of <0.4 symbolises poor conformity, 0.4–0.55
fair conformity, 0.55–0.70 good agreement,
0.70–0.85 very good agreement and >0.85 rep-
resents excellent conformity of the classified
LULC maps.

22.3.5 Change Detection

Post classification comparison method is the
most useful change detection technique (Rawat
and Kumar 2015) which evaluates and detects
the LULC change from one class to the other by
comparing multi-dated images (Sinha et al. 2015;
Iqbal et al. 2014). The LULC maps of the year
1989, 2005 and 2015 were produced after pre-
processing the Landsat images.

Moreover, the identification of the trend,
whether positive or negative change, is calcu-
lated using the following formula:

Total area of type i change
Total positive or negative changed area of type i of previous date

� 100

ð22:3Þ

The resulted LULC maps were overlaid and
compared on pixel by pixel basis. ‘From–To’
change map/conversion map was prepared using
this simple pixel by pixel combination of images
from two temporal datasets.

22.3.6 Normalised Difference
Vegetation Index

Recently, NDVI has been developed as an
extensively used indicator for detecting land
cover (Musa and Jiya 2011; Jung and Chang
2015). The NDVI was calculated using the fol-
lowing formula:

NDVI ¼ NIR� red
NIRþ red

ð22:4Þ

where red corresponds to band 3 (0.63–0.69 µm)
in Landsat TM and in Landsat 8 OLI band 4
(0.64–0.67 µm) and NIR corresponds to Land-
sat TM band 4 (0.76–0.90) and Landsat 8 OLI
band 5 (0.85–0.88 µm). The ArcGIS 10.1 soft-
ware was used to estimate the NDVI classes and
each raster file had a 30 m cell size. The NDVI
value always ranges between −1 to +1 and
whenever the sensor gets some chlorophyll
content, it reflects positive vegetation index
value. In this study, the researchers have devel-
oped a vegetation index range on the basis of the
works of Lakshmi Kumar et al. (2013) and
Sahebjalal and Kazem (2013). It indicates 0–0.2
for low vegetation, 0.2–0.4 medium and >0.4 for
high vegetation.

22.4 Results and Discussion

22.4.1 Accuracy Assessment

The classified images of all the hill ranges indicate
overall accuracy of >88 with kappa coefficient
of >0.8 (Table 22.2). According to Anderson
et al. (1976), the classified map of >85%accuracy
can be processed for further analysis.
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22.4.2 Image Classification

The comparative analysis indicates that the
LULC classes varied considerably in different
years (Fig. 22.2 and Table 22.3). The Longtarai,
Sakhantang and Jampui hill ranges share largest
portion of the state’s forest and so the land cover
was classified into dense, open and degraded
forest. In case of all the hill ranges, a significant
loss in dense forest and water body was noticed,
but expansion of shifting cultivation and degra-
ded forest was prominent from the year 1989 to
2015 (Table 22.4).

22.4.3 Change Detection

The overlaid classified images of 1989 and 2015
provided information about ‘From-To’ change
over three hill ranges (Fig. 22.3 and Table 22.5).
The conversion maps indicated the preponder-
ance of degraded forest (50–74%) in all the study
areas (Table 22.3). In the Longtarai Range,
changes were mainly observed from open
(56.06%) and dense forests (54.95%) to degraded
forest; in the Sakhantang Range from dense
forest (59.39%) and shifting cultivation
(59.234%) to degraded forest; in the Jampui
Range from dense forest (75.20%) and shifting
cultivation (71.95%) to degraded forest which
was highest among all the ranges. The results

also indicate that the present jhum lands will
gradually be transformed into a degraded
ecosystem.

The shrinkage of water body became another
challenging issue. These modifications of LULC
had eventually created a negative impact on the
socio-economic life of the indigenous people.

22.4.4 Normalised Difference
Vegetation Index (NDVI)

The results obtained from the NDVI analysis
specified that the grid values within the study
areas range between +0.94 and –0.79 which
indicates significant LULC change during three
selected study years. For better representation of
changes in vegetation index (VI), the DN values
were categorised into low, medium and high-
density vegetation index (Fig. 22.4). The NDVI
analysis indicates that high vegetal cover (>0.4) is
absent in all the ranges and significant decrease in
medium (0.2–0.4) category occurs in 2015. The
low-density vegetation (<0.2) was increased
enormously in each of the selected hill ranges
(Tables 22.6 and 22.7). It was mainly due to the
presence of unhealthy degraded forests, especially
shrubs, bushes and weeds, and as a result, the DN
values remained within low-density range.

Moreover, the significant interference of
shifting cultivation had cleared the natural

Table 22.2 Error matrix of the classified LULC maps of three hill ranges

Longtarai Sakhantang Jampui

1989 2005 2015 1989 2005 2015 1989 2005 2015

Class PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

PA
(%)

UA
(%)

SC 100 100 100 100 77 94 97.6 95 100 100 98 78 100 98 100 100 100 98

DF 100 97.4 98 100 100 100 77.5 91 86.5 100 100 100 32 100 100 100 100 100

OF 100 96.8 92 80 100 86 97.4 97 100 95 100 89 100 100 100 96 100 100

DGF 96 100 94 90.9 88 82 91.7 97 98.3 93 50 90 100 3.2 97 100 100 100

WB 100 100 88 100 93 100 93.6 76 100 100 76 100 96 100 100 100 98 100

OA 98% 95% 91% 91% 97% 89% 88% 99% 99%

KS 0.97 0.93 0.91 0.9 0.97 0.88 0.86 0.99 0.98

Note: DF Dense Forest; SC Shifting Cultivation; OF Open Forest; DGF Degraded Forest; WB Water Body; PA Producer’s Accuracy;
UA User’s Accuracy; OA Overall Accuracy; KS Kappa Statistics
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Fig. 22.2 Land use/land
cover map of the three
selected hill ranges of Tripura
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healthy forests year after year, but due to the
growing population and adaptation of the non-
traditional way of jhuming, these areas became
highly degraded. This non-traditional way had
reduced the 20–25 years’ duration of fallow

period of jhum plots to 4–5 years’ or even less
than that. As a result, although the medium
density vegetation index was still present, but
high-density vegetal cover was totally missing
over the entire hill ranges under study.

Table 22.3 Area under land use/land cover classes during 1989–2005–2015

LULC Longtarai Sakhantang Jampui

Area in km2 (%) Area in km2 (%) Area in km2 (%)

1989 2005 2015 1989 2005 2015 1989 2005 2015

SC 21.11
(7.67)

25.71
(9.34)

41.93
(15.24)

35.77
(6.01)

37.12
(6.23)

79.57
(13.34)

33.23
(5.40)

47.36
(7.69)

50.13
(8.14)

DF 58.44
(21.24)

35.74
(12.99)

24.62
(8.95)

93.9
(15.77)

84.85
(14.25)

7.98
(1.34)

83.06
(13.49)

21.28
(3.45)

18.27
(2.97)

OF 60.72
(22.06)

38.9
(14.13)

45.38
(16.49)

364.93
(61.27)

299.65
(50.31)

210.79
(35.33)

158.3
(25.71)

275.75
(44.78)

91.60
(14.87)

DGF 130.68
(47.52)

170.63
(62.00)

158.94
(57.76)

98.01
(16.46)

169.95
(28.54)

293.99
(49.28)

334.42
(54.31)

263.64
(42.81)

448.75
(72.88)

WB 2.32
(0.84)

2.01
(0.73)

1.5
(0.54)

1.4
(0.23)

1.84
(0.31)

1.11
(0.19)

4.73
(0.77)

4.93
(0.80)

3.21
(0.52)

Others 1.82
(0.66)

2.2
(0.80)

2.82
(1.02)

1.55
(0.26)

2.15
(0.36)

3.12
(0.52)

2.02
(0.33)

2.8
(0.45)

3.8
(0.62)

Total 275.19
(100)

275.19
(100)

273.27
(100)

594.01
(100)

594.01
(100)

594.01
(100)

615.76
(100)

615.76
(100)

615.76
(100)

Note: DF Dense Forest; SC Shifting Cultivation; OF Open Forest; DGF Degraded Forest; WB Water Body

Table 22.4 Areal change of different land use/land cover classes during 1989–2005–2015

LULC Longtarai Sakhantang Jampui

Area in km2 (%) Area in km2 (%) Area in km2 (%)

1989–
2005

2005–
2015

1989–
2015

1989–
2005

2005–
2015

1989–
2015

1989–
2005

2005–
2015

1989–
2015

SC 4.6 16.22 20.82 1.35 42.45 43.8 14.13 2.77 16.9

(21.79) (63.09) (98.63) (3.77) (114.36) (122.45) (42.52) (5.85) (50.86)

DF −22.7 −11.12 −33.82 −9.05 −76.87 −85.92 −61.78 −3.01 −64.79

(−38.84) (−31.11) (−57.87) (−9.64) (−90.59) (−91.50) (−74.38) (−14.14) (−78.00)

OF −21.82 6.48 −15.34 −65.28 −88.86 −154.14 117.45 −184.15 −66.7

(−35.93) (16.66) (−25.26) (−17.89) (−29.65) (−42.24) (74.19) (−66.78) (−42.13)

DGF 39.85 −11.69 28.16 71.94 124.04 195.98 −70.78 185.11 114.33

(30.47) (−6.85) (21.53) (73.4) (72.99) (199.99) (−21.16) (70.21) (34.19)

WB −0.31 −0.51 −0.82 −0.44 −0.73 −0.29 −0.2 −1.72 −1.52

(−13.36) (−25.37) (−35.34) (−31.43) (−39.67) (−20.71) (−4.23) (−34.85) (–32.14)

Others 0.38 0.62 1 0.6 0.97 1.57 0.78 1 1.78

(20.88) (28.18) (54.94) (38.71) (45.12) (101.29) (38.61) (35.71) (88.12)

Note: DF Dense Forest; SC Shifting Cultivation; OF Open Forest; DGF Degraded Forest; WB Water Body
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22.5 Altitude-Wise Shifting
Cultivation Area

In Tripura, shifting cultivation has been modified
to ‘hill slope cultivation’ where the entire hill
slope is cultivated plot-wise year after year, from
higher to lower altitude (Fig. 22.5). The Long-
tarai hill range was classified into three altitudi-
nal zones like <200 m, 200–400 m and 400–
600 m, whereas the Sakhantang and Jampui hill
ranges were divided into four zones of <200 m,
200–400 m, 400–600 m and >600 m. It was
observed that in all the hill ranges fairly flat and
gentle slopes below 200 m altitude were greatly
affected by this practice (Table 22.8).

According to Dupin et al. (2009) in the steep
slopes the problems of reduced soil fertility, lesser
crop productivity and increased soil erosion are

greater than the gentle slopes. In spite of that the
higher altitude zones of the study area were
occupied by shifting cultivation (Table 22.8).

Due to the commencement of Wildlife (Pro-
tection) Act, 1972, the Wildlife (Protection)
Amendment Act, 1991 and Forest (Conservation)
Act, 1980 area under Reserved Forest were
increased in comparison with the unreserved
forests. This has recurred jhuming in a particular
plot over a short period. Therefore, the secondary
succession of forest community was detained and
plots became highly invaded by invasive weeds
like Chromolaenaodorata, Ageratum conyzoides,
Mikania micrantha, Lantana camara, etc. Since
there were fewer forests to burn, therefore, ash,
used to increase the fertility of soil, was reduced
significantly. Ultimately declined soil fertility,
low productivity and enhanced soil erosion, as
well as detained secondary succession by

Fig. 22.3 ‘From-To’ change map (1989–2015) of the three selected hill ranges of Tripura
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invasive weeds (which extract soil nutrients)
might create massive obstacle for natural regen-
eration of trees. As a result, the need of virgin
forest has forced the indigenous people to move
towards higher altitudes.

On the other hand, during pre- and post-
independence period, a huge number of immi-
grants entered Tripura from Bangladesh, which
eventually pushed the aboriginals towards these
hill ranges. Consequently, they were forced to
settle in the hill ranges and practised jhuming
rigorously by clearing natural vegetation. One of
the main causes of such increase in shifting
cultivation was probably the improvement in
their economic status by selling jhum crops in the
nearby markets.

22.6 Conclusion and Remarks

The study on LULC of Longtarai, Sakhantang
and Jampui hill ranges for 27 years’ depicted
significant change in land cover as reflected by
vegetation index. The non-traditional jhuming as
well as increasing population and over-
exploitation of forest resources by the forest
dwellers have worsened the status of natural
forests. The results indicate that the present jhum
lands will gradually be transformed into a
degraded ecosystem. Biodiversity of the hill
ranges has declined significantly due to the
subsequent loss of secondary succession. Various
noxious weeds as well as grasses like

Table 22.5 Area under ‘From-To’ change

‘From-To’ (1989–2015) Longtarai Sakhantang Jampui

Area (km2) Area (%) Area (km2) Area (%) Area (km2) Area (%)

DF- SC 6.74 12.81 6.37 7.05 5.9 7.56

UC_DF 7.11 13.51 5.07 5.61 2.72 3.48

DF-OF 9.64 18.32 53.66 59.39 10.34 13.24

DF-DGF 28.91 54.95 20.92 23.15 58.72 75.2

DF-WB 0.21 0.4 4.33 4.79 0.4 0.51

UC_SC 3.21 19.55 7.9 24.26 4.5 14.61

SC-DF 0.84 5.12 0.01 0.03 0.32 1.04

SC-OF 7.8 47.5 5.32 16.33 3.76 12.21

SC-DGF 4.56 27.77 19.29 59.23 22.16 71.95

SC-WB 0.01 0.06 0.05 0.15 0.06 0.19

OF-SC 6.18 10.9 41.13 11.69 14.18 9.35

OF-DF 5.36 9.45 2.82 0.8 0.77 0.51

UC_OF 13.37 23.57 125.46 35.67 36.94 24.35

OF-DGF 31.8 56.06 179.15 50.93 99.73 65.74

OF-WB 0.01 0.018 3.17 0.9 0.09 0.06

DGF-SC 22.51 17.99 18.53 20.15 24.14 7.26

DGF-DF 9.58 7.66 0.16 0.17 14.49 4.36

DGF-OF 16.73 13.37 15.65 17.02 35.86 10.78

UC_DGF 76.2 60.9 57.28 62.29 256.5 77.1

DGF-WB 0.11 0.09 0.34 0.37 1.7 0.51

Note: DF Dense Forest, SC Shifting Cultivation, UC Unchanged, OF Open Forest, DGF Degraded Forest, WB Water
Body
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Fig. 22.4 Normalised
Difference Vegetation Index
(NDVI) map of the three hill
ranges
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Chrysopogon Aciculatus, Imperata Cylindrica,
etc., were grown extensively in the abandoned
jhum plots. On the other hand, soil erosion haz-
ard was reflected through the sedimentation
scenario of the major rivers like Gumti, Manu,
Deo, Dhalai and Juri.

In case of all the hill ranges, a significant loss
in dense forest and water body was noticed, but
expansion of shifting cultivation and degraded
forest became prominent from the year 1989 to
2015.

Although the Government and the Forest
Department of the state have provided rehabili-
tation programme for these jhumias, but still the
cultivation is going on without following any
protection measures like contour bunding. Here,
communication gap between these jhumias and
the local government still exists. Therefore, the
government should implement such programmes
which will deal with the socio-economic devel-
opment of the jhumias along with sustainable
protection of the forests for future generation.

Table 22.6 NDVI class-wise area under three hill ranges (1989, 2005 and 2015)

NDVI class Longtarai Sakhantang Jampui

Area in km2 (%) Area in km2 (%) Area in km2 (%)

1989 2005 2015 1989 2005 2015 1989 2005 2015

0–0.2
(Low)

12.88 12.7 144.77 26.77 47.89 471.4 109.58 36.66 428.29

(4.75) (4.69) (55.74) (4.52) (8.09) (82.73) (18.82) (5.99) (72.15)

0.2–0.4
(Medium)

170.06 173.01 114.97 343.65 436.49 98.41 334.52 444.64 165.28

(62.73) (63.93) (44.26) (57.99) (73.74) (17.27) (57.44) (72.69) (27.85)

>0.4
(High)

88.14 84.93 Absent 222.16 107.56 Absent 138.28 130.4 Absent

(32.51) (31.38) (37.49) (18.17) (23.74) (21.32)

Total 271.08 270.64 259.74 592.58 591.94 569.81 582.38 611.7 593.57

(100) (100) (100) (100) (100) (100) (100) (100) (100)

Table 22.7 NDVI class-wise areal change (1989–2005–2015)

NDVI class Longtarai Sakhantang Jampui

Area in km2 (%) Area in km2 (%) Area in km2 (%)

1989–2005 2005–2015 1989–2005 2005–2015 1989–2005 2005–2015

0–0.2 (Low) −0.06 51.04 3.57 74.64 −12.82 66.16

(−0.46) (401.92) (13.36) (155.86) (−11.7) (180.47)

0.2–0.4 (Medium) 1.19 −19.66 15.75 −56.47 15.25 −44.84

(0.7) (−11.36) (4.58) (−12.94) (4.56) (−10.09)

>0.4 (High) −1.13 −31.38 −19.32 −18.17 −2.43 −21.32

(−1.28) (−36.95) (−8.7) (−16.89) (−1.75) (−16.35)
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Fig. 22.5 Altitude-wise area
under shifting cultivation in
three studied hill ranges
[Contours were generated on
DEM using ArcGIS]
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23Urbanization in Himalaya—An
Interregional Perspective to Land
Use and Urban Growth Dynamics

Mangalasseril Mohammad Anees,
Richa Sharma, and Pawan Kumar Joshi

Abstract

Himalaya is one of the most tectonically
unstable mountain ranges known for contin-
uous uplift and being highly vulnerable.
Human population growth and densification
in and around habitation have initiated urban-
ization, a new phenomenon which is adding to
its vulnerability. Urbanization is taking a toll
of Himalaya through dual pathways, directly
by altering the land use and land cover to meet
these requirements and indirectly in the form
of infrastructure constructions to meet their
communication, commuting and energy
demands. This chapter gives an account of
urbanization in Indian Himalaya which is
adding threat to this fragile system.

Keywords

Himalaya � Western Himalaya � Eastern
Himalaya � Urbanization � Heterogeneity

23.1 Introduction

Himalaya, a name derived from Sanskrit lan-
guage and translating to—‘the abode of snow’, is
one of the youngest and tallest mountain ranges
in the world. It is located between the Tibetan
plateau and the fertile Indo-Gangetic plains of
northern India, the mountains span across
2500 km from east to west forming the northern
border of Indian subcontinent while varying from
200 to 400 km in width (north to south). The
varied topography of the region with altitudinal,
micro-climatic and aspect variation endows rich
biodiversity and a mosaic of ecosystems with
diverse ecological gradients such as tropical
forest, subtropical forest, temperate broadleaf
deciduous forest, temperate coniferous forest,
grasslands and shrubland (Wester et al. 2019).
Having a large network of protected areas, with
vast tracts of green cover, these mountains are
one of global biodiversity hotspots and hold a
special position as a giant carbon sink.

Himalaya is famously known as the ‘third
pole’ owing to its vast expanse of ice and snow
cover outside the polar regions. Himalaya is also
called the ‘water tower’ being the source of a
number of big and small perennial rivers that
ensure freshwater supply to the subcontinent
(Savoskul and Smakhtin 2013); simultaneously,
the silt brought down by the rivers enriches the
soil, creating the fertile Indo-Gangetic plains. But
Himalaya is also one of the most tectonically
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unstable, and a continuous uplift has made these
mountain ranges highly vulnerable to large-scale
tectonic movements (Valdiya and Bartarya
1991). This process is still continuing and has
resulted in high loss disasters in the recent past.
In addition to exhibiting the stupendous topog-
raphy and coupled vulnerability, the mountain
ranges also play very important role in
influencing the climate over the Indian subcon-
tinent (Wester et al. 2019) and is the source of
water for all three major river systems in the
Asian continent.

The vast watersheds and integrated river sys-
tems of the Himalaya are continuously stressed by
rapidly growing human population and their
energy demands met through energy generated
from various mega hydropower projects flocking
all along the flow of these rivers. The water
dependence of countries across the mountains has
shaped their economies around agriculture and
employ the greatest share of population (Shrestha
et al. 2015). As a result, any degradation to the
ecosystems of the Himalaya will bring a signifi-
cant threat to the livelihood and food security of
millions of people living downstream. The phys-
ical geography of the Himalaya seems to be
demystified with large-scale historic geological
surveys and recent technological advancements to
map the various geographical features across it.
However, the growth of urban population in the
fragile ecosystem has largely gone unnoticed.

Undoubtedly, over the years, this sensitive
ecosystem has become highly susceptible to
impacts of global environmental change,
including climate change, and has caught the
attention of national and international climate
scientists. However, very little is explored to
understand the local-scale effects of the rapid
urbanization taking place in these mountains.
Dotting the Himalaya is a mixed group of most
populated and fastest developing countries in the
world. This brings an additional challenge to
counter the loss of biodiversity and natural
resources including the issue of water sustain-
ability. Urbanization is taking a toll of Himalaya

through dual pathways, directly by altering the
land-use practices (e.g. agriculture and horticul-
ture) and land cover (e.g. deforestation) to meet
the requirements of local urbanization, and
indirectly in the form of infrastructure construc-
tions to meet the communication, commuting
and energy demands of urbanization within the
Himalaya as well as in far off lowland settle-
ments (Pandit and Grumbine 2012). Thus,
Himalayan landscape is equally affected by
population growth far away from its formidable
peaks. Many of the towns, meant and planned for
a small population in the mountains, have out-
grown their capacity due to natural growth,
industrialization and raising benefits from tour-
ism industry. However, the paucity of informa-
tion on growth of these cities, similarities and
dissimilarities of nature and the vulnerabilities
they face is a major hindrance in coordinating
action plans to devise adaptation practices and
putting them on loci of sustainability. Only major
urban centres such as Srinagar (Nengroo et al.
2017), Dehradun (Diksha and Kumar 2017), and
Kathmandu (Bahadur and Murayama 2012;
Rimal et al. 2017, 2018) are fairly studied by
geographers and environmental scientist while
leaving a void to understand other centres located
within Himalaya. Interregional and altitudinal
variation in the Himalayan cities can provide the
clues to understand the spatial variation and its
drivers and contribute in developing region-
specific policies to bring countermeasures. Due
to its major share in population, the western
region of Himalaya (WH) is often the focus of
policy and discussion with respect to urbaniza-
tion, side-lining the growth in the eastern
Himalaya (EH). There is a major variation in
demographic, climatic and topographic condi-
tions in the WH and EH influencing urbanization
trends while at the same time altitudinal variation
paints an obvious but understudied trend. The
next section looks into the details of such varia-
tions and discusses research studies focussed to
understand the effects of urbanization on this
pristine landscape.
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23.2 Interregional Variation
in Urbanization

In spite of being a ubiquitous phenomenon,
urbanization is often considered a conundrum in
lowlands only. Himalaya is home to cities of
various sizes, though smaller in population and
area occupied as compared to cities in the plains,
but is not deterred by the challenges brought in
by the topography. In fact, cities have modified
their structures (construction capabilities on
steeper slopes, construction of all-weather roads
etc.) to utilize the advantages provided by the
topography and grown into major tourist and
religious centres catering majorly to population
from the lowlands. The Indian Himalayan
Region (IHR) covering an area of 530,000 km2

is divided across ten states in the Indian Territory
and also contributes the highest urban population
in Himalayan region, prompting the focus of this
chapter. The next sections look deeper into the
regional variations of urbanization across the
length and breadth of the Himalaya.

23.2.1 West Versus East

The states of Jammu and Kashmir, Himachal
Pradesh and Uttarakhand constitute the Western
part of Himalaya while the states of Sikkim,
Assam, Tripura, Mizoram, Manipur, Nagaland,
Arunachal Pradesh and hill region of Assam and
West Bengal constitute the eastern part (ENVIS-
CHE 2015). A total of 109 districts cover the
IHR and population data provides an interesting
outlook on urban spread across the range. Fig-
ure 23.1 represents the major settlements in
Himalaya in terms of urban population per unit
(sqkm) area of the district.

The districts with high percentages (� 10%)
of urban area are Srinagar (14.9%), Bandipora
(14.4%), Kulgam (12.2%) and Jammu (10.8%),
all in the WH, in the state of Jammu and Kashmir.
Interestingly, major area of these districts lies in
the valley of Kashmir, favouring the expansion of
urban growth. The EH districts, on the other hand,
are sparsely covered by urban area and only few

cities accommodate the major share of urban
population. In terms of urban population density,
Srinagar (616/km2), Dehradun (305/km2), Hard-
war (294/km2), and Udham Singh Nagar
(231/km2) located in the WH are the only districts
with more than 200 persons per km2 (Census of
India 2011). In general, the lower Himalayan
districts possess greater percentages of urban area
and higher urban population densities. The WH
has higher percentage of urban area and higher
urban population density in comparison to EH,
where except East District of Sikkim (128/km2)
all other districts have urban population density
of less than 50/km2. Overall, the average density
of cities in WH is 4534/km2 and in EH 3475/km2.
Class I cities (see Table 23.2 for definition of
classes) in WH have an average density of
9060/km2 while EH Class I cities have 9395/km2

with the highest densities in Kashipur (Uttarak-
hand) and Darjeeling (West Bengal) in WH and
EH, respectively. But a major difference is seen in
Class II cities in which WH cities accommodate
double the number of people (10,409/km2) as
compared to EH cities (5059/km2).

Consistent with the general understanding that
mountains would accommodate a far lesser
population than the plains, Himalaya records a
low population size overall and even lower urban
population percentage when compared to the
plains. But globally, they remain the most pop-
ulated mountain systems in the world (ENVIS-
CHE 2015), and thus, studying this geography of
human settlement becomes extremely important.
The current population numbers and the growth
rates in the Himalaya are far higher than in past
decades. Figure 23.1 represents the distribution
of urban population across districts of IHR. On
average, the urban population of WH districts is
0.15 million, while that of EH districts are 0.07
million, highlighting the skewed distribution
across Himalaya. However, of the total, 26 dis-
tricts with above 0.1 million populations, both
WH and EH, share equal number of districts (13
each). The WH districts of Srinagar, Dehradun
and Jammu top the list with an urban population
of 1.2, 0.94 and 0.76 million, respectively
(Table 23.1). All the districts have flourished on
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Fig. 23.1 Regions with urban population per square km and percentage of urban area across Himalaya

Table 23.1 List of districts with highest and lowest urban population in WH and EH (Census of India 2011)

WH EH

Highest

State District Population State District Population

J&K Srinagar 1,219,516 West Bengal Darjeeling 727,963

Uttarakhand Dehradun 941,941 Tripura West Tripura 677,638

J&K Jammu 765,013 Meghalaya East Khasi Hills 366,481

Uttarakhand Hardwar 693,094 Manipur Imphal West 322,879

Uttarakhand Udham Singh
Nagar

586,760 Mizoram Aizawl 314,754

Lowest

Himachal
Pradesh

Kinnaur 0 A. Pradesh Anjaw 982

Himachal
Pradesh

Lahul & Spiti 0 A. Pradesh Kurung Kumey 2345

Uttarakhand Bageshwar 9079 A. Pradesh Dibang Valley 2384

Uttarakhand Rudraprayag 9925 Sikkim North District 4644

J&K Ramban 11,811 Sikkim West District 5248
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the foothills of Himalaya and thus advantaged by
road connectivity, location of capital centre(s) of
the respective states (Jammu—winter state capi-
tal, Srinagar—summer state capital of Jammu
and Kashmir; Dehradun—state capital of Uttar-
akhand) and relatively expansion—favouring
topography. In the EH, the highest urban popu-
lation is observed in Darjeeling (0.72 million),
the only hill district of West Bengal. It also
serves as an important tourist destination in the
eastern India and thus harbour a large migrant
population as well (Zurik et al. 2005). Darjeeling
is followed by West Tripura (0.67 million) and
East Khasi hills (0.36 million) that inhabit the
high populations and also serve as state capitals
of Tripura and Meghalaya, respectively.

The least populated districts in IHR predom-
inantly lie in the EH. However, two districts
(Lahul and Spiti and Kinnaur—nil urban popu-
lation) of WH also fall under five least populated
districts of the range. The skewed distribution of
urban population between WH and EH could be
majorly attributed to the higher percentage of
tribal population in north-eastern India that has
higher dependence on agriculture, lack accessi-
bility and hence tourism opportunities.

Comparing the data on cities, the WH has 297
cities as compared to 244 cities in EH. Table 23.2
describes the distribution of cities according to
different population classes and shows that
majority of cities in IHR have less than 20,000 of
population. One of the reasons for this could be
attributed to the rugged and complex topography
and lack of transportation networks on their
expansion.

Figure 23.2 represents the growth of number
of cities in WH and EH between 2001 and

2011. Maximum increase in number of towns
and cities between 2001 and 2011 were wit-
nessed by Jammu and Kashmir where the count
increased from 69 to 122. This was followed by
Uttarakhand (from 76 to 116) and Manipur
(from 29 to 52). The WH states are expected to
have gained urban population due to rural–ur-
ban migration mainly due lack of employment
opportunities and in search of better facilities.
Uttarakhand has also observed greater tourism
opportunities with advancement of roads and
increased reach from tourist in the plains during
summers. This growth of incoming tourist in
Jammu and Kashmir and Uttarakhand is also
highlighted in recent report of ‘India Tourism
Statistics 2018’. EH states except Meghalaya
and Arunachal Pradesh record minimal growth
of incoming tourist. Singh (2018) states that the
urbanization in Manipur is mostly driven by
rural–urban migration as well as illegal migra-
tion from neighbouring countries. However,
Singh and Golson (2019) state reclassification
of urban centres as one of the reasons for
increased number of towns in the state.

However, based on the Census data (Envistat
2019), urbanization in EH states is seen to be
more rapid than those in the WH. As indicated by
Fig. 23.3, the average rate of urban population
growth in WH and EH states is 3% per year and
6% per year, respectively. While in terms of
urban area, WH states witnessed 18% increase,
EH observed 53% (excluding Sikkim and Aru-
nachal Pradesh) as per the Envistat Report 2019.
This indicates the greater development of
greenfield for urban expansion in WH, whereas
EH expands the existing urban population at a
much higher rate.

Table 23.2 Number of
cities according to size-
class distribution in EH and
WH (Census of India 2011)

Class Population size WH EH

Class I >100,000 10 08

Class II 50,000–99,999 10 07

Class III 20,000–49,999 41 34

Class IV 10,000–19,999 70 72

Class V 5000–9999 98 85

Class VI <5000 68 38
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Decadal growth rate of Class I–VI cities
(2001–2011) in EH (59.77%) is higher as com-
pared WH (46.67%). Considering the growth in
Class I cities (population > 0.1million), Agar-
tala, state capital of Tripura, in EH shows the
highest urban population growth (110.53%),
while Rudrapur in Uttarakhand has the highest
(58.84%) in WH. Table 23.3 lists the fastest-
growing towns and cities in each class size.
Overall, EH towns also report a higher number of
towns (19) with greater than 100% growth rate as
compared to WH towns (11). Thus, looking
beyond the figures of usually projected ‘total
urban population’, urban growth rate implies a
rapid growth in towns and major urban
agglomerations of the EH as compared to WH.

Not many research studies have been carried
out in the IHR addressing the urban expansion
and many of those attempted have been targeted
in the WH region at variable scales. This

scholarly deficit is compensated with a strong
correlation of research interest to larger size and
population of the cities/regions which invariably
are located in western side, whereas EH with a
higher growth rate is underrepresented (Mcduie-
ra and Chettri 2018). A simple overview of
published research articles listed in ‘Web of
Science’ using keywords pertaining to urbaniza-
tion in IHR provides a mix of limited results
addressing both extent and impacts (discussed in
Sect. 23.3) of urbanization. Studies attribute
population growth, unplanned urban expansion
and intense resource extraction as the key drivers
of land-use land cover (LULC) changes. Remote
sensing (RS) and geographical information sys-
tem (GIS) remain the most preferred tool to
understand the spatial changes in these cities
owing to its spatial and temporal suitability. Most
of the studies in IHR have focussed on under-
standing urban areas growth in terms of LULC

Fig. 23.2 Growth in number of towns from 2001 to 2011 (state-wise). Note—Only hill districts of Assam were
considered
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over a city while only few have coordinated
studies over multiple cities or region covering a
larger area. Figure 23.4 shows the distribution of
major studies addressing urbanization in Hima-
laya. However, the comparison of urbanization

trend in different cities is difficult owing to varied
temporal periods the studies have considered.

In the WH, urbanization has been studied
mostly as part to address the LULC in the region
and only recently does a trend of focussing on

Fig. 23.3 Urban population decadal growth rate (% per year) from 2001–2011 (Envistat 2019). Grey for WH and
Black for EH

Table 23.3 Number of fastest-growing towns and cities according to size-class distribution in EH and WH (Census of
India 2011)

Class WH Growth rate (%) EH Growth rate (%)

Class I Rudrapur
(Uttarakhand)

58.84 Gangtok
(Sikkim)

241.6

Class II Jaspur
(Uttarakhand)

29.76 Itanagar
(Arunachal Pradesh)

69.9

Class III Doda
(J&K)

1808.56 Madanriting
(Meghalaya)

78.91

Class IV Tral
(J&K)

3909.88 Namchi
(Sikkim)

1145.1

Class V Rudraprayag
(Uttarakhand)

313.9 Jorethang
(Sikkim)

203.6

Class VI Gulmarg
(J&K)

123.8 Luwangsangbam
(Manipur)

3458
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urban areas viz. cities/towns appear. Cities such
as Leh, Srinagar, Shimla and Dehradun are
assessed for their LULC and report a trend of
rapid urbanization over the past decades.
Table 23.4 lists the towns/cities/urban settle-
ments in the WH and EH which have undergone
tremendous change over the past 50 years. Leh,
the highest city (3500 m above sea level) in India
and Himalaya and a Class III city has grown over
from a trade node to an important military base
and tourist attraction city. The city has seen rapid
urban growth due to inward migration and tourist
inflow leading to permanent changes in city
structure as locals convert their land from agri-
cultural activity to housing for tourist. Between
1969 and 2017, the city has grown its built-up
area from mere 0.36 ha to 1.96 km2 (196 ha).
The urbanization trend in this once low-density
city has led to densification of settlements and
consistent loss of agricultural land. The city,
although disconnected from Indian mainland by

road for approximately 7 months of the year, is
equally challenged by urban problems of water
scarcity, water pollution and increased vulnera-
bility to natural hazards (Dame et al. 2019).
Addressing the growth in major cities of WH
(Srinagar, Shimla and Dehradun), Diksha and
Kumar (2017) provide a comprehensive detailed
account of spatio-temporal urban sprawl. Srina-
gar, the administrative headquarters of the
Jammu and Kashmir, is the largest city across
Himalaya. The city has grown for mere 9.36 km2

in 1972 to 142.19 km2 in 2015 with major
growth phase lying in the recent past (1992–
2015). This extent of urban expansion is
incomparable to any city in the entire Himalaya.
However, the city has also observed reduced
urban density primarily as a result of continuous
conflicts in the region. Shimla, the state capital of
Himachal Pradesh and one of the most visited
tourist destinations in Himalaya, has undergone
comparatively minimal urban growth. With just

Fig. 23.4 Number of major studies for different Himalayan states on urban growth
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3.04 km2 of net increase between 1972 and
2015, the city is by scale far smaller than others
mainly due to the limitations brought in by the
topography. However, the population of city
exceeds many of that in the Himalaya. Dehradun,
capital of Uttarakhand state, is located in the
Doon valley providing favourable conditions for
urban expansion and supporting road networks.
Between 1972 and 2015, the city has added
45.99 km2 of built-up area (Diksha and Kumar
2017).

Evidences of modifying Himalayan landscape
due to increase in human settlements have also
been recorded from remote parts of WH. Garh-
wal Himalaya located in the north-western part of
the state of Uttarakhand (Raman and Punia 2012)
is one such example. Primarily a watershed area
with rugged terrain, the rise in built-up area has
played an important role in expansion of agri-
cultural land and fragmentation of forest.
Another study of Garwhal Himalaya focussed on
Rudraprayag district observes an expansion of
urban area from mere 2.78 to 11.91 km2 between
1976 and 2014 (Batar et al. 2017). While in
Kumaon Himalaya of the Uttarakhand, an
extensive study undertaken by Chakraborty et al.

(2016) highlighted the increase in built-up area in
the districts of Nainital (1.1–9.0 km2) and
Udham Singh Nagar (2.1–24.9 km2). Overall,
Kumaon division of the state witnessed a rise in
built-up area from 3.80 to 40.10 km2 between
1990 and 2014. Such accounts of LULC revel
the footprints of urbanization in remote areas
even though away from the pull of megacities.
Other cases of drastic urbanization rate in remote
areas include Pithoragarh district, bordering
Nepal and China, of Uttarakhand state. Munsi
and Malaviya (2010) report an increase from
2.82 to 8.55 km2 in a span of three decades. With
the highest rate of LULC conversion, urban areas
are predicted to gain most from agricultural land.
A study on LULC change in Kullu valley of
Himachal Pradesh, more known for its tourist
inflow than agricultural output, reveals a growing
threat from industrialization and urbanization to
agricultural land. This is reported from both
increase in existing urban population (and asso-
ciated area) and upcoming small towns being
converted from rural land. Between 1989 and
2016, the built-up area increased from 5.66 to
10.8 km2, with a loss of 15.74 km2 of agricul-
tural land (Vaidya et al. 2018).

Table 23.4 List of areas
in WH with significant
change in built-up areas

Western Himalaya Period Change (%) Source

Leh
(J & K)

1969–2017 444 Dame et al. (2019)

Upper Garwhal
(Uttarakhand)

1990–2006 31 Raman and Punia (2012)

Kumaon
(Uttarakhand)

1990–2014 955 Chakraborty et al. (2016)

Pithoragrah
(Uttarakhand)

1976–2006 203 Munsi and Malaviya (2010)

Srinagar
(J & K)

1972–2015 1419 Diksha and Kumar (2017)

Shimla
(Himachal Pradesh)

1972–2015 162 Diksha and Kumar (2017)

Dehradun
(Uttarakhand)

1972–2015 Diksha and Kumar (2017)

Kullu
(Himachal Pradesh)

1989–2016 91 Vaidya et al. (2018)

Rudraprayag district
(Uttarakhand)

1976–2014 328 Batar et al. (2017)
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The EH remains far less explored in terms of
scientific studies in comparison to WH. The only
coordinated systematic study is undertaken by
Diksha and Kumar (2017), but restricted to the
two capital cities (Gangtok and Itanagar). In
comparison to the WH capital cities, Gangtok,
capital of eastern Himalayan state Sikkim bor-
dering China and Bhutan, marks an insignificant
growth between 1972 and 2015. Higher growth
rate is observed in between 1972 and 1991 as
compared to later period up to 2015. Majorly,
topography has led to scattered development of
urban areas. Another study in and around
Gangtok city provides a similar picture of slow
urban expansion from approximately 25.41 to
34.93 km2 between 1990 and 2010. The study
also highlights the projected urban sprawl in
different parts of the city along with expansion of
step-cultivation at the expense of forest land
(Mukhopadhyay et al. 2014). The capital city of
Arunachal Pradesh, a very sparsely populated
state, Itanagar, has undergone modest growth
with just total addition of 7.19 km2 to the initial
3.12 km2 of urban land between 1972 and 2015.

Other isolated studies across EH (Table 23.5)
provide a glimpse of sprouting urbanization in
regions with majorly rural background. A dis-
trict-level analysis of LULC in Assam (Kamrup
district) reveals doubling (559–1128 km2) of
urban settlements over a span of three decades
along with increased forest fragmentation and
loss of dense forest cover (Kumar 2017).
Dynamics of LULC in Rani Khola watershed of
Sikkim Himalaya, close to the Gangtok city,
between 1988 and 2017 highlight the increasing
footprint of urbanization. In a largely rural setup,
the built up is seen to consistently rise (7.18–
12.59 km2) along the watershed area and gaining
mostly from agricultural and forest land (Mishra
et al. 2019). A detailed study of LULC changes
and its impacts on ecosystem vulnerability of
Darjeeling district observed a moderate growth
from 91.41 to 124.93 km2 between 1977 and
2012 (Mor 2012). However, demographic
records highlight the rapid growth of Darjeeling
district, highest in EH. Contrasting to studies
utilizing remote sensing and GIS techniques,
ethnographic detailing by researcher in the small

city of Namchi, located in Sikkim, gives a similar
picture of booming urbanization. Having the
second-highest urban population in the state,
Namchi has undergone rapid expansion to
accommodate nearly 12 times in past two dec-
ades and provides a perfect example of rural–
urban transformation (Mcduie-ra and Chettri
2018). Thus, in EH, overall the expansion of
urban area seems insignificant, although popu-
lation growth rate in EH cities, exceeds those in
WH. This indicates that EH cities continue to
densify without much expansion in area, the
restriction brought in by topography and lack of
transportation networks playing a major role.
However, with the lack of information on other
regions of EH, discussion on urbanization
remains limited and undervalued.

23.2.2 Altitudinal Variation

Altitudinal variation across IHR districts varies
greatly, not just among each other, but also
within each district. Figure 23.5a and b shows
the location of cities across Class I–VI in dif-
ferent altitudinal zones. Across Himalaya, cities
are located from foothills to a maximum height
of 3500 m. However, a clear distinction is
observed in location of towns with rising altitude
as number of towns decreases. About 63% of the
cities are situated below the altitude of 1000 m,
with more than half of these cities below 300 m
altitude. This indicates the preference of urban
settlements in the lower Himalaya with favour-
able accessibility and land to expand without
facing challenges of terrain. However, there is
also a distinction between EH and WH cities.
A higher proportion of cities (74%) is located
below the altitude of 1000 m in EH as compared
to WH (55%). This can be related to the known
lack of road networks and higher coverage of
forest, making accessibility and expansion of
cities more challenging in EH as compared to
WH. Population pressure exerted from the plains
of northern India could also be another reason for
resultant urbanization at higher altitudes in WH.
Across Himalaya, about 32% of cities are located
between an altitude of 1000–2000 m. This
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proportion is higher in WH (39%) as compared
to EH (24%). Cities in this range hold a greater
significance as they reflect the true mountainous
cities and their growing presence at this height
range can be concerning given the vulnerability
of Himalaya to various natural disasters. How-
ever, cities above an altitude of 2000 m are
considerably less across Himalaya. Only 5% of
the cities are located beyond this height and share
is even lesser in EH (2%) as compared to WH
(7%). In the WH, such cities are primarily a
mixture of tourist and religious centres which
cater to increasing population from plains and
other parts of Himalaya. In EH, Darjeeling is the
only touristic city catering to visitor population.

23.3 Urbanization Impacts
on Himalayan Systems

The rapidly changing demography and land use
in the Himalaya have generated far-reaching
effects in and around the mountains. A globally
known eco-sensitive region and biodiversity
hotspot, these mountains harbour rare endan-
gered species which are constantly pulled into
the loop of urbanization-climate change nexus.
The inefficiently and unsustainably planned
urban growth gives rise to a number of activities
which are adversely impacting the environment
and humans alike. Given the intimate depen-
dence of communities with mountains, these
issues are primarily related to air and water

quality, water availability, flooding, local cli-
mate, biodiversity, land and soil, as well as socio-
economic impacts. The literature available on
impacts of urbanization and other human-driven
activities provide a glimpse of deterioration
across these mountains and call for immediate
policy intervention. Following are the impacts on
subsystems of the Himalaya:

23.3.1 Air

Air pollution in the Himalayan cities is increasing
over the years (Ghosh 2007), including cities of
Manali (Dasgupta et al. 2017), Mussorie (Sun-
driyal et al. 2018), Srinagar (Sheikh and Najar
2018), Rishikesh (Deep et al. 2018), Guwahati
and Haridwar (Deb 2019). The severity of
increased pollution level in Himalaya also arises
due the topographical and climatic factors which
naturally lead to trapping of pollutants by tem-
perature inversion (Wester et al. 2019). A number
of air pollution sources have been reported across
Himalaya, however, the tourism-related vehicular
pollution and the construction dust have been
particularly found to be the major source in this
diesel fuel-usage dominated mountainous envi-
ronment (Dasgupta et al. 2017). Tourism being an
important driver of development in many moun-
tainous cities has in turn aggravated the traffic
mismanagement and resultant air pollution.
A considerable impact of diesel-run vehicles,
especially higher sulphur levels along the Manali-

Table 23.5 List of areas
in EH with significant
change in built-up areas

Eastern Himalaya Period Change (%) Source

Kamrup district
(Assam)

1977–2010 102 Kumar (2017)

Gangtok
(Sikkim)

1972–2015 676 Diksha and Kumar (2017)

Gangtok (Sikkim) 1990–2010 37 Mukhopadhyay et al. (2014)

Itanagar
(Arunachal Pradesh)

1972–2015 230 Diksha and Kumar (2017)

Rani Khola
(Sikkim)

1988–2017 75 Mishra et al. (2019)

Darjeeling district
(West Bengal)

1977–2012 37 Mor (2012)
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Fig. 23.5 a and b shows the location of all Class I-VI
cities in WH and EH. The concentration of cities around
capital cities and valleys is a visible trend indicating the
growth of larger number of smaller cities around the main
city. For example, a large number of cities can be observed to
concentrate around Agartala, Imphal, Shillong (state capitals)

and Darjeeling. While in WH, cities are more randomly
spread. Considerable concentration can be observed around
the cities of Jammu and Srinagar. Higher altitudinal gain of
WH (from plains to high altitudes) as compared to EH can be
seen as one of the factors for WH cities to concentrate around
diagonal stretch from north to south
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Leh Highway, is reported in roadside soils
(Dasgupta et al. 2017). These remote and low
vehicular load destinations point to growing
human presence along the road network. One of
the most visited mountain cities in the WH,
Mussoorie, is reported to be far exceeding the
national prescribed air pollutant limits. A strong
relation is observed between the inflows of tourist
in summer months and increased particulate
matter. Increase in black carbon resultant of bio-
mass burning in winter season is also another
contributing factor effecting air quality (Madan
and Rawat 2000; Sundriyal et al. 2018). Sharma
et al. (2013) reported the increase in O3 and black
carbon in Kullu valley in summer months, with
strong influence of meteorological conditions
prevailing in the mountains. EH also has reported
cases of growing air pollution. A study on
atmospheric aerosols by Adak et al. (2014) in
Darjeeling city highlights the significant contri-
bution of local anthropogenic sources and bio-
mass burning. The study indicated higher
presence of ultrafine aerosol particles in the pre-
monsoon season, coinciding with the influx of
tourist. Reports of air quality from remote areas,
such as Barapani, Meghalaya, with insignificant
local sources and ample rainfall around the year
show a dominant contribution from long-range
transport of aerosols from Indo-Gangetic Planes
(IGP). Pollutants from such transport include
PM2.5 and polycyclic aromatic hydrocarbons
(PAHs) (Rajput et al. 2013). A review of litera-
ture on air pollution in the Hindu Khush Hima-
laya by Bonasoni et al. (2019) summarizes the
increased levels of anthropogenic ozone and
black carbon over the Himalaya. The impacts of
local and regional sources of air pollution are also
understood to have concerning impacts on gla-
ciers and resultant hydrological cycle. Impacts of
air pollution are expected to disrupt and lead to
northward shift of monsoon rain belt, which will
result in increased rainfall over northern India
(Lau et al. 2010). Air quality is one of the regu-
latory ecosystem services valued in the Himalaya
(Mondal and Zhang 2018), especially as per-
ceived by the people in lowlands, a decrease in its
quality can seriously hamper the economic gains
and drive tourism out of the mountains. A major

role is also played by the IGP south of the
Himalaya, and thus, emphasis should be on
developing policies which are integrated
across the region. However, air quality monitor-
ing stations across Himalaya remain a grey area
in any efforts to cut down on emissions
(Wester et al. 2019).

23.3.2 Water

Impacts of urbanization on water sources are one
of the most critically perceived threats on
Himalaya. Any degree of loss in their function as
water towers will have a threatening chain of
events across and beyond these mountains. On
the one hand, glacier melt as result of climate
change will lead to loss of volume and disrupt
the water cycle, leading to flooding and other
disasters. While, on the other, the increasing load
of sewage and solid waste is rendering them
unusable for human use and sets a pattern of
countermeasure unsustainable infrastructural
development harming the mountain environment.
Himalayan landscape is also dotted by the
development of large number of dams—an
inseparable infrastructure feature of urbanization
serving cities as well as rural areas far from its
reach. Different hydrometeorological drivers
along the length of Himalaya have given rise to
multiple flooding events over the year (Elalem
and Pal 2015). But, unplanned urbanization has
played a contributing factor in elevating the
arisen losses. Especially, the urban settlements in
the valley and parts of lower Himalaya have
faced disastrous consequences, while events of
flash flood in high altitude cities are also on the
rise. Rawat et al. (2017) studied the increasing
flood vulnerability in foothills of Himalaya as
result of urban growth. Results show that fast
urbanizing areas of the Ramnagar town, Uttar-
akhand, are under high to extreme risk of flood-
ing. Addition of new settlements in flood hazard
zone and rising of river bed due to sedimentation
are the main reasons for increasing proximity of
settlements to river. A large number of studies
have also highlighted the changes in the quality
of water bodies (surface and groundwater) and
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the disasters arising from them across Himalaya.
Impacts of tourism are observed to add vulnera-
bility to groundwater through pollution and
degradation of watersheds along the trekking
trails in Ladakh region (Geneletti and Dawa
2009). Mountains also bear a greater threat of
groundwater pollution due to toxic minerals as
the terrain allows easy sediment transportation
due to mineral extraction activities (Xu et al.
2007). A study in Lidder valley, Jammu and
Kashmir, reported a decline in water quality
correlated with increase in touristic inflow.
Tourist data analysis reveals an exponential rise
in the tourist visiting this valley after 2003,
especially Pahalgam (Rashid and Romshoo
2013). The massive amount of solid waste gen-
erated from these cities is often dumped along
the mountain slopes or in water bodies resulting
in leaching into the soil and contamination of
lakes and springs (Bashir and Goswami 2016;
Qadir and Singh 2019). Release of untreated
sewage from the urban areas is another reason for
the deteriorating quality of the water bodies in
hilly areas (Rashid and Romshoo 2013). In
addition, encroachment of water bodies, con-
struction in flood-prone areas and the increased
run-off from impervious urban built-up, is further
depleting the blue cover accompanied with fre-
quent and more intense flooding in these hill
cities. This coupled with climate change impacts,
often results in water scarcity in Himalayan
cities, with situation worsening during peak
summer periods which coincide with peak tour-
ism season. Urbanization led hydrological chan-
ges are resulting in long-term decreasing trend of
stream discharge, drying of springs and dwin-
dling capacity of urban lakes (Rashid and Rom-
shoo 2013). In the recent times, Shimla, one of
the most famous tourist destinations, has faced
major water crisis and led to decline in number of
tourist visiting it.

23.3.3 Land and Soil

Although the area of land occupied by cities in
Himalaya is relatively limited as compared to
vast landscape, urbanization generates far-

reaching additional problems. Encroachment of
fertile land and forest are the most the visible
impacts but is aggravated by haphazard growth
of unauthorized real estate growth, followed by
construction of roads, solid waste mismanage-
ment among others (Ghosh 2007). The solid
waste dumping, emissions from diesel-run vehi-
cles and the large-scale construction cause land
degradation and contamination of the soil. All the
three contributing factors are amplified by
unplanned urban growth. In Mussoorie, increase
in generated solid waste-23 metric tons per day
was observed during the peak tourist seasons
(2015), while up to 18 metric tons are generated
on average around the year. The composition of
waste shows that majority (66%) of the waste
generated was bio-degradable followed by plas-
tics (15%) (Sundriyal et al. 2018). In north-
western Himalaya along the Manali-Leh High-
way, various pollutants from diesel-run vehicles
have been contaminating the soils along the
roads (Dasgupta et al. 2017). In Lidder valley of
Kashmir Himalaya, the solid waste generated by
tourist and associated accommodation facilities
accounted for 83% of the total annual contribu-
tion in between touristic months of June–August,
2011 as reported by Centre of Research for
Development (CORD). Rashid and Romshoo
(2013) noted this to be intrinsically linked to
pollution of water bodies in the region as proper
disposal sites for solid waste management are
grossly lacking prompting disposal on river
banks and forest areas. In Ladak, the growth of
recent camping and trekking tourism has opened
remote and poorly accessible areas without
infrastructure and awareness (both by visitors
and locals) to serious threat of land degradation
(Geneletti and Dawa 2009). The study recog-
nized waste dumping sites, trekking trials,
camping and off-road driving as important
stressors in the region leading to land degrada-
tion. Improper solid waste management along the
trails and susceptibility to soil erosion due to
climatic conditions was also found to the
increase vulnerability to groundwater pollution.
Geologically, Himalaya is known to be highly
susceptibility to erosion owing to its seismotec-
tonic position, meandering rivers and weak
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geological composition. Especially, Kashmir
valley has been affected by land degradation as a
result of vegetation loss and growing urban set-
tlements. Many of the watersheds in the valley
have experienced increased silt load due to sed-
imentation and eutrophication (Zaz and Rom-
shoo 2012). Another conjunction to erosion
susceptibility in the region is instability of slopes
along roads built in Himalaya. The rapid pace of
road development to facilitate easy transportation
in Himalaya has led to destabilization of many
slopes and results in large-scale landslides (Sid-
dque and Pradhan 2018).

23.3.4 Biodiversity

Phytogeographically, the Himalaya represents
two distinct biodiversity hotspots of the world,
straddling between two biogeographic realms.
The mountains harbour rich biological resources
with high number of endemic flora and fauna.
This has also been acknowledged with large
number of protected areas across Himalaya
(Chettri et al. 2010; Nautiyal and Kaechele
2009). Humans have been estimated to utilize
nearly 25% of the earth’s primary productivity
(Vitousek et al. 1997) and resource competition
is known to be more intensive in the Himalaya
due to higher dependency of local community on
natural resources. But, being the most populous
mountains in the world, urban growth also
intensively and rapidly changes the land cover
resulting in degradation and disruption of critical
ecosystem services provided by them (Guneralp
and Seto 2013). Increasing demand of resources
by growing population is also presenting obvious
challenges in maintaining a resilient ecosystem.
Climate change has been identified as one of the
pressers to biodiversity loss in the region. How-
ever, impacts of urbanization in the region have
not well been documented and would need
establishment of concrete pathways (Wester et al.
2019). Pandit et al. (2014) delineated the existing
drivers of ecological transformation and empha-
sis on the greater potential of urbanization in this
process. Migration and tourism are known to
be complementary add-ons to available

opportunities and increased accessibility,
respectively. Despite the difficulty imposed by
terrain, road development has been one of the
main elements assisting urbanization and leading
to fragmentation of forest landscapes. Away from
the cities, which are already established and
growing continuously, biodiversity in the Hima-
laya is also impacted by the hydropower plants
located in riverine ecosystems (Pandit and
Grumbine 2012), reliant on a trade-off between
gained energy and lost undervalued critical bio-
diversity. Some studies have attempted to bridge
the missing link relating direct link between
urbanization and biodiversity loss. The rippling
effects of urbanization in the watersheds of
Himalaya are also reported to threaten nearly 49
species of butterflies in the Bhimtal region of
Nainital district, Uttarakhand (Smetacek 2012).
Joshi et al. (2011) utilized the potential of
geospatial modelling tools to report the barriers
and shifts in ecological corridors serving as
migratory routes in two important protected areas
of Uttarakhand. The results indicate the impact of
‘interspersed mosaic of forested and non-forested
areas’ in the form of increased human–wildlife
conflicts. Within cities, biodiversity plays an
important role to maintain the ecological balance
skewed towards low hemeroby. But cities also
have accumulated impact of invasive species,
both purposefully introduced and accidentally
brought in. Mehraj et al. (2018) recorded 325
alien species around Srinagar city mainly intro-
duced for floriculture, followed by agriculture in
the area. The favourable conditions provided by
the urban landscape (like higher temperature and
nutrient content) have led to naturalization of
many species and pose a threat to local species
already facing the wrath of climate change and
anthropogenic disturbances.

23.4 Drivers of Urbanization
in Himalaya

The trend of growing urbanization is spreading
across the range of Himalaya with increasing
size, number and complexity of urban settle-
ments. This rapid and rampant urbanization
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across the Himalaya is resulting in a range of
significant socio-economic changes. Urbaniza-
tion in these mountainous ranges is primarily
characterized by two pathways: urban expansion
and urban intensification (Tiwari et al. 2018).
The three observed modes of urban expansion in
the Himalaya are; low-density continuous sprawl,
leapfrog sprawl and ribbon sprawl. Of these, the
leapfrog and ribbon sprawl are more commonly
encountered, as complex terrain and topography
constrain the low-density continuous urban
sprawl. There are four major drivers of urban-
ization observed in the mountain range con-
tributing to the growing Himalayan cities via the
three sprawl pathways (Fig. 23.6).

Out-migration from rural areas in Himalayan
states has been found to be the most prominent
cause for urban growth in the mountain range.
Declining agricultural productivity and decreas-
ing size of landholdings is making agriculture
unsustainable livelihood option and resulting in
increasing rural to urban migration (Hunzai et al.
2011).

This migration is resulting in a gradual shift in
livelihood practices from primary resource
development to secondary and tertiary sectors.

Rural to urban migration is of dual concern for
the respective state governments, as this shifts
the strain onto the existing urban settlements and
intensifies the urban transformation of land in the
sensitive ecosystem of Himalaya. For instance,
the declining population in districts of Almora
and Pauri Garhwal has been recognized as a
serious problem by the Uttarakhand Government,
and it has set up the Rural Development and
Migration Commission in August 2017, with an
aim to examine all aspects of the problem and
inform government to efficiently address the
problem and ensure sustainable rural develop-
ment. Most of this rural to urban migration in
Uttarakhand is into the districts of Dehradun,
Udham Singh Nagar, Nainital and Haridwar
(Government of Uttarakhand 2018). Climate
change is also making agriculture an unsustain-
able livelihood option, further facilitating rural to
urban migration in these areas. Such migration
activities increase the urban density as well as
cause urban expansion.

In addition, the blooming tourism, both
domestic and international, is also driving the
urbanization in the region (Tiwari et al. 2018).
Tourism in form of pilgrimage for IHR has

Fig. 23.6 Process of urbanization in Himalaya, its two broad pathways, three modes (with characteristics) and drivers
(in grey portion). Dotted lines represent how drivers contribute to pathways and modes (from drivers)
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existed for very long. With the arrival of the
British in the nineteenth century, summer resorts
and ‘hill stations’ were established. And the
current publicity and marketing of new tourist
sites are bringing in huge number of tourists
throughout the year, facilitating the
consumption-based urbanization, referred as
tourism urbanization.

Improved road connectivity is another
important driver of urbanization in IHR. The
highway and other major transport corridors
(district roads) drive the ribbon sprawl urban-
ization in the IHR, for instance, as reported by
Kuchay and Bhat (2014) in the case of Srinagar
city. Over the past few years, the governments
(both state and central) have been working
towards improving the connectivity in the
Himalaya. Figure 23.7 indicates the rapidly
increasing length roads in two of the Himalayan
states; Uttarakhand and Meghalaya (ENVIS
2015). Construction of roads and highways pro-
motes urban growth along their length and results
in fragmentation of agricultural and forest lands
which has grave ecological consequences.

These factors of rural to urban migration,
tourism urbanization and improved road

connectivity are often coupled with poor
enforcement of land-use policies. This is result-
ing in unregulated and unplanned urban devel-
opment in the region that is causing severe
damage to the ecosystem.

23.5 Policy Gaps and Suggestions

A number of government policies in the Hima-
layan region have been focussing on the con-
servation of natural resources, quite often
bundled in policies of forest, wildlife and envi-
ronment. Consistent with the mixed form of
governance, multiple stakeholders in the Hima-
layan region share various responsibilities in the
conservation of valuable resources providing
essential ecosystem services. The due attention
required for sustaining them has been attempted
through mission like ‘National Mission on Sus-
taining Himalayan Ecosystem’ (NMSHE),
established in 2008 as one of the eight missions
under ‘National Action Plan on Climate
Change’ (NAPCC). The NMSHE commits to
contribute towards sustainable development of
the Himalaya by engaging up-to-date

 (Uttarakhand)  (Uttarakhand)

Fig. 23.7 Surface and total road lengths in Uttarakhand (UK) and Meghalaya over the years (2009–2015)
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management and policy measures. While to tap
the existing adaptation knowledge and bridge the
science-policy-practice through technological
advancements, the Govt. of India launched the
‘National Mission on Himalayan Studies’ in
2015. Programmes like ‘North-Eastern Region
Urban Development Programme (NERUDP)’
have attempted to consider the specific needs of
north-eastern states. Specific policy like this has
been directed to provide required support to five
capital cities of the eastern in sectors of—water
supply, sewerage and solid waste management.
National Tourism Policy of India (2018) tends to
promote adventure tourism in Himalayan states.
At the same time, the urban development policies
of the country are guiding the urban growth and
development in India. With tourism being an
important driver of urbanization in Himalaya,
there is a need for integrated policies that
simultaneously focusses on the promoting eco-
tourism and managing sustainable urban growth
in the hill cities of Himalaya. In the latest
development, Niti Aayog, the central planning
branch of Govt. of India, made a coordinated
effort by setting up five working groups in the-
matic areas relevant to sustainable development
in the mountains. Though, discussed in brief,
nodes of problems related to unsustainable urban
growth find a place but with minimal commit-
ments to tackle it. However, in order to make
these policies more effective, it is important to
understand and address the drivers of change of
which urbanization is the most prominent one.
There is a need to develop a dedicated action
plan for Himalaya that is inclusive of the bio-
logical (flora and fauna), environmental (air,
water, land), social (cultures, communities) as
well as economical (energy, industry, tourism
and urbanization) dimensions. To achieve this,
policies need to combine direct regulation, pro-
vide economic incentives for protection and
ensure community participation for framing more
informed policies (Badola et al. 2010).

23.6 Conclusion

In the urban race, Himalayan urbanization is
relatively a new aspirant with most of the pat-
terns and process revealed in recent decade. But,
contrary to the attention received to physical
geography and climate change science in Hima-
laya, urban growth (and its immediate effects)
remains largely ignored. Himalaya remains the
most populated mountain chains in the world,
majorly in rural landscape, but with a large
unrecognized potential for urban transformation.
This potential finds its drivers from the lack of
employment opportunities in the region, harsh
weather condition impeding regular income from
agricultural sources, lack of proper health, edu-
cation and infrastructure facilities, and compli-
mented by the flourishing tourism industry,
increased road connectivity, accessibility to bet-
ter facilities, etc. But Himalaya is by nature very
fragile ecosystem and is also tectonically alive,
further threatened by the global climate change
with frequent extreme events such as cloud-
bursts, landslides and flash floods (e.g. Srinagar,
Leh, Uttarakhand, Sikkim). Developing cities in
such high-risk area would require that cities not
only develop sustainably but should also plan for
climate resilience to face future climate change
impacts.

Diversity in culture and nature in the Hima-
laya has led to differential urbanization patterns
that need to be understood using a different lens
which equally recognize the importance of
valuable ecosystem services, ill-effects of
mountain-side development and aspirations of a
developing nation. WH with comparatively ear-
lier exposure to urbanization trend and increased
accessibility from road infrastructure in difficult
terrain has outgrown its urban space as compared
to EH, which still remains under large forest
cover but with very high potential to grow. This
rapid pace of urbanization in this vulnerable
mountain backdrop requires special attention
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which counters the haphazard growth in them
with systematic plan and bylaws. The imple-
mentation of bylaws and new policies needs to be
micromanaged with due concern for localized
differential conditions in the foothills and hills.
EH urbanization, on the other hand, is unique
with majority of urban population settled in state
capitals, thereof with higher population densities.
EH, at its current rate, has less number of cities in
almost all population size classes. This provides
the opportunity to implement sustainable devel-
opment models with focus on appropriate
resource conservation and management of urban
services which are considerate of rising popula-
tion density. The urbanization trend in different
altitudinal ranges is largely concentrated in lower
ranges of Himalaya. Accessibility factors and
topographic reasons could be reasons for larger
number of settlement in lower altitudes. WH
concentrates larger number of cities in higher
elevation (as compared to EH) and could lead to
higher population pressure on biodiversity as
technologies advance and land prices decrease.
Discouraging advancement of roads and capping
the population of cities at higher altitudes should
find a place in policy implementation as pristine
environments at these heights face the threat of
human expansion.

Immediate assessment of identified impacts
over entire Himalaya is necessary to develop
countermeasures which are suitable for mountain
landscape and not a mere replication of tools and
techniques applied in the plains. In these moun-
tains, known vulnerability and unknown value of
ecosystem services provided especially make any
impact assessed reasonably higher than that in
the plains. Following points can be considered
while planning mitigation options for various
impacts in the Himalaya:
(a) Topography and climatic factors present a

natural challenge to mitigation of air pollu-
tants from mountainous cities, and thus,
vehicular pollution coinciding with peak
touristic season should be considered in
these months. For these months, strictly
adopting a sustainable way of transportation
in, around and out of the city would reduce
the accumulation of pollutants.

(b) The nature and dynamics of rivers in Hima-
laya demand exclusion of human settlements
from immediate vicinity of the floodplains as
this can benefit both ways. Recent disasters
highlight the vulnerability of urban popula-
tion to changing water cycle and lack of
infrastructure to support such proximal
habitation. On the other hand, proximity and
mismanagement of sewage waste are con-
tinuously leading to increase in pollutant
load, with impacts running over to down-
stream dependents as well.

(c) With limited feasible land for development,
mountain cities should consider the load of
increasing tourist inflow with time and
ensure infrastructure which cater to floating
population. Unlike in plains, factors of ero-
sion can play a prominent role in land
degradation and thus result in transport of
both valuable soil and toxic pollutants. Land
conservation with the assistance of remote
sensing and GIS can benefit in assessing the
susceptibility and management of such
landscape.

(d) The two biodiversity hotspots in Himalaya
represent a unique assembly of endemic and
valued flora and fauna. Despite the higher
number of protected areas, fragmentation of
landscape brings in critical changes and
shifts in ecological corridors. The inundation
of forest landscape due to large number of
hydropower projects will have a higher
impact as compared to the plains due to
higher biodiversity concentration in the
region.

Urbanization in Himalaya has been found to
driven by rural to urban migration, which in turn
is accelerated by climate change impacts on
agriculture making it an unsustainable liveli-
hood option. The state of Uttarakhand has rec-
ognized this as a serious problem and has set up
the Rural Development and Migration Com-
mission towards understanding the underlying
issues and to work towards the policy solution
for the same. However, other states yet need to
acknowledge the problem and examine the
causal factors.
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Others drivers of urbanization in IHR are
tourism and increasing road connectivity.
Though the two factors mentioned are often
indicators of improvement in economy, but due
to lack of appropriate land policies and ineffec-
tive enforcements, tourism and road connectivity
are resulting in unplanned rampant urbanization
instead of a more sustainable one. Hence, there is
a need for land-use policies that are informed
with evidences from economic sectors, social
aspects as well as with evidences from environ-
mental and ecological indicators. Above all, any
such policy in this region should mainstream the
climate change that is largely redefining the
socio-economic behaviour and ecological con-
ditions across the globe. This is particularly
crucial for the Himalaya which has been found to
be at higher risk due to climate change.

Overall, Himalayan cities have a special
character in terms of their geography. The city
development in these areas has its unique
requirements, and hence, urban planning of
Himalayan cities calls for more specialized focus
that is inclusive of the needs of local communi-
ties and the Himalayan ecosystem at large. This
has special implications for the urban develop-
ment policies of the government. For instance,
urban planners and authorities should take
learnings from the climatologically and envi-
ronmentally sustainable traditional ways of
urbanizing in hill cities. Himalaya is highly
sensitive ecosystems and even the mild distur-
bance could adversely impact their ecological
dynamics.
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24The Changing Landscape
of the Plantation Sector
in the Central Highlands of Sri Lanka

H. Mahendra P. Peiris and Nuwan Gunarathne

Abstract

The topography of Sri Lanka consists of the
mountainous centre of the southern half of the
island, referred to as the Central Highlands.
A significant proportion of the land in this
region is used for plantation agriculture. The
plantation companies in this region have
started to change their traditional land uses.
Since these changes are in their early stage,
how and why they are happening, their impact
and implications are largely unknown. This
chapter presents a successful pilot project
undertaken by a tea plantation company aimed
at improving land productivity and developing
climate resilience in the Central Highlands of
Sri Lanka. In addition to the initial results
obtained, this chapter also discusses the
challenges and way forward for projects of
this nature.

Keywords
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24.1 Introduction

The plantation sector has been largely responsi-
ble for the changing mountain landscape in the
world. This is particularly evident in the tropical
montane regions throughout the globe. For
instance, from the 1970s in Sumatra (Indonesia),
12 million hectares (ha) of natural forest cover
have been cleared for timber and large-scale crop
plantations (Laumonier et al. 2010). In the Bungo
district of Sumatra alone, the forest cover has
been reduced from 75 to 30% from 1973 to 2005.
This is mainly due to clearing of forests for
monoculture plantations such as rubber and oil
palm, which has increased from 3 to over 40% in
the district (Ekadinata and Vincent 2011). More
specifically, oil palm land use has increased from
only 6,259 (1%) in 1988 to 88,355 (19%) ha.
Globally, it has been estimated that about 11
million ha are under coffee cultivation almost
entirely in tropical forest regions (Clay 2004).
Similarly, tea cultivation spans over 2.3 million
ha around the world (Clay 2004).

Further, the Western Ghats hill range in
India,1 a biodiversity hotspot covering nearly
160,000 km2 in the west coast is also subjected to
large-scale clearing due to the spread of planta-
tions, particularly tea, coffee, teak, cardamom,
and eucalyptus (Bali et al. 2007). It has been
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estimated that between 1920 and 1990, the forest
cover in the region had fallen by 40% (Menon
and Bawa 1997). In the Western Ghats of Kar-
nataka, areca, coffee, and rubber plantations
occupy a land area of over 10,000 km2 (Karanth
et al. 2016). While most of these tropical plan-
tations are located in key biodiversity areas of
forest and grassland, they are usually cultivated
as intensive monocultures with concerns over
soil erosion and agrochemical inputs (Brocker-
hoff et al. 2008; Clay 2004).

This situation is more pronounced in the
mountain landscape in Sri Lanka (5°55′ N—9°
51′, 79°41′ E—81°53′ E), an island nation in the
Indian Ocean with an area of 65,610 km2. In this
island, the plantation companies own 190,000 ha
of land in the Central Highlands (Sri Lanka Tea
Board 2014). In a bid to improve profitability,
some of these plantation companies have adopted
various strategies including changes in land use
in tea estates. Since these changes in the plan-
tation sector are at an early stage, how and why
they are happening, their impact and implications
are largely unknown. This chapter presents a
successful pilot project undertaken by a tea
plantation company aimed at improving land
productivity and developing climate resilience in
the Central Highlands of Sri Lanka.

24.2 Study Area

The study area covered in this chapter is the
Central Highlands of Sri Lanka which were
formed by metamorphic rocks of the Precam-
brian Age, some of the few oldest rock types in
existence in the earth. Recent geological studies
have revealed and confirmed that the majority of
this landscape, especially the upper montane
zone, was created by some 1.8–2.2 billion-year-
old-rock formations (Kroner and Williams 1993).
This region covers six districts2 of Sri Lanka

(Table 24.1 and Fig. 24.1), where 26% of the
total population live and cover 21% of the total
land area of the country.

Like many other mountain regions of the
world, the Central Highlands of Sri Lanka are
important from a variety of perspectives. From an
environmental point of view, this region is home
to three UNESCO World Heritage listed natural
forest ranges, which are the remaining areas of the
submontane and montane rain forests of Sri
Lanka. Accordingly, the International Union for
Conservation of Nature (ICUN) has declared the
natural ecosystems in the Central Highlands of Sri
Lanka “a biodiversity superhot spot” in the world
(International Union for Conservation of Nature
(IUCN) 2017). This region is also considered the
heart of Sri Lanka, since all major rivers that
supply water to the entire island originate there
(Wickramagamage 1998).

The Central Highlands are important from an
economic point of view as it is home to two of
the country’s main agricultural exports—tea and
rubber. The world famous pristine “Ceylon Tea”
comes mostly from the tea plantations located in
the Central Highlands with its salubrious climate.
Moreover, other valuable resources such as
minerals, gems, timber, and agricultural products
also originate in this region adding value to the
country’s national economy. In addition, the
country’s major hydropower stations such as the
River Mahaweli and Kelani Valley hydropower
complexs are also located in this region.

24.3 Material and Methods

In this study, the researchers used an innovation
action research approach where the given orga-
nization is considered a “client organization” for
exploring land use change based on climate
smart agriculture (Brown and McIntyre 1981;
Kaplan 1998). This research approach is largely
experimental, particularly in the early stages of
operationalizing an innovative idea, as both the
organization and the researchers endeavour to
learn about the novel idea and how it can be
successfully implemented (Kaplan 1998). In this
study, one researcher was engaged with a tea

2In the administrative structure of Sri Lanka, districts
represent the second-level administrative divisions and are
included in a province. In Sri Lanka, there are twenty-five
districts organized into nine provinces (Ministry of
Internal and Home Affairs and Provincial Councils and
Local Government 2019).
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plantation company to spearhead a multidisci-
plinary pilot project aimed at improving business
performance through minimized resource
wastage and enhanced land productivity.

This innovative action research project on
land-use change was carried out from April 2017
to October 2019 and is ongoing with a series of
experiments at several estates belonging to the
plantation company. The data for this study was
collected through different methods including
interviews, field visits, on-site verification and
recording of data by physical observation and
documentation at various stages, participation in
meetings, examination of various company doc-
uments and scrutiny of external information
(such as statistical reports, population data, Web

sites and newspapers). In the various internal
companies examined, annual reports, sustain-
ability reports, monthly progress reports, and tea
production data were studied. The range of data
used in this study permitted extensive triangula-
tion of the analysis of results.

24.4 Results

24.4.1 Historical Land-Use Change
in the Central Highlands

The British commercialized the coffee industry in
Sri Lanka to create the country’s first largely
successful export crop. Coffee was a major

Fig. 24.1 Central Highlands
of Sri Lanka (Provided by
Author)
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economic crop in Sri Lanka from 1830 to 1880.
Unfortunately, this move led to the massive
deforestation of pristine mountain forests that
had evolved over millions of years and were also
rich with great biodiversity (von Blanckenburg
et al. 2004). During the British period, out of the
forest cover of the Central Highlands, 176,455
and 80,163 ha within 1000–1500 m and above
1500 m (amsl), respectively, were sold to Euro-
peans for coffee plantations (Wickramagamage
2017). It also resulted in forced colonization by a
foreign community brought from South India for
work in the plantation districts of Sri Lanka
causing an indirect effect on the Central High-
lands through population increase (von Blanck-
enburg et al. 2004; Wickramagamage 1998).

During the period from 1830 to 1880 over
222,773 ha (44%) of montane forests were
cleared for coffee plantations in this region (Fer-
guson 1893). However, the entire coffee industry
of Ceylon was devastated by the coffee leaf rust, a
fungal disease, that spread in the 1880s. Subse-
quently coffee production dropped rapidly and
almost all the areas under coffee plantations were
soon converted into tea gardens. Since then, more
than 120,000 ha of coffee land were converted
into tea land (Sri Lanka Tea Board 2014). By
1920, tea cover claimed 162,000 ha, which
peaked up to 238,000 ha in 1965.

There was a tremendous growth of population
in the montane zone of Sri Lanka in parallel with
the expansion of the plantations industry, espe-
cially with the plantation workers brought from
South India by the British (von Blanckenburg
et al. 2004). From zero level in the 1820s, the
plantation worker population is reported to have
increased to 55,000 in 1855 and risen to 100,000
in 1880. The 1948 plantation worker population
of 800,000 further increased to 975,000 in 1964.
In addition, there was a local population flow
toward the Central Highlands with the develop-
ment of the tea industry. The exponential growth
in the population of the Central Highlands and
the development of numerous new settlements
exerted a heavy demand on the remaining land
for purposes of both agriculture and settlements
(Wickramagamage 1998).

These historical developments in relation to
land-use change resulted in the environmental,
social, and economic problems that this region is
experiencing today. The depletion of forest cover
that eroded biodiversity resulted in depleting the
quality of the ecosystem of the region. Further,
many natural disasters such as landslides, floods,
and seasonal water scarcity in every part of the
country resulted from land degradation. In addi-
tion, the decline in crop yields in terms of both
quality and quantity led to massive losses to the
national economy (Wickramagamage 1998).

24.4.2 Current Land Use
in the Central Highlands

As presented in Table 24.1, the land in the
Central Highlands is used for many purposes.
Crop cultivation (i.e., perennial, major, and field
crops) account for above 20% of land use in this
region. While this land is used mainly by the
regional plantation companies (RPCs), there are
other players such as households, who use the
land for cultivation of crops. Further, RPCs also
use the land for purposes such as forestry, home
gardening, inland waters and building and
construction.

Figure 24.2 shows the overall land use by the
plantation companies in the Central Highlands of
Sri Lanka. Under a typical plantation company
only 50–60% of the land is cultivated with tea
and/or other commercial crops and the rest of the
land is either forestry or uncultivated or used for
other purposes.

This land use presented in Fig. 24.2 point to
two major issues:
1. A large portion of the land is either unutilized

or underutilized for commercial crops;
2. A single crop dominates the greater part of

the land use.

The second issue typifies “monocrop cultur-
ing,” an agricultural practice where one crop is
planted in a farming system. Unlike in the tem-
perate region with clear seasons, plantations in
the tropics are blessed with plenty of free-flowing
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natural resources such as sunshine, rainfall, and
“living soils” that support the non-stop growth of
vegetation, a high level of biodiversity, and a
year-round flow of free ecosystem services.
These environments are therefore capable of
supporting year-round a variety of flora and
fauna species simultaneously. However, in the
traditional plantations, with the underutilization
of land and monocrop culturing, a major portion
of the said freely available natural resources are
wasted and depleted. This not only results in a
gross erosion and waste of natural resources
within the plantation landscapes but also endan-
gers the biodiversity and quality of other high-
value free ecosystem services. Consequently, the
degraded conditions demand greater quantities of
synthetic inputs resulting in ever-increasing
production costs for the plantation companies.
This, in turn, reduces product quality while nar-
rowing profit margins and creating environmen-
tal issues. These issues coupled with other factors
such as the rising cost of production, labor
shortages, market uncertainties, and exchange
rate fluctuations have created major challenges
for the plantation sector in the Central Highlands
of Sri Lanka, where the tea plantation companies

operate (Gunarathne and Peiris 2017; Sangakkara
and Frossard 2016;).

The promotion and development of tea-based
multicrop models provide a strong foundation
and a sustainable method to overcome these
issues faced by the plantation companies. Based
on the climate-smart agriculture (CSA), it not
only secures food and income for the country but
also helps to withstand the changing climatic
conditions while reducing greenhouse gas emis-
sions in the long run (see Fig. 24.3 for a brief
description of CSA).

24.4.3 Changing Use of the Mountain
Landscape by Plantation
Companies

Having identified the potential for improving
land productivity, some plantation companies
have resorted to crop diversification as a means
of minimizing business risk. However, they still
follow the traditional concept of monocrop sys-
tems. In fact, it should be understood that many
of the problems in the plantations were caused by
the waste of resources within such systems.

Fig. 24.2 Overall land use
by the corporate tea plantation
sector (Based on Samansiri
et al. 2011)
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Ranging from in situ issues such as soil erosion,
weed growth, seasonal water scarcity and
declining productivity to ex situ hazards, viz.
siltation of water courses, reservoirs and flooding
of foothills and lowland areas followed by sea-
sonal water deficiency are all caused by poor
resource management in the Highlands. Never-
theless, a large plantation company, which
manages about 15,000 ha, has been engaged in a
successful pilot project since 2017 to explore the
local forms of tropical montane agriculture sys-
tems such as the Kandyan Forest Gardens
(KFGs).3 This pilot project has focused on
diversifying land use with three strategies:

• Expansion of productive vegetative cover
within the plantation landscapes;

• Establishment/improvement of forest cover in
uncultivated areas; and

• Improvement of the functional role of hydro
catchments.

These three strategies followed by this com-
pany that changed land use are explained below:

Globally, agricultural production has been seriously affected by climate change and this poses 
threats to food security. In response, the agriculture sector has followed adaptation and mitigation 
strategies in a sustainable way while contributing to food security in a bid to be climate-smart. More 
specifically, climate smart agriculture (CSA) is a concept to enhance the production capacity of 
agricultural systems through improved resource use efficiency to support food security, while 
building resilence against the negative effects of climate change through sustainable agricultural
development strategies.

CSA focuses on transforming and reorienting agricultural systems to meet the challenges of 
climate change and thereby to support food security. It is focused on establishing and strengthening 
the impact of beneficial “free ecosystem services” generated within and around the agricultural 
systems in bringing down production cost and building resilience against the negative effects of 
climate change through sustainable agriculture development strategies. 

Since CSA is an evolving concept and there is no blanket approach to how it should be practiced.
These practices should be shaped by country/site specific contexts and varying capacities. However, 
in general CSA systems should aim to:

1. Sustainably improve the agricultural productivity and farmer income leading to food security 
and development. 

2. Adapt and build resilience to climate change at multiple levels (from farms to nations); and 
finally sharing at the global scale. 

3. Reduce and/or remove greenhouse gases emissions contributing to global warming at all 
possible levels while increasing biomass production through plant growth trapping carbon 
dioxide absorbed from the atmosphere (carbon sinks). 

Fig. 24.3 Climate-smart agriculture (CSA) systems (Campbell et al. 2014; Food and Agriculture Organization
(FAO) 2013; Lipper et al. 2014)

3This is a traditional agro-forestry system in which the
vegetation mostly consists of introduced exotic plants
(e.g., nutmeg, clove, pepper, cardamom, vanilla,

breadfruit) and mixed with native crop species (e.g.,
cinnamon, kitul palm, arecanut, and coconut) and
numerous other fruit, vegetable, and medicinal plant
species. These traditional, near forest agricultural systems
established on mountain slopes are ecologically rich and
self-sufficient, resilient to a wide range of fluctuations in
climatic conditions due to the package of strong and
healthy ecosystem services established within this system
(Mohri, et al. 2013; Perera and Rajapakse 1991).
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24.4.3.1 Expansion of Productive
Vegetative Cover Within
the Plantation
Landscapes

This strategy focused on planting commercial
crops to cover the ground so as to utilize all the
available free-flowing natural resources. Its goal
was to increase land productivity and profitabil-
ity with the added income generated by the
crops.

As discussed in the previous section, the
warmth and moisture produced by the rich
tropical conditions with year-round sunshine are
ideal for continuous plant growth throughout the
year. Thus, trying to keep the unutilized land of
the plantation companies free of weed is an
impossible task as it means a never-ending battle
with natural forces. The control of weeds in the
open land areas of the plantations requires heavy
use of agrochemical inputs such as weedicides.
Further, this exposed land increases the temper-
ature of the environment due to the direct effect
of sunshine on the ground while causing heavy
moisture loss. In addition, straight rainfall on
exposed land causes soil erosion and continuous
weed growth on the ground.

In order to improve the productive vegetative
cover while overcoming the above problems, two
different approaches were adapted. The first was
to increase the ground cover of the existing crop
canopy in the marginal tea land by expanding the
canopy cover of the tea bushes. This was
achieved by enlarging the tea bush after the
periodical pruning cycle.4 The second was to
introduce compatible crop species and develop
mixed-crop intercrops with a view to minimizing
monocrop culturing practices. This second
approach is explained below:

Development of mixed-crop intercrops started
with the identification of site-specific proper crop
models which are compatible and also

commercially viable. At this stage, attention was
paid to the cultivation, harvesting, processing,
transport, and marketing aspects in addition to
considerations of crop duration and return on
investment. Further, considerable attention was
paid to proper land zoning.5 These considerations
at the initial stages of the planning process are
expected to make this approach viable in the long
run.

In selecting crops for the multicrop model, the
following steps were followed:

• Step 1: A region-wide survey was conducted
to identify and select suitable crop species that
perform well under different agroclimatic
regions by observing a variety of existing
indigenous farming systems such as KFG and
natural forest patches in each area.

• Step 2: After selecting the crop varieties, rel-
evant crop research stations were consulted
for their opinion on crop suitability and also to
gather information on any improved varieties
of the selected crop types recommended for
particular regions for commercial cultivation.

• Step 3: Expert advice was also obtained from
various sources to strengthen the viability of
the model.

The following crops were identified for initial
trial planting (Table 24.2):

As shown in Fig. 24.4, the plantation com-
pany has five tea plantation regions and the tree
planting is currently ongoing in all these regions.

Coffee was identified as the most suitable
intercrop species to plant in the vacant exposed
land area in marginal tea lands and infills.

4This method is called Stripe-Spreading of Tea Bushes. It
allows the tea bushes after pruning to grow up to
120 days and then, a radial spread of shoots is done using
tight parallel stripes arranged along the tea rows instead of
traditional practice of tipping the shoots after pruning (See
Gunarathne and Peiris 2017 for more details).

5Land zoning is the identification and demarcation of
different sections of a landscape to apply the most
appropriate management strategies to optimize the land
use. Proper land zoning enables effective decisions
making to allocate the land for the most appropriate use.
Landslide prevention, identification, and allocation of the
best land area for highest profitable crops, planning of
areas for timber and energy crops (e.g., fuel wood
forestry), establishment of native forestry and non-timber
agroforestry systems on hill tops, enhancement of hydro
catchments and water way buffer zones are a few
examples land zoning.
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Lak Perakum, a superior coffee variety ranked
within the first ten best commercial coffee culti-
vars in the world, developed and released
recently by the Department of Export Agriculture
in Sri Lanka, was selected for this purpose. An
initial evaluation showed that this particular
coffee variety was 20–50 times more profitable
than tea in terms of the present profitability levels
of tea and coffee. This variety of coffee ensures
an early return on investment within three years
of planting depending on the agroclimatic region
cultivated. Figure 24.5 presents how coffee has
been cultivated as an intercrop species to infill
exposed ground in marginal tea lands to make
use of wasted resources and make the land gen-
erate income instead of spending on costly weed
control.

Locally developed varieties of Asian pears
and local mandarin had been tested for com-
mercial cultivation since 2013 by the plantation

company and proven successful. Commercial
cultivation of two fruit species, Bibile sweet
orange6 and Ceylon gooseberry,7 were also
commenced under this project. In addition,
Avocado Cherrymoya and varieties of mandarin
recently released by the Department of Agricul-
ture were selected as components of the crop
models. In the meantime, short-term crops such
as lemon, strawberry, passion fruit, and banana

Table 24.2 Details of the crops in the multicrop model

Crop species Botanical name No. of trees
planted/trialled

No. of trees planned
for future planting

Coffee Coffee arabica 5000 60,000

Cinnamon Cinnamomum verum 20,000 50,000

Asian pears Pyrus pyrifolia 2000 5000

Bibile sweet orange Citrus sinensis 2500 5000

Local mandarin Citrus reticulata 10,000 _

Lemon Citrus reticulata 250 1000

Avocado Persea americana 500 1000

Papaya Carica papaya 100 _

Passion fruit Passiflora edulis 250 1000

Ceylon gooseberry Dovyalis hebecarpa _ 100

Local apple Malus domestica 50 100

Improved mandarin Citrus � iyo _ 2000

Cherrymoya Annona cherimola _ 50

Guava Psidium guajava 100 1000

Jakfruit Artocarpus heterophyllus 5000 10,000

Kitul Palm Caryota urens 100 500

African mahogany Khaya senegalensis 500 50,000

Agarwood Aquilaria malaccensis 200 1000

Giant bamboo Dendrocalamus hookeri 1000 20,000

(Compilation by the authors based on internal company records)

6Bibile sweet orange (Citrus sinensis) is a juice type sweet
orange variety grown in the Bibile region of Sri Lanka.
Once a popular traditional crop, the cultivation of this
orange variety was destroyed some time ago by a disease.
However, presently plans are under way to revive the
recultivation of the crop.
7Ceylon gooseberry (Dovyalishebecarpa) is endemic to
Sri Lanka and India and was introduced into USA in
1920. It is a small spherical fruit characterized by a deep
purple-red, sour juice, and small seeds enclosed in the
pulp (Bochi et al. 2014). It is now cultivated in Hawaii,
South America and Israel.
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were also cultivated to obtain quick cash flows.
Figure 24.6 shows the varieties of fruit cultivated
in the vacant tea land.

24.4.3.2 Establishing/Improving Forest
Cover in Uncultivated
Areas

This second strategy focused on diversifying
land use with forestry in the plantation company.
The forestry in plantations was mainly confined
to the Eucalyptus species-based timber and fuel
wood cultivations grown as monocrops. Gener-
ally, these forestry cultivations are home to many

exotic invasive plant species which have little or
no value to the neighboring people. Since the
local community does not derive any tangible
benefits, these forestry blocks are periodically
subjected to fires that destroy the entire under-
story vegetation. This, in turn, facilitates the
further establishment of invasive plant cover over
the ground.

Considering these facts, fast growing and high
yielding species of giant bamboo, which are also
fire-resistant, were selected for planting in the
exposed land within the timber and fuel wood
forestry blocks. Within the third year of planting,

Fig. 24.4 Tea estates where
the project is implemented
(Provided by Author)
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bamboo is capable of producing a continuous
and regular supply of fuel wood to meet the
energy demands of the factories of the plantation
companies for about 40 years. In addition, fast-
growing high-value timber species such as Agar
wood and other species such as Balsa and Afri-
can mahogany were also introduced. Moreover,
another set of native plants indigenous to each
region had been identified and planned for cul-
tivation in the native forests in the Central
Highlands.

24.4.3.3 Improvements
in the Functional Role
of Hydro Catchments

This third strategy focused on mitigating the
adverse impact of climate change resulting in

the increased severity of weather events such
as intense rainfall within shorter time periods
leading to flash floods. These heavy downpours
cause increased surface runoff of rain water,
severe soil erosion, and poor recharge of
groundwater tables with consequent water
scarcity in the highlands. Hence, special
attention was paid to identifying effective
agricultural practices to improve soil water
holding capacity and nutrient retention ability.
“Deep envelope forking8” was one such prac-
tice recognized to promote rainwater infiltration

Fig. 24.5 Coffee cultivated as an intercrop species (Provided by Author)

Fig. 24.6 Other intercrops planted [Ceylon Gooseberry (left) and Asian Pears (right)] (Provided by Author)

8This is a periodic agricultural practice carried out in tea
gardens to break up the compacted upper soil layer by
inserting an agricultural fork to a depth of about 40–
50 cm. This practice is performed to facilitate water
infiltration and groundwater recharge, improve nutrient
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into the soil and strengthen groundwater
recharge. This method was applied in other
important micro-hydro catchments such as
spring areas of drinking water with a view to
supporting continuous crop growth with natural
and synthetic resources. Cascading mini-
reservoirs were also identified as a rainwater
harvesting measure while inland fisheries were
selected as a component of this system to
enhance food security for the plantation
community.

24.5 Discussion

This pilot project has been in operation since
2017 in many different agroclimatic regions in
the Central Highlands of Sri Lanka and shown
early promise of success. Further, it marks a
gradual change in conventional land use in this
territory under a CSA approach. Plantations in
similar land in other countries such as Indone-
sia, India, and Vietnam have followed some-
what similar land use changes by interchanging
crop models under tea, rubber, and oil palm
monocrops with coffee, cocoa, cardamom, pep-
per, and other spice crops (Brockerhoff et al.
2008; Mudappa and Raman 2012). However,
these attempts are aimed at either increasing
financial gains (i.e., the profitability of land area
by filling the land by introducing a few crop
plant species into the monocrop systems) or
conserving biodiversity and ecosystem services.
These indicate narrowly focused conventional
approaches to improve land productivity or to
conserve the environment. Hence, these
approaches are not based on the concept in
which this project was rooted. While the results
of these approaches produce similar marginal
benefits, they have failed to derive the full
benefit of this project.

Although most of the results of this project
have yet to be seen, this section describes the
initial outcomes under the triple economic,
environmental, and social bottom line. Although

these benefits are described under each heading
for the sake of logical arrangement, their inter-
connection should be appreciated.

24.5.1 Economic Gains

The initial trials such as deep envelop forking
have produced impressive high performing
results with quick improvement in crop yields in
the tea fields in the range of 8% to 10%. Further,
during the prolonged dry weather spells this
method has produced positive results such as
persistent crop yields compared to the rest of the
tea plots that were wilting with declining yields
due to moisture stress.

In the meantime, locally grown fresh Asian
pears and mandarin crops have come into the
market with a heavy consumer demand over their
imported counterparts. This is an indication that
expanding the area under these crops would save
at least US$ 10 million of foreign exchange
annually9 for the country, which is currently
spent on the importation of these fruits. Early-
bearing fruit crops like lemon, passion fruit, and
strawberry also have shown promising financial
results. The newly introduced species of forestry
such as balsa, African mahogany, and giant
bamboo have also exhibited high growth in this
territory proving their commercial viability under
plantation conditions. However, the cultivation
of many other crop trials is still in the early
stages and under observation and need further
evaluation. Once established with necessary site-
specific refinements and expanded coverage, this
would make a positive change toward a climate-
resilient agricultural model for the tropical
mountains while improving land productivity
and profitability. The advances in ecosystem
services should also bring down production costs
for the plantations and other agricultural systems.

retention, aerate soil, and enhance subsoil biological
activity.

9Sri Lanka imported 47,800 metric tons (MT) of pears,
8400 MT of oranges and 11,000 MT of mandarin in 2018
with a combine value of 34 million US$ (Ministry of
Finance, 2018). This figure is estimated based on the
assumption that the project of this nature can reduce these
imports by one third.
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24.5.2 Environmental Gains

The environmental benefits of this project
include improvements in biodiversity within the
region at all levels from within species (genetic)
diversity to ecosystem diversity due to
improvements in the total carrying capacity of
the territory. Improved vegetative cover could
reduce the ambient temperature and increase
relative humidity, which would, in turn, increase
frequent rain formation. Consequently, it would
result in stress-free steady plant growth thus
boosting crop production. Further, the increased
efficiency in agricultural input use due to the
minimization of the system losses can reduce
pollution of the environment. Moreover, raising
the ecosystem immunity of the agricultural sys-
tems prevents pest and disease outbreaks and the
adverse impact of climate change.

24.6 Social Gains

From a social perspective, the benefits of this
project accrue to the plantation community
mainly in terms of additional work created,10

generating in situ extra earning opportunities. In
addition, non-cash benefits on offer such as a
year-round steady supply of quality drinking
water and intangible benefits such as saving on
traveling expenses and time in search of earning
opportunities etc. are bonus points for the com-
munity. This also reduces fluctuations in their
monthly income, which is a main cause of
worker migration out of the plantation sector.
Further, multicrop models, inland fisheries, and
climate-resilient farming conditions add to the
diversity of their food supply, improve their
nutrition status, and ensure food security. Par-
ticularly, the inland fisheries projects have drawn
support from the local community as a source of
fish protein and also as recreation destinations.
Inhabitants of the lowlands outside the

plantations too will have a dependable steady
supply of water for their domestic and agricul-
tural needs improving their crop yields and
income. Moreover, they too will be offered sea-
sonal work in the plantations especially during
the crop harvesting periods thus boosting their
income levels.

Increased soil moisture retention through
effective agricultural practices ensures a steady
year-round water supply for the immediate
plantation community. As the Central Highlands
are where the major rivers originate improved
hydrology in the watershed would also support
millions of people who live downstream and
depend on the Central Highlands for water for
drinking and agriculture. This could be moni-
tored with frequent and regular stream flow
measurements. Eco-tourism is another aspect that
can be promoted in the mountain landscapes with
their greenery, biodiversity, attractive scenery,
and salubrious climate.

24.7 Challenges and the Way
Forward

The benefits mentioned above can be affected by
a variety of challenges, some controllable in the
long-term and others not. However, a careful
analysis of these challenges is paramount for the
success of this project and for learning opportu-
nities. This section describes these challenges
encountered in steering this pilot project under
two categories: technical and human-related.

24.7.1 Technical Challenges

Changing climatic conditions
These changes in the mountain landscape are
spread over about 15,000 ha in the Central
Highlands of Sri Lanka. This region is charac-
terized by a variety of environmental factors such
as soil types, land slope, rainfall patterns, wind
exposure, relative humidity, ambient tempera-
ture, day–night temperature differences, and
spread of sunshine intensity. Therefore, the
combined effect of these climatic factors would

10Every work done in an estate is recorded and accounted
as per the type of crop where the job was involved.
Worker’s income is calculated based on daily wage rate.
Thus, measurement/calculation of the additional income
generated by the project can be specifically done.
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invariably vary from one point to another. Due to
the changing climatic patterns experienced at
present, it is very difficult to predict future cli-
matic conditions in this region. They could be
either favorable or unfavorable for some crops
and multicrop models. This would affect the
expected performance of these crops.

Absence of data on new varieties of crops
Some crops such as Lak Perakum coffee and

the latest improved varieties of mandarin are crop
cultivars recently released by the agriculture
research stations in Sri Lanka. Further, Ceylon
gooseberry, African mahogany, and balsa are
novel introductions to the Central Highlands.
Thus, there is a lack of evidence and data on the
performance of these crops under the conditions
prevailing in this montane region. This makes the
long-term evaluation of the viability of these
crops extremely difficult.

Market uncertainty
The next likely gray area relates to the marketing
aspects of the produce of the new crops culti-
vated. Fluctuations in market prices and con-
sumer demand, unpredictable competition and a
host of other factors pose a high level of uncer-
tainty for the financial viability of the project.
Hence, further monitoring, continuous improve-
ment, and site-specific refinements will be nec-
essary to meet these future challenges.

24.7.2 Human-Related Challenges

Resistance to change
Some of the novel concepts used in this pilot
project contradict conventional agricultural
practices and other operations followed by the
plantation industry. Even the recommendations
and guidelines given by the plantation crop
research stations have not yet been revised or
updated according to CSA concepts. Hence,
there is a conflict created between unchallenged
routine practices followed in the plantation sector
and the new practices introduced under this
project. In addition, the personal interest and
attention paid by corporate-level and estate-level
management have greater impact on the success
or failure of the project at field level. This is

further aggravated by the general human resis-
tance to change. Hence, these factors all con-
verge to reduce the level of acceptance of CSA-
based practices as introduced under this project
in the plantation agriculture sector.

Opposition of agricultural input sellers
As CSA emphasizes, by improving the use

efficiency of agricultural inputs such as fertilizer
and pesticides in pursuance of the principles
based on CSA, the use of such products in
agriculture would greatly decrease. Conse-
quently, sellers and dealers who engage in selling
fertilizer and other agrochemicals are naturally
inclined to resist these novel practices.

24.7.3 Way Forward

As stated in the introduction, the Central High-
lands of Sri Lanka particularly bear characteris-
tics similar to the Western Ghats hill range in
India and other tropical forests in South-east Asia.
This study offers several learning opportunities to
do with the plantations such as rubber, tea, coffee,
and oil palm in these mountain regions which
aspire to change the current land use.

Availability of solutions in the close proximity
In the endeavour to identify strategies for
changing land use, the environment itself can be a
valuable source of viable clues. However, as
highlighted in this study, one should be vigilant to
identify these solutions “out there” with careful
observation and an open mind. For instance, this
study indicates that the main reason for many
issues in tropical plantation models is the
underutilization of the free flow of natural
resources available in abundance. Hence, it is
necessary to devise strategies to effectively utilize
them for land use change rather than engaging in
a never-ending battle to control them.

Need to capture the full spectrum of resource
availability
One of the major differences between the tropical
and temperate regions is the modes, intensity,
and duration of the availability of major forms of
resources such as sunshine, moisture, and bio-
logical activity. While there is a year-round rich
flow of natural resources and ecosystem services
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available in the tropics, in the temperate regions
there is a natural control mechanism on areas
such as soil erosion, pests, and diseases due to
seasonal factors. However, this key fact had been
totally ignored by the conventional plantation
agriculture systems in the tropics introduced by
Western planters. This in turn has been the rea-
son for many of the issues faced by the plantation
industry at present. For instance, weed growth is
promoted by the waste of natural resources,
direct exposure of the soil without ground cover
to intense rainfall and harsh sunlight leading to
soil erosion and land degradation. Instead of
spending on controlling troublesome weed
growth, this situation could be simply turned into
a state of income generation by placing produc-
tive plant (crop) cover to capture these resources
that go unutilized.

Acquisition of knowledge from long-lasting
traditional agricultural systems

The mountain landscape of this region is home
to many traditional agricultural systems sustained
locally for centuries or millennia and enriched by
indigenous knowledge. When plantation compa-
nies devise strategies to change land use, these
traditional systems offer a valuable source of
knowledge in areas such as selecting matching
components for the crop models, especially to
identify compatible crop species/cultivars. This
can save time and resources that could be other-
wise devoted to trial and error studies.

Focus on applied climate smart agriculture
solutions
The scale of agriculture operations can have a
significant effect on the magnitude of climate
resilience. Thus, it is necessary to practice CSA
applications over a wide landscape to effectively
withstand the effects of climate change. The
plantation agriculture systems are capable of
meeting this condition owing to the massive
scale of operations over a great extent of land.
That is, plantations have the ability to mitigate
the effects of climate change by changing land
use to implement climate smart agriculture
solutions on a wide scale with the aim of estab-
lishing “climate-resilient regions” or “mini-
ecological zones which are immune to the ill
effects of climate change.”

Need for policy level interventions
The study highlights the need for policy level

support to change land use for higher productivity
and better climate resilience, particularly in the
developing countries. This is relevant to agricul-
ture sectors such as tea, where the whole industry
has recently witnessed diminishing productivity
and adverse effects due to climate change. How-
ever, the plantation industry is not in a position to
get out of this situation by itself. Hence, it urgently
needs policy level interventions aimed at chang-
ing land use. These could include the promotion of
land use-related research, revision of existing
regulations, capacity building, funding, and
awareness creation grounded on a national agri-
culture and land use policy.
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25Mountain Pastures of Qilian Shan
Under Continuous Grazing: Main
Environmental Gradients, Vegetation
Composition and Soil Properties

Alina Baranova and Udo Schickhoff

Abstract

Degradation of mountain pastures in Qilian
Mountains has increased in recent decades;
soil erosion accelerated by extensive grazing
is widespread. The aim of this study is to
identify spatially differentiated and
grazing-induced changes in vegetation pat-
terns and associated changes in soil properties.
The study area is located in the spring/autumn
and summer pastures in the middle section of
Qilian Mountains between 2600 and 3300 m
a.s.l., representing montane/subalpine and
alpine plant communities modified by contin-
uous grazing with sheep, goat and yak.
Quantitative and qualitative relevé data were
collected for vegetation classification and
analysing of gradual changes in vegetation
patterns along altitudinal gradient. Vegetation
was classified using hierarchical cluster anal-
ysis. Five vegetation groups were identified:
(1) montane xerophytic shrubby grassland,
(2) montane xerophytic grassland, (3) montane
grassland—forest meadow, (4) grazing-
modified alpine shrubby meadow, (5) alpine
meadow. Direct gradient analysis was used to
analyse variation in relationships between the

vegetation and corresponding environmental
variables. ANOVA was used to detect the
differences between identified vegetation
groups in given environmental conditions.
The results showed distinct variation in soil
pH, bulk density, OM, carbon, nitrogen and
water content and soil minerals concentrations
between the identified vegetation groups.
Along the altitudinal gradient, increases in
soil conductivity, carbon and nitrogen, organic
matter and water content as well as decreases
in soil pH and basic saturation were observed.
Communities of degraded montane grassland
with low concentration of soil OM, nitrogen
and carbon were widespread on south-facing
slopes at lower altitudes. Although all pastures
were exposed to extensive grazing, montane
grasslands seem to experience more severe
degradation in terms of total vegetation cover,
soil properties and mineral concentrations.

Keywords

Alpine meadow � Direct gradient analysis �
Indicator species analysis (ISA) � Montane
grasslands � Pasture degradation � Soil
properties

25.1 Introduction

The Qilian Mountains are of prime functional
significance for maintaining the ecological
integrity of the adjacent Alxa highlands and the
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hydrological stability of the HeiHe river low-
lands and irrigation agriculture of the Hexi cor-
ridor (Zhao et al. 2011). Located on the northern
edge of Tibetan Plateau, they represent both
Mongolian and Tibetan floristic provinces
(Kürschner et al. 2005; Froese 2012). Picea
crassifolia forests play a major water protection
role (Yang et al. 2005; Sun et al. 2016). At the
same time, according to the modeling results of
Liu et al. (2004), actual forest cover has been
significantly reduced up to only 6% of the
potential forest areas. Grasslands cover defor-
ested slopes and are mostly used for animal
grazing (Baranova et al. 2016).

Grasslands and shrublands in alpine and
subalpine areas of the Qilian Mountains have
been experiencing severe overgrazing in the
recent past. Vegetation cover is very low during
the growing season (Huang et al. 2011). The
percentage of unpalatable and toxic plant species
in grassland communities is increasing (Bara-
nova et al. 2016). Total vegetation cover is
comparatively low on the south-facing slopes,
which are prone to erosion. Landslides and other
types of soil erosion are often met in the vicinity
of the herders summer camps in the alpine pas-
tures (own observations).

Examining the environmental variables allows
interpretations of ecologically regulating factors
driving the vegetation patterns. In the Qilian
Mountains, diverse spectrum of local ecological
studies has been conducted, however most of
them are published in Chinese. Main focus of the
research lies in the field of hydrology and its
responses to environmental changes (Yang et al.
2005; Li et al. 2009; Sun et al. 2016; Tian et al.
2017). Some studies were dealing with the
response of forest stands to climate change (Deng
et al. 2013; Yang et al. 2013). Detailed descrip-
tions are available of variation in soil organic
carbon and nitrogen as well as in other edaphic
factors along the altitudinal gradient (Yuan and
Hou 2015; Yang et al. 2018). Other investiga-
tions were focussing on the effect of grazing on
plant composition and forage quality, species
richness and soil properties (Chang et al. 2004;
Baranova et al. 2016; Wang et al. 2017a;

Baranova et al. 2019). Although some prelimi-
nary studies on the relations between vegetation
structure, its dynamics and soil functioning were
conducted (Wang et al. 2002; Yang et al. 2018),
more extensive research covering unrepresented
parts of the altitudinal gradient is necessary. In
particular, the lack of qualitative vegetation
analyses (Kürschner et al. 2005) represents a gap
in environmental studies to be filled in the
coming years in order to get a better under-
standing of the balance in fragile mountain
ecosystems under the impact of biotic and abiotic
site factors, including anthropogenic distur-
bances, grazing impact and climate change in the
Qilian Mountains.

In the past, mountain rangelands were
assumed to represent the ecosystems in equilib-
rium (Casimir 1992). Based on the modern the-
ory of rangeland ecosystem functioning, both,
equilibrium and non-equilibrium models, are to
be found in the mountain regions along the alti-
tudinal gradient (c.f. Hoppe et al. 2016; Wang
et al. 2017b). Abiotic site factors and animal
grazing both affect rangeland ecosystems; how-
ever, the effect of grazing is more pronounced in
the humid areas, while in the arid conditions,
unstable precipitation and its annual variations
play a major role and overwhelm the impact of
grazing (Behnke et al. 1993; Ellis and Swift
1988). Therefore, for the Qilian Mountains, we
expect that grazing impact is more pronounced in
the humid alpine zone, while at the lower ele-
vations in presence of more arid conditions,
vegetation dynamic is controlled by the moisture
regime (von Wehrden et al. 2012). Soil responses
to grazing could reveal similar patterns due to the
plant–soil interactions (Wang et al. 2017b).

Therefore, we hypothesize that a) in the alpine
zone the grazing impact exerts a more distinct
influence on vegetation differentiation and
underlying topsoil characteristics compared to
other site factors; (b) in the montane-subalpine
zone soil moisture (as a proxy for precipitation)
and other related abiotic site factors would have
a greater impact on the vegetation differentia-
tion, while grazing effects would be less
pronounced.
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25.2 Methodology

25.2.1 Study Area

The Qilian Mountains are located in the middle
part of the Heihe River Basin (97°24′–102°08′ E
to 37°44′–42°42′ N), adjacent to the Hexi corri-
dor on the north and to the Tibetan Plateau on the
south (Fig. 25.1). The Qilian Mountains are
covered by 43.61 � 104 ha of forests and
811.2 � 108 m3 of glaciers which feed the
headwaters of the Heihe, Shiyang and Shule
rivers and support 4 million people living in the
Hexi Corridor (Yang et al. 2005). The southern
part of the Qilian Mountains is characterized by
semi-arid cold and cold humid mountain climate.
Temperature and precipitation show a distinct
vertical gradient. The annual mean precipitation
increases with elevation (from 250 to 700 mm),
while annual mean temperature decreases with
elevation (from 6.2 °C to −9.6 °C) (Zhao et al.
2006). A part of the study area belongs to the
semi-arid zone with dominant winter drought, at
higher elevations alpine conditions prevail (Nagy
and Grabherr 2009).

Soils of the pastures in the study area were
identified as haplic Leptosol, haplic cambic
Regosol and Cambisol, with relatively shallow
soil profile, rough texture (silt loam and silt) and
intermediate organic matter content (Lieder
2013). The results of Friedrich (2015) on the
analyses of the soil physical properties along the
wider altitudinal range (2600–3700 m a.s.l.)
suggest that investigated soil types refer to haplic
Phaeozem and calcic Luvisol (Zech et al. 2014;
Friedrich 2015); while Wang et al. (2002)
reported chromic Luvisols and Cambisols. Per-
mafrost soils and seasonally frozen soil horizons
are widespread in the middle and high elevations.

In the Qilian Mountains, transhumance pas-
toral practice is in use (Yuan and Hou 2015): the
herds of sheep, goats and yaks are kept close to
the villages during winter (2400–2600 m a.s.l.),
and in spring, the animals are moved upwards to
graze on montane-subalpine pastures. In the
beginning of June, herders move with their
livestock to the summer camps in the alpine zone

(above 3000 m a.s.l.). In autumn, the animals are
brought back to the areas where they grazed in
spring (2600–3000 m a.s.l.). In the Qilian
Mountains, the growing season usually begins in
the second half of May; the flowering of the
mixed grasslands peaks in July and in the
beginning of August. According to Wang et al.
(2002) and Zhao et al. (2006), most common
vegetation classes in the study area are subalpine
and alpine shrubland, dominated by Dasiphora
fruticosa, Caragana jubata, Salix gilashanica
and Spiraea spp.; subalpine and alpine meadow
(2400–3800 m a.s.l.), dominated by Stipa pur-
purea, S. przewalskii, Carex lansuensis, Poly-
gonum viviparum, P.bistorta, Dasiphora
fruticosa and Caragana jubata; between 2500
and 3600 m a.s.l. forest-steppe vegetation is
common, dominated by Picea crassifolia and
Sabina przewalskii.

25.2.2 Sampling Design

Vegetation sampling was conducted in the sum-
mer seasons of 2012 and 2013, following an
adapted relevé method (Braun-Blanquet 1964;
Kent 2012). We applied standard relevé size of
10 � 10 m for all plots, exceeding the require-
ment of minimal area size (Mueller-Dombois and
Ellenberg 1974). On each relevé plot, we
described species data according to the Braun-
Blanquet cover-abundance scale (7 classes),
including the complete list of vascular, bryophyte
and lichen species. In order to identify the spe-
cies, we used collections of the herbarium in the
Academy of Water Conservation Forest of the
Qilian Mountains (AWCFQ, Zhangye, China),
together with local flora catalogues (Xiande et al.
2001; Anlin and Zongli 2009) and internet
accessible databases (eFloras; Subject Database
of China Plants; The Plant List; Plantarium).
Nomenclature of the plant species follows eFlo-
ras (2008). For the remaining unknown speci-
mens, we used additional expertise of the
botanists in the Herbarium of the Komarov
Botanical Institute of the Russian Academy of
Sciences (St. Petersburg, Russia).
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We conducted field sampling in the
spring/autumn and summer pasture areas, cov-
ering the altitudinal range from 2650 to 3600 m
a.s.l. (Fig. 25.1). Altogether 71 sample sites were
randomly selected in different accessible slope
exposures, representing the variety of habitat
types. On each sampled plot, data on altitude,
latitude, longitude and slope angle were obtained
using Garmin GPS 60 (with accuracy of 4–6 m)
and inclinometer Suunto MB-6 Nord. We

collected biomass data on 1 � 1 m plots, placed
in the centre of the relevé plot. We clipped the
plant specimens on the ground level and mea-
sured wet biomass weight shortly after the sam-
pling; we assessed dry biomass weight after
oven-drying for 8–10 h at 65 °C. Grazing impact
was visually estimated on each plot, on the scale
from 3 to 14, using a developed set of environ-
mental indicators (Baranova et al. 2016). On
each relevé plot, we extracted soil samples from

Fig. 25.1 Location of the study area (borders are marked with red square) in the Qilian Shan, Heihe River Basin,
Gansu province, NW China
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the uppermost mineral soil horizon using soil
sampling rings (3 samples of 100 cm3 per site; in
10–15 cm depth). We stored fresh soil samples
in plastic bags and determined the weight at the
same day with sampling. Dry soil weight was
measured after oven-drying for 5–6 h at 105 °C.
Due to misconduct during the sample preparation
in Chinese field laboratory, only 63 soil samples
were used in further analyses, associated with 63
corresponding relevés, excluding samples from
alpine shrub thickets (3400–3600 m a.s.l.).

We performed soil analyses in the Laboratory
of the Department of Physical Geography,
University of Hamburg. Soil bulk density,
organic matter content, water and skeleton con-
tent, total nitrogen and total carbon,
carbon/nitrogen ratio, pH (in CaCl2 and in H2O),
electroconductivity (EC), cation-exchange
capacity (CEC), base saturation (BS) and con-
centration of the mineral protons were measured.
Standard soil analyses followed DIN 19,684-1
(pH value in H2O and in CaCl2), DIN ISO
11,265 (conductivity), DIN ISO 11,465 (water
content), and DIN EN 12,879 (organic matter).
CEC, BS and mineral concentrations (in proton
equivalent in lmol/g) were analysed according to
Meiwes et al. (1984), using Inductively Coupled
Plasma-related-Optical Emission Spectroscopy
(ICP-OES) and ICP-OES-Software. The
remaining analyses followed HFA (2009).

25.2.3 Statistical Analysis

We performed all statistical analyses using the R
software and packages “indicspecies” (De
Cáceres and Legendre 2009), “mass”, “pgir-
mess”, “plyr”, “vegan” (Oksanen et al. 2018) and
“stats” (Hothorn et al. 2006) (R version 3.4.1,
Foundation for Statistical Computing, Vienna, R
Core Team 2015).

In order to perform multivariate statistical
analyses, we converted the Braun-Blanquet scale
according to Wildi (2010) into percentage val-
ues; slope exposure degrees (0–360°) were
recalculated into two independent variables
“eastness” and “northness” after Zar (1999):
Eastness = sin [(slope exposure in degrees � Pi)/

180]; Northness = cos [(aspect in degrees � Pi)/
180]. Log or square root transformation of the
rest of environmental variables was performed
when needed (Borcard et al. 2011). We applied
several transformation techniques on species data
to compare the results. To reduce the importance
of observations with high values, we applied
square root transformation of the species matrix
using the function decostand (R package
“vegan”).

25.2.3.1 Classification
To identify vegetation patterns, we applied
agglomerative clustering using a function hclust
(Murtagh and Legendre 2014). In order to obtain
a metric distance matrix of ecological resem-
blance, species cover-abundance values were
subject to transformation using the Hellinger
distance measure (Ruokolainen and Blanchet
2014). Hellinger distance measure gives less
weight to species abundances and resolves the
double-zero problem (Borcard et al. 2011;
Oksanen et al. 2018). To verify the goodness of
the clustering, we applied three-steps approach:
with the first approach, we aimed to test the
performance of the selected clustering methods
(correlation between original distance and
cophonetic matrixes); the second and third
approach served to validate the results of the
clustering based on the species composition and
variation of environmental variables (Analysis of
variance and Indicator Species Analyses (ISA),
respectively) (Dufrene and Legendre 1997).

25.2.3.2 Ordination
We applied non-metric multidimensional scaling
(NMDS) ordination technique, using function
metaMDS in package “vegan”. It is a favourable
choice for representation of the objects in two- or
three-dimensional space (Legendre and Legendre
2012) and often shows less deformed represen-
tation of the relationships among the objects than
other ordination techniques could show on the
same number of axes (Borcard et al. 2011). In
order to assess the relevance of the NMDS and to
observe the relationship between distance and
cophenetic matrices, stress plot was performed.
Stress plot value, obtained from two-dimensional
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NMDS space, was still comparatively low
(0.2215293), satisfying the condition of mono-
tonicity and keeping the non-metric fit of R2

close to 1 (Legendre and Legendre 2012).

25.2.3.3 Analysis of Variance
We applied ANOVA statistics, followed by the
post-hoc test, to detect the differences between
vegetation groups in environmental conditions.
First, in order to check if statistical assumptions
for ANOVA statistics are met, we tested nor-
mality and homogeneity of variance using Sha-
piro Wilks and Bartlett’s test, respectively. If the
data were meeting the criterion of normality and
homogeneity, one-way ANOVA was applied to
compare the variation for each variable, followed
by a Tukey post-hoc comparison of means. If the
criterion of normality and homogeneity was not
met, we applied the Kruskal–Wallis test, fol-
lowed by non-parametric post-hoc multiple
comparisons (p > 0.05) after Siegel and Castel-
lan (1998).

25.3 Results

25.3.1 Classification

Figure 25.2 presents the dendrogram of the
cluster analysis: in vertical direction on the left
side, the distance measure is shown; in horizontal
direction, relevé plots are placed, grouped toge-
ther according to greatest species similarity. The
dendrogram illustrates two major patterns: on the
left side vegetation of montane and subalpine
zone is depicted, while on the right side—plant
communities of alpine zone are located, corre-
sponding to distinct vegetation groups 1, 2, 3, 4,
and 5, respectively.

25.3.2 Diversity Indexes
and Indicator Species
Analysis (ISA)

The analysis of species constancy shows that only
23 species out of 176 have high constancy level
(above 2.5). Most of the species are perennial.

Among the plant functional types, 11 forb spe-
cies, 6 graminoid species and 5 Fabaceae species
were found as well as 1 additional tree species of
Pinaceae (Picea crassifolia). Most species-rich
(abundant) families were Rosaceae, Poaceae,
Fabaceae, Cyperaceae and Asteraceae. In total,
only 171 species were used in the ISA and 5
species were excluded from the analysis due to
their presence in most of the plots (these were:
Achnatherum sp., Adenophora sp., Leymus sp.,
Melandrium apricum and Oxytropis imbricata).

Species richness analysis showed on average
23 (SD ± 5) species per plot, with a maximum
of 37 and a minimum of 2 species. The lowest
average number was found in group 4–19
(SD ± 8) species pro plot, while group 1 con-
tained the highest average—29 (SD ± 5) species
per plot. Similar trend was observed in species
diversity indices: Shannon entropy varied from
2.59 to 2.03 in the respective groups, Simpson
diversity and Pielou evenness followed the same
trend (N1, N2 and J: Table 25.1). When calcu-
lated with Hill’s ratio instead (E1), Shannon
diversity index picked at 0.47 in group 5 and had
a minimum value of 0.45 in group 2.

According to the results of ISA presented in
Table 25.2, strong indicator species in group 1
were Iris lactea var. chinensis, Kobresia humilis,
Poa attenuata and Artemisia austriaca. Among
them, Iris lactea var. chinensis revealed absolute
fidelity for the group 1, whereasPoa attenuata and
Artemisia austriaca showed absolute specificity.
Group 2 presents the highest number of indicator
species—11, among them strong indicators:
Dracocephalum heterophyllum, Heteropappus
altaicus and Artemisia xerophytica. These species
serve as environmental indicators, corresponding
to dry conditions of the study site. Altogether,
indicator species of the group 2 represent a typical
pattern of south-facing dry slopes, heavily affected
by erosion processes, grazing and trampling.
A weak indicator index value of the only indicator
in group 3 and Silhouette plot, mentioned in the
methods section, suggests that in clustering pro-
cedure, most of the relevé plots in this group were
misinterpreted. Based on the additional analysis of
synoptic tables, group 3 shares the same vegetation
pattern as group 2, with a few site-specific species,
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Fig. 25.2 Dendrogram of cluster analysis, based on
advanced Ward’s agglomerative clustering and Hellinger
transformed species data. In colours, five vegetation
groups are distinguished. The numbers refer as following:

(1) montane xerophytic grassland, (2) montane xerophytic
shrubby grassland, (3) montane mesophytic grassland,
(4) grazing-modified alpine shrubby meadow and
(5) alpine meadow

Table 25.1 Species
richness, evenness and
diversity indices of the five
vegetation groups obtained
in cluster analyses

Vegetation group N0 SD H N1 N2 E1 E2 J

gr1 29.42 4.50 2.593 13.713 10.434 0.470 0.356 0.770

gr2 23.90 4.07 2.352 10.726 8.143 0.451 0.341 0.744

gr3 24.38 5.94 2.359 11.022 8.203 0.457 0.345 0.746

gr4 19.55 7.74 2.039 8.498 6.342 0.482 0.382 0.742

gr5 22.71 5.42 2.348 10.848 8.193 0.484 0.369 0.759

N0—species richness
H—Schannon entropy
N1—Schannon diversity number
N2—Simpson diversity number (inv)
J—Pielou evenness
E1 = N1/ N0—Schannon evenness (Hill’s ratio)
E2 = N2/N0—Simpson evenness (Hill’s ratio)
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like Stipa breviflora and S. krilovii instead of S.
capillata. In addition, companion species were
identified: Stellera chamaejasme, Agropyron
cristatum and Leontopodium leontopodioides.

In group 4 (Table 25.2), Anemone obtusiloba
and Ranunculus indivisus had specificity values
close to 1, explaining their occurrence only in
alpine meadows. Other strong indicators in group
4 were Kobresia pusilla, Sibbaldia procumbens
and Phaeophyscia sp. (lichen species). Group 5
contains 10 indicators, among them some with
absolute specificity values: Viola bifurca and
Draba eriopoda (an indicator of grazing distur-
bance). Other strong indicators in group 5,
associated with heavily grazed alpine meadows,
were Plantago asiatica, Elymus sp., Poa sp. and
Saussurea sp.

Based on the results of agglomerative cluster-
ing (Fig. 25.2), supported by ISA and the outcome
of synoptic tables, vegetation of spring/autumn
and summer pastures in Qilian Mountains was
classified into five main groups with the following
rankless communities (further named as vegeta-
tion groups): (1) montane xerophytic shrubby
grassland (Iris lactea var. chinensis—Artemisia
austriaca; with dwarf-shrubs Potentilla davurica,
Dasiphora fruticosa); (2) montane xerophytic
grassland (Dracocephalum heterophyllum—
Heteropappus altaicus) (3) montane grassland—
forest meadow (Stipa krylovii—Potentilla multi-
fida); (4) grazing-modified alpine shrubby mea-
dow (Anemone obtusiloba—Ranunculus indivisus
(with dwarf-shrubs Potentilla bifurca, Caragana
jubata); (5) alpine meadow (Anemone obtusiloba
—Ranunculus indivisus).

25.3.3 Ordination

According to the results of NMDS ordination,
illustrated in Fig. 25.3a–d, moist alpine commu-
nities are determined by the increasing concen-
trations of soil nitrogen, carbon, organic matter
and water content (Fig. 25.3: d), as well as by the
increasing concentration of soil potassium, man-
ganese and iron ions (Fig. 25.3: c). Xericmontane/
subalpine communities show opposite trends.

Their differentiation is predetermined by
higher pH and base saturation (Fig. 25.3d). We
found concentrations of soil minerals not to be
differentiating for these communities (Fig. 25.3
c). Altitude, north exposure, soil water content
and concentration of iron showed the strongest
correlation with the first NMDS axis (Table 25.3),
which could be best characterized as an
elevation/moisture gradient (Fig. 25.3a, c, d). The
second NMDS axis could be interpreted as an
inclination/woody gradient, where increasing
tree, shrub, and moss cover, as well as increasing
number of species per plot, are associated with
more steep slopes (Fig. 25.3a, b). At the same
time, increase in herb cover was higher on less
inclined slopes and was related to high soil
skeleton content and high concentration of
potassium (Fig. 25.3c, d); most of the other soil
minerals showed a negative correlation with the
second NMDS axis (Table 3). Increase in
carbon/nitrogen ratio was also associated with the
inclination/woody gradient, while increase in
concentrations of carbon and nitrogen was
strongly related to the elevation/moisture gradient
(Fig. 25.3d). Among measured environmental
variables, soil electric conductivity, aspect, east-
ness and grazing impact showed no significant
correlation with NMDS axes and did not appear
within the ordination space (Table 25.3).

25.3.4 Vegetation Groups
and Environmental
Variables

Applying the ANOVA statistics and Kruskal–
Wallis tests, the results showed significant dif-
ferentiation between five vegetation groups,
based on the following soil variables: water
content, OM, pH, base saturation and soil bulk
density (Fig. 25.4a–e), which were used as
diagnostic variables for the five vegetation
groups. Group 1 refers to S-facing shrublands
and shrubby grasslands along the altitudinal
gradient. Most of the diagnostic soil variables did
not significantly differ within group 1, except for
soil bulk density, which showed the second
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Table 25.2 Indicator
species analysis of five
vegetation groups (without
group combinations)

Vegetation groups/Indicator species Indicator value

A B Stat p value

1. Montane xerophytic grassland #sps. 5

Iris lactea var. chinensis 0.3743 1 0.612 0.008**

Astragalus/Oxytropis sp. 0.7177 0.4167 0.547 0.023*

Kobresia humilis 0.4828 0.5833 0.531 0.018*

Artemisia austriaca 1 0.25 0.5 0.010**

Poa attenuata 1 0.25 0.5 0.016*

Cerastium sp.-2 0.6813 0.3333 0.477 0.038*

2. Montane xerophytic shrubby
grassland

#sps.
11

Dracocephalum heterophyllum 0.6738 0.7826 0.687 0.005*

Heteropappus altaicus 0.6062 0.7261 0.651 0.002*

Artemisia xerophytica 0.8481 0.4269 0.582 0.003*

Allium przewalskianum 0.403 0.8261 0.568 0.041*

Oxytropis melanocalyx 0.9714 0.3176 0.54 0.035*

Allium cyaneum 0.727 0.4568 0.539 0.020*

Thalictrum cultratum 0.4758 0.6487 0.534 0.017*

Stipa capillata 0.5333 0.5454 0.516 0.050*

Potentilla acaulis 0.8794 0.3256 0.514 0.030*

Caragana opulens 0.5578 0.4678 0.472 0.041*

Chenopodium pamiricum 0.9118 0.2341 0.427 0.047*

3. Montane grassland - forest meadow #sps.1

Carex sp.-4 1.00000 0.2308 0.5 0.021*

4. Grazing-modified alpine shrubby
meadow

#sps. 6

Anemone obtusiloba 0.9963 0.3636 0.602 0.002**

Phaeophyscia sp. 0.712 0.4545 0.569 0.013*

Kobresia pusilla 0.4881 0.6364 0.557 0.025*

Carex sp.-1 0.4879 0.5455 0.516 0.038*

Sibbaldia procumbens 0.7255 0.3636 0.514 0.015*

Ranunculus indivisus 0.9221 0.2727 0.501 0.031*

5. Alpine meadow #sps.
10

Plantago asiatica 0.7536 0.6471 0.698 0.001**

Elymus sp. 0.8065 0.5882 0.689 0.003**

Viola bifurca 1 0.4118 0.642 0.002**

Poa sp.-1 0.989 0.4118 0.638 0.001**

Saussurea sp. 0.8559 0.4118 0.594 0.003**

Poa sp.-2 0.9706 0.2941 0.534 0.011*

(continued)
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Table 25.2 (continued) Vegetation groups/Indicator species Indicator value

A B Stat p value

Polygonum viviparum 0.465 0.5882 0.523 0.041*

Draba eriopoda 1 0.2353 0.485 0.024*

Cerastium caespitosum 0.9829 0.2353 0.481 0.049*

Parnassia oreophila 0.7073 0.2941 0.456 0.042*

List of species associated to each group. Indicator value components: A—specificity; B
—fidelity. Only those species are shown, which indicator index value (stat) � 0.4, with
significance level (p) > 0.05). Significance codes: 0 ‘***’. 0.001 ‘**’. 0.01 ‘*’. 0.05 ‘.’
(1), (2) and (3)—montane mesophytic grasslands, (4)—grazing-modified alpine shrubby
meadow and (5)—alpine meadow

Fig. 25.3 Two-dimensional NMDS ordination of five
vegetation groups against different environmental vari-
ables. Only vectors with significant correlation with
NMDS axes are presented (p > 0.05); detailed numbers
of Pearson’s rank correlation coefficients are provided in
Table 25.3. Description of vegetation groups is the same
as on Fig. 25.2 and Table 25.2. a—Altitude (Alt), slope,
northness (north) and total cover, moss cover, shrub
cover, herb cover; b—Sheep tracks (e.g. indicator of

grazing); c—Concentrations of soil nutrients: potassium
(ConcK), iron (ConcFe), manganese (ConcMn), magne-
sium (ConcMg), aluminium (ConcAl), calcium (ConcCa);
d—Soil properties: soil skeleton (skeleton), soil bulk
density (soilBulk), nitrogen (N), organic matter (OM),
carbon (C), water content (waterCont), carbon/nitrogen
ration (C.N), cation-exchange capacity (CEC), base
saturation (BS), pH
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highest value after the group 5—“the group of
productive grasslands” (Fig. 25.4e). Also, it had
the highest number of species per plot—29.50
(±4.80), suggesting that the shrub encroachment

has a positive effect on the species diversity,
reducing the grazing pressure.

Group 2, representing typical S-facing
shrubby grasslands, showed higher pH, BS and

Table 25.3 Pearson’s
rank correlation coefficients
of the variables and two
axes of non-metric
multidimensional scaling
(NMDS), using monoMDS
function

Variables NMDS1 NMDS2 r2 Pr
(>r)

Signif.
level

Soil bulk density
[g/cm3]

−0.87662 0.48118 0.1458 0.008 **

Soil skeleton [%] −0.39061 0.92056 0.2151 0.004 **

Water content [%] −0.99839 −0.0568 0.3982 0.001 ***

OM [%] −0.99183 0.12756 0.5303 0.001 ***

pH (CaCl2) 0.93947 −0.34263 0.3506 0.001 ***

EC [lS/cm] 0.85651 0.51613 0.0028 0.919 n.s

C [%] −0.99534 0.09638 0.4818 0.001 ***

N [%] −0.92989 0.36784 0.4516 0.001 ***

C/N [%] 0.43416 −0.90084 0.1633 0.007 **

CEC [cmol/kg] −0.70667 −0.70754 0.2832 0.001 ***

BS [%] 0.90274 −0.43019 0.1925 0.003 **

Altitude −0.98633 −0.16481 0.3274 0.001 ***

Aspect 0.01168 0.99993 0.0045 0.869 n.s

Slope (grad) 0.51248 −0.8587 0.2792 0.001 ***

Total cover [%] −0.91947 0.39317 0.2713 0.001 ***

Tree cover [%] −0.39898 −0.91696 0.1799 0.007 **

Shrub cover [%] −0.186 −0.98255 0.2259 0.001 ***

Herb cover [%] −0.37984 0.92505 0.2301 0.001 ***

Moss cover [%] −0.38759 −0.92183 0.1834 0.008 **

Northness −0.89475 −0.44657 0.1569 0.005 **

Eastness 0.57618 −0.81732 0.0327 0.372 n.s

Sheep tracks [%] −0.06189 −0.99808 0.1524 0.022 *

Grazing impact 0.21438 −0.97675 0.0141 0.642 n.s

Number of species 0.4681 −0.88367 0.1389 0.017 *

Al [lmol/g] −0.76531 −0.64367 0.3224 0.001 ***

Ca [lmol/g] −0.65124 −0.75887 0.2871 0.001 ***

K [lmol/g] −0.32627 0.94528 0.2901 0.001 ***

Mg [lmol/g] −0.80804 −0.58913 0.2387 0.002 **

Na [lmol/g] 0.59186 −0.80604 0.0288 0.394 n.s

Fe [lmol/g] −0.99904 −0.04378 0.5262 0.001 ***

Mn [lmol/g] −0.98376 0.1795 0.1226 0.019 *

Species data transformation: Wisconsin (sqrt) on Bray distances. Significance codes for
Pr(>r): 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05; n.s. not significant. Permutation: free. Number of
permutations: 999; r2—squared correlation coefficient between the factor and two
matrixes; Pr(>r) premutational significance test

25 Mountain Pastures of Qilian Shan Under Continuous Grazing: Main … 565



Fig. 25.4 Distribution of the diagnostic soil variables
among five vegetation groups (p > 0.05): a—Base Satu-
ration (%); b—Organic Matter (%); c—pH (CaCl2); d—

Soil Bulk Density (cm3); e—Soil Water Content (%).
Horizontal axes represent five vegetation groups, defined
in Fig. 25.2 and Table 25.2
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CEC values, in comparison with moist north-
facing “productive grasslands”—groups 4 and 5
(Fig. 25.4a, b, c). By contrast, group 5, showed
significantly higher water content, OM and SBD
values, as well as higher content of soil carbon
and nitrogen, which were considerably different
in S-facing grasslands. In group 3, the variables
were performing very similar to group 2, without
any statistically significant differences among
them.

Groups 4 and 5 are representing plant com-
munities on more gentle, N-/NW - exposed
slopes along the altitudinal gradient. Diagnostic
soil variables did not significantly vary between
them, although group 5 had the highest soil bulk
density (0.91(±0.12)). At the same time, grazing
impact was the lowest in group 5 (5.35(±2.34)).
Mean concentrations of soil potassium and
manganese were reaching maximum in group 5.
In group 4, the highest mean concentration of
aluminium and iron was observed (Fig. 25.5a, d).
Here, mean calcium content reached a significant
maximum of 521.55 lmol/g (Fig. 25.5e).

25.3.5 Physical Characteristics
of the Soils

Most of the sampled soils present a pH range
indicating neutral and slightly alkaline pH condi-
tions (6.99–7.58); base saturation is often
exceeding 99%; on our ordination space BS and
pH vectors follow in the same direction
(Fig. 25.3d). Among most of the sites, especially
in group 1 (EC = 338.75, SD = 264.88), wide
range of electrical conductivity values is observed.
Themean values for each vegetation group vary in
the range between120 and 435lS/cm,without any
significant difference; current range of EC refers to
relatively low salt content in the soil solution (AK
Standortskartierung 2003). Our results reveal
insignificant variation of the soil skeleton, elec-
troconductivity, CEC and C/N ratio between
identified vegetation groups, corresponding to a
broad range of values within each group.

In general, the concentration of the organic
matter in the investigated soil samples reveals
high humus content. On dry, S-facing slopes the

lowest OM content was observed (group 2,
Fig. 25.3d). Vegetation groups referring to the
alpine zone are associated with the highest OM
content, even characterized as swampy condi-
tions; therefore, the water storing capacity of
these soils is estimated as very high. Variation of
C/N ratio also corresponded to high humus
content (10–15%) and was not significantly dif-
ferent between vegetation groups. Mineral com-
position of the soils is characterized by a very
high calcium content, which showed significant
variation among the identified vegetation groups
(Fig. 25.5e). Increase of iron, calcium, alu-
minium, potassium and manganese mean con-
centrations was associated with the alpine zone.
Concentrations of the iron in the uppermost soil
horizon increased with altitude and were com-
paratively higher under grazing-modified alpine
shrubby meadow.

The length of the vector formed by iron
reveals the strongest differentiation impact on the
vegetation composition along the altitudinal
gradient (Fig. 25.3a, c).

25.4 Discussion

25.4.1 Species Diversity and Grazing
Impact

The area of the Qilian Mountains has been grazed
since prehistoric times (Rhode et al. 2007; Miehe
et al. 2009); therefore, the composition of the plant
communities indicates a high level of grazing-
resistance (Milchunas and Lauenroth 1993; Suttie
et al. 2005). At the same time, the percentage of
unpalatable and toxic plant species has been
increasing in recent decades (Chang et al. 2004;
Baranova et al. 2016). Results of our study are
consistent with previous findings, outlining the
community-forming role of the unpalatable Iris
lactea var. chinensis in montane xerophytic
grassland, which had been expanding over the vast
areas of the pastureland due to selective animal
grazing. Kobresia humilis, occurring in montane
grasslands in Qilian Mountains, similar in abun-
dance to K. pygmaea in Tibet, has developed
morphological adaptations to store the main
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Fig. 25.5 Distribution of the soil minerals among five
vegetation groups (p > 0.05): a—Aluminium [lmol/g].
Horizontal axis represents five vegetation groups, defined
in Fig. 25.2 and Table 25.2. Distribution of the soil

minerals among five vegetation groups (p > 0.05): b—
Manganese [lmol/g]; c—Potassium [lmol/g]; d—Iron
[lmol/g]; e—Calcium [lmol/g]
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nutrients in belowground biomass, being an indi-
cator of the long-term grazing by its means (Miehe
et al. 2008; Etzold et al. 2016). In each of five
vegetation groups, identified in our study, indi-
cators of continuous grazing were found, sug-
gesting a strong impact of intensive pasture
utilization on the present composition of the plant
communities.

With regard to altitudinal gradient, different
studies show that species richness curve usually
has a hump-shape on the middle elevations
(Lomolino 2001; McCain and Grytnes 2010;
Yang et al. 2018), which was not confirmed in our
study, as variation of the species richness with
increasing elevation was insignificant. However,
the latter could be explained by the fact that alti-
tudinal gradient was found to overlap the effect of
grazing on plant species richness and diversity
(Brinkmann et al. 2009). At the same time, plant
species richness and diversity were shown to
decrease under moderate to high levels of grazing
intensity (Herrero-Jáuregui and Oesterheld 2018).
Moreover, our results reveal a maximum species
number at 2850 m a.s.l., while in the study of
Yang et al. (2018), it peaked at 3177 m a.s.l.
Although both studies are conducted in the Qilian
Mountains, such a difference could be explained
by the sampling design: the latter study covers
only north-facing slopes, which usually have
more gentle slopes, higher herb cover and there-
fore reveal greater species diversity.

Addressing the distribution of the plant spe-
cies richness along the elevation gradient, Etzold
et al. (2016) suggested to take into account the
effect of the land use and its intensity. Recent
metaanalysis of Herrero-Jáuregui and Oesterheld
(2018) revealed larger negative response of spe-
cies richness to grazing in arid and low produc-
tive rangelands than in humid and productive
ones. By contrast, in our study, most of the
diversity indices show the highest values in
montane xerophytic grassland, and the lowest—
in grazing-modified alpine shrubby meadow
(Table 25.1), reflecting a higher negative impact
of grazing on the plant species diversity in alpine
communities in Qilian Mountains.

However, there are two restrictions, making
an estimation of species diversity more

vulnerable—species abundance distribution and
sampling density (Chao et al. 2014). Therefore,
in modern diversity measurements, classical
approach of Shannon entropy and other diversity
indexes usually correlating with each other is
preferred to estimations using Hill numbers (i.e.
effective number of species) and ratios, expressed
in the same units (Borcard et al. 2011; Chao et al.
2014). It allows incorporating relative abundance
and species richness (Chao et al. 2014). In our
study, evenness indices calculated with the Hill
numbers varied differently in comparison to
Pielou evenness: the latter was in line with
classical diversity indexes, while evenness based
on the Hill numbers has shown the higher values
in alpine, instead of montane, vegetation com-
munities (Table 25.1).

Species constancy highly depends on the plot
size (Dengler et al. 2009). In natural communi-
ties, usually a large number of species have rel-
atively low abundances (Chao and Shen 2003).
In our study, 87% of the species were found to
have low constancy level below 2.5%. For that
reason, square root transformation of the species
data was used prior to constancy analysis in order
to decrease the impact of the high-score species
(Borcard et al. 2011). Nevertheless, the results of
the cluster analysis as well as the performance of
the species within NMDS ordination space have
shown a high species heterogeneity within each
of the identified vegetation groups.

25.4.2 Main Environmental Gradients

Our results show that the elevation/moisture
gradient is responsible for the strongest change
in species composition in alpine areas of the
Qilian Mountains, which is in line with other
altitudinal studies around the globe (Nagy and
Garbher 2009; Etzold et al. 2016). North-facing
slopes provide moist environments for grasslands
and cause higher productivity compared to south-
facing slopes on the same elevation. Within the
montane zone, edaphic moisture was identified as
an important driving factor for the vegetation
differentiation (Zemmrich et al. 2010). In our
study in the montane-subalpine, slope inclination
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and exposition have a distinguishable impact on
vegetation distribution as well as on variation of
the dry biomass along the altitudinal gradient
(data not shown). N-, NW- and NE-facing slopes
contain most productive and less disturbed plant
communities with total cover close to 100%.
North exposure was found to be an important
factor, differentiating grasslands in alpine areas,
while in montane/subalpine areas north-facing
slopes are mostly covered by Picea crassifolia
forests.

25.4.3 Soil Properties
and Interactions
Between Them

Soil water content is an important parameter,
defining the vertical variation of the soil nutrients
(Liu et al. 2017). Moreover, in arid and semi-arid
areas with low-rainfall variation, cations of cal-
cium, magnesium and sodium are forming an
exchange complex, defining the value of cation-
exchange capacity and influencing other soil
properties (Brady and Weil 2014). In our study,
cations of calcium play the major role in CEC,
having mean calcium saturation of 86%; there-
fore, there is a strong correlation observed
between calcium and CEC vectors (Fig. 25.3c,
d). However, our results reveal no distinct cor-
respondence between them: increasing CEC has
high correlation with both NMDS axes; there-
fore, indicating that moisture gradient has the
same impact on CEC values, as soil pH
(Fig. 25.3d; Table 25.2).

Base saturation is mainly to be attributed to
cations of Ca, K, Mg and Na. An increase in BS
values indicates a tendency to neutrality or
alkalinity in soil pH (Brady and Weil 2014). Our
data reveal high values of base saturation in the
range above 99%; thus, corresponding topsoils
could be classified as highly elastic, with the high
potential to intercept the soil disturbances (AK
Standortskartierung 2003). Although in our study
area, high values of base saturation could have
been affected by the high values of calcium ions
(Friedrich 2015).

Variation in soil bulk density is usually
associated with the soil texture: sandy soils have
higher values of SBD than silt loams or clays,
which could be explained by the presence of
micropores in clayey particles. In our study area,
soil texture was defined as silt, silt loam and
sandy loam (Lieder 2013; Tian et al. 2017),
which corresponds to low values of soil bulk
density with mean value of 0.80 g/cm3, corre-
sponding to uncultivated forest and grassland
vegetation types (Brady and Weil 2014). Yang
et al. (2018) reported about dependency of the
soil bulk density on the soil depth as well as on
the elevation: in deeper soil layers at high alti-
tudes, soil bulk density was increasing, whereas
on the upper-most soil horizon soil bulk density
tends to decrease with altitude. The latter is only
partly supported by our results: soil bulk density
had the strongest correlation with elevation gra-
dient, although minor correlation with
inclination/woody gradient was also observed,
revealing unequal distribution of the fine and
grain-textured soils (Brady and Weil 2014).

25.4.4 Soil Organic Matter

It is known that soil organic matter develops at
higher rates under grassland compared to forest
or shrubland, which is related to the type of the
root system and its decomposing ability (Brady
and Weil 2014). Results of our study illustrate
that the direction mentioned above: the direction
of the carbon, nitrogen and organic matter
accumulation follows elevation/moisture gradi-
ent, whereas the increase of total shrub and tree
cover represents a separate inclination/woody
gradient (Fig. 25.3a, d). Instead of carbon and
nitrogen, C/N ratio was found to be correlated
with inclination/woody gradient, which is sup-
ported by the previous studies, showing the
increase in C/N ratio under the forest/shrubland
cover (Lieder 2013; Friedrich 2015). These two
independent gradients represent the driving
environmental factors of the vegetation differen-
tiation in montane, subalpine and alpine areas of
Qilian Mountains, identified in our study. With
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regard to grazing intensity, no change in soil C/N
ratio was observed between continuously grazed
pastures and those excluded from grazing
(Shrestha and Stahl 2008; Wang et al. 2017a, b).
Similarly, in our findings, variation of C/N ratio
was not predetermined neither by elevation nor
by vegetation type or grazing pressure.

In our study, C/N ratio reveals comparatively
narrow range of 9–20% and mean value of 12%,
which corresponds to a sufficient supply of nitro-
gen and moderate level of humus content in the
investigated soils (AK Standortskartierung 2003;
Lieder 2013). However, in combination with low
soil OM and high pH values, it corresponds to
calcium-rich soils underlying the semi-arid
grasslands (Zech et al. 2014; Brady and Weil
2014). At the same time, previous studies on the
alpine meadows in the Qilian Mountains were
reporting the presence of fertile black soils (Miao
et al. 2015; Yuan and Hou 2015). Such contra-
diction explains the primary role of topographic
factors: investigations mentioned above were hold
in the outwash plains, whereas our sample plots
mostly belong to the catchment areas with
incomparably higher erosion rates and low soil
water content. To complete the identification of the
corresponding soil types according to FAO,
detailed investigation of the soil profiles in varying
geological units of corresponding pasture areas is
necessary.

Some studies in mountain environment show
that the total amount of the soil nitrogen and
carbon content tends to increase in the topsoil
with increasing elevation (Nagy and Grabbher
2009; Yang et al. 2018), which is also illustrated
in our study (Fig. 25.2d). Depletion of soil car-
bon and nitrogen is often associated with
increasing grazing pressure directly—by the
reduction of the primary source of organic matter
coming from the plant biomass, and indirectly—
through the change in species composition and
decrease of Fabaceae species (known for their N-
fixator ability) due to selective grazing and
decrease of species diversity (Wang et al. 2017a).
However, some studies have shown high nitro-
gen content in heavily grazed pastures close to
the camp or water place (Zemmrich et al. 2010;
Hoppe et al. 2016; Wang et al. 2017b) due to

direct depositing of the cattle dung. However,
dung of the yaks is an essential source of fuel,
which has been collected since prehistoric times
in the highlands of Tibet (Rhode et al. 2007);
therefore, even in extremely grazed spots, con-
centration of the soil nitrogen remains compara-
tively low (Miller 2005; Wang et al. 2017a).

25.4.5 Soil Nutrients

Among the essential mineral elements required
for the plant growth, we have analysed variation
of concentrations of potassium, calcium, mag-
nesium, iron and manganese, and additional
aluminium and sodium. Compared with results
of Baranova et al. (2019), all the minerals were
found in sufficient leaf concentrations for the
plant growth, except for iron, which concentra-
tion during the growing season was exceeding
toxicity levels (White and Greenwood 2013).
Indirect ordination reveals a feasible increase of
the iron concentration along the elevation gradi-
ent (Fig. 25.2c), which could be explained by
decrease in redox potential and / or decrease of
pH value (White and Greenwood 2013). The
latter is supported by our results, where the pH
values show a negative correlation with
elevation/moisture gradient, pointing in the
opposite direction to increasing iron concentra-
tion (Fig. 25.2c, d). Whereas increasing con-
centration of soil calcium showed an opposite
trend to increasing soil pH, which is probably
associated with leaching of calcium ions and
longer accumulation of organic matter only
possible at higher altitudes (Etzold et al. 2016).

In general, soil erosion has negative effect on
availability of the soil nutrients, causing deple-
tion of the soil organic matter from the upper-
most soil horizon (Brady and Weil 2014). In our
study area due to the high rates of the soil erosion
on the S-, SW-facing slopes, decreased concen-
trations of the soil nutrients were observed;
therefore, soil minerals were not playing an
important role in the differentiation of the vege-
tation groups on the respective slope exposures at
low elevations (Fig. 25.2c). Moreover, similar
results were obtained by the investigation of the
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deeper soil layers (up to 90 cm), indicating a
decrease of the soil mineral concentrations under
intensified land use (Liu et al. 2017).

25.5 Conclusions

Due to the distinct spatial differentiation of the
pastures in the mountain and alpine zones of the
Qilian Shan, long-term grazing in these areas has
resulted in diverse responses of the vegetation
structure and soil properties. South-facing slopes
are found to experience severe pasture degrada-
tion in terms of low percentage of the palatable
plant species and low total vegetation cover and
depleted soils (e.g. low mineral concentrations,
high pH and low OM), At the same time, north-
exposed slopes and gentle slopes in the alpine
zone have moist soils with high concentrations of
OM and soil minerals, and high vegetation cover,
therefore seems to be more resistant to soil ero-
sion triggered by animal grazing. In terms of
vegetation composition, in both mountain and
alpine zones, we have found different indicator
species of—indicators of continuous grazing,
suggesting a strong impact of intensive pasture
utilization on the present plant community
composition.
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26Mountain Habitats Dynamics Under
Changing Grazing Management
Schemes in Greece

Michael Vrahnakis and Yannis Kazoglou

Abstract

Dry and littoral grasslands, shrublands and
traditional silvopastoral systems form a major
land use on the mountains of Prespa National
Park, northwestern Greece, an area with
exceptional biodiversity located on the bor-
ders with Albania and North Macedonia. On
altitudes ranging from 850 to 2330 m a.s.l.
and geological substrates of granite, limestone
and metamorphic origins, extensive grazing
has been shaping the landscapes of the area,
particularly affecting 19 out of the 51 habitat
types recorded in the Park and its surrounding
area according to the European Unions’
Natura 2000 network typology (Directive
92/43/EEC). Over the last years, sheep and
goat numbers are drastically reduced, numbers
of beef cattle are increasing, and evidence of
under- or over-grazing are observed at various
sites mainly due to lack or mispositioning of
basic infrastructure for grazers. These facts
unquestionably affect the dynamics of
grazing-dependent habitat types in the study
area, including four priority ones, i.e. the
“Pseudo-steppes with grasses and annuals of
the Thero-Brachypodietea”, the “Species-rich

Nardus grasslands on siliceous substrates in
mountain areas”, the “Pannonic sand steppes”
and the “Endemic forests with Juniperus
spp.”. The present contribution discusses
(a) the management practices needed to
maintain good conservation status of range-
lands in the Park and its surrounding area, and
(b) the survey and monitoring techniques to
apply in order to identify effects on habitat
types caused by the changing grazing
schemes.

Keywords

Natura 2000 network � Habitat types �
Extensive grazing �Mediterranean ecosystems� Ecological succession � Monitoring �
Grassland management � Prespa National Park

26.1 Introduction

Extensive grazing has been practiced for mil-
lennia in the Mediterranean ecosystems and,
thus, has contributed to the shaping of landscapes
from the lower to the higher elevation zones
(Papanastasis 1997; Grove and Rackham 2003;
Blondel and Aronson 2004; Guarino et al. 2019)
and to the creation of cultural elements that have
inspired numerous writers from all over the
world (e.g. Baumann 1999; Pritchett 2005;
Papayannis 2008; Papayannis and Pritchard
2011; Besson 2017 and literature cited therein).
Sheep, goats and beef cattle of various
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autochthonous and improved breeds are the main
grazing animals that use the rangelands
throughout the whole year in most Balkan
countries, while grazers are provided with sup-
plementary feeding mainly in areas with harsh
winters, as well as during other periods of the
year depending on the condition of the animals
and the availability of forage of sufficient quality
and quantity taken from grasslands, rangelands
with phrygana, shrublands or woodlands.
Although not always highly profitable, extensive
stockbreeding was and still is a crucial sector of
rural economy in Greece and a basic reason for
many young or middle-aged people to remain in
the family farming businesses and live in rural,
often remote, areas located on mountainous sites
or islands. For decades, the free-ranging sheep—
with or without the supervision of shepherds, a
fact primarily determined by the presence or
absence of predators respectively—have been the
main source of milk for the production of the
well-known feta cheese, a product of Protected
Designation of Origin with increasing demand
from global markets.

Apart from its very important economic and
social role, extensive stockbreeding also plays a
significant environmental role, as a tool to halt
ecological succession on habitats, that under no
grazing or under grazing with low stocking
densities, would evolve to shrubland or wood-
land, thus decreasing mosaic structure and habi-
tat diversity in Mediterranean ecosystems.
Habitat types of the European Union are classi-
fied under a common methodology for all 28
member states according to phyto-sociological
characteristics; the list includes 233 habitat types
(71 of which identified as priority habitat types)
belonging to nine broad categories of terrestrial,
coastal and marine ecosystems (European Com-
mission 2013), while additional habitat types
have been identified as important at national
levels. Habitat types of European interest along
with other important biodiversity elements—ex-
cept birds—are the basic components of Sites of

Community Interest, which form a major part of
the “Natura 2000” network of protected sites
according to the Habitats Directive (92/43/EEC).
The Natura 2000 network is complemented by
Special Protection Areas which have been des-
ignated as protected areas according to the Birds
Directive (2009/147/EC). Grazing affects the
vegetation of particular habitat types belonging
to the categories of Temperate Heath and Scrub,
Sclerophyllous Scrub (Mattoral), Natural and
Semi-Natural Grassland Formations, Raised
Bogs and Mires and Fens, and Forests. It is worth
noting that in international literature grazing-
dependent habitat types or habitat types used as
pastures are defined as “semi-natural” (e.g. semi-
natural grasslands) to indicate the man-induced
management practice taking place through
extensive stockbreeding. However, in the case of
Mediterranean ecosystems, the term “semi-
natural” is not readily accepted or used by
many native (coming from Mediterranean coun-
tries) authors because of the long-term presence
and influence of pastoral, often nomadic, stock-
breeding on those habitats and ecosystems, a fact
that, in their opinion and approach, defines
grazing as a “natural” process; thus, such
rangeland habitat types are often not necessarily
named “semi-natural”.

In Prespa National Park and its surrounding
area (51,231 ha), grazing positively affects 19
out of the total 51 habitat types recorded in the
four Natura 2000 sites of the total area and
adjacent areas (Vrahnakis et al. 2011; Tsitoura
et al. 2015), which all together constitute the
geographic area of the Municipality of Prespa,
NW Greece (Figs. 26.1 and 26.2). The present
contribution aims at (a) discussing the manage-
ment practices needed to maintain the rangelands
of the Prespa area in good conservation status,
and (b) presenting the survey and monitoring
techniques that should be applied in order to
identify the effects on habitat types caused by the
changing grazing schemes observed over the last
years in the study area.
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26.2 Biodiversity in Prespa
National Park, Greece

Prespa National Park and its surroundings within
Greece is an area of remarkable biodiversity, the
basic elements of which can be summarized in
the following points:

• 51 habitat types, of which 33 are included in
Annex I of the Habitats Directive with five
(5) of them listed as priority habitat types, 16
are of national importance, and two (2) are
mixed habitat types (Vrahnakis et al. 2011;
Fotiadis et al. 2014; Tsitoura et al. 2015).

Fig. 26.1 Sheep and goats
grazing on rangelands of the
habitat types 61A0 and 4090
of Mt Triklario (Vrahnakis
2015-08-06)

Fig. 26.2 The Prespa basin
(foreground: Lake Mikri
Prespa, background: Lake
Megali Prespa & mountains
of N. Macedonia)
photographed from the peak
of Mt Triklario, 6170 habitat
type (Kazoglou, 2015-12-07)
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• 1847 plant taxa (Pavlides 1985; Pavlides
1997a, b; Fotiadis and Kazoglou 2010; Strid
et al. 2017; Sakellarakis et al. 2019).

• 263 macrofungi species (Svetasheva et al.
2019; Kazoglou unpublished data).

• 279 bird species (62% of the species totally
recorded in Greece), of which 143 regularly
breed in the Park, including the Dalmatian
pelican (Pelecanus crispus) with its globally
largest colony established in the reedbeds of
Lake Mikri Prespa, as well as species of
grassland ecosystems, such as the eastern race
Greylag geese (Anser rubrirostris), which
breeds in reedbeds and feeds on littoral wet
grasslands (Catsadorakis 1997; Portolou et al.
2009; Kazoglou and Bousbouras 2010) and
the Corncrake (Crex crex), which was first
recorded in June 2011 at highland dry grass-
lands in the eastern sector of the Park
(Bonetti-Bousbouras-Gletsos-Kazoglou
unpublished data, Society for the Protection of
Prespa 2019a).

• 61 mammals (Catsadorakis 1995; Bousbouras
and Kazoglou 2010; Papadatou et al. 2011;
Society for the Protection of Prespa 2019b,
Theodoroglou pers. comm.), of which 27 are
bat species often feeding on sites used for
livestock grazing (Galand et al. 2010; Vrah-
nakis et al. 2010; Papadatou et al. 2011, 2013).

• More than 163 butterfly species (Pamperis
2007).

• 24 fish species, of which nine (9) are endemic
(Crivelli et al. 1997; Spirkovski et al. 2012;
Society for the Protection of Prespa 2019c).

• 11 amphibian species and 22 reptile species
(Bousbouras and Ioannidis 1997; Ioannidis
and Bousbouras 1997; Bousbouras 2010).

• One (1) autochthonous bovine population
belonging to the wider Greek shorthorn
(brachyceros) or Balkan “Busha” groups
(Georgoudis 1993; Grunenfelder 2006;
Medugorac et al. 2009; Kazoglou et al. 2010)
which – according to recent findings based on
DNA profiling—seems to be genetically fairly
distant from most similar populations in
Greece or other Balkan countries, suggesting
that it may form a different breed (Bizelis
pers. comm.).

This significant biodiversity originates from
the complex nature of the wider Prespa area in
the three neighboring countries, declared a
transboundary protected area in 2000, which
includes (i) two large and ancient lakes, i.e.
Mikri/Lesser Prespa Lake which is shared
between Greece and Albania and Megali/Greater
Prespa Lake (shared by North Macedonia,
Albania and Greece), (ii) geological substrates of
granite, limestone and metamorphic origin, (iii) a
basin with different land uses and mosaic of
habitats at altitudes ranging from 850 (Greater
Prespa Lake) to 2601 m above sea level (Pelister
peak, North Macedonia) connected to the Adri-
atic Sea through Ohrid Lake and River Drin,
(iv) remoteness, and (v) relatively low impact to
nature by human activities, that mainly consist of
agriculture (bean cultivation in the Greek part,
apple orchards in North Macedonia, cereals in
Albania), livestock breeding (sheep, goats and
beef cattle) mostly in the Greek and Albanian
parts, fishing, forestry, few secondary sector
activities and tourism (Hollis and Stevenson
1997; Catsadorakis and Malakou 1997; Perennou
et al. 2009; Giannakis et al. 2010; Papadatou
et al. 2011). Tourism is a fairly promising sector
for the improvement of local economies and
promotion of sustainable development on all
three sides of transboundary Prespa provided that
strong political decisions will prevail in the near
future, especially after the signing of the “Prespa
Agreement”, June 17th 2018, between Greece
and North Macedonia, which resolves many
problems between the two countries and facili-
tates transboundary collaboration.

26.3 Livestock Grazing Effects
on Rangeland Habitat Types

Rangelands in the study area (21,581.31 ha) form
the largest land use category (42.12% of the total
study area) as they include (a) grasslands
(11,526.35 ha, 22.50% of the total study area),
(b) shrublands (6841.45 ha, 13.35%), and
(c) open-canopy wood pastures (3213.51 ha,
6.27%), followed by forests (32.62%), lakes
(14.50%), farmland (8.23%), wetlands (2.07%)
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and settlements (0.46%) (Tsitoura et al. 2015).
From the total number of 51 habitat types
recorded in the National Park and adjacent areas
in the Greek part of Prespa, 41 are of low to high
interest for livestock grazing (Tsitoura et al.
2015; Vrahnakis et al. 2018), while the conser-
vation of 19 habitat types highly or moderately
depends on grazing management (the following
list includes code and name of each habitat type,
asterisks (*) indicate priority habitat types, (–)
indicates habitat types of national importance
not included in the EU Habitats Directive
92/43/EEC):
(1) 4060 Alpine and Boreal heaths.
(2) 4090 Endemic oro-Mediterranean heaths

with gorse.
(3) 5110 Stable xerothermophilous formations

with Buxus sempervirens on rock slopes
(Berberidion p.p.).

(4) 5130 Juniperus communis formations on
heaths or calcareous grasslands.

(5) 5160 (–) South-eastern sub-mediterranean
deciduous thickets (Schilbjak).

(6) 5210 Arborescent matorral with Juniperus
spp.

(7) 5340 (–) Eastern Garrigues.
(8) 6170 Alpine and subalpine calcareous

grasslands.
(9) 62A0 Eastern sub-mediteranean dry grass-

lands (Scorzoneratalia villosae).
(10) 6220 * Pseudo-steppe with grasses and

annuals of the Thero-Brachypodietea.
(11) 6230 * Species-rich Nardus grasslands, on

siliceous substrates in mountain areas (and
submountain areas, in Continental Europe).

(12) 6260 * Pannonic sand steppes.
(13) 6290 (–) Mediterranean subnitrophilous

grasslands.
(14) 6420 Mediterranean tall humid herb grass-

lands of the Molinio-Holoschoenion.
(15) 6430 Hydrophilous tall herb fringe com-

munities of plains and of the montane to
alpine levels.

(16) G645 Greek hyper-Mediterranean humid
grasslands.

(17) 91M0 Pannonian-Balkanic turkey oak-
sessile oak forests (in their open-canopy

woodland forms combined with 62A0
grassland vegetation in the understorey).

(18) 9250 Quercus trojana woods.
(19) 9562 * Endemic forests with Juniperus spp.
(20) Sixteen of the habitat types listed above

highly depend on livestock grazing to
maintain good conservation status, while
only three habitat types (i.e. 5160, open-
canopy wood pastures of 91MO and 9250)
are moderately grazing-dependent.

Alpine and Boreal heaths (4060) cover an
area of 346 ha at elevations of 1890–2000 m and
inclinations of 10–60% (Fig. 26.3). They mainly
consist of Vaccinium myrtillus, Juniperus com-
munis ssp. nana and Chamaecytisus spp., while
forbs such as Trifolium parnassi, Geum coc-
cineum and Geum montanum complement the
floristic composition of the habitat type (Vrah-
nakis et al. 2011; Tsitoura et al. 2015). The
intensity of livestock grazing has decreased over
the last years due to the decrease of transhumant
sheep and goat herds grazing on Mt Varnous
(Kazoglou 2011) and to the fact that cattle do not
seem to spend much time grazing on these
heaths; thus, encroachment of tree species is
possible at sites located close to beech forests,
while fire also becomes a threat as dry plant
biomass is accumulated on ungrazed sites
(Vrahnakis et al. 2011).

Endemic oro-Mediterranean heaths with
gorse (4090) are recorded in the southern part of
the study area (Mt Triklario, 2361 ha, 1310–
1570 m, 5–40% inclinations) on limestone soils
of very low depths. The dominant plant taxa are
Anthyllis vulneraria, Prunus prostrata, Eryn-
gium amethystinum and Stipa pennata, while
their floristic composition includes more than 50
rare and endemic plant taxa such as Onosma
visianii, Erodium guicciardii, Hypericum
rumeliacum, Sideritis raeseri subsp. raeseri,
Astragalus lacteus and Onobrychis alba
subsp. calcarea (Tsitoura et al. 2015). Moderate
sheep and goat grazing along with cattle grazing
is the driving conservation factor for these heaths
as well as for the adjacent grasslands belonging
to the 62A0 and 6170 habitat types, mainly as a
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tool for the control of bushes at specific sites
(Vrahnakis et al. 2011). Based on field research
carried out in 2015 and 2016, above-ground
forage production of these heaths was found
equal to 3865 kg/ha (Kazoglou et al. 2019).

Stable xerothermophilous formations with
Buxus sempervirens on rock slopes (Berberidion
p.p.) (5110) are a nationally rare habitat type
(present only at another two areas in the country),
situated on limestone substrates of the western
part of the Park (740 ha) at elevations of 880–
1090 m and inclinations ranging from 10 to 90%.
The main floristic components of these shrub-
lands include Buxus sempervirens, Prunus
prostrata, Teucrium chamaedrys, Poa bulbosa,
Sideritis montana, while species of special
interest are Minuartia attica, Verbascum epix-
anthinum and Neotinea tridentata (Tsitoura et al.
2015). Goat grazing and pruning, on which
conservation of the habitat type depends (Vrah-
nakis et al. 2011), are decreasing over the last
years and their continuation should clearly be
promoted in the forthcoming management plan
to avoid encroachment by broadleaved tree spe-
cies and increase of woodland density.

Juniperus communis formations on heaths or
calcareous grasslands (5130) is a habitat type
first recorded by Fotiadis and Kazoglou in 2015

which covers a very small area of 9 ha in the
southern part of the study area on Mt Malimadi
(Kazoglou 2015), which the third record of the
habitat type in Greece (Dafis et al. 2001). Its
floristic composition in the study area consists of
seven (7) grass species, three (3) legumes
including Astragalus angustifolius, 16 broad-
leaved species (forbs) including Alyssum mon-
tanum, Eryngium amethystinum and Thymus
longicaulis, as well as two (2) perennial shrubs
namely Crataegus sp. and Juniperus communis
(Kazoglou 2015).

South-eastern sub-mediterranean deciduous
thickets (Schilbjak) (5160) are mainly located on
soils of granite origin in the eastern part of the
Park at altitudes of 860–1520 m with mild slopes
(0–10%), covering a total area of 848 ha. They
are characterized by the presence of Prunus
cocomilia, Rosa canina, Rubus spp., Potentilla
argentea and Cynosurus echinatus, as well as
Linaria peloponnesiaca, Dianthus viscidus,
Dianthus stenopetalus and Minuartia verna and
represent the last stage of succession before the
appearance of forests and, thus, its conservation
highly depends on grazing (Vrahnakis et al.
2011; Tsitoura et al. 2015). However, with the
decreasing grazing pressure caused by browsers
(in this case goats and to a lesser extent free-

Fig. 26.3 Sheep grazing on
heaths of the 4060 habitat
type on Mt Varnous
(2000 m). Nardus grasslands
(6230*) and beech forests can
be seen in the background
(Kazoglou, 2014-08-14)
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ranging horses i.e. approximately 80 individuals
on Mt Varnous) and the low grazing pressure
caused by cattle, it is expected that their phys-
iognomy will deteriorate in the near future.

Arborescent matorral with Juniperus spp.
(5210) is a habitat type first recorded in the study
area by Fotiadis and Kazoglou in 2015 which
covers an area of 85 Ha on Mt Malimadi i.e. the
southern part of the study area. Its floristic
composition consists of five (5) grasses, five
(5) legumes including Lotus corniculatus and
Trifolium campestre, 28 forbs including Acinos
alpinus, Alyssum montanum, Hieracium hop-
peaneum and Potentilla inclinata, and three
(3) perennial shrubs namely Crataegus sp.,
Juniperus communis and Juniperus oxycedrus
(Kazoglou 2015).

Eastern Garrigues (5340) is a typical
Mediterranean habitat type covering a very small
area (<1 ha,970 m) in the centre of the study
area, which is very likely to evolve to Quercus
woodlands of the 91M0 type due to succession
and decreasing sheep and goat grazing pressure.
Its characteristic species are Cistus creticus,
Teucrium capitatum, Eryngium campestre, Hip-
pocrepis emerus subsp. emeroides and Hyper-
icum rumeliacum (Vrahnakis et al. 2011;
Tsitoura et al. 2015).

Alpine and subalpine calcareous grasslands
(6170) are located in the southern part of the
study area (420 ha) at elevations ranging from
1510 to 1760 m and inclinations up to 80%
(Fig. 26.2). Astragalus angustifolius, Carex
kitaibeliana, Sideritis raeseri, Eryngium ame-
thystinum, Inula oculus-christi and Anthyllis
vulneraria ssp. rubriflora are the main floristic
components of the habitat type (Vrahnakis et al.
2011), which also hosts plant taxa of special
interest such as Hypericum rumeliacum, Sideritis
raeseri subsp. raeseri, Anthyllis vulneraria
subsp. bulgarica, Astragalus lacteus, Onobrychis
alba subsp. calcarea and Minuartia attica (Tsi-
toura et al. 2015). These grasslands are very
important to domestic grazers, especially to beef
cattle and, secondarily, to sheep and goats.
Grazing needs to be adjusted in space to attract
herds on presently undergrazed sites and reduce
grazing pressure on currently overgrazed sites.

Eastern sub-mediteranean dry grasslands
(Scorzoneratalia villosae) (now coded 62A0,
formerly listed as “6210 Semi-natural dry
grasslands and scrubland facies on calcareous
substrates (Festuco-Brometalia) (* important
orchid sites)”) is the largest, in terms of surface
area, grassland resource of the study area with
9302 ha. These typical semi-natural grasslands
are situated on all soil substrates at altitudes of
850–1940 m and inclinations of 0–65%. The
dominant plant taxa are Eryngium campestre,
Festuca valesiaca, Achillea nobilis, Juniperus
oxycedrus, Trifolium scabrum and Trifolium
arvense, while taxa of special interest include
Linaria peloponnesiaca, Dianthus deltoides,
Erysimum microstylum, Hypericum rumeliacum,
Phelypaea boissieri (only on the peak of Mt
Devas and occasionally on other sites of the same
mountain, Fig. 26.4), Erodium guiciardii,
Dactylorhiza sambucina, Minuartia attica, Dia-
nthus pinifolius, Dianthus viscidus, Dianthus
stenopetalus, Minuartia verna, Campanula
spatulata subsp. spatulata, Cynoglottis barrelieri
subsp. serpentinicola and Viola orphanidis
(Tsitoura et al. 2015). On undergrazed sites,
Juniperus spp. and broadleaved shrubs spread at
the expense of 62A0 grasslands, an issue that
requires proper grazing management and, possi-
bly, other means (e.g. selective logging) to be
resolved. Above-ground forage production in
these grasslands was calculated at 3575
kg/ha (Kazoglou et al. 2019).

Pseudo-steppe with grasses and annuals of the
Thero-Brachypodietea (6220*) are a priority
habitat type covering a total area of 355 Ha at five
localities of the Prespa Lakes watershed. The
6220* grasslands are very rich in species com-
position (e.g. Bromus rubens, Arenaria lepto-
clados, Bromus hordeaceus, Dasypyrum
villosum, Trifolium arvense, Logfia arvense, Poa
bulbosa, Silene conica as well as Erysimum
microstylum, Linaria peloponnesiaca, Dianthus
pinifolius, Lilium candidum andMinuartia verna)
(Tsitoura et al. 2015), but at the same time
threatened by (a) overgrazing at specific parts of
its range mainly because of cattle grazing on
loose and friable soils at high inclinations
resulting in the creation of crevices and bare-soil
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paths, or (b) undergazing especially at grassland
fringes surrounded by expanding oak woods or at
sites where sheep and goat grazing has decreased,
which leads to the spreading of shrubs such as
Pyrus amygdaliformis, Juniperus oxycedrus and
Quercus pubescens (Vrahnakis et al. 2011).

Species-rich Nardus grasslands, on siliceous
substrates in mountain areas (and submountain
areas, in Continental Europe) (6230*) are situ-
ated at high altitudes (1730–2060 m) of the
eastern sector of the National Park covering a
total area of 1463 ha (Fig. 26.5). The dominant
plant taxa are Nardus stricta, Bellardiochloa
variegata and Festuca spp., but many rare and
higly interesting species are also found in these
grasslands such as Cerastium banaticum
subsp. speciosum, C. decalvans, C. rectum,
Dianthus deltoides subsp. degenii, D. integer
subsp. minutiflorus, D. myrtinervius, D. pini-
folius subsp. lilacinus, D. stenopetalus, Her-
niaria parnassica, Bruckenthalia spiculifolia,
Trifolium parnassi, Geum coccineum, G. mon-
tanum, Lilium carniolicum subsp. albanicum,
Crocus cvijicii, C. pelistericus, C. sieberi
subsp. sublimis, C. veluchensis, Festuca koritni-
censis, Viola tricolor subsp. macedonica, V.
eximia, V. orphanidis and Gentiana lutea

(Tsitoura et al. 2015), which was considered
extinct (Kavadas 1956; Pavlides 1985, 1997a)
until a few individuals and an important popu-
lation were re-discovered by two naturalists in
2010 (Daikopoulos and Zografou pers. comm.)
and the present authors in 2015–16 respectively
(Fig. 26.6), on different localities of Mt Varnous
(Strid et al. 2017). Nardus grasslands are highly
significant for livestock grazing in late summer—
autumn, but at the same time threatened by
(a) reduction of grazing at specific sites which
leads to the expansion of Juniperus communis
ssp. nana and Vaccinium myrtillus shrubs,
(b) overgrazing at other sites, especially in the
lower altitudes of their range, which favours
Chamaecytisus spp. and may lead to complete
change of their floristic composition, and
(c) opening of new or widening of existing dirt
roads that cause direct habitat loss and erosion
(Vrahnakis et al. 2011). Above-ground forage
production in Nardus grasslands was calculated
at 7900 kg/ha, which is the second highest pro-
ductivity amongst the 11 habitat types examined
by Kazoglou et al. (2019).

Pannonic sand steppes (6260*) are a habitat
type reported for the first time in Greece and
meet their southern-most occurrence on Prespa

Fig. 26.4 The rare plant
taxon Phelypaea boissieri on
the dry grasslands of the
62A0 habitat type, Mt Devas,
western sector of Prespa
National Park (Kazoglou,
2010-05-22)
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National Park; they are represented by six
(6) vegetation units found on a sandy islet on the
northern part of Lake Mikri Prespa and on sand
dunes situated on the alluvial strip of land sepa-
rating Lake Mikri from Lake Megali Prespa
(Fotiadis et al. 2014) covering in total 167 ha
(Vrahnakis et al. 2011). The dominant plant taxa
of the habitat type are Cruciata pedemontana,

Rumex acetosella, Poa bulbosa, Trifolium
arvense, Linaria genistifolia, Vulpia myurus,
Filago arvensis, Silene conica, Erysimum
microstylum, Bromus rubens, Avena sterilis,
Eryngium campestre and Hypericum perforatum
(Tsitoura et al. 2015). Although not very pro-
ductive or important for livestock grazing, their
conservation largely depends on moderate

Fig. 26.5 Nardus grasslands
(habitat type 6230*) on their
highest locality on Mt
Varnous (*2100 m). with a
small patch of 4060 heaths
(Vrahnakis, 2010-05-23)

Fig. 26.6 The rare plant
taxon Gentiana lutea on the
dry grasslands of the 6230*
habitat type, Mt Varnous,
eastern sector of Prespa
National Park (Kazoglou,
2015-10-20)
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grazing, which will inhibit the establishment of
closed grass swards and dense moss carpets, but
also avoid over-enrichment of soils with nutrients
that might facilitate the establishment of plant
species of other habitat types (Fotiadis et al.
2014). Above-ground forage production of Pan-
nonic sand steppes was found equal to
2345 kg/Ha (Kazoglou et al. 2019).

Mediterranean subnitrophilous grasslands
(6290) cover a total area of 231 Ha in the study
area mostly at elevations of 850–1250 m and,
often, on abandoned fields. They are dominated
by annual grasses and various forbs including
Convolvulus arvensis, Hordeum murinum, Med-
icago sativa, Plantago lanceolata and Eryngium
campestre (Tsitoura et al. 2015). Their good
conservation status depends on the continuation
of moderate livestock grazing and other practices
halting succession such as mowing followed by
baling.

Mediterranean tall humid herb grasslands of
the Molinio-Holoschoenion (6420) represent the
semi-natural habitat type usually referred to as
“wet grasslands” or “wet meadows” that occupy
a total area of 120 Ha (Vrahnakis et al. 2011) in
the littoral zone of Lake Mikri Prespa at sites
with inclinations less than 1% and elevations of
853–855 m, on soils temporarily flooded fol-
lowing the fluctuations of the lake water level
(less than 1 m over the last years) with maxima
recorded in late spring and minima in late
autumn. They are situated (a) between the reed-
beds (habitat type 72A0) fringing the lake and
drier habitats including farmland, and (b) adja-
cent to large sedge communities (72B0) and
meadows of the 6450 habitat type. Their con-
servation directly depends on traditional farming
activities taking place in the spring–summer-
early autumn period, namely grazing, mechanical
mowing or mowing with aftermath grazing
which prevent encroachment of aggressive high
emergent helophytes on the lower elevations and
establishment of woody plants on the drier and
higher parts of wet grasslands. Wet grasslands
are very significant for biodiversity as they sus-
tain high plant diversity (e.g. Lythrum salicaria,
Galium palustre, Alisma plantago-aquatica,
Mentha aquatica, Lycopus europaeus, Carex

spp., Sparganium erectum, Utricularia vulgaris
and Salvinia natans), offer key feeding sites for
many bird species and spawning grounds for fish,
and support plenty of invertebrates and amphib-
ians at various parts of their life cycles (Crivelli
et al. 1997; Kazoglou et al. 2004, 2008; Kazo-
glou 2007; Tsitoura et al. 2015). Above-ground
forage production in these wet grasslands was
calculated at 6370 kg/Ha, which is the third
highest productivity amongst the 11 habitat types
examined by Kazoglou et al. (2019).

Hydrophilous tall herb fringe communities of
plains and of the montane to alpine levels (6430)
are small wetlands situated on Mt Varnous at
elevations of 1400–1950 m on a total area of 113.
Dominant and characteristic plant taxa of these
communities include Geum coccineum,
Deschampsia cespitosa, Doronicum austriacum,
Myosotis sylvatica, Veratrum album, Cynosurus
cristatus, Alchemilla acutiloba, Silene asterias,
Viola orphanidis, Cirsium appendiculatum and
Linaria peloponnesiaca (Tsitoura et al. 2015).
Grazing is very important for their conservation
as it controls the growth of hydrophilous shrubs
and trees, however, as these communities are
used by cattle for drinking water and grazing
(especially in summer—autumn), overgrazing
should be avoided to minimize impacts caused by
heavy trampling of the soils (Vrahnakis et al.
2011). Above-ground forage production in these
communities was found equal to 8015 kg/ha,
which is the highest productivity amongst the 11
habitat types examined by Kazoglou et al. (2019).

Greek hyper-Mediterranean humid grasslands
(G645) appear beside the 6420 wet grasslands on
the littoral zone of Lake Mikri Prespa or at higher
elevations (855–1400 m), on flat sites, reaching a
total area of 159 ha in the National Park. They
include meadows with significant floristic ele-
ments such as Narcissus poeticus (at two locali-
ties) and Limodorum abortivum (Tsitoura et al.
2015), while pressures affecting their conserva-
tion status include undergrazing or overgrazing,
expansion of agriculture and modifications of
hydrological regime (Vrahnakis et al. 2011).
Above-ground forage production in these mead-
ows was calculated at 5170 kg/ha (Kazoglou
et al. 2019).
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Pannonian-Balkanic turkey oak- sessile oak
forests (now coded 91M0, formerly listed as
“924A (–) Eastern white oak woods and balcanic
thermophilous oak woods”) cover a great pro-
portion of the study area non- or lightly-grazed
forests (860–1370 m, 0–90% inclinations, 11,537
ha), but are presented here for their smaller part
(*5%) that is characterized by open-canopy
woodlands with canopy cover 25–60% and
understorey vegetation of the dry grassland
habitat type 62A0. Their floristic composition
includes Quercus pubescens, Q. frainetto, Q.
petraea ssp. medwediewii, Q. cerris, Potentilla
micrantha, Fraxinus ornus, Helleborus odorus
ssp. cyclophylus and Luzula forsteri (Tsitoura
et al. 2015). These woodlands are readily grazed
by domestic herbivores at all seasons of the year
for their herbs, oak leaves and acorns, and are of
great value for grazers in mid-late summer when
their shade sustains greener herb layer compared
to non-wooded pastures. Above-ground forage
production in these open-canopy wood pastures
was calculated at 2370 kg/ha (Kazoglou et al.
2019), while the same research revealed that the
same parameter for closed-canopy woods of the
91M0 habitat type was found equal to 990
kg/ha (the lowest productivity amongst the 11
habitat types examined by Kazoglou et al.
(2019)), indicating significant difference between
the two forms of the same habitat type.

Quercus trojana woods (code 9250) cover an
area of 177 ha, at elevations of 1040–1350 m and
inclinations of 5–30%, mostly sited over lime-
stone of the west-northwest aspects of Mts Devas
and Vrondero (Vrahnakis et al. 2011), as well as
Mt Malimadi (Tsitoura et al. 2015). They usually
form open stands of small crown cover in the
periphery of Q. pubescens woods. Besides Q.
trojana, dominant plant taxa include Thymus
sibthorpii, Fraxinus ornus, Festuca valesiaca, Q.
pubescens and Dactylis glomerata, while taxa of
special interest are Trifolium pignantii, Helle-
borus odorus subsp. cyclophyllus, Lilium car-
niolicum and Dianthus cruentus. The limited
distribution of Q. trojana subsp. trojana in
western Greece requires the conservation and
recovery of its few clusters (Dafis et al. 2001).

The major threat to these woods is their
dynamics, which will gradually lead to the
establishment and dominance of other species,
such as Q. pubescens. Quercus trojana woods
serve as wood pastures, as livestock grazing is a
traditional activity that shapes the characteristic
physiognomy of the woods. Tree management
also includes the firewood and acorn collection,
and the pruning of branches as fodder for live-
stock during the winter time when green forage is
scarce. The absence of grazing and its associated
man-imposed activities will lead to the loss of the
habitat type, and its replacement by the dense
forms of type “91M0 Pannonian-Balkanic turkey
oak- sessile oak forests” (Vrahnakis et al. 2011).

The Grecian juniper woods (9562*) are con-
sidered extremely rare for the EU and are there-
fore considered a priority habitat type in
accordance with Directive 92/43 /EEC, while
according to the Natura 2000 typology the code
9562 corresponds only to the woods of Prespa
(2192 ha). More than 300 plant species have
been recorded in these woods until now; many of
them are endemic or rare species, such as
Cynoglottis barrelieri subsp. serpentinicola,
Lilium candidum, L. chalcedonicum (Giannakis
et al. 2010). The typical species of Grecian
juniper woods are Juniperus excelsa and J. foe-
tidissima, and the Prespa National Park is the
western limit of the species natural range.
According to Vrahnakis et al. (2011), Grecian
Juniper forests are found in an intermediate
succession stage; they tend to replace grasslands
or Buxus sempervirens shrublands after termi-
nation of livestock grazing and logging and they
are replaced by deciduous broad-leaved forests
(various oaks, oriental hornbeam etc.) as
observed in the southern part of the Lesser Pre-
spa watershed. Thus, the habitat type highly
depends on livestock grazing since animals can
control the natural succession which takes place
by sexual or asexual propagation, the expansion
and finally domination of broadleaved wood
species. Overall, the restoration of livestock
grazing emerges as a great goal to avoid habitat
loss of “9562 * Endemic forests with Juniperus
spp.” due to natural succession. Above-ground
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forage production of juniper wood pastures was
calculated at 2135 kg/ha, which is the second
lowest productivity amongst the 11 habitat types
examined by Kazoglou et al. (2019).

26.4 Land Use—Grazing
Management Scheme Changes

As clearly reported in the previous chapter, an
important change affecting conservation man-
agement of grazing-dependent habitat types in the
study area is related to the decreasing numbers of
sheep and goats, as well as to the cessation of
traditional activities that control the excessive
expansion of woody species at the expense of
grasslands, such as pruning and clearing. Besides
our own knowledge of the study area over the last
22 years and unpublished data, substantial evi-
dence on the increasing density of forests and their
expansion over habitat types of earlier succession
stages, namely rangelands, over the last decades,
as well as gradual changes in the livestock capital
of the area comes from various sources. Pyrovetsi
and Karteris (1986) report that patches of range-
lands dispersed among forest slopes in 1945 had
changed to forests by 1984; Raus also mentions
that forests in the area become denser at the
expense of fringing (rangeland) openings (Phitos
et al. 1995), while Catsadorakis and Malakou
(1997) alsomention that after 1990 forests became
denser and expanded onto abandoned fields (most
probably used as pastures by livestock). The same
authors provide detailed data on livestock num-
bers in Prespa (which, in 1997, was smaller than
today as it did not include the Community of
Krystallopigi) from which a 57% reduction in
livestock units was recorded from 1964 to 1993
(7652 and 3301 units respectively) and was
mainly attributed to the decrease in sheep, local
cattle breeds and equids numbers. Coming tomore
recent data on livestock numbers in the whole
study area, Tsitoura et al. (2015) report decreasing
numbers of sheep and goats from 2000 to 2015
(minus 10,760 heads i.e.−52%,minus 3661 heads
i.e. −48%, respectively) and concurrent doubling
of beef cattle (from 1033 to 2164 heads), trends
which seem to continue until nowadays (2019) as

some sheep and goat breeders sold their stock and
abandoned the business, while a few others
replaced their sheep and goats with beef cattle; at
the same time transhumant sheep pastoralism is
still practiced on Mt Varnous by only one stock-
breeder (700 sheep) coming from Thessaly
(Kazoglou, unpublished data) compared to the
seven families (with more than 2000 heads) that
used the same grasslands until 1997 (Kazoglou
2011). It is worth mentioning that the basic reason
for the recent abandonment of sheep breeding lies
with the very low prices for milk in 2017–2018,
although it is the basic ingredient for the produc-
tion of the famous feta cheese, a fact that—under
thorough market conditions—should press for
increasing the livestock and improve the breeding
conditions. However, this is not the only problem
of livestock breeding in remote areas, therefore
many families either choose a relatively easier
breeding sector, such as beef cattle, or decide to
totally change their lives and professional activi-
ties, often starting by moving to urban areas.

The ongoing decrease in numbers of small
ruminants and the simultaneous increase of cattle
of improved breeds, along with the observed
over-expansion of woody plants on grasslands of
the study area, are of vital importance for the
near-future management of rangelands. Increas-
ing stocking density by heavy cattle, often on
friable soils and rangelands situated on steep
slopes, as well as decreasing browsing by goats
on rangelands that contain woody plant species,
in combination with lack of basic infrastructure
(e.g. water troughs and sheds) that would favour
the dispersal of livestock grazing, are the main
issues to tackle, especially in an area with such
high biodiversity.

26.5 Rangeland Conservation
Projects in the Study Area

The high biodiversity of Prespa National Park
and the related Natura 2000 sites has played a
crucial role for the acquisition of EU, other
international and national funds for the elabora-
tion of necessary studies and researches, as well
as for the implementation of successful nature
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conservation projects in the area since the early
90s. The most important studies and researches
dealt with the institutional and management
aspects of the National Park and the trans-
boundary Prespa Park, threatened wildlife spe-
cies and necessary monitoring activities. Some of
the projects focused on rangeland ecosystems
and were supported by the EU LIFE-Nature
mechanism. One of them dealt with the restora-
tion of wet meadows in the littoral zone of Lake
Mikri Prespa, as major feeding grounds for bird
species of EU concern. It was implemented in
2002–2007, had a budget of approx. 1.9 million
euro, and was awarded by the European Com-
mission as one of the five “Best of the Best”
projects of those completed in 2007–8 (398 in
total). The major achievements of the project, in
brief, included (i) the construction of a new
structure (sluice-gates-bridge) to control the water
level of Lake Mikri Prespa so that wet meadows
can be flooded in spring and its outflows to Lake
Megali Prespa, (ii) management of littoral vege-
tation by means of water buffalo and cattle graz-
ing, summer mowing and combination of the two
practices, which resulted in the tripling of wet
grasslands to 100 ha, (iii) systematic vegetation
and bird monitoring activities, the latter proving
—among other accomplishments (mentioned by
Kazoglou (2011))—that the Glossy Ibis (Plegadis
falcinellus) came back to breed in the area after
35 years of no breeding, and (iv) production of a
management plan for the wet grassland and
reedbed habitats of the lake, that set the basis for
all management action after 2008.

Another LIFE-Nature project was imple-
mented in 2013–2017 (budget approx. 1.05
million euro) and focused on the priority habitat
type “9562* Grecian juniper woods”, one of the
most important in Prespa National Park due to its
rarity and high biodiversity. The project actions
tackled several pressures and threats to these
woods, which stem from changes in manage-
ment, such as reduced grazing and abandonment
of traditional livestock and forestry practices
(e.g. branching). The main pressures and threats
dealt with the expansion of the most competitive
woody broadleaved species, the limited regen-
eration of Grecian juniper (Juniperus excelsa)

and foetid juniper (J. foetidissima) and the
increased risk of fire. Project actions aimed at
(a) eliminating the causes of degradation, and
(b) contributing to the restoration of the habitat
type conservation status. To achieve the objec-
tives, concrete actions were implemented to
control the broadleaved woody species, to
improve the natural regeneration of junipers of
interest and to facilitate extensive stockbreeding
in the project area: (i) a series of forest clearing
operations took place from spring 2015 to spring
2017, covering an area of 208.6 ha (Logotheti
2017), (ii) controlled grazing was applied for
approximately 5 weeks with 650 goats and
19 weeks with 200 goats, (iii) artificial re-
establishment of Grecian juniper juveniles in
places where natural regeneration was very dif-
ficult, (iv) garbage collection and management,
and (v) construction of a new open water storage
tank and maintenance of an older one to promote
extensive grazing and cause grazing dispersal.
Early monitoring data collected in 2016 and 2017
indicated that the status of the habitat type has
improved as (a) the typical species J. excelsa and
J. foetidissima dominated the shrub- and tree-
canopy layers; (b) the presence of other typical
species, such as Cynoglottis barrelieri
subsp. serpentinicola, Silene graeca, Goniolimon
dalmaticum, Thalictrum minus, Caucalis platy-
carpos and Anthyllis vulneraria subsp. rubriflora
had increased, and (c) the structure and functions
of the habitat type had improved. The combina-
tion of forestry operations and re-introduction of
grazing significantly reduced the pressure from
broadleaved species and the threat of fire on the
habitat type (Fotiadis et al. 2018).

Finally, important boost for comprehensive
management of habitat types of Prespa National
Park and adjacent areas that are associated to
livestock grazing was given after the production
of the Final Grazing Management Plan for the
Municipality of Prespa (Tsitoura et al. 2015), a
study that was funded by EU and national funds.
According to the Plan, the study area was divided
into 50 land parcels (Rangeland Units) where
vegetation is represented by 51 habitat types; 41
of which are of interest for grazing, while 19
fulfill the criteria (institutional, ecological) for
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the management of farm animals as the conser-
vation of these habitat types depends to a large or
moderate extent on grazing. The Plan includes
the spatial and temporal organization of grazing
in full details (with proposed technical works up
to 1.5 million euro), and it was designed on the
basis of the equilibrium of stocking density to
grazing capacity. For the first time, the designa-
tion of Rangeland Units on the basis of habitat
types offers their institutional protection and
appears as a great challenge for the grazing
management of other areas to fulfill the principle
of protection (Vrahnakis et al. 2018). According
to that principle, Mediterranean rangelands must
be managed by considering them as protected
areas (Vrahnakis 2015; Guarino et al. 2019).

26.6 Conclusions—Proposed
Actions for Rangelands

Extensive livestock grazing has substantially
contributed to the conservation of important
elements of biodiversity in the mountain habitats
of Prespa National Park and adjacent areas. The
changes in grazing management schemes
observed over the last decades and especially
over the last years cause some concern on the
dynamics of mountain ecosystems, but at the
same time act as a challenge for improved
rangeland management. Based on previous
experience gained by relevant survey and moni-
toring actions, as well as management plans and
successfully implemented projects briefly pre-
sented in the present contribution, local authori-
ties and conservationists have sufficient tools to
achieve this objective. Actions to be undertaken
are: (i) partial updating of the Grazing Manage-
ment Plan (Tsitoura et al. 2015) to cover the
needs of recent legislation (relevant Ministerial
Decision of 2017), (ii) discussion with stock-
breeders on their needs concerning technical
works that will improve their daily breeding
practices and will contribute to the even use of
rangeland resources to avoid over- and under-
grazing phenomena, (iii) prioritization of the
technical works to be applied (e.g. water troughs,

sheds, fenced parcels with traps for handling
livestock, scrub clearing) taking into account
policy initiatives, conservation aspects, budget
restrictions, potential common use of infrastruc-
ture by more than one stockbreeder and other
details depending on the nature of each site and
the technical work to be set up, (iv) census of the
present livestock capital in the study area and
record of the problems of each stockbreeding
business (e.g. with the use of simple-to-fill
questionnaires), (v) training of the personnel of
the Management Body of Prespa National Park
on (a) the survey of Rangeland Units proposed in
the Grazing Management Plan for the period
after the establishment of the above-mentioned
infrastructure, (b) the monitoring of habitat types
within the Rangeland Units in order maintain
good conservation status of rangelands, and
(c) yearly record of livestock herds that use the
area’s rangelands extensively, (vi) training of
farmers targeting at the improvement of their
stockbreeding businesses and revenue, and
(vii) based on all the above-mentioned experi-
ences in the study area, compilation of measures
to be proposed for implementation in the next
Common Agricultural Policy of the EU, so that
other remote mountainous areas gain from the
Prespa case study.
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27Landscape Dynamics
in the Northwestern Mountains
of the Iberian Peninsula: Case Study
Ancares-Courel Mountain Range

Ignacio J. Diaz-Maroto

Abstract

The interaction between people and the envi-
ronment plays a key role in the landscape,
above all in those landscapes subject to human
pressure in which socio-ecological relation-
ships control biodiversity. The diversity main-
tenance of the cultural landscapes is often
greater than in the natural landscapes, subject
on the heterogeneity created by nature and
human activities. Traditional land-use in the
NW Mountains of the Iberian Peninsula has
shaped a system managed by seasonal cycles
and spatial models of human action. Agricul-
ture, cattle grazing, unsuitable forestry man-
agement, forest fires, and afforestation with
fast-growing species, have led to a reduction
of the forests. In the last times, globalization
has prompted complex changes in rural areas.
The land abandonment has limited the open
spaces and has induced an increase of the
forests with effects for both ecological system
and biodiversity. This means reduction of
open habitats, difficulty to the agropastoral
activities, and increasing wildfires. Moreover,
an increase in forest species is likely to the

loss of open-habitat and ecotone species. The
sustainability depends on the conservation of
traditional uses: extensive grazing and suitable
forest management. The environmental, cul-
tural and economic integration of agropastoral
and forestry activities seems vital to ensure the
cultural landscapes. Our aim is to study the
evolution and historical background of this
landscape to establish measures for their
conservation and recovery. The main focus
will be on native broadleaf forests, intensively
exploited since ancestral times.

Keywords

Land-use � Sustainability � Cultural landscape� Biodiversity � Native forests

27.1 Introduction

The interplay between society and the environ-
ment perform a key role in the pattern of the
landscapes, mainly in those subject to human
influence where socio-ecological relationships
and feedback tools govern biodiversity (Farina
2000). The conservation of biodiversity in cul-
tural landscapes is often greater than in the
remnants of natural landscapes, depending on the
heterogeneity created by natural forces and
anthropogenic actions (Burel and Baudry 2001;
Farina 2000).
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Traditional practices of land-use in the East-
ern Mountains of Galicia, Atlantic region of the
Iberian Peninsula, have shaped a structured sys-
tem controlled by seasonal cycles and spatial
patterns of human activities (Diaz-Maroto and
Vila-Lameiro 2008). Agriculture and food pro-
duction, cattle grazing, unsuitable management
of forests, the confiscation of forests owned by
the Church, frequent forest fires, and the con-
temporary afforestation by fast-growing species,
have led to a reduction of the forest area, within a
mosaic of highly integrated and structured land-
scape. However, during the last decades,
socioeconomic globalization has induced deep
changes in rural areas (Ahern 1994). The
depopulation of the land has reduced the exten-
sion of the open spaces and has generated an
expansion of the forests (Diaz-Maroto and Vila-
Lameiro 2008), with repercussions for the eco-
logical regime and biodiversity. This landscape
homogenization means reduction of open habi-
tats (crops, grasslands, and scrublands), prob-
lematic in the maintenance of agropastoral
activities, and increasing risk of wildfires
because to reduction in fragmentation. Moreover,
from the biological perspective, an increase in
forest species and core habitat specialists is
expected to the detriment of open-habitat and
ecotone species (Pons et al. 2003).

Sustainability depends on the maintenance of
traditional uses: extensive agropastoral activity
and suitable forest management. Extensive
grazing, allowing an adequate number of live-
stock and avoiding their concentration in small
areas, prevents soil erosion and vegetation
impoverishment, increases mosaic diversity, and
maintains open-habitat patches. Selective felling
appears to be an environmentally integrated and
viable economic activity that reduces wildfires by
promoting landscape fragmentation. To guaran-
tee the sustainability of these activities, measures
such as clear cutting and prescribed burning to
create open habitats, improvement of forest
access, increment of public awareness about
mountainous areas, and agro-environmental
measures need to be adopted (Debussche et al.
1999).

The environmental, cultural and economic
integration of agroforestry activities seems fun-
damental (Farina 2000) to ensure the conserva-
tion of this landscape mosaic. The approach to
the problem is to study the evolution and his-
torical background of these forests to establish
measures for their conservation and recovery.
The main focus will be on natural broadleaf
forests, which have been intensively exploited
since ancestral times.

27.2 The Exploitation System
in the Eastern Mountains
of Galicia: Dynamics
and Historical Background

27.2.1 Study Area: Ancares-Courel
Mountain Range

The study area is located in Galicia, northwestern
Spain. The Ancares-Courel Mountains is a tran-
sitional area from typical Atlantic to Mediter-
ranean flora (Diaz-Maroto and Vila-Lameiro
2007). It extends at the western end of the Can-
tabrian Mountains, and it is an area of sloped
land with elevations ranging between 250 and
1935 m. The climate is characterized by rainfall
fluctuating between 700 mm in the lower areas
and nearly 2500 mm in the summits. The annual
temperature regime is very extreme, with long
winters in the highlands. Annual average tem-
peratures range from 4.6 to 14.0 °C in the most
protected stations (Ramil et al. 2013) (Fig. 27.1).

The climax vegetation that should currently
occupy this region would be the native broadleaf
forests, characterized by diverse species of oaks
(Buide et al. 1998). According to different studies,
these forests were established in the study area
between five and seven thousand years ago. His-
torical factors, site conditions and requirements of
each species gave rise to different type offorests and
floristic composition (Peterken and Game 1984).

In the northwestern Iberian Peninsula there is
confirmation of the presence of Quercus species
since the Cretaceous Era, and their diversification
in the Tertiary period (Allen et al. 1996). The
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palynological data indicate that deciduous forests
were dominant in this area between 9000 and
11,000 years ago, after the last glacial phase, in
the Quaternary period (Santos et al. 2000;
Sobrino et al. 2001). The decline of broadleaved
forests began in prehistoric times and coincided
with the expansion of human activity and the
establishment of crops and pastures. The wood
felling and the burning were already used to clear
forests for agricultural production, and many
forested areas became scrubs and pastures for
livestock (Bauer 1980).

27.2.2 Agricultural-Silvicultural-
Pastoral System

The exploitation system in the Eastern Galician
Mountains is an agricultural-silvicultural-pastoral
organization adjusted to the heterogeneity of the
highland environment, founded on cereal crops

and extensive grazing with orchard crops and
fruit trees (Diaz-Maroto and Vila-Lameiro 2008).
This pattern of social-economic model has shaped
the particular cultural landscape in this area
(Sobrino et al. 2001). Agricultural lands are
located at the bottom of the valleys and the vil-
lages on middle slopes with sunny orientation.
Orchards and fruit trees placed between the
houses and other farm construction surround the
villages and give way to chestnut stands “soutos”
and rye fields (Manuel and Gil 2001). Shrubs
dominate the steep slopes where even periodic
burning is performed to regenerate mountain
pastures. The meadows are located in the low-
lying areas near to the rivers. On the shady slopes,
far from the villages and where the humidity is
higher, the anthropogenic pressure is very low,
being refuge from the best examples of primitive
forests, mixed forests with abundance of different
species of Atlantic oaks (Manuel and Gil 2001;
Diaz-Maroto and Vila-Lameiro 2007) (Fig. 27.2).

Fig. 27.1 Study area: Ancares-Courel Mountains (Galicia, NW Spain) (Source www.turgalicia.es)
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27.2.3 Landscape Dynamics
and Forecast

The landscapes are dynamic systems continu-
ously influenced by human activities. Through-
out history, the intensity of these activities has
been increasing, which has brought about greater
anthropic pressure on the landscape (Gökyer
2013). As a result of human pressure, negative
impacts on the landscape and the species that
inhabit it occur. These negative effects are par-
ticularly severe in the most vulnerable land-
scapes. In these landscapes, where fragmentation
has increased, habitats have been more damaged
(Jaeger 2000).

Current landscapes have been shaped by pow-
erful anthropogenic forces always present in space
and time (Sanderson and Harris 2000). Landscapes
are influenced by climate changes, land-use changes
and human activities that change mosaic structure,
shape and size of fragments in a landscape. All
these changes have different could be seen different
spatial sizes and periodicities (Farina 2000).

Landscape dynamics in the study area has
always been marked by progression-regression
periods of the autochthonous forests. Across of
the time, the regression periods have been more
wide and intensive, except in recent decades,

where an important expansion of natural
ecosystems has taken place (Santos et al. 2000).
To assess the current conditions of the landscape,
as well as the future management forecast, his-
torical process must be known. Suchlike knowl-
edge based on the historical information can be
used now and in the future as a complementary
tool to develop conservation strategies (Allen
et al. 1996). Depending on the natural and cul-
tural influences the changes are seen over time in
the landscape structure. In this case, landscape
structure and relationship between ecosystems
are changed. As a result of change studies,
functions and conditions in the mosaic of dif-
ferent sized and shaped patches can be revealed
(Wu and Hobbs 2002).

There are two main factors of landscape
change. These are the natural processes and human
actions. Both natural conditions and human
activities are changed over time. Complex trans-
formations can be developed in the landscape
structure linked to natural environment and human
needs (Farina 2000). Landscapes change naturally
as they are the expression of the interaction
between the environment and human’s activities.
At the same form, the natural conditions and the
human needs change in time and are controlled by
different but interactive aspects (Antrop 1998).

Fig. 27.2 The exploitation
system in the Eastern Galician
Mountains; Agricultural-
silvicultural-pastoral
organization based on the
maintenance of traditional
uses: extensive agropastoral
activity and suitable forest
management (Diaz-Maroto,
2015-08-20)
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27.2.4 Chorological and Historical
Information

The chorological information allows us to ana-
lyze the land-use changes caused by human
activity. The importance of these data has been
highlighted by different authors (Chocarro et al.
1990; Van Eetvelde and Antrop 2004). The
review and analysis of chorological information
enables the origin of vegetal formations and the
natural changes that happen in their distribution
to be defined (Marris 2007). These data were
essentially useful for analyzing changes related
to the natural distribution of the vegetal ecosys-
tems under study, i.e. the native broadleaved
forests, dominated for different species of Quer-
cus genus.

Information about the land modifications
because to anthropological management was
obtained from several sources. As our research
focuses on the latter, the historical data was
completed with more recent information included
in the Annual Agrarian Statistics (from 2000 to
present), National Forest Inventories (NFIs),
Forest Plan of Galicia of 1992, and the first
revision of the Forest Plan of 2018. All databases
used were indispensable for to achieve our
objective because each provides a different type
of information. For example, the Forest Plan of

Galicia and the revision data showed that the
increase in the area covered by the natural
broadleaved forests during the last few decades is
likely the result of the natural dynamic, but may
also be influenced by other factors such as the
depopulation and abandonment of agricultural
land (Fig. 27.3).

27.3 Evolution and Historical
Transformation
in the Landscape
of the Galician Eastern
Mountains

27.3.1 First Signs of Deforestation:
Beginning of Agriculture

The changes of landscape in the Galician Eastern
Mountains include a prolonged period of domi-
nance by oak forests (Bauer 1980). In the study
area, intensive exploitation and timber extraction
have been carried out for centuries because of the
abundance of high quality wood, such as oak,
beech and chestnut. However, Forestry Admin-
istration afforestation policies have recom-
mended fast-growing species use such as pine
and eucalyptus until recent times (Rico 1995).
This fact played a very important role in shaping

Fig. 27.3 Meadows near to
the rivers and abandoned
agricultural land colonized by
scrubland and incipient birch
regeneration (Ancares-Courel
Mountains) (Diaz-Maroto,
2016-05-06)
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of the landscape, but new changes in the pro-
ductive system have been a fundamental factor
(Crecente et al. 2002). Moreover, the rural needs
have changed during the last centuries, including
a decrease in agriculture and extensive cattle
farming and much less use of wood and firewood
(Chocarro et al. 1990).

Alterations in the forest landscape were not sig-
nificant until agricultural activities became general-
ized, as reflected by pollen analyses (Santos et al.
2000; Sobrino et al. 2001). Agriculture began in
Galicia around 5500 years ago, during the mega-
lithic culture (Torras et al. 1980). The first farmers
were nomads who seeded crops after removing
existing vegetation by fire. They always cultivated
grain in the same place until production declined,
and then left the land. The introduction of livestock
speeded soil degradation (Pons et al. 2003).

27.3.2 Historical Development
of Native Broadleaved
Forests

During the Middle Ages before the mentioned
socioeconomic transformations several factors
resulted in an to an important reduction in the

forest area. This decrease of the forests extended
until the second half of the nineteenth century,
followed by continuous increase of forest cover
(Manuel and Gil 2001). As a result of the
afforestation, the increase in forest area was very
important after the Spanish Civil War and
towards the end of the twentieth century, also
due to the abandonment of agricultural land and
the growth of the natural regeneration of auto-
chthonous species (Poyatos et al. 2003). These
practices were driven by private owners and the
public administration (Bauer 1980; Rico 1995;
Crecente et al. 2002) (Fig. 27.4).

Artificial afforestation has played a funda-
mental role in the current evolution of the forest
landscape in the study area (Chocarro et al. 1990;
Roura-Pascual et al. 2005). The most important
consequence of this transformation has been the
increase in the dimension of forests in general,
and particularly the native broadleaved forests
(Rico 1995; Diaz-Maroto and Vila-Lameiro
2008). The application of forest management
practices to improve and preserve these forma-
tions would allow the recovery of the cultural
landscape of the Mountains of Eastern Galicia as
part of our Natural Heritage (Diaz-Marota and
Vila-Lameiro 2007).

Fig. 27.4 Native broadleaf
forest in an optimal condition
of conservation in the Eastern
Mountains of Galicia (Diaz-
Maroto, 2017-06-14)
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27.3.3 Future Perspectives: Effect
for the Native Forests
Conservation

The Forest Plan of Galicia of 1992 projected that
by 2032, productive broadleaved forests with the
exception of eucalyptus would occupy
410,000 ha. The change proposed was more
qualitative than quantitative and only a slight
increase in the area covered by broadleaved
forests was planned and it has almost been
reached. The aim was to develop productive
forests of chestnut and other broadleaved species
for saw timber and sheet wood (Diaz-Maroto and
Vila-Lameiro 2008). Today, the area occupied by
deciduous broadleaved forests in Galicia has
significantly increased. According to the pub-
lished last data, IV National Forest Inventory, the
forests of native broadleaves occupy 31% of the
forest area, 441,289 ha, with the area covered by
Quercus robur L. being 246,446 ha, 17.4% of
the forest cover (Galicia Government 2018).
Most oak forests lack of management because of
the limited economic interest of their use. How-
ever, they have a high environmental relevance
being habitats of Community interest (Decree
92/43/EU) as part of the Natura 2000 Network
(Skliar et al. 2019).

27.4 Conclusions

From prehistoric times, the presence of abundant
broadleaved forests in the northwestern of the
Iberian Peninsula has been associated with sig-
nificant transformations in land-use as result of
anthropogenic influence. The processes impli-
cated in the reduction of natural broadleaved
forests have been very long and complex. They
have involved wars, invasions, felling for ship-
building and steel industries, change to agricul-
tural use, construction of railways, charcoal
making, and the recent massive afforestation with
pines and eucalyptus.

These facts gave rise to a progressive decrease
in the area occupied by these formations until the
middle of the nineteenth century, without to have
done any proper action to favor the natural

regeneration. In the second half of the nineteenth
century, there was an abrupt change in this trend,
and an increase in the area occupied by the
broadleaved species occurs.

Rural demands are continually subjected to
change, including modifications in agriculture,
extensive cattle farming, firewood production,
and exploitation of timber for the naval, iron and
railway industries, among other. Afforestation
has played a fundamental role in shaping the
forest landscape, particularly in relation to fast
growing species, involving critical changes in the
productive system. The changes that have taken
place in recent decades explain the distribution of
current cultural landscape as a common system
of rural management (agriculture-forestry-
grazing) adapted to the environmental diversity
of the mountains.

This structural pattern is associated with a
predominance of small owners and a tendency
for agrarian practices to be abandoned. The
property is often inherited by town or city
dwellers with no interest in agrarian or forest
practices. The absence of interest drives the
emergence of unproductive land with the con-
sequent risk of forest fires occurrence.

The application of silvicultural practices with
the aim of improving and restoring native
broadleaved forests would enable the recovery of
the cultural landscape as part of the natural and
environmental heritage. This would minimize the
effects of forest fires and of the increase of
unproductive land and also maximize diversifi-
cation of obtained forest products, improve bio-
diversity and stimulate the interest of the possible
new owners.
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28History of Vegetation and Land-Use
Change in the Northern Calcareous
Alps (Germany/Austria)

Arne Friedmann, Philipp Stojakowits, and
Oliver Korch

Abstract

A review of the vegetation history of the
Northern Calcareous Alps of Germany and
Austria for the montane, subalpine and alpine
vegetation belts above 900 m a.s.l. is pre-
sented. Natural vegetation changes are
recorded until the end of the Atlantic period.
Human impact started locally in the valleys,
but soon spread into higher altitude. First
alpine pastoral farming is documented since
the Bronze Age. Furthermore, a monitoring
study of alpine and subnival vegetation
dynamics as well as a grazing experiment on
the Zugspitzplatt (Wetterstein Mountains) is
outlined. The Zugspitzplatt is Germany’s
highest investigation site with a long altitudi-
nal gradient from 2000 to 2700 m providing
excellent conditions. Along with the specific
site climate, pedogenetic processes, and soil
conditions show considerable variation in the
investigation area. The vegetation on these
sites is highly influenced by anthropo-
zoogenic impact.

Keywords

Pollen analysis � Human impact � Vegetation
monitoring � Grazing

28.1 Introduction

To understand the dynamics of the present veg-
etation it is important to know the local to
regional vegetation history of an area. Therefore,
palynological studies represent a useful tool for
reconstructing past environments and for mea-
suring the anthropogenic influences on high
mountain ecosystems in the past.

In this study, first an outline of the Late
Glacial and postglacial vegetation history of the
Northern Calcareous Alps of Bavaria and Austria
is presented. There are numerous studies of lower
montane sites, but studies in the higher montane,
subalpine and alpine mountain zone are rela-
tively rare (Friedmann and Stojakowits 2017;
Adamski and Friedmann 2019). Here we recon-
struct the vegetation and land use history by
palynological investigations of peat bogs and
lake sediments at sites located above 900 m a.s.l.
(Fig. 28.1). All studies comprise high-resolution
pollen analysis and well dated profiles.

Secondly, we present a case study of recent
vegetation dynamics on the Zugspitzplatt (Wetter-
stein Mountains, Fig. 28.5) to emphasize the current
anthropo-zoogenic influences of the alpine
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vegetation belt in the Northern Calcareous Alps.
Particularly, we focus on results of long-term veg-
etation monitoring, phytodiversity, species turnover
and present a grazing exclusion experiment.

28.2 Study Area

The Northern Calcareous Alps in our context are
comprised of the Allgäu Alps and Bavarian Alps
in Germany and the Bregenzer Wald, the North
Tyrolean Alps and the Dachstein Mountains in
northern Austria (Fig. 28.1). These mountain
ranges consist mainly of limestone and dolomite.
The northern Pre-Alps can also be made up of
Flysch and Molasse. The highest peaks in the
study area are Mädelegabel (2644 m a.s.l.),
Zugspitze (2962 m), Watzmann (2713 m) and
Hoher Dachstein (2995 m).

Due to the dominating limestone rocks,
intensive physical weathering and the harsh

climate eutric Leptosols and eutric Regosols as
well as folic Histosols are the most widely spread
soil types (Grashey-Jansen et al. 2014). As a
consequence many karst features can be found
within the area and the nearly complete absence
of surface runoff can even lead to edaphic aridity.

The climate of the Northern Calcareous Alps
can be described as cool and humid. Suboceanic
conditions prevail in the west and subcontinental
conditions in the east. Based upon data (1983–
2012) from the Deutscher Wetterdienst (2013)
for the stations Zugspitze (2964 m) and
Garmisch-Partenkirchen (719 m) the annual
mean temperature ranges from 6.5 °C (700 m),
0,72 °C (2000 m) to −2.84 °C (2700 m a.s.l.).
For the same period the mean rainfall recorded at
Garmisch was 1364 mm, at the Zugspitze it was
2057 mm. Generally, precipitation decreases
from the west to the east in the Northern Cal-
careous Alps and is highest on the windward
slope of the northerly exposed peaks.

Fig. 28.1 Overview of high altitude (>900 m) palynological study sites in the northern Calcareous Alps of Germany
and Austria

602 A. Friedmann et al.



28.3 Late and Postglacial
Vegetation History
of the Northern Calcareous
Alps

In this chapter the vegetation development in the
Northern Calcareous Alps for the Late Glacial
and Holocene is explained by example of the
reference site Seefelder See (Wahlmüller 1985,
Figs. 28.2 and 28.3) with special reference to
other important palynological investigations
(Fig. 28.1).

After the Würmian ice retreat a sparse herba-
ceous pioneer vegetation with steppe character
evolved during the Oldest Dryas (c. 18,000–
14,700 cal. BP) in ice-free parts of the montane
zone. In these pioneer communities Poaceae,
Artemisia, Chenopodiaceae, Helianthemum, and
Thalictrum frequently occurred (e.g. Draxler
1977; Wahlmüller 1985). At the beginning of the
Bølling interstadial (c. 14,700–13,800 cal. BP) a
shrub phase with Juniperus, Hippophaë, Salix

and dwarf birches initiated the following refor-
estation with tree birches (Fig. 28.2). Further to
the east, as shown in the Chiemgau Alps (Sch-
meidl 1980) and the Dachstein area (Draxler
1977), birches were less important. At the end of
the Bølling Pinus sylvestris reimmigrated into a
mosaic of small open birch stands and meadows,
whereas isolated valleys with their surrounding
mountain slopes were colonized by Betula and
Pinus during the Allerød interstadial first
(Dieffenbach-Fries 1981; Stojakowits et al. 2014).
In the Allerød (c. 13,800–12,880 cal. BP) open
pine forests dominated in the montane zone.
According to Schmeidl (1980), Wahlmüller
(1985) and Walde (2010) Pinus cembra was also
present. Furthermore, the existence of Pinus
mugo above the tree line (‘krummholz zone’) is
assumed (Schmeidl 1980). The climatic deterio-
ration of the Younger Dryas (c. 12,880–
11,590 cal. BP) led to an opening of forests
mainly consisting of Pinus and subordinated
Betula. At higher altitudes, the timberline was

Fig. 28.2 Pollen diagram of Seefelder See-Late Glacial section (redrawn after Wahlmüller 1985) Data source EPD—
https://www.europeanpollendatabase.net/
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depressed up to 200 m (Kral 1979; Burga and
Perret 1998; Stojakowits et al. 2014). The
depressed timberline is indicated by increased
findings of Pinus cembra (Wahlmüller 1985,
Fig. 28.2). Generally, non-arboreal pollen and
especially heliophilous elements like Artemisia
increased. The Younger Dryas can be subdivided
into two parts: a moister period rich in Poaceae
and Cyperaceae preceding a drier one with more
Juniperus in the pollen content.

As a consequence of the rapid warming at the
Late Glacial-Holocene transition the pine wood-
lands became denser and the tree line rose again
through the Preboreal (c. 11,590–10,300 cal.
BP). High charcoal values point to the occur-
rence of frequent fires in these light forests
(Adamski and Friedmann 2019). Since the Pre-
boreal, Larix decidua and Pinus cembra occu-
pied the timberline ecotone in many areas (e.g.
Mayer 1966; Kral 1979, 1989). At the end of this
period thermophilous trees like Corylus avellana
and Ulmus glabra reached the Northern Cal-
careous Alps as well as Picea abies (Fig. 28.3),

which expanded in the montane zone and sub-
alpine zone from east to west (Kral 1979)
reaching the western part of the Bavarian Alps in
the Boreal. Quercus, Tilia, and Acer immigrated
with some delay. In the Boreal (c. 10,300–
8500 cal. BP) thermophilous forests developed
in the lower montane zone at the expense of
Pinus. At higher altitudes Picea abies expanded.
This change in forest composition towards more
deciduous trees in the lower montane zone lead
to the reduction of wildfires.

During the Atlantic Period (c. 8500–6250 cal.
BP) Picea dominated the forests of the higher
montane and subalpine zones and displaced
Corylus. Abies alba and Fagus sylvatica immi-
grated and gained importance after the 8200 cal.
BP-cold event (Rohling and Pälike 2005) leading
to mixed montane forests of Picea, Abies, and
Fagus in the northernmost Calcareous Alps
during the late Atlantic period (Friedmann and
Stojakowits 2017; Adamski and Friedmann
2019). Depending on site conditions and altitude,
these mixed mountain forests were dominated by

Fig. 28.3 Pollen diagram of Seefelder See-Holocene section (redrawn after Wahlmüller 1985) Data source EPD—
https://www.europeanpollendatabase.net/
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either one of the three species. This was the last
great forest restructuring without the influence of
humans (Fig. 28.3).

In the Subboreal (c. 6250–2900 cal. BP) high
montane beech forests composed of Fagus syl-
vatica with some Acer pseudoplatanus and Abies
alba spread. High montane and subalpine forests
consisting of Abies alba and Picea abies also
established, gaining ground in the inner Cal-
careous Alps and rising timberlines. At the
beginning of the Subboreal a widespread elm
decline is witnessed in several profiles of the
Northern Calcareous Alps (Kral 1979; Wahl-
müller 1985; Oeggl 2013) probably by multiple
causes including climatic deterioration. First
local forest clearings and grazing indicators are
recorded in several higher elevation pollen
records dating to the younger Neolithic and the
Bronze age (Bludau 1985; Wahlmüller 1985;
Walde 2010; Oeggl and Nicolussi 2009; Fried-
mann and Stojakowits 2017; Adamski and
Friedmann 2019). This lead to a depression of
the timberline (Fig. 28.4). Alpine farming during
the Bronze Age in the Dachstein area (Drescher-
Schneider 2014) coincides with the salt mining

activities in the surroundings and the climate
optimum in that time (Gilck and Poschlod 2019).

During Subatlantic times (c. 2900–0 cal. BP)
human activities become more widespread and
changes in forest composition are now mainly
caused by man. Late Iron Age and Roman high
alpine pastoral land-use is documented in many
investigated pollen diagrams, very often contin-
uously until modern times. At the same time
charcoal values increase again indicating the use
of fire by man to clear land (Adamski and
Friedmann 2019). Timberlines were anthro-
pogenically lowered again.

In the High Middle Ages many more forest
stands of the montane zone were cleared in order
to create pasture ground (e.g. Mayer 1966; Kral
1987). Locally, the clearances extended up to the
tree line (Mayer 1966). Cultural indicators are
recorded in most reviewed pollen diagrams. In
the Modern Era also higher isolated sites of the
subalpine and alpine zone were affected by large-
scale grazing (Stojakowits et al. 2019, Fig. 28.4).
In Modern times charcoal values increase again
further because of charcoal burning and
wildfires.

Fig. 28.4 Pollen diagram of Zugspitzplatt (modified according to Stojakowits et al. 2019)
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From the Late Glacial up to the Atlantic per-
iod, the Northern Calcareous Alps were almost
completely covered with forests up to the tree
line. Only flood plains, bogs, rocky terrain,
avalanche tracks, and the areas beyond the tree
limit were naturally treeless. The natural vege-
tation has thereafter been substantially altered
and modified by human impact (pasture, alpine
dairy and forestry) since thousands of years
leading to anthropogenic substitutional commu-
nities (current actual vegetation, managed forests
and grasslands).

28.4 Recent Vegetation Dynamics
on the Zugspitzplatt

About 4500 species of vascular plants are
recorded in the entire Alps (Aeschimann et al.
2004). Of these about 650 species can be found
in the alpine and nival vegetation belt thus rep-
resenting the characteristic alpine flora. The flora
and vegetation of the Alps is marked by an

adaptation to altitude and extreme environmental
conditions and can be divided along an altitudi-
nal gradient with decreasing temperature into
different belts (Körner 2003).

The Zugspitzplatt is part of the Wetterstein
Mountains in southern Bavaria (Germany) which
culminates in the Zugspitze peak (2962 m). The
investigated area consists of almost the entire
Zugspitzplatt between 2000 and 2700 m with a
total surface area of approximately 8 km2

(Fig. 28.5). It includes parts of the upper sub-
alpine vegetation belt, the alpine vegetation belt
and, a vast area of scree, rock and snowbed
communities, mainly located in the subnival
vegetation belt (Fig. 28.5).

The following chapter presents results of
recent vegetation mapping and monitoring pro-
grammes and is based on vegetation mapping of
over 300 rélevés.

The subalpine belt is restricted to the lowest
parts of the Zugspitzplatt in the SE and reaching
an altitude of hardly 2100 m a.s.l. (Fig. 28.5).
Within this zone, a patchy vegetation of Pinus

Fig. 28.5 Location and vegetation belts of the Zugspitzplatt in the Wetterstein Mountains (Bavarian Alps, Germany)
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mugo-krummholz, grassland communities as
well dwarf-shrub heath is typical. The latter two
formations can also be found on the adjacent
lower alpine zone what underlines the ecotone
character of this area. Species-rich grasslands
mark the ecotone between the subalpine and the
alpine belt (Friedmann and Korch 2010; Korch
2014). These areas share many elements with the
Seslerio-Caricetum sempervirentis (Br.-Bl. in
Br.-Bl. et Jenny 1926). The Caricetum firmae is
the typical association of the alpine belt and the
most common grassland-community on the
Zugspitzplatt. It is reaching an altitude of
>2500 m on climatically favored slopes on the
southwestern Platt. It prevails also on consoli-
dated scree as on karst-bedrock, but overall
species-richness decreases with increasing alti-
tude. While the Caricetum firmae must be con-
sidered as a mostly stable community in the
upper part of the alpine belt, further development
leading to more complex associations like the
Seslerio-Caricetum sempervirentis is possible in
the lower parts.

Directly linked to acidified slopes, either by
advancing pedogenetic development or on for-
mer krummholz sites, the Geo montani-Narde-
tum strictae (Lüdi 1928 nom. mutat. propos.) is
the first of two plant communities within the
investigation area of anthropogenic-zoogenic
origin (Korch and Friedmann 2012, 2016). Pro-
moted by grazing sheep Nardus stricta invades
other communities with suitable conditions
which additionally shows big tolerance to tram-
pling. The community is restricted to Cambisols
and former Pinus mugo-krummholz on the lower
part of the Zugspitzplatt. Also of anthropogenic-
zoogenic origin is the Alchemillo-Poetum supi-
nae with a distribution all over the alpine belt. It
is typically found in places where grazing live-
stock prevails. Of low diversity and dominated
by graminoids and other species with a high
nutrient requirement (e.g. Taraxacum alpinum,
Urtica dioica), it is adapted to herbivory.

Above the 2400 m contour line in the sub-
nival belt the general vegetation cover rapidly
diminishes giving way to associations adapted to
harsh climatic conditions as well as to scree
slopes, unprotected bedrock, and snowbeds.

Among these the Salicetum retuso-reticulatae
(Br.-Bl. in Br.-Bl. et Jenny 1926) takes an
interim position between alpine meadows and
scree communities (Zöttl 1950). On the
Zugspitzplatt it has only a small distribution and
is dominated by the dwarf willows Salix retusa
and Salix serpillifolia. The typical association of
the snowbeds is the Arabidetum caeruleae (Br.-
Bl. 1918). Beyond the snowbeds the Arabidetum
caeruleae is widely found on the ski slopes of the
upper Zugspitzplatt. Due to slope preparation and
artificial accumulation and compacting of snow
these sites become snow-free significantly later
than the surrounding environment. The steeper
scree slopes with moving scree are dominated by
the Thlaspietum rotundifolii. On southerly
exposed sites, stagnant scree is covered by the
Leontodontetum montani (Korch 2014; Korch
and Friedmann 2016).

The vegetation dynamics on the Zugspitzplatt
are driven by the following factors (Korch 2014;
Korch and Friedmann 2016).

28.4.1 Site Conditions

The spatial vegetation patterns are strongly
influenced by geomorphologic processes as well
as the given and changing soil formations. The
autochthonous Wetterstein-limestone strongly
influences soil developing processes leading to a
basophilic vegetation. Besides, some sites show
signs of soil acidification due to late glacial and
actual aeolian deposition of mica from the Cen-
tral Alps (Küfmann 2003; Grashey-Jansen et al.
2014). Azonal acidophilic plant communities as
the Geo-montani Nardetum strictae on cambisols
are directly linked to this phenomenon.

28.4.2 (Site) Climate

Different exposition to solar radiation and wind
as well as the duration of annual snow cover
directly influence the occurrence of plant com-
munities. Boundary layer climate investigations
on the Zugspitzplatt have shown that neighboring
sites often strongly differ in their site climate
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leading to a completely altered vegetation. For
example, the Arabidetum caeruleae, which is
linked to snowbeds with an annual snow cover
up to ten months, can be found neighboring
Caricetum firmae-meadows indicating stronger
insolation and thus a shorter snow cover.

Although meteorological records show an
increase of temperature and precipitation for the
whole area, long-term changes of vegetation
patterns such as an upward shift of vegetation
belts are not yet possible to prove due to missing
long-term vegetation monitoring over decades.

28.4.3 Grazing

At least since the sixteenth century, there are up
to (nowadays) 400 sheep grazing at the
Zugspitzplatt during the summer months. Along
with wildlife this leads to an area-wide alteration
of the flora and vegetation. Some of the recorded
plant communities as the Geo-montani Nardetum
strictae and the Alchemillo-Poetum supinae are
even directly linked to grazing and trampling-
activity within the study site.

28.4.4 Anthropogenic Disturbance

Since the beginning of the 1930s when the cog-
wheel railway to the Zugspitzplatt and the Hotel
Schneefernerhaus where built the Zugspitzplatt
has been made accessible to mass tourism. Today
the area around the buildings and the ski-resort
show no or severely influenced vegetation pat-
ches. A good example for the latter are the fre-
quently found species of the Arabidetum
caeruleae on ski-slopes. The anthropogenically
prolonged snow cover on the slopes gives them
an advantage over plants of other communities.
On the more remote sites and during the summer
months trampling by hiking-tourists causes
damages and alteration to plant life mainly along
hiking-paths.

28.4.5 Time

The already mentioned factors and processes
proceed at different time scales. Time must be
considered as a superordinate factor linking
them. In the course of time, different connec-
tions, intensifications, and interactions between
the named elements can be observed and
presumed.

28.4.6 Long-Term Monitoring
on Permanent Sample
Plots

Since 2010 a long-term monitoring programme
on permanent sample plots has been established
within the investigated area on the Zugspitzplatt
(Fig. 28.5). Figure 28.6 shows the results for
selected plots on 8 selected sample plots for the
period 2010–2018. The columns show the
development of species magnitude and species
richness on these plots. Unlike the exclosure
experiment (3.4.7) no clear trend can be read out
of the results so far. The reason for this is
probably the great complexity of the interactions
and influences of the already described driving
factors of vegetation dynamics on these sites.
Another problem is the difficulty of mapping the
plots at the same stage of phenology in the
course of the different years.

28.4.7 Exclosure Grazing Experiment
2016 and 2017

In 2016 and 2017 an exclosure experiment was
carried out on the southwestern part of the
Zugspitzplatt. As grazing was identified as one of
the major factors influencing vegetation dynam-
ics within the investigated area, the aim of this
experiment was to figure out how the suspension
of grazing affects the flora and vegetation within
the investigated sites.
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The results of the two exclosures are illustrated
in Figs. 28.7 and 28.8. The first column shows
species magnitude and species richness for either
site on August 17th 2016. At this stage at the end
of the grazing season, both sites had been com-
pletely grazed. The second column shows the
recorded parameters on July 05th 2017. At this
date shortly before annual grazing sets in, the
electric fences were installed. The third and fourth
columns finally plot the recorded data for August
17th 2017 for the fenced sites and for nearby
grazed reference sites, respectively.

The results clearly show, that both, species
magnitude as well as recorded species numbers
constantly increased prior to the beginning of the
grazing season 2017 and within the fenced areas

during grazing season 2017. In contrast, the sit-
uation on both reference sites 2017 is similar to
the situation of the later fenced sites in 2016.

As a conclusion, the suspension of sheep
grazing clearly leads to a short-term increase of
phytomass and species richness on the
Zugspitzplatt. However, it must be doubted that
these results are also valid on a long-term scale,
especially referring to species richness (Ersch-
bamer et al. 2015; Mayer and Erschbamer 2017).
The permanent absence of grazing would prob-
ably allow the quick expansion of competitive
species leading to less niches for less competi-
tive, specialized species. In the long range it can
be expected, that species richness would decrease
with a complete ceasing of sheep grazing.

Fig. 28.6 Long-term monitoring results for species magnitude and species richness in 8 selected sample plots of the
Zugspitzplatt for the period 2010–2018
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Fig. 28.8 Results of the grazing exclosure experiment 2 for the period 2016–2017: see text for explanation

Fig. 28.7 Results of the grazing exclosure experiment 1 for the period 2016–2017: see text for explanation
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29Assessing the Impact of Climate
Change Versus Land Use on Tree-
and Forest Line Dynamics in Norway

Anders Bryn and Kerstin Potthoff

Abstract

Alpine tree- and forest lines (TFL) are
dynamic, influenced by a variety of processes.
In Norway, where TFLs are dominated by
deciduous mountain birch, the lines are gen-
erally on the move to higher altitudes. Con-
temporary land use changes interfere the
interpretation of the consequences of recent
high latitude warming for TFL dynamics due
to possible combined effects. We have
assessed all available long-term studies
(>30 years) (n = 8) of TFL dynamics focus-
ing on separating the effects of climate change
from those of changed land use in Norway.
Most of the studies emphasize the importance
of changed land use on TFL dynamics.
However, a deeper understanding of the
relevance of land use changes and climate
changes for TLF dynamics and of possible
interacting effects is hampered by a lack of
spatially representative TFL change data and
site-specific climate and land use change data.

Keywords

Betula pubescens ssp. czerepanovii � Climate
warming � Mountain birch � Range shift �
Time-lag � Timberline � Treeline

29.1 Introduction

Tree- and forest lines (TFLs) in Norway are
generally expanding into new elevational ranges
(Bryn and Potthoff 2018), although with great
variation in speed and altitude (Normark 2012;
Wehn et al. 2012). The same pattern is evident
from Europe (Cudlín et al. 2017), whereas
globally TFLs are mainly either stable or rising
(Harsch et al. 2009). However, site-specific nat-
ural disturbances, such as caterpillar outbreaks,
extreme drought, top-breaks, snow avalanches
and fungi attacks can lower TFLs, and create
short-term local downwellings (Aas 1969; Ran-
now 2013; Volden 2018). If these, or other dis-
turbance events become more frequent with a
changing climate, TLFs could be lowered on a
more permanent basis.

TFLs in Norway are dominated by mountain
birch (Betula pubescens ssp. czerepanovii).
Mountain birch is a small deciduous tree, adapted
to oceanic climates and frequently browsed by
free ranging domestic animals (Karlsson et al.
2005; Speed et al. 2010). Birch treelines are
commonly defined as the highest elevational
occurrence of upright trees above a certain height

A. Bryn
Natural History Museum, University of Oslo, Oslo,
Norway

Department of Geography, University of Bergen,
Bergen, Norway

K. Potthoff (&)
School of Landscape Architecture, Norwegian
University of Life Sciences, Ås, Norway
e-mail: kerstin.potthoff@nmbu.no

© Springer Nature Switzerland AG 2022
U. Schickhoff et al. (eds.), Mountain Landscapes in Transition,
Sustainable Development Goals Series, https://doi.org/10.1007/978-3-030-70238-0_29

613

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_29&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_29&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_29&amp;domain=pdf
mailto:kerstin.potthoff@nmbu.no
https://doi.org/10.1007/978-3-030-70238-0_29


(usually 2, 2.5 or 3 m) (Bryn and Potthoff 2018)
(Fig. 29.1). Forest lines are defined as the
uppermost patches, tongues or continuous stret-
ches of trees; however, definitions may vary
among studies with respect to for example dis-
tance between trees, canopy cover, and patch size
(Bryn and Potthoff 2018). Some studies also
focus on timberlines (Holtmeier 2009; Odland
2015), defined here as the upper occurrences of
closed forest. The mountain birch alpine forest
line form, sensu Harsch and Bader (2011, termed
treeline in their publication), varies from site-to-
site and includes diffuse, abrupt and island forms
(Fig. 29.2). Although birch dominated treelines
respond quicker to external forces than forest
lines (Bryn and Potthoff 2018), both lines con-
stitute physiognomic height limits of the same
species correlated with similar environmental
factors (i.e. climate, disturbances and edaphic
and topographic conditions). It is therefore
meaningful to treat both lines within one study.

There is increasing scientific attention towards
the contribution of climate change to range

expansion of TFLs into alpine regions (Gatti
et al. 2019; Kullman and Öberg 2009; Körner
2012; Sigdel et al. 2018). A number of studies
emphasise the potential for future TFL range
expansions, as climate gets warmer and/or wetter
(Bobrowski et al. 2017; de Wit et al. 2014;
Karlsen et al. 2017), as well as climatic conse-
quences thereof (Rydsaa et al. 2017). Since the
uppermost regional TFLs of Norway are well
correlated with climate variables such as summer
temperature and growth season (Aas and Faar-
lund 2000; Odland 1996), and the same climate
variables have changed during the last century
(Tveito 2014), this focus is justified for Norwe-
gian TFL research. Some studies also point to the
importance of changed winter temperature and/or
snow cover for TFL dynamics (Hagedorn et al.
2014; Harsch et al. 2009). In Norway, winter
temperature has increased and the snow cover
extent has decreased during the last decades
(Rizzi et al. 2018).

However, in many populated mountain areas,
especially along the Scandes mountain chain of

Fig. 29.1 Mountain birch treeline at 1342 m a.s.l. in Visdalen, southcentral Norway (Bryn, 2018-06-23)
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the Nordic region, land use changes have
appeared simultaneously with the last centuries
of warming (Bryn 2008; Hofgaard 1997). The
background for large-scale effects of land use
changes on TFL dynamics is the long-term use of
all Norwegian mountain regions. Agriculture got
established in South Norway around 3500 BC
(Myhre 2004). Through centuries of varied
agricultural activities such as cultivation,
domestic grazing, forest logging, heath burning
and outfield fodder collection, the forest cover
gradually decreased (Aas and Faarlund 1995;
Bjune 2005; Bryn and Daugstad 2001). From the
sixteenth century on, the Sami people started to
herd semi-domesticated reindeer in the north,
middle and eastern parts of Norway (Hansen and
Olsen 2004), and at the same time large-scale
mining industry, salt and tar production and
timber sales increased throughout the country
(Jacobsen and Follum 2008). All these activities
slowly confined the forest distribution, lowered
TFLs and restructured the tree-species domi-
nance in different regions of Norway (Aas and
Faarlund 1995; Bryn et al. 2013).

During the twentieth century, most of the
above-mentioned activities gradually declined,
and today the use of outfield resources in Norway
is at a historically low level (Almås 2004; Bryn
and Daugstad 2001; Christensen 2002). Outfield
domestic grazing was reduced or concentrated,
mountain forest felling was reduced to a negli-
gible amount and outfield scything, heath burn-
ing and fodder collection ceased (Almås 2004;
Aune et al. 2018; Austrheim et al. 2011; Bryn
and Daugstad 2001; Måren 2009; Potthoff 2007).
In particular, the abandonment of mountain
summer farms, reduced by around 98% from
c.1850 to 2017 (Reinton 1955; data received
from Statistics Norway), has led to a fundamental
reduction of land use intensity at TFL elevations
(Bryn and Daugstad 2001; Olsson et al. 2004;
Potthoff 2009, 2017). Although domestic grazing
in outfields has declined considerably in most
parts of Norway, with the notable exception of
semi-domestic reindeer grazing in northern parts,
it is still considered as a major restricting factor
for natural forest regeneration and expansion in
Norway (Aune et al. 2011; Hofgaard et al. 2010;

Fig. 29.2 Abrupt mountain birch forest line at 1259 m a.s.l. in Haverdalen, southeast Norway (Bryn, 2015-08-12)
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Potthoff 2009; Speed et al. 2010; Wehn et al.
2012). Past and contemporary land use and land
use changes therefore interfere the interpretation
of climate driven TFL dynamics, leading to
possible combined or interacting effects of cli-
mate and land use changes on the TFL dynamics.

The main aim of this chapter is to address the
impact of climate change versus land use change
on TFLs dynamics in Norway. We have assessed
all available studies focusing on separating these
effects. The studies cover time-scales from 30–
100 years. Specifically, the assessment aims at
answering the following questions:
1. What is the knowledge status regarding cau-

ses of TFL dynamics regulated by climate
change versus land use change?

2. To which degree are the assessed studies able
to separate the effects of climate change from
land use change?

3. How can science move forward to close
potential knowledge gaps identified through
the assessment of existing studies?

29.2 Material and Methods

To identify all available and relevant studies
focusing on TLF change in Norway, we used two
search engines: the international WEB of Science
(https://apps.webofknowledge.com) and the
Norwegian Oria (https://bibsys-almaprimo.
hosted.exlibrisgroup.com/primo-explore/search?
vid=BIBSYS&lang=en_US). Whereas WEB of
Science provides published peer-reviewed jour-
nal articles, the Oria database also contains sci-
entific reports as well as master’s and doctoral
theses. The search terms in WEB of Science
included: Norway/Norwegian AND
treeline/forest line/timber line in all combinations
with land use, climate, birch, regrowth, refor-
estation, expansion, and range (latest search 12
June 2019). The search terms in Oria included:
skoggrense/tregrense AND arealbruk, klima,
gjengroing, beite and seter/sæter in all combi-
nations (latest search 12 June 2019).

We extracted all publications that (1) provided
information on elevational TFL dynamics in Nor-
way, and (2) that attempted to separate the effects of
climate changes from those of land use changes.
We excluded palaeobotanical studies based on
micro- and/or macro fossils, since the registered
TFL elevation dynamics in such studies have
higher uncertainty (Bjune 2005; Paus and Hauge-
land 2017).We also excluded studieswhich did not
include climatic TFLs (i.e. studies with study sites
at mountains lower than the potential climatic
TFLs) (Bryn and Potthoff 2018).We did not assess
short-term TFLmonitoring studies or experiments,
since the long-term population dynamics and time-
lag of range expansion exceeds that of the studies’
designs (Máliš et al. 2016; Rannow 2013). How-
ever, we have included relevant findings of the
latter studies in the discussion.

The search provided 8 studies focusing on TFL
changes with a particular focus on separating land
use and climate change effects on TFL dynamics
(Table 29.1). The studies were assessed system-
atically, following two schemes. First, we identi-
fied relevant descriptors of the studies, such as
temporal coverage, methods for registering ele-
vational TFLs changes, empirical TFL change
results and location of the study (Table 29.1).
Second, we assessed the separation of the effects
of climate and land use change focusing on study
design, data sampling, register data, analysis of
data and conclusions (Table 29.2).

A critical question regards the study design:
How is the contribution of land use changes
versus climate changes for temporal TFL
dynamics decomposed methodologically
(Table 29.2)? We have categorized the studies
according to three main methods:

(1) Studies that have included both climate and
land use change data enabling a statistical sepa-
ration of the processes’ contribution (Category:
Statistically);
(2) Studies that have included both types of data,
but where statistical methods have not been
implemented to separate the contribution of each
process (Category: By comparison);
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(3) Studies that have data on only one of the
processes, and where for example correlations
with that dataset are indicative for which of the
two processes have regulated the TFL changes
(Category: By indication).

29.3 Results and Discussion

29.3.1 Empirical Evidence of TFL
Change in Norway

The eight studies assessed cover mainly areas in
West and East Norway while two are located in
North Norway (Table 29.1). The most northern
and southwestern parts of Norway as well as
mid-Norway are not represented. The conclu-
sions drawn from most of the studies are repre-
sentative at a local scale (Table 29.2). However,
the studies of Bryn (2008), Wehn et al. (2012)
and Volden (2018) either cover rather large areas
(above c. 150 km2) or have their examined sites
distributed within large areas. We consider such
study designs to represent more than just the
local scale, but they do not represent regional
scale variation (i.e. reflecting longer environ-
mental gradients as the coastal to inland
gradient).

Five studies present empirical TFL and tim-
berline change data (Table 29.1). All these
studies report average advance although the
specific numbers differ. Engum’s (2006) stable
forest line and Wehn et al.’s (2012) timberline
decline in one of their study sites are exceptions.
Annual average TL changes range between 0.70
and 0.76 m, FL changes between 0.27 and
0.76 m and timberline changes between 0.1 and
2.5–3 m. Ranges of TFL change are comparable
to those reported for Betula pubescens ssp. cz-
erepanovii in the Swedish mountains (0.74 m,
treeline) but also to changes of TFLs being made
up of other tree species in different European
mountain areas (Ameztegui et al. 2016; Cudlín
et al. 2017; Kullman and Öberg 2009). However,
average data conceal rather large variability. The
site-specific range varies from −0.86 to
1.55 m/year in Wehn et al.’s (2012) to −0.86 to

2.62 m/year (TL) and −0.54 and 2.14 m/year
(FL) in Volden’s (2018) single locations. Site-
specific factors as disturbances and edaphic and
topographic conditions and interactions among
different factors are the reason for this large local
variability (Bryn and Potthoff 2018). A typical
pattern of advance along the FL is the infilling of
open areas between existing forest patches (Bryn
2008; Potthoff 2017; Rössler et al. 2008) also
observed in other European mountain areas
(Ameztegui et al. 2016; Gehrig-Fasel et al.
2007).

Little evidence exists to compare the dynam-
ics of TLs and FLs. The 2 studies that report both
type of changes confirm that TLs are more
dynamic than FLs (Bryn and Potthoff 2018;
Normark 2012; Volden 2018). Similar indica-
tions of expansion divergence among TFLs have
been observed in Swedish mountains (Kullman
2010). These divergences reflect idiosyncratic
response to environmental change. Thus,
although TFLs are physiognomic height limits of
the same species correlated with similar envi-
ronmental factors, population processes such as
dispersal, germination, establishment and growth
and survival vary between TFLs. Moreover,
environmental factors, feedbacks and interactions
operate on different spatiotemporal scales.
Whereas TL expansion mirrors occupation of
new favourable microsites, FLs reflect the opti-
mum of a larger set of variables including abiotic
conditions, biotic interactions as well as soil-,
and snow-vegetation-atmosphere interactions
(Rydsaa et al. 2017). FL advance involves all
processes needed to support an entire ecosystem
at new locations. This means that TLs will
respond more quickly to environmental change
than FLs.

Although the different lines respond with
temporal differences to environmental change,
they are as mentioned above nevertheless related.
Volden (2018) shows a strong correlation
between the shrub line in 1938 and the treeline in
2018 (r = 0.722, p < 0.01) and the treeline in
1938 and the forest line in 2018 (r = 0.680,
p < 0.01). The relationship of shrub lines and
treelines is however, not very surprising, since
studies of northern latitude shrub growth indicate
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that shrubs are limited by climatic variables (i.e.
summer temperature and soil–water availability
in the growing season) (Myers-Smith et al. 2015;
Myers-Smith and Hik 2018).

29.3.2 Temporal Dynamics and Time-
Lags

Maximum time period covered by the change
data is c. 100 year (Table 29.1). Studies using
remapping methods are among those covering
the largest time periods while aerial photographs
of mountain areas in a scale appropriate for
mapping FL change are commonly available
since the early 1960s. However, even a time
period of 100 years is rather short taking into
consideration that TFL responses to climate
change in a short-term perspective may be
strongly influenced by processes resulting in
distributional time-lags (Kharuk et al. 2010;
Rannow 2013). These distributional time-lags
lead to a non-equilibrium among TFLs and the
current climate system (Davis and Gedalof 2018;
Rydsaa et al. 2017), and are probably an
important source of error in TFL studies that
correlate TFLs with contemporary climate vari-
ables (Rannow 2013). While the forest line tends
to lag behind present-day conditions by decades
or even centuries, the treeline responds faster,
usually within a few decades after a change in
climate (Bryn 2008; de Wit et al. 2014; Hofgaard
et al. 2013; Kullman and Öberg 2009; Körner
2012). The distribution of the species itself
however, may respond within one or only a few
years (Kullman 2007). In addition to differences
in time-lags between TL and FLs, the duration of
time-lags varies among tree species and regions
(Kullman and Öberg 2009; Körner 2012, 178).

An important cause for delayed responses to
climate change is disturbances. While any kind
of disturbance may result in short-term local TLF
retractions (Aas 1969; Rannow 2013; Volden
2018), disturbance regimes (i.e. spatial and
temporal dynamics of disturbances over a longer
period) are important for extensive time-lags. For
example, certain types of human land use, such
as life stock grazing, have been operating as

long-term disturbance regimes in Norway for
centuries (Bryn and Daugstad 2001; Ross et al.
2016; Väisänen et al. 2014) and are still
influencing current TFL positions (Speed et al.
2010; Wehn et al. 2012) (see Introduction).
Differences in duration and intensity of these
disturbance regimes will result in local and
regional variation among empirical TFLs and,
thereby, response time after land use abandon-
ment will differ.

Besides disturbances, unfavourable site condi-
tions and negative biotic interactions, the same
population processes causing idiosyncratic
responses of TFL to environmental change may
also retain a potential range advance or result in
retraction of TFLs: dispersal (e.g. low seed pro-
duction), germination (e.g. lack of gaps in the
vegetation cover), establishment and growth (e.g.
lack of nutrients) and survival (e.g. interspecific
competition) (Alatalo and Ferrarini 2017; Donato
2013; Lenoir et al. 2010; Máliš et al. 2016;
Svenning et al. 2014) (Fig. 29.3; see also Holt-
meier and Broll 2007 for other ways to concep-
tualize processes causing time-lags). Stability of
treeline forming species have been shown for
Betula pubescens ssp. czerepanovii in Northern
Sweden and Finland caused by unfavourable site
conditions and disturbances hampering TLF
expansion (Holtmeier et al. 2003; Van Bogaert
et al. 2011). Individuals of Picea abies in conti-
nental Sweden have established at sites with par-
ticular good environmental conditions at very high
locations and endured for millennia due to vege-
tative in-situ survival (Öberg and Kullman 2011).

29.3.3 Climate Versus Land Use
Change

Most of the assessed studies conclude that TFL
changes to a large or intermediate degree are the
consequence of land use changes while climate
changes only to a limited degree contribute to
TFL dynamics (Table 29.1). Normark (2012)
reports large importance of climate change;
however, both historical and contemporary land
use intensity may have been too low to signifi-
cantly impact TFL elevation (Bryn and Potthoff
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2018). Moreover, Troms county, Normark’s
study area, is among the areas in Norway with
the best outfield grazing resources (Bjørklund
et al. 2012), meaning that low grazing intensity
may have less impact on the TFLs than in areas
with more scarce grazing resources. A reason for
Engumʼs (2006) deviant results may be uncer-
tainties connected to the recording of changes in
grazing intensity (Engum 2006; Rößler 2005).
Thus, contemporary TFL changes are most likely
the result of combined effects of climate and land
use change. Increased temperatures facilitate
TFL advance; however, land use changes are so
far, according to the assessed studies, of over-
riding importance.

All studies except the one by Hofgaard (1997)
are designed for, or at least partially designed, to
evaluate the contribution of land use and climate
change to TFL change. All studies draw con-
clusions regarding to which degree the two fac-
tors impact TFL changes (Table 29.2). However,
none of the studies is able to quantify the relative
importance of the factors irrespective of sample
size, data resolution (site-specific, local or
regional) or methods used to decompose and
analyse causes of change. Wehn et al. (2012)
tested the significance of changes in temperature
and precipitation for their considered time per-
iod. Due to non-significant changes in summer
temperatures they did not include climate change
data in modelling of forest line change.

29.4 How to Move Forward?

The assessment has revealed three related
domains of research challenges that hamper our
understanding of the effect of climate change
versus land use change on TFL dynamics in
Norway:
(1) All studies draw conclusions about the effects

of climate and land use change on long-term
TFL dynamics (> 30 years); however, they
are not providing the degree of contribution
from each of the two processes.

(2) None of the studies is representative for large
parts of Norway or Norway as a whole.

(3) Empirical data for TLs and FLs are rarely
available for the same study area.

29.4.1 The Degree
of the Contribution
of Land Use Versus
Climate Change

Knowledge about the numerical contribution of
land use and climate change is of fundamental
importance for modelling future TFL dynamics.
Site specific and high resolution data on both
climate and land use change are needed to study
the impact of climate change versus land use

Fig. 29.3 Processes causing
distributional time-lags after
climate change. Some of the
processes interact. Episodic
stress, for example summer
drought events, can delay
upslope TFL dynamics
independently of ongoing
climate changes
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change on TFLs (Ameztegui et al. 2016). In
Norway, the number of long-term weather sta-
tions providing climate data from mountain areas
is rather restricted. However, the access to long-
term spatially explicit historical climate data is
improving. Presently, relevant climate data is
provided back to 1957 in 1 � 1 km resolution
(Lussana et al. 2018, 2016). Still, higher resolu-
tion data are needed for improved understanding
of the contribution of climate change to TLF
dynamics. For land use and land use change, the
resolution of official data is even coarser, but
goes further back in time. Agricultural census
data are available since 1907 but are aggregated
for municipalities (Statistics Norway 2019).
Farm-specific information may go much further
back in time (Arkivverket 2019); however, even
farm-specific information, as number of animals
kept on a farm, does not necessarily reflect land
use intensity along TLFs (Bryn and Potthoff
2018). With regard to data availability, the lack
of spatiotemporal data on previous natural dis-
turbances presents an additional challenge.

Lack of high-resolution climate and land use
change data could be tackled in different ways.
Although the site-specific climate varies among
locations, climate change can be assumed to be
regionally fairly similar. When climate is
changing, it is highly unlikely that it will change
fundamentally different among comparable sites
within the same region. Thus, with regard to
long-term climate beyond 1957, robust estimates
of change can probably be generated within
regions, and implemented locally. This will not
enable a precise modelling of the climate that
regulates TFLs, but it can be used for studies of
TFL dynamics through time within regions.
A common practice to get access to site-specific
land use change data is carrying out interviews
with local people or others knowledgeable of
land use history (Potthoff 2004; Wehn et al.
2011). However, the number of people with local
knowledge of outfield resource use before c.1950
is declining. Alternatively, land use intensity can
be estimated by distance to summer farms
(Volden 2018) or modelled as grazing pressure
(Wehn et al. 2012). Uncertainty of such efforts
however is probably high. Grazing intensity is

not only a result of distance but, for example,
modified by topography. Modelling change in
grazing pressure is partly based on site-specific
historical data which may be imprecise and dif-
ficult to obtain. Finally, distance between past
TFLs and potential upper climatic lines can be
used as a proxy for past land use (Ameztegui
et al. 2016).

Different statistical methods can be used to
distinguish between the contribution of climate
change and land use change (Ameztegui et al.
2016; Cudlín et al. 2017; de Wit et al. 2014;
Gehrig-Fasel et al. 2007; Kulakowski et al. 2011;
Wehn et al. 2012). Training spatial models is
another approach (e.g. Guida et al. 2019 (Max-
Ent for upward shifts of climate sensitive desert
tree species); Macias-Fauria and Johnson 2013
(Random Forests for forest lines)). Although
none of these studies includes explicit land use
data, both methods can be used to estimate
variable importance in the models (Halvorsen
et al. 2015; Hastie et al. 2009). Lastly, finding
previously mapped pristine climatic TFLs,
unspoiled by any forms of land use (e.g. pro-
tected by fences, topography or rivers), would
allow a straight forward comparison with
neighboring TFLs influenced by land use. Such
locations however, are difficult to find in Nor-
way, and we do not know if any such sites have
been mapped previously (Bryn and Potthoff
2018).

29.4.2 Spatial Representativeness

Both land use changes and climate changes vary
throughout the country (Almås 2004; Tveito
2014), as well as a number of ecological back-
ground variables (Bakkestuen et al. 2008).
However, since climate change and land use
change may only differ slightly within study
areas at local or even at regional scale, TLF
changes will most likely mainly reflect micro-
site-specific variation and change rather than
broader scale climate and land use changes.
Thus, studies covering larger areas are needed,
preferable including important environmental
gradients throughout the country. To obtain
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necessary empirical data on long-term TLF
change, efforts to remap previous TLF studies
should be increased (e.g. Fries 1921; Norman
1894; for further references see Bryn and Pot-
thoff 2018). When planning remapping, special
attention should be paid to reduce the spatial
biases within Norway, in addition to prioritizing
studies covering large areas.

29.4.3 Idiosyncrasy of Time-Lags

While birch FL dynamics are frequently treated
in studies from the Nordic region (see references
in Holtmeier 2009; Körner 2012; Wielgolaski
2005), very few studies report the dynamics of
birch TL (Bryn and Potthoff 2018). This includes
studies investigating the relevance of land use vs.
climate change for TFL dynamics. Volden
(2018) indicates that knowledge about previous
treelines, shrub lines and average annual change
can help to predict future TFLs. However, this
means that more empirical data on long-term
shrub line changes—to our knowledge not
existing for Norway, and TL changes are needed.
Moreover, knowledge about line specific time-
lags is of importance.

To improve the knowledge of processes
causing idiosyncrasy, field experiments should
be set up to investigate differences among shrub
lines, TLs and FLs, including potential line-
specific responses to climate and land use
change. Moreover, model experiments targeting
dynamics of TFLs should pay more attention to
the transition zones including boreal and alpine
vegetation and not only focus on one of the
vegetation zones (de Wit et al. 2014; Rydsaa
et al. 2017).

29.4.4 Other Topics Important to Be
Considered in Future
TFL Research

TFL studies indicate that interactions and feed-
backs between different processes may play an
important role in the future development of TFL
dynamics (de Wit et al. 2014; Rydsaa et al.

2017). According to Rydsaa et al. (2017),
vegetation-climate feedbacks such as reduced
albedo following expanding TFLs, might
increase the local temperature, and thus trigger
further TFL expansion. This expansion however,
will interact with land use such as domestic and
semi-domestic grazing (Engelkraut et al. 2018;
Speed et al. 2010). Therefore, although not
considered specifically by the assessed studies, it
is likely that some of these interactions and
feedbacks have played a role in the processes
investigated by the assessed studies. Such effects
should therefore probably be included in future
TFL studies.

29.5 Conclusion

The assessed studies of mountain birch domi-
nated TFLs in Norway document an ongoing
range shift towards higher elevations. The rate of
range shift is comparable with TFL dynamics
documented by other studies in Europe. How-
ever, the rate of range shift is highly variable,
both between studies and among sites within
each study. The studies document that changes in
land use is one of the main drivers for long-term
(30–100 years) TFL dynamics; however,
increased temperatures have most likely facili-
tated TFL advance. The assessed studies are
probably not representative for the variation in
TFL dynamics in Norway and do not provide the
degree of contribution from each of the two
processes, knowledge needed to model future
TFL dynamics. To achieve a more complete
understanding of the ongoing elevational range
shift, more large-scale regional remapping pro-
jects and more site-specific data about land use
change and climate change are needed.
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30Social-Ecological-Technical
Misalignments Threaten Mountain
Water Tower Resilience in Utah, USA

Michelle A. Baker and Courtney
G. Flint

Abstract

The essential “water tower” role played by
mountains is compromised by climate change
and human development. Misalignments in
various socio-ecological-technical dimensions
threaten adaptive capacity and resilience in
mountain water-dependent regions. Interdisci-
plinary research in Utah’s Wasatch Mountains
reveals a complex set of mid-elevation
dynamics and stakeholder perspectives com-
plicating water resource planning at local and
state levels. Rapid urban development and
population growth in the region point to water
demand exceeding supply in the near future.
Climate change is already influencing snow-
pack levels, snow water equivalent, and phase
changes in mountain precipitation. Winter
forest evapotranspiration rates present unex-
pected water loss with warming air tempera-
tures. Mountain water quality is deteriorating
due to up-slope nitrogen deposition as well as
mid-elevation grazing, fire, and residential
development. Multiple data sources point to

diverse and conflicting stakeholder perspec-
tives throughout the region suggesting con-
siderable work to be done to find common
ground for water management and planning in
this dynamic water tower system. We explore
the opportunities and constraints related to a
range of adaptation pathways being consid-
ered and attempted at local, regional, and state
government scales, including water reuse,
water transfers and pipelines, new reservoirs,
water banking, and water conservation
promotion.

Keywords

Climate adaptation � Water resources �
Urbanization � Social science � Vulnerability

30.1 Introduction

It is well known that mountains disproportionally
supply runoff to adjacent lowlands, providing an
important water provisioning service as “water
towers” (Viviroli et al. 2007). Indeed, more than
50% of mountainous regions world-wide have an
essential or supportive role as water supply
(Viviroli et al. 2007). These regions are particu-
larly vulnerable when reliance on mountain-
derived runoff coincides with population growth
and precipitation declines (Viviroli et al. 2011). It
is less clear how well aligned this water
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provisioning service is with broader global
change drivers and complex social-ecological-
technical system (SETS) dynamics (Grabowski
et al. 2017; Markolf et al. 2018).

The Intermountain West region of the United
States is bound by the Sierra Nevada Mountains
in the west and Wasatch/Rocky Mountains in the
east. Human settlement in the region currently
consists of mixed agricultural and urban land
uses concentrated in arid and semi-arid valleys
where water is available as snowmelt-driven
runoff from surrounding mountain water towers
(Powell 1875; Gollehon and Quinby 2000).
Humans developed elaborate infrastructure (e.g.,
dams, canals, wells, and field drainage), water
rights laws, institutions, and corporate entities
(Reisner 1993; McCool 1995; Huffaker et al.
2000) to distribute water necessary for settle-
ment. Thus, the modern waterscape of the
Intermountain West results from the interplay of
natural and human processes.

Rapid climatic and demographic changes in
recent decades pose new challenges to water
availability, water quality, and water demand in
the Intermountain West (Anderson and Woosley
2005). These changes are likely to accelerate in
the coming decade, with human population in the
six-state Intermountain West expected to increase
50–90% by 2030 (GOPB 2010; US Census
Bureau 2010). At the same time, climate change
threatens to alter the amount and timing of pre-
cipitation throughout the region (Udall and Bates
2007; Barnett et al. 2008). Potential outcomes
threaten the resilience of the region’s mountain
water towers; these include reduced snowpack
(Mote et al. 2018), earlier snowmelt (Stewart
et al. 2005), and more precipitation falling as rain
rather than snow (Knowles et al. 2006).

Adaptations to these demographic and cli-
matic changes will be shaped by complex tech-
nical, legal, and behavioral constraints that
characterize the Intermountain West SETS.
Potential responses include increasing efficiency
of water transmission and use (Huffaker and
Whittlesey 2003; Peterson and Ding 2005),
changing reservoir operations (Webb et al.
1999), shifting water management objectives
(Gosnell et al. 2007), and/or reallocating water

rights from agricultural to other users (Young
and Brozovic 2019). Clearly, changes in water
use behaviors will have major ramifications for
how water will flow through the landscape
(Green and Hamilton 2000).

In this chapter, we present the Wasatch Front
as a case study of potential social-ecological-
technical misalignments that threaten resilience
of mountain water towers.

The Wasatch Front lies at the eastern bound-
ary of the Intermountain West in northern Utah,
USA and encompasses three catchments that
flow into the Great Salt Lake. From north to
south, these include the Bear River, Logan
metropolitan area; the Weber River, Ogden-
Clearfield metropolitan area; and the Provo-
Jordan, Salt Lake City and Provo-Orem
metropolitan areas (Fig. 30.1). The Wasatch
Front is home to 85% of the state’s population of
3 million people. Elevation ranges from 1200 to
4000 m, and precipitation is elevation-dependent
ranging from 400 to 1400 mm, with the majority
as snow during winter and early spring (Ehler-
inger et al. 1992). Anglo settlement of the
Wasatch Front began in 1847 with the arrival of
the Mormon pioneers, who settled near the base
of the foothills along perennial streams that then
were modified to make “the desert bloom like a
rose” (Kay 1995).

The current water system in the Wasatch
Front is a highly regulated network of dams,
diversions, and pipelines. Water demand is esti-
mated at 533,000 acre-feet (Null 2018)—and not
all of this water is supplied by Wasatch Mountain
water towers—nearly 20% (101,900 acre-feet) is
diverted from the Colorado River Basin through
an intermountain aqueduct called the Central
Utah Project (U.S. Bureau of Reclamation,
https://www.doi.gov/cupcao/Overview). Despite
irrigation return, discharge of treated wastewater
to surface water networks, and other return flows,
consumptive water use in the Wasatch Front has
decreased water input to the Great Salt Lake,
resulting in a decreased volume of 48%. This is
significant because the Great Salt Lake is the 8th
largest saline lake in the world with an estimated
economic value of US$ 1.32 billion/year
(Wurtsbaugh et al. 2017).
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Fig. 30.1 Map showing the location of the Wasatch Front metropolitan region, from Logan, Utah in the north, south to
Provo/Orem (red)
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30.2 Socio-Ecological-Technical
Misalignments

30.2.1 Water Supply and Demand—
Urban-Mountain
Corridor Population
Growth

Experienced and projected population growth in the
Intermountain West region and its water resource
impacts have been a critical focal point in recent
decades (Li et al. 2016; Jackson-Smith et al. 2006;
Doremus 2001; Reisner 1993; Worster 1985). Utah
and the Wasatch Front are no exception to this
challenging nexus. Utah had the highest population
growth rate of the fifty US states in 2018 due to a
combination of natural increase and high rates of in-
migration (US Census Bureau 2019). With 85% of
the state’s population settled in the narrow corridor
between the Wasatch Mountains and the Great Salt
Lake and Utah Lake, the Wasatch Front is one of
the US West’s hotspots of urban growth.

Projecting population and water demand illu-
minates an alarming collision course for the
Wasatch Front. Edwards et al. (2017) showed an
additional water demand in 2060 for five
Wasatch Front counties to be about 200% higher
than today (at the current per-person water use
rate). They highlight the challenges in reaching
the water conservation goals that would offset
that added demand, including consequences of
out-of-basin water transfers on local water
availability, environmental costs of ecosystem
degradation from water development projects,
the cost of water transportation infrastructure,
and factors limiting adoption of conservation
practices of urban residents and agricultural
producers. Nonetheless, Edwards et al. (2017)
demonstrated that agricultural and urban irriga-
tion are the largest water users in Utah, and have
the greatest potential for low-cost water effi-
ciency options if mechanisms are implemented to
offset current barriers. An important complica-
tion on future water demand is that Utah’s water
is fully allocated in the urban corridor with new
uses only possible by modifying existing water
rights (Utah Division of Water Rights 2019).

The population trajectory of the Wasatch
Front has a corresponding land use footprint that
relates to water use and the need for planning. Li
et al. (2016) modeled land use scenarios for
Cache County in northern Utah, including the
current trend of land-use regulations and man-
agement plans, a smart growth scenario of
managed growth, and water-smart growth with
full and moderate implementation depending on
degree of development restrictions. The current
trend of urban growth is projected to disperse
urban land use and development throughout the
county, whereas planned smart growth and
water-smart growth models show more concen-
trated development near current existing urban
centers and away from water-related land uses.
Based on the study by Li et al. (2016), even with
smart growth development, most urban growth
would occur on prime farmland. The fully
implemented water-smart growth development
scenario would save over 80% of existing agri-
cultural land from conversion, but would take
substantial changes to current development
policies.

Aggregate projections of population growth
can mask important internal differences that
make related water supply and demand difficult
to anticipate. Residents of Wasatch Front
municipalities are an increasingly diverse mix,
with correspondingly varying water attitudes and
behaviors. Flint et al. (2017) showed that water
concerns varied significantly across locations and
factors such as gender, religion, race and eth-
nicity, income, age, and education of Northern
Utah residents. These differences suggest the
value of understanding demographic and social
context in order to better understand water atti-
tudes and support for effective water governance
(Flint et al. 2017). Furthermore, nontraditional
housing arrangements are becoming more com-
mon in the US (Barnett et al. 2019). Through a
recent Northern Utah survey, Barnett et al.
(2019) found urban renters and multiunit dwell-
ers to be less likely to have authority over key
household water decisions, such as purchasing
efficient appliances or outdoor landscaping and
irrigation choices. Furthermore, those with
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nonwhite ethnic or racial identities indicated
stronger water conservation-oriented attitudes
than whites. These findings suggest the need to
appreciate a more complex demographic mosaic
in the future and to carefully design water con-
servation promotion strategies to reach an
increasingly diverse population.

30.2.2 Regional Sensitivity
of Intermountain West
Water Cycle to Climate
Change

Mountain water towers are expected to be very
sensitive to climate warming (IPCC 2007; Vivi-
roli et al. 2011). Globally, it is well documented
that mountain regions of the world are warming
more rapidly than lower elevations because of
less albedo, related surface feedbacks, and
changes to the energy balance (Pepin et al. 2015).
Warmer air temperatures are associated with a
decline in spring snowpack. For example, Mote
et al. showed that April 1 snow water equivalent
has declined between 15 and 30% since 1955 in
the Western US (Mote et al. 2018), with the
volume of that lost water roughly the same as
Lake Mead, the largest reservoir in the region.

Such observations may not be so simply
explained. Oversimplification of the mountain
water cycle, and water cycles writ large (e.g.
Abbott et al. 1999), creates a misalignment in
understanding vulnerability of Intermountain
West water towers to climate change. For
example, in the Wasatch and other mountains in
Utah, Gillies et al. (2012) showed that mountain
snowpack decline may be better explained by a
shift in phase of precipitation, with a 9% decline
in the proportion of winter precipitation occur-
ring as snow since 1950. This was associated
with a modest decrease in depth of snowpack that
was confirmed with associated satellite observa-
tions of both snow cover and surface albedo. All
this while the total amount of winter precipitation
increased over the period of observation. In the
Intermountain West, such reductions in snow-
pack are even stronger at lower (<2000 m) ele-
vation (e.g. Gillies et al. 2012; Tennant et al.

2015), reflecting some combination of phase
change and earlier melt.

Wasatch Mountain water towers differ from
other significant water tower regions (e.g.
Himalayans and Alps) because there is less
alpine area. As such, forest vegetation plays an
important role in how these water towers func-
tion hydrologically. Tennant et al. (2017) found
that variability in snow depth was inversely
related to forest vegetation height, likely because
of differences in ablation, interception, redistri-
bution, and shading. Further, ecohydrologists
assume that the dominant trees (evergreen con-
ifers including pines, firs, spruce) are dormant
during the winter when terrain is snow covered.
Surprisingly, this is not the case in the Wasatch
Front. Even with 50–100 cm of snow on the
ground, both white fir and subalpine fir were
capable of transpiration on days in the shoulder
season when air temperature was above 0 °C
(Chan and Bowling 2017). Such activity repre-
sents an unexpected and unaccounted for water
loss from the Wasatch Front.

Mountain aquifers remain poorly understood
(Viviroli et al. 2007), and aquifers associated
with the Wasatch Front are no different. Moun-
tain block recharge of groundwater is significant,
with most subsurface residence times between 5
and 15 years (Manning and Solomon 2005).
Given the importance of mountain block
recharge, local aquifers on the Wasatch Front are
vulnerable to loss of recharge from melting
snowpack (Meixner et al. 2016). Currently,
recharge exceeds groundwater withdrawals along
the Wasatch Front (Meixner et al. 2016); how-
ever, if withdrawals increase in response to sur-
face water overallocation, water scarcity could be
exacerbated.

30.2.3 Mountain Water Quality

Mountain water towers, like all water sources,
are susceptible to water quality declines due to
human activity, as our research in the Wasatch
Front revealed. While point sources of pollutants
are readily identified and managed, diffuse
sources are less so. Relative to their lowland
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counterparts, mountain water towers are partic-
ularly vulnerable to atmospheric deposition of
anthropogenic contaminants, either as wet or dry
deposition. In a synoptic sampling of snow-
associated dust in several mountain ranges in the
Intermountain West, Dastrup et al. (2018) found
that Wasatch Mountain sites had dust chemistry
associated with human activities, including the
heavy metals copper, lead, and antimony that
could leach into soil and surface waters during
snowmelt. Such contaminants are sourced from
the urban Wasatch Front and/or produced by
mining and smelting activities that occur in the
desert west of Salt Lake City (Dastrup et al.
2018).

Nitrogen deposition is another potential threat
to mountain water quality. A well-studied
example of this phenomenon is along the Col-
orado Front Range in the Rocky Mountains
(Williams et al. 1996) where atmospherically
derived nitrogen supplied to high elevation lakes
has increased nitrate concentrations and caused
rapid shifts in the lake diatom community (Baron
et al. 2000). Along the Wasatch Front, we
observed similar rates of nitrogen deposition as
the Colorado Front Range, *4 kg/ha/y (Hall
et al. 2016a). We hypothesized that the total
quantity and sources of atmospherically derived
N would differ between agricultural valleys in the
northern Wasatch compared to the urban central
Wasatch, but deposition rates did not differ, and
isotopic composition of the nitrogen was not able
to distinguish sources. In both sites the nitrogen
was derived from a combination of sources,
including transportation, combustion, and
volatilization (Hall et al. 2016a).

While the above examples highlight the
potential for airsheds to impact mountain water
quality, once water is transported down valley to
urban settings, the potential for water quality
degradation increases as a result of more proxi-
mal point and non-point sources. Stormwater, in
particular, is identified as a source of pollution to
urban stream networks (Walsh et al. 2005). In an
effort to understand stormwater impacts on
Wasatch Front water quality, Hall et al. (2016b)
and Gabor et al. (2017) instrumented a subwa-
tershed of the Jordan River Utah from the

mountain headwaters through the urban envi-
ronment. They found that while stormwater had
episodic influence on stream water quality, an
unexpected persistent source of pollution was
from perennial springs that discharged contami-
nated groundwater, high in nitrogen and other
constituents (Hall et al. 2016b; Gabor et al.
2017). Isotopic composition of water and nitrate
suggested that the urban groundwater intercepted
nitrate from leaking sewage infrastructure. These
studies highlight that groundwater-surface water
exchange should be recognized in managing
mountain water quality.

Wildfire is an additional threat to mountain
water security. In the western US, recent
increases in burned area and subsequent erosion
are could double sediment yield in over a third of
watersheds by 2050 (Murphy et al. 2018). Not
only does increased sediment load impact habitat
for fisheries, but sedimentation in water storage
reservoirs could accelerate climate-associated
reductions in water storage for tens of millions
of people in the western US (Murphy et al.
2018).

30.2.4 Stakeholder Perceptions
of Mountain Water

Water stakeholders typically hold a diverse range
of values related to water (Witt et al. 2019) and
water is simultaneously a key part of social and
political relationships (Krause and Strang 2016).
Given this complex human-water relationship,
water resource decision makers must balance
myriad ecological, social, and economic interests
(Viviroli et al. 2011). In the Wasatch Front, when
88 representatives of key professional stake-
holder groups representing natural resource
management, business, city and county planning,
emergency management, and recreational and
environmental groups were asked in interviews
about the key sustainability issues for the
mountain region, fewer than half (44%) men-
tioned water. Furthermore, perspectives diverged
on the relationship between water and growth
and development in the region. While some said,
“We are loving [the mountains] to death” and
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“There needs to be some limits on development”
in order to protect natural ecosystems, others
emphasized the need to manage resources in
order to enable continued future economic
growth across urban, agricultural, and recreation
sectors.

In the Wasatch Mountain region, attitudes and
concerns about water vary socially and geo-
graphically (Flint et al. 2017, 2016; Barnett et al.
2019). Public intercept interviews in two north-
ern Utah cities revealed that water recreation,
water supply, water quality, and water as essen-
tial for life, were themes mentioned by over 75%
of participants when they were asked how they
value and relate to water in their landscape (Flint
et al. 2016). However, many questioned whether
there was anything they or their community
could or should do about water in the future.

In household surveys conducted in 2014
across 23 Wasatch Front neighborhoods in three
valleys, concerns about water shortage, poor
water quality, and climate change impacts on
water supply were highest in urban Salt Lake
Valley, whereas water concerns in less urbanized
and more politically conservative areas were
significantly lower (Flint et al. 2017). Age, gen-
der, income, race, education, religion, and
recreational activity levels were important dif-
ferentiating variables with regard to water con-
cerns (Flint et al. 2017). Older, nonwhite, middle
income, non-Latter-Day Saint, and active recre-
ationist respondents were more concerned about
water shortages. Based on the same survey, a
third (33.7%) of all respondents indicated they
thought there was enough water to meet the
current needs of their valley, whereas only 14%
thought there would be enough water to meet
future needs of their valley and these perspec-
tives also varied significantly across northern
Utah valleys (Jackson-Smith and Flint 2014).
Just over half of respondents (54.2%) indicated
they believe there is more their household could
do to reduce indoor water use, while just over a
third (37.8%) believed they could do more to
reduce outdoor water use (by far the greater
household water use). Varying perspectives on
household capacity to conserve water was found
to be related to housing ownership and type, with

lower values on water reduction capacity found
among renters and those from multi-unit dwell-
ings (Barnett et al. 2019). As for support for state
water policies and strategies, more survey
respondents supported using state funds to help
replace aging water system infrastructure in cities
(72.4%) and to build new reservoirs and other
storage projects (61.2%), while considerably
fewer supported using state funds to construct
pipelines to bring water to urban areas from other
regions (35.9%) or facilitating transfers of water
from agriculture to urban users (27.5%)
(Jackson-Smith and Flint 2014). These survey
findings suggest there is a lack of consensus
around the water issues facing the Wasatch
Mountain region in the future.

Diverse perspectives on water can reflect dif-
ferent patterns of exposure or vulnerability to
risks and suggest that decision makers should
consider how stakeholder perspectives are tied to
support and opposition for water management
strategies (Flint et al. 2017). Yet, local leaders
often diverge from their constituents on what the
critical water issues are for the future of the
region, with residents more concerned than local
leaders on water shortages and high cost of water
(despite Utah water prices being notably low),
and local leaders more concerned about deterio-
rating water infrastructure (Haeffner et al. 2018).
These attitudinal misalignments present a chal-
lenging context for adapting to evolving water
conditions in the Wasatch Mountain region.

30.3 Adapting Mountain Water
Solutions to Scale

There is a growing recognition of the need to
build in capacity of socio-ecological-technical
systems to sustainably adapt to changing internal
and external conditions such as population
growth, land development, and climate change
(Markolf et al. 2018). One first step to building
this capacity is to identify misalignments in our
understanding of this complex SETS as descri-
bed above (Fig. 30.2). The SETS approach to
resilience recognizes system interdependence
and connectivity, with an aim to avoid lock-in of
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past social and technological decisions that con-
strain system adaptation. This approach lends
itself to transdisciplinary efforts and co-
production of knowledge among researchers,
practitioners, decision makers, and citizens
(Gleick 2018; Markolf et al. 2018). Indeed,
Grabowski et al. (2017, p. 7) state “The ASCE
[American Society of Civil Engineers] has
identified interdisciplinary coordination as a key
to infrastructure planning and management” and
“agency coordination without public engagement
around qualitatively different goals will not
evolve systems.”

In planning for Utah’s water future, the gov-
ernor commissioned an advisory team to rec-
ommend adaptation strategies to enhance water
sustainability. “The State Water Strategy reflects
a shifting paradigm that recognizes the unique
and diverse climates, topography, water uses, and

management challenges throughout our state.
This shifting paradigm is evident in the devel-
opment of regional water conservation goals and
the effort to set up Basin Councils that draw on
the expertise of local water users and stake-
holders. These efforts sharpen the focus on
developing locally-relevant solutions and strate-
gies that are appropriate at the regional and
watershed scale and recognize that many local-
ized challenges will require localized solutions
and strategies to be truly effective.” (Evan Curtis,
Personal Communication, 23 July 2019). Look-
ing at the Wasatch mountain water system
through a SETS lens reveals that some of the
state’s adaptation strategies (Governor’s Water
Strategy Advisory Team 2017) may be mal-
adaptive. One strategy ripe for lock-in is a pro-
posed reservoir and pipeline on the Bear River in
northern Utah aimed at developing 220,000 acre-

WASATCH MOUNTAIN 
WATER SYSTEM 

MISALIGNMENTS

1. Rapid population growth and urban 
development are increasing water 
demand.

2. Climate change decreases snowpack, 
snow-water equivalent, and runoff 
timing and drives precipitation change 
from snow to rain.

3. Evergreen conifers transpire in winter 
leading to additional alpine water 
system loss. 

4. Groundwater-surface water dynamics 
complicate water availability and 
quality.

5. Dust, nitrogen deposition, wildfire, 
leaky septic/sewer infrastructure, and 
complex groundwater-surface water 
exchange threaten mountain water 
quality. 

6. Social perceptions of water vary 
geographically and socially, presenting 
complex mosaic of water policy 
support and opposition.

7. Some state water strategies for 
infrastructural solutions (e.g. reservoirs
and pipelines) are at odds with 
mountain water system dynamics.
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Fig. 30.2 Misalignments in social, ecological, and
technical dynamics pose potential threats to sustainability
of Wasatch Mountain water towers. Image from Google

Earth (Ehleringer, personal communication). Fig-
ure adapted from Markolf et al. (2018)
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feet for supply to the Wasatch Front at a cost of
at least US $1.5 billion (Bowen Collins 2014).
Fostering water conservation is another strategy
being pursued locally and state-wide. While
conservation is not a maladaptive strategy, as our
research showed, citizens were more apt to
believe that more could be done to conserve
water indoors than outdoors, despite that outdoor
use is far greater, and more water could poten-
tially be conserved outdoors, and at lower cost
(Edwards et al. 2017).

Clearly new information, data, and ideas are
needed in order to enhance resilience of Utah’s
mountain water towers in the face of water
resource transitions due to changing physical
conditions, demographics, social preferences,
and maladaptive conditions (Gleick 2018).
Building a resilient water system relies on
anticipatory governance—i.e. adopting a longer-
term policy vision and bringing experts and cit-
izens to work together to monitor changing
conditions and manage systems, rather than
waiting for crises to reveal themselves (Boyd
et al. 2015). Democratically setting goals,
matching the scale of process with the scale of
intervention, designing system changes for mul-
tiple cross-cutting benefits, building in multi-
functionality and redundancies, learning and
sharing knowledge at multiple levels, and letting
systems evolve modularly are considerations that
support resilience (Grabowski et al. 2017; Biggs
et al. 2012; Viviroli et al. 2011).

30.4 Conclusion

Our case study in northern Utah highlights that in
trying to understand the complexity of mountain
water systems, collaborative learning within the
science community is key. i.e. if we don’t link
hydrology to vegetation systems, we miss
shoulder season transpiration. If we don’t link
demography and urban development with water
engineering and management, we don’t antici-
pate spatial patterns of demand, etc. If we don’t
link study of groundwater with surface water, we
miss the complex interactions that impact supply
and quality. If we don’t link study of quality with

supply, we miss impacts such as algal blooms
and flow of nutrients that compromise water
uses. If we don’t link biophysical water science
with understanding perspectives of stakeholders,
we lack appreciation for where adaptive efforts
are possible or challenged. Finally, if we don’t
work on collaborative learning among/between
science and decision makers and local societies,
what’s happening in the mountain water system
(or what is likely to happen) is not well aligned
with anticipatory and management decisions
where it matters most.
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Abstract

The Hindu Kush Himalaya (HKH), the highest
mountain biome, also referred as the third pole
or the water tower of Asia, is an important
repository of biological and cultural diversities
and source of varied ecosystems services to 240
million people living within and 1.9 billion in
the mountains and downstream. The region has
been in spotlight for being part of the 36 ‘Global
Biodiversity Hotspot’ and ‘Crises Ecoregions’
as well as climate change hotspot. However,
there is still knowledge gap on understanding
the dynamics of changing landscapes and
climate and its linkage to people, mostly
challenged by poverty. International Centre
for Integrated Mountain Development (ICI-
MOD), an intergovernmental regional knowl-
edge and enabling centre, has been instrumental
in developing better understanding on the
dynamics of these fragile ecosystems and
support its regional member countries through
science-based integrated approaches. Since its
inception, ICIMOD has been engaged in
developing knowledge and supporting policies
for mountain development focusing on

socio-economic, ecological and environmental
dimensions. In this chapter, we present the
retrospect of our interventions in science,
policy and practice in transboundary landscape
management through regional cooperation
mostly focused on biodiversity conservation
and community development perspectives.

Keywords

Climate change � Ecosystem degradation �
Nature-based solutions � Participatory
approach � Regional cooperation

31.1 Introduction

The Hindu Kush Himalaya (HKH), the highest
mountain ecosystem in the world with world’s
ten highest mountain peaks, considered as a third
pole and water tower of Asia, is a global asset
(Wester et al. 2019). Stretched over 3500 km
(km) and covering more than four million square
kilometers, the HKH includes all of Bhutan and
Nepal and parts of Afghanistan, Bangladesh,
China, India, Myanmar and Pakistan. It is one of
the most diverse ecosystems among the global
mountain biomes with extreme variations in
vegetation, climate and ecosystems, resulted
from altitudinal and latitudinal gradients (Xu
et al. 2009; Molden et al. 2017). Owing to these
enabling ecological conditions, the region is
among the richest with two of its member

N. Chettri (&) � S. Joshi � B. Shakya � S. Chaudhary
� L. Adhikari � N. Bhattarai � E. Sharma � D.
J. Molden
International Centre for Integrated Mountain
Development, Kathmandu, Nepal
e-mail: Nakul.Chettri@icimod.org

© Springer Nature Switzerland AG 2022
U. Schickhoff et al. (eds.), Mountain Landscapes in Transition,
Sustainable Development Goals Series, https://doi.org/10.1007/978-3-030-70238-0_31

639

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_31&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_31&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70238-0_31&amp;domain=pdf
mailto:Nakul.Chettri@icimod.org
https://doi.org/10.1007/978-3-030-70238-0_31


countries—India and China, being ‘Mega
Diversity Countries’ (Brooks et al. 2006). Bles-
sed with diverse plants and animals of global
significance and unique ecosystems, the HKH is
also among the Global 200 Ecoregions (Olson
and Dinerstein 2002). This rich biodiversity has
also nurtured culture and traditions of more than
1000 ethnic groups (Turin 2005). In addition, the
region is source of ten major river systems as the
source of a wide range of ecosystem services
supporting 240 million people in the region and
benefit some 1.9 billion people in the mountains
and downstream river basin areas (Wester et al.
2019).

However, in the course of human civilization,
the HKH lost more than 70% of its original
ecosystems, which resulted the HKH to be con-
sidered as parts of ‘Crisis Ecoregions’ and
‘Biodiversity Hotspots’ (Brooks et al. 2006;
Mittermeier et al. 2011). Environmental degra-
dation has been identified as a major threat to the
functioning of HKH ecosystems and flow of
ecosystem services (Chettri et al. 2010; Xu et al.
2019). Among others—climate change, habitat
change, overexploitation, pollution and invasive
alien species—are the major drivers of changes
(Chettri and Sharma 2016; Wang et al. 2019).
Adapting to and mitigating the effects of these
changes and sustaining ecosystem services in the
context of a burgeoning human population and
climate change is a major challenge in the HKH
as elsewhere (Molden 2020). Hence, it is
important to improve scientific understanding of
ecosystem structure and functioning and drivers
of change as a basis for formulating compre-
hensive ecosystem management approaches and
strategies that link to human well-being and
poverty alleviation (Sharma et al. 2019). But,
despite the significance of the HKH biodiversity,
there have been little coordinated efforts to
understand the drivers of biodiversity loss or
their impact on conservation and economic
development (Xu et al. 2019).

The concept of transboundary conservation
planning is getting more traction to address the
complexity through transdisciplinary approach at
landscape level (Liu et al. 2020). With the
changing global discourse in biodiversity

conservation and sustainable development, the
HKH also witnessed this changing paradigm
(Sharma et al. 2010). The key characteristics of
this approach include ‘participation’ of stake-
holders including communities from the planning
to the management and monitoring levels,
‘transdisciplinarity’ by engaging multiple stake-
holders from various sectors through participa-
tory processes, ‘multifunctionality’ to address the
multiple objectives of a landscape, ‘complexity’
of social-ecological systems that include various
land-use types within a landscape, and ‘sustain-
ability’ for sustained provision of ecosystem
services (Freeman et al. 2015). To ensure effec-
tive management of such areas, cooperation
across international boundaries is required
(Vasilijević and Pezold 2011; Lambertucci et al.
2014). In this chapter, we present how Interna-
tional Centre for Integrated Mountain Develop-
ment (ICIMOD), as an intergovernmental
organization, is playing role to translate the
concept of transboundary landscape into a reality
to enhance the resilience of HKH mountain
landscape.

31.2 ICIMOD and Changing
Paradigm

The International Centre for Integrated Mountain
Development (ICIMOD), established in 1983
with an eight-country charter, serves as a regio-
nal intergovernmental centre for cooperation on
the sustainable development of the HKH. Over
the years, ICIMOD has been a global player in
advocating mountains perspectives and agendas
since its existence. Being an active mountain
partnership member and observers for numerous
multilateral environmental agreements such as
Convention on Biological Diversity (CBD) and
the United Nations Framework Convention on
Climate Change (UNFCCC), ICIMOD has been
playing an important bridging role for cus-
tomizing global agendas to local and regional
levels and vice versa. Catering to its member
countries based on contemporary challenges and
opportunities, ICIMOD advanced through dif-
ferent phases and priorities (Molden and Sharma
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2013). At present, ICIMOD is in its fourth
medium term action plan (2018–2022) with six
integrated programmes supported by four the-
matic areas (ICIMOD 2017). Among the six
programmes, transboundary landscapes is an
important integrated and multidisciplinary
regional programme that focusses on scientific
understanding of mountain ecosystems and to
develop people-centred interventions to resource
conservation for sustainable and equitable
development (see Molden et al. 2017).
At ICIMOD, we work across HKH countries to
help attain common goals related to sustainable
development, by bringing together different
groups within programmatic transboundary
approaches covering scales from households,
springshed, landscapes to river basins.

ICIMOD supports regional and transboundary
cooperation to meet challenges of climate
change, disaster risks and sustainable develop-
ment in the HKH through integrating trans-
boundary landscape and river basin
programmatic focus. Actions to sustain the HKH
have the potential to directly improve the lives of
more than one-third of the world’s population.
However, facilitating cooperation and policy
coherence among the countries sharing HKH
resources is a persistent challenge in a region
with highly variable priorities regarding devel-
opment. ICIMOD’s interventions focus on
knowledge development, human resources
development, technology transfer, policy out-
reach and innovations through demonstrations. In
terms of changing paradigm in conservation and
development perspectives in the HKH, ICIMOD
passed through three broad phases—(a) pre-
2002, (b) 2002 to 2008 and (c) post-2008. These
phases reflect contextualization, developing an
enabling environment for transboundary coop-
eration and planning and implementation
respectively. Here we present a concise narrative
for each of the three phases.

31.2.1 Contextualization (Pre-2002)

In the past, the classical approach of biodiversity
conservation started with emphasizing

conservation of flagship species (Yonzon 1989;
Wikramanayake et al. 1998). Research and
management interventions were made to save
flagship species such as tigers, rhinoceros, ele-
phants and snow leopards. considering them as
climax species with an assumption that if they
are conserved, the ecosystem and habitat will
automatically be saved. Within few years, the
realization to protect habitats evolved and con-
cept of protected area came in. The first protected
area recorded from the HKH is Pidaung Wildlife
Sanctuary established in 1918 in Myanmar
(Chettri et al. 2008). However, in many instan-
ces, the protected areas were declared but with
restrictions to human intervention which is key to
effective conservation. As the approach could not
get the desired result, the United Nations Con-
ference on Environment and Development
(UNCED) in 1992 placed a premium on people’s
participation and promotion of this conceptual
shift in both natural resources management and
biodiversity conservation (UN 1992). Thus, the
protected area concept further evolved with
adding buffer zones and connectivity corridors
considering wide habitat range used by flagship
species. Since late 1990, the concept of land-
scape approach was introduced (Sherpa et al.
2004; Gurung 2005). These development wit-
nessed significant conceptual evolution in bio-
diversity conservation, from ‘People
exclusionary’ and ‘species-focused’ to ‘People-
centred community-based’ approaches (Sharma
et al. 2010).

During the course of evolution, ICIMOD was
instrumental for documenting biodiversity of the
HKH through collective minds of experts for the
first time at HKH level (Pei 1995). With a
regional mandate, ICIMOD also facilitated
transboundary dialogue and cooperation for
conservation between Nepal and China in the
Everest complex (Sherpa et al. 2003), Bhutan,
Nepal, India, in the Kangchenjunga complex
(Rastogi et al. 1997) and China, India and
Myanmar in the Far-Eastern Himalaya (Guang-
wei 2002). In 1998, an international meeting on
Ecoregional Cooperation for Biodiversity Con-
servation in the Himalayas was co-organized by
UNDP, WWF and ICIMOD followed by a
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workshop on ‘A Biodiversity Vision for the
Eastern Himalaya’ in 1999 (WWF and ICIMOD
2001). These engagements were instrumental to
rationalize and contextualized the need for wider
consultations, comprehensive planning and
facilitation for regional cooperation at the land-
scape level.

31.2.2 Developing Enabling
Environment (2002–
2008)

In 2002, ICIMOD initiated a transboundary ini-
tiative in Kangchenjunga complex by building
on conservation priorities identified in previous
years (Sharma and Chettri 2005). A participatory
planning approach was adopted involving local
community, conservation practitioners, aca-
demicians and policymakers to identify possible
corridors (Chettri et al. 2007). The process also
led to development of a regional cooperation
framework for implementation of the Convention
on Biological Diversity (CBD) in the
Kangchenjunga Landscape (Sharma et al. 2007).
During this time, the ‘ecosystem approach’ that
was adopted by the Conference of the Parties
(COP) of the CBD in 1995 (Secretariat of the
CBD 2004), was endorsed and called various
actions including regional or transboundary col-
laboration (Sharma and Acharya 2004). Subse-
quently, the Sacred Himalayan Landscape—
covering an area of 29,021 km2 was conceived
(MFSC 2006).

In 2007, with the release of the IPCC’s Fourth
Assessment Report (AR4), the HKH was iden-
tified as a ‘data deficient’ region (Rosenzweig
et al. 2008). Realizing the significance of the
HKH and potential impacts of climate change on
biodiversity and human well-being, ICIMOD
brought more than 80 global experts in Kath-
mandu, Nepal and conceived the ‘trans-
Himalayan transect’ and ‘Transboundary Land-
scape’ framework in the HKH in 2008 (Chettri
et al. 2009). In this framework, four north–south
transects and six transboundary complexes, i.e.
Hindukush Karakoram-Pamir, Kailash, Everest,
Kangchenjunga, Far-Eastern Himalaya and

Cherrapunjee-Chittagong were proposed to
achieve transboundary collaboration for research,
and monitoring to develop social-ecological
resilience (Fig. 31.1). Simultaneously, ICIMOD
produced a series of comprehensive reports on
climate change vulnerability highlighting trends
and potential impacts on biodiversity and
ecosystems in the Eastern Himalaya (Sharma
et al. 2009; Chettri et al. 2010; Tse-ring et al.
2010). These interventions strongly recom-
mended the need for regional cooperation
through landscape approach to address the twin
challenges of biodiversity loss and climate
change.

31.2.3 Planning and Implementation
of Landscape
Framework (2009–2020)

Since 2009, ICIMOD along with partners initi-
ated systematic planning processes considering
four steps—diagnose (determine the need for
transboundary conservation), design (match the
process to situation), take action (formulate and
implement action) and evaluate (learn and adapt)
as planning tool (Erg et al. 2012, Fig. 31.2).
While planning, the three pillars of sustainable
development (social, environmental and eco-
nomic) perspectives, three elements of pro-
gramme management (science, policy and
practice interface) and scales (local, national and
regional) were also considered. During extensive
consultative processes, participation of all key
stakeholders (local communities, civil societies,
conservation practitioners, academicians and
policymakers) were ensured (Chettri et al. 2007).
Subsequently, four out of six transboundary
landscapes went through the four steps planning
process and achieved various targets (Fig. 31.2),
including Feasibility Assessment Reports, Con-
servation and Development Strategies and
Regional Cooperation Frameworks (Fig. 31.2).

As indicated in Fig. 31.2, four different
landscapes followed the four steps of planning
and implementation but at different timeframe.
The KSL started feasibility phase in 2009 and
implementation phase since 2012 and at present
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it is in its second phase of implementation
(Zomer and Oli 2011; Pandey et al. 2016; Kotru
et al. 2020). Whereas, other three landscapes
started with preparatory phase in 2009, feasibility
phase in 2012, pre-implementation during 2015
and 2016 and finally implementation phase since

2017 (ICIMOD 2012, 2018a, 2019a; Ning et al.
2014; ICIMOD, WCD, GBPNIHESD &
RECAST 2017a, b; Gurung et al. 2019). How-
ever, in all the four landscapes, objectives were
similar for each of the four planning steps. First,
the consensus building among the key

Fig. 31.1 Trans-Himalayan Transects and Transboundary Landscapes in the HKH

Fig. 31.2 Systematic planning process adopted in the transboundary landscape
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government authorities followed by extensive
consultations to develop feasibility assessment
reports. In the second step, once the issues were
identified and need for landscape level interven-
tions were realized and agreed, conservation and
development strategies and regional cooperation
frameworks with 20 year visions were prepared,
discussed and endorsed. This led to the third
phase of development of theory of change,
operational plans and implementation (see
Fig. 31.2). All these steps followed an extensive
participatory approach, engaging all stakeholders
and each steps emphasized on science-based
determination of transboundary landscape, dia-
logue and documentation for policy support,
participatory planning and implementation to
translate into practice and with the learning
during the implementation, the interface between
three were strengthened at local, national and
regional levels (Fig. 31.2).

Guided by conservation and development
strategies and regional cooperation frameworks,
the transboundary landscape programme started
implementation considering five major common
thematic areas agreed along with three subsidiary
conditions to strengthen integrated landscape
management (Fig. 31.3). The emphasis was
given for developing social-ecological resilience
through interventions on human and ecosystem
well-being as central themes. The priority on
these thematic areas was given for addressing
community living in acute poverty and/or in
remote areas and improving ecosystem for sus-
tained flow of services and conservation of bio-
diversity. Considering different institutional
mechanism and governing structure of countries
sharing landscapes, compatible resources gover-
nance mechanisms were proposed. To address
the data gap revealed in IPCC AR4 report, and a
dynamic nature of ecosystems, long-term moni-
toring for science-based decision making was
considered as fourth thematic area. As regional
cooperation is the main theme for transboundary
landscape, cooperation among the member
countries sharing landscapes was the fifth com-
ponent with aspiration of designing common
research protocol, data sharing platform and

capacity building based on countries strength
(Fig. 31.3).

31.3 Implementation for Resilience
Building Through Nature-
Based Solutions (NbS)

Improving resilience in the HKH is multidi-
mensional and complex. The geo-political sen-
sitivity, variance in investment capacities for
research and development, challenges towards
fighting poverty, inequality and food and nutri-
tion insecurity, and limited access to water and
energy along with degrading ecosystems make
the regional cooperation important for improving
resilience (Mishra et al. 2019; Xu et al. 2019).
Since the inception of transboundary landscape
programme in 2008, ICIMOD, as a regional
knowledge and enabling centre, working with its
capable partnership network across the region,
has always put balancing conservation and
development dilemma as a main thrust in land-
scape management (Chettri and Sharma 2016).
The integrated and multidisciplinary framework
with five thematic components (Fig. 31.3) were
instrumental for making progress towards resi-
lience building in the HKH focused on nature-
based solutions (NbS).

The programme invested immensely on capi-
talizing natures’ bounty for social-economic
development through value chain development
in mountain niche products such as allo, a unique
local-level enterprise based on nettle plant for
fibre and garment enterprises in KSL (Adhikari
et al. 2018; Shrestha et al. 2018). Likewise, KSL
being the highest producing region of large car-
damom, cooperation for regional branding and
common collective trade for better pricing have
been initiated (ICIMOD 2019b). Considering the
rich natural and traditional heritages, advocacy
on yak-based enterprises along with nature-based
tourism were promoted at regional scale to ben-
efit local communities (Dorji et al. 2019; Lama
et al. 2019). With the success of conservation
interventions and shrinking natural ecosystems,
human wildlife conflict was identified as an
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important regional issue. Attempt has been made
to address this with facilitating regional policy
dialogue for collective mitigation strategies.

Likewise, ecosystem management interven-
tions were made based on ecosystem manage-
ment framework (Yi et al. 2017). Considering the
framework, conservation corridors for connect-
ing habitats and protected areas (Chettri et al.
2007; Uddin et al. 2019), valuation of ecosystem
services from diverse ecosystems (Pant et al.
2012; Chaudhary et al. 2019) and piloting of
springshed management (Kotru et al. 2017), are
some of the highlight interventions across the
landscape. Similarly, through REDD + pro-
gramme, ICIMOD complemented with income-
generating activities for community forest user
groups in Nepal, Myanmar and Mizoram state of
India, contributing to local economy, environ-
mental sustainability and strengthen the rights of
indigenous and local communities (Yamasaki
and Bhattarai 2020). Efforts have also been made
to strengthen gender and social inclusion in
planning and implementation of programmes and

institutionalized through networks with key
stakeholders including private sector for better
governance (Adhikari et al. 2018; Shrestha et al.
2018). Some of the effective strategies used for
inclusive planning and implementations are
(a) making participation of 30% women manda-
tory in all events, (b) inclusion of gender action
plan in programme implementation, (c) gender
focused natural resources planning etc. (Khadka
and Verma 2012; Molden et al. 2014a; Yi et al.
2017). To sustain the programme and develop
ownership, regional programme steering com-
mittees were established and made operational
(Kotru et al. 2020).

As part of long-term monitoring, a compre-
hensive long-term social ecological monitoring
framework was prepared and implemented
(Chettri et al. 2015; Sinha et al. 2018; Negi et al.
2019). The knowledge on biodiversity (Kandel
et al. 2016, 2018, 2019; Basnet et al. 2019),
agrobiodiversity (Aryal et al. 2017, 2020), tra-
ditional practices (Uprety et al. 2016; Aryal et al.
2018; Ghimire et al. 2018) and ecosystems ser-

Fig. 31.3 Thematic areas
agreed to consider for
implementation of landscape
approach in the HKH
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vices (Pant et al. 2012; Das et al. 2017; Chaud-
hary et al. 2019) were enriched through extensive
documentations.

31.4 Transboundary Landscapes
for Enhanced Regional
Cooperation

ICIMOD has a unique niche working between its
eight HKH countries sharing the important
mountain ecosystem. ICIMOD promotes coop-
eration between countries by knowledge
exchange and learning across borders, dealing
with common issues across countries like
mountain ecosystem management, climate
change and enhancing livelihoods; and dealing
with transboundary issues like movement of
resources—water, air and plants and animals—
across borders. An ideal goal for the trans-
boundary landscapes programme is to set up joint
management of the landscapes for long-term
sustainability, but we recognize that this goal will
take time given the present political realities.
However, significant progress has been made as
the programme could brought together commu-
nities, professionals and managers across coun-
tries to work on common objectives, which has
built trust. Some examples on such interventions
are on regional tourism (Lama et al. 2019), large
cardamom (ICIMOD 2019b), and REDD + (
Box 1). Such enabling condition has also pro-
duced joint scientific outputs on status of biodi-
versity (Kandel et al. 2016, 2018, 2019; Basnet
et al. 2019), non-timber forest products and
agrobiodiversity (Uprety et al 2016; Aryal et al.
2018), climate change impacts (Zomer et al.
2014), land use mapping (Uddin et al. 2015) etc.
As part of the regional cooperation, ICIMOD has
promoted exchange of yak genetic material
across countries (Manandhar 2020), and the
countries sharing the landscape are discussing on
mitigating human wildlife conflict and extending
corridors (Gurung et al. 2019; Sharma et al.
2020). In addition, the regional cooperation
frameworks as agreements to work together on
the landscapes between countries have already
been an important policy achievement (ICIMOD,

WCD, GBPNIHESD & RECAST 2017b).
Regional cooperation in each of the landscapes
was strengthened through numerous regional
events and policy dialogue on transboundary
issues, challenges and opportunities. The inter-
ventions are also supplementing the global dis-
courses towards achieving global biodiversity
conservation targets (Desai et al. 2011).

Box 1: REDD + in policy influence-
inclusion of SRAP in NRS
REDD + Himalaya project, launched in
2013 in Bhutan, India, Myanmar and
Nepal was an important intervention to
capacitate countries on the
REDD + mechanism and support in
readiness phase. During the programme
implementation, a manual on State
REDD + Action Plan (SRAP) was devel-
oped by ICIMOD for implementing
REDD + at a sub-national level. Since the
inception of REDD + Himalaya project in
India, it provided the technical support for
developing National REDD Strategy
(NRS). States are required to develop their
SRAPs as indicated in the NRS. Since,
India covers a large geographical area with
regional differences in forest ecosystems
and drivers of D&D, policies and measures
developed at the state level can help to
achieve the goals set forth by the NRS.
Thus, there is a coherent derivation of
policy from the wider NRS to the more
area-specific SRAPs. These plans highlight
the relevance of the REDD + mechanism
as a multi-sectorial approach and its
potential for effective climate change mit-
igation and adaptation. All the interven-
tions were designed through multi-
stakeholders approach and in close con-
sultation with local stakeholders. The
interventions support local communities to
participate in REDD + activities for the
implementation of interventions. In other
words, SRAPs are the most effective
medium for operationalizing the NRS.
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Indian Council of Forestry Research
and Education (ICFRE) and ICIMOD
developed SRAPs for the two states in
India (Viz. Mizoram & Uttarakhand).
Mizoram has become the first state to
endorse the SRAP and come up with
REDD Cell at the state level. Uttarakhand
became the second state to develop the
SRAP. SRAPs for 2 more states are under
progress.

31.5 Emerging Challenges

The HKH, while being sensitive to climate
change, is also subjected to a wide range of
natural and anthropogenic drivers of change,
such as habitat change, land use and land cover
change, overexploitation of natural resources,
fragmentation, expansion of invasive alien spe-
cies, urbanization and pollution (Wang et al.
2019). These factors continually affect fragile
ecosystems and have implications on the social-
ecological resilience (Xu et al. 2019). Among
these factors, climate change and land use land
cover change (LULCC) are considered as leading
causes of biodiversity loss and ecosystem
degradation in the HKH (Chettri et al. 2010;
Chettri and Sharma 2016).

31.5.1 Climate Change Impacts

During the past few decades, our understanding
on climate change and its potential risks to
mountain ecosystem has increased substantially
(Singh et al. 2017; Wester et al. 2019; Chettri
et al. 2020). The HKH is characterized by diverse
climate due to diversity in topography, monsoon
influence and ecosystems. Though with paucity
of long-term studies, it was observed that the
HKH witnessed changes in climate over the
period with evidence of change in phenology and
species range shift altering ecosystem functions
(Xu et al. 2019). During 1901–2014, annual

mean surface air temperature significantly
increased in the HKH at a rate of about 0.104 °C
per decade showing significant upward trend
(Ren et al. 2017). However, there were excep-
tions with deviations from the general pattern. In
the Karakoram region, decreasing (most notably)
summer temperature have been measured (For-
sythe et al. 2017). The intense precipitation also
showed increasing trend in annual intense pre-
cipitation amount, days and intensity with
5.28 mm per decade, 0.14 day per decade and
0.39 mm/day per decade respectively (Zhan et al.
2017). The elevation dependent warming has
also been prominent in the HKH with higher
warming with the increasing elevation. Higher
warming is projected during winter and the pro-
jected warming differs by more than 1 °C
between the eastern and western HKH, with
relatively higher values during winter, and the
highest warming is projected to be over the
central Himalaya for the far-future period with
the RCP8.5 scenario (Sanjay et al. 2017). The
projections made by the study for the near-future
and far-future periods for HKH are relatively
higher than the seasonal global means. These
changes have indicated that rapidly changing
climatic conditions could significantly thwart
efforts for ecosystem resilience at national and
regional scales (Chettri et al. 2020). There has
been a wide range of interpretation from
observed and people’s perceptions impacting
ecosystems and biodiversity at different scales
(Chaudhary and Bawa 2011; Shrestha et al.
2012; Wangchuk and Wangdi 2018). Climate
change is reshaping global biodiversity as spe-
cies respond to changing temperatures, precipi-
tation and other climatic conditions (Antão et al.
2020) and the trend is not different in the HKH
(Salick et al. 2019). However, there is still a
major gap in understanding the cross-linkages
among areas of research, for example, linking
social-ecological knowledge on resilience con-
tributing to evolutionary adaptation. Although
numerous important contributions have emerged
in recent years, synthesis of such practices and its
consequences has not yet been achieved.
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31.5.2 Land Use Land Cover Change
and Impacts

The HKH comprises approximately 39% grass-
land, 20% forest, 15% shrub land, 5% agricul-
tural land and the remaining 21% is made up of
barren land, rock outcrops, built-up areas, snow
cover and waterbodies (Chettri et al. 2008).
These land use and land cover types have wit-
nessed significant changes over the last century.
Over 70% of the natural ecosystems have been
changed in the region (Myers et al. 2000). The
rangelands, where substantial population
depends on pastoralist economy, have witnessed
degradation, mainly caused by climate warming
and human disturbance (Ali et al. 2019; Duan
et al. 2019). Declining land cover of alpine
meadows and swamps (Niu et al. 2019), and
conversion of alpine meadows to woody shrubs
suggesting regime shift (Brandt et al. 2013), have
been apparent. Natural wetlands and lakes, that
occupy 10% of the HKH, are also experiencing
transformation driven by land use changes,
including over-extraction of resources, pollution
and environmental changes (Chettri et al. 2015;
Chaudhary et al. 2017). Similarly, there has been
visible changes in forests across the HKH (Uddin
et al 2019). Road expansion, human settlement
expansion and natural disasters together with
climatic influences have been identified as the
major drivers of forest cover change and frag-
mentation (Uddin et al. 2015; Murthy et al.
2016). The trend of change basically shows the
decline of healthy forests. About 16% decline in
forest cover in Sikkim between 1990 and 2013
(Kanade and John 2018), 9% decline in forest
cover (1990–2009) and 7% decline in forest
cover (1976–2011) in Nepal and India part of
Kailash sacred landscape, respectively (Uddin
et al. 2015; Singh et al. 2018), and 6.5% decline
in forest cover in Hindu Kush mountain range of
Pakistan (Ullah et al. 2016) have been reported.
The forest ecosystems in the Indo-Burma Bio-
diversity Hotspots in the Far-Eastern Himalayan
region have also witnessed significant changes
with 77.1% in 1950 to 50.6% in 2016 and it is
projected to be 48.2% in 2027 (Reddy et a.
2019). It is projected that with the present trend

of deforestation, the HKH face significant loss of
its natural forests (Xu et al. 2019).

With regard to agro-ecosystems—that form
the primary basis of livelihoods and income for
90% of rural mountain communities in the HKH,
the changes have been in two directions—either
conversions of natural ecosystems to agriculture
or the conversion of arable lands into the built-up
areas or plantations (Tulachan 2001). For
example, in central Himalaya, between 1963 and
1993, agricultural land increased by 35% in
protected forests and 5% in reserved forests, and
that agricultural expansion was conspicuous at
elevations between 1800 and 2600 m (Semwal
et al. 2004). Likewise, in high mountain areas in
Pakistan, the forested area decreased by 30%
between 1968 and 2007, mostly due to agricul-
tural expansion (Qasim et al. 2013). In Chit-
tagong Hill tract in Bangladesh, a model
predicted huge increment of built-up area with
shrinkage of cultivated lands, forests and grass-
land areas between 2010 and 2040 (Hasan et al.
2019). Similar simulation model indicated sig-
nificant reduction of arable land area for Yunnan,
China, and increase of construction area by 2020
(Zhang et al. 2018), elaborating the negative
consequences for agro-ecosystems and food
production. As these remaining natural ecosys-
tems are both sources of ecosystem services
(Kandel et al. 2016; Chaudhary et al. 2018; Karki
et al 2018), and habitats for globally significant
species (Chettri et al. 2010, 2015), losing them
could have detrimental consequences to the
people living in the HKH and downstream (Xu
et al. 2019).

31.5.3 Upstream–Downstream
Linkages

The transboundary landscape programme inter-
ventions are in the high mountain watersheds of
the water towers of Asia—the headwaters of the
Indus, Ganges, Brahmaputra, Mekong, Salween
and Ayerwaddy Rivers. Changes in land use and
climate change have an impact on river flows
serving nearly 2 billion people. ICIMOD’s
transboundary landscape and cryosphere and
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river basin programmes are working together to
understand these changes and to enhance
ecosystem services valuable to downstream
people (Molden et al. 2014b). While water is
important for downstream, so is the energy
generated from hydropower, the forest products
both timber and non-timber and that mountains
offer a retreat for people from the plains. ICI-
MOD’s role then is make sure that downstream
beneficiaries are well aware of mountain con-
cerns, which in fact are everyone’s concerns
(Mukherji et al. 2015). ICIMOD interacts with
policy makers in HKH capital cities and in the
plains to ensure that beneficial policies are made
for everyone. For example, ICIMOD working
with India’s Niti Ayog has emphasized moun-
tains as sources of ecosystem services for
downstream and need collaborative efforts to
maintain ecosystems through springshed man-
agement (ICIMOD 2018b). In Pakistan, ICI-
MOD has made sure the issues of mountain
agriculture are addressed in its food security
policy (Rasul and Hussain 2015). Likewise in
Bhutan, early warning system addressing gender
in upstream–downstream linkages were explored
(Shrestha et al. 2016) and in China farmers’
perceptions of the effectiveness of policies
implemented to deal with drought (Pradhan et al.
2017).

31.6 Lessons and Opportunities

Since the inception of transboundary landscape
programme in 2008, there has been significant
progress on making the concept a reality. Over
the period of 12 years, four of the six identified
landscapes are now operational. All four land-
scapes went through a thorough process of
planning, identifying challenges, delineating the
areas, translating the challenges into opportuni-
ties and developing long-term programme. The
implementation of the programme substantially
contributed towards social-ecological resilience
by providing demonstrated livelihood opportu-
nities based on local biodiversity. Ecosystem
management interventions have been initiated
focusing on restoration for degraded ecosystems,

advocated connectivity corridors between the
protected areas and contiguous habitat across
borders, established database with extensive
documentation and monitoring mechanism in
place, strengthen governance by focusing on
equity and gender along with institutional
development and facilitated regional cooperation
for common objectives of conservation and
development. The outstanding progress made by
the programme was recognized by an award from
the United States of America (Box 2). However,
this progress was not limited to what has been
achieved in last 12 years (Gurung et al. 2019).
ICIMOD advocated regional cooperation and
integrated approach for resources management
since its establishment in 1983. Since then, the
progress witnessed changing paradigm from
sectoral interventions to integrated landscape
with multidisciplinary to transdisciplinary for
transformative change and two-way program-
matic orientations from local to global scale and
vice versa (Fig. 31.4), and progressive invest-
ment towards developing long-term multidisci-
plinary and multisectoral partnerships over the
years, at all scales of programmatic interventions.

Box 2: Global outstanding achieve-
ment award 2018
ICIMOD’s ‘Transboundary Landscapes
Regional Programme’ received the
‘Renewable Natural Resources Founda-
tion’s (RNRF) Outstanding Achievement
Award’ in 2018. The award was an
acknowledgement to ICIMOD’s continued
efforts towards promoting the use of the
landscape approach in the HKH. The
Outstanding Achievement Award is deter-
mined through a global competition. The
then Regional Programme Manager, Dr.
Rajan Kotru, received the award on
November 29, 2018 in Maryland, USA.

Considering the prevailing challenges from
climatic change and its potential impacts on
ecosystems and livelihood, the transboundary
programme has scaled out its interventions to
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make synergistic upstream and downstream
linkages (Molden et al. 2017). Efforts have been
made to replicate the good practices of
community-based disaster management, an
award winning practice of the river basin pro-
gramme (Box 3), in the landscapes planning.
Restoration of ecosystems are now considered
through springshed management framework
(Pradhan et al. 2015). Efforts have also been
made to promote nature-based solutions (NbS) in
the landscapes complementing to adaptation and
resilience building strategy suggested by
UNFCCC (Lafortezza et al. 2018). ICIMOD put
forward the HKH Call to Action which outlines
six urgent actions to address the issues and sus-
tain the mountain environments and improve the
livelihoods of the HKH region (Wester et al.
2020). One of the actions focuses to enhance
ecosystem resilience for sustained flow of ser-
vices by halting biodiversity loss and land
degradation, and sustainably managing forests
and other ecosystems in the HKH through pro-
moting transboundary cooperation for landscapes
and river basins. This will further strengthen the
programme to look at the nexus between social,

ecological and environmental dimensions from
household to river basin levels.

Box 3: Cooperation across the borders
to floods risk reduction in the Hima-
laya
The HKH is highly prone to natural haz-
ards and disasters, which has been further
exacerbated by climate change and its
impacts. Floods and flash floods are the
major climate-induced natural hazards
threatening lives and livelihoods of billions
in the region and beyond. Floods in small
rivers and its tributaries, in particular,
strike with little or no warning but with
disastrous causalities. The lack of timely
information especially to the vulnerable
communities downstream has been the
major reason for significant causalities by
floods in the region. In response, ICIMOD
developed and launched community-based
flood early warning system (CBFEWS) in
2010. It is a low cost, people-centred
integrated system of tools and plans to

Fig. 31.4 Schematic presentation of changing programmatic paradigm and orientations to facilitate sustainable
transformation of HKH mountain landscapes
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detect and respond to flood emergencies
managed by communities to provide real-
time flood information. The disseminated
information by the upstream communities
to the vulnerable communities downstream
through a network of communities and
government bodies provides enough time
to prepare and respond to floods on the
ground.

CBFEWS is an outstanding example of
cooperation across the borders to climate-
induced disasters. The community coop-
eration in upstream–downstream, and the
synergies between communities and local
partners, experts, private sectors and the
government line agencies are the key fac-
tors for its successful implementation. First
piloted in India, the CBFEWS has been
successfully scaled out in other countries
like Afghanistan, Nepal and Pakistan. The
benefits of the approach reported have been
enormous. It has enabled the flood vul-
nerable individuals, communities and
organizations to prepare and act to reduce
harm and loss of lives and property across
the region. As such, CBFEWS can save
lives and livelihoods of millions, empow-
ered communities especially marginalized
and built resilience to tackle to floods dis-
asters across the border countries in the
region. Acknowledging the impacts,
CBFEWS has been awarded the ‘Momen-
tum for Change; 2014 Lighthouse Activity
Award’ in the Information and Communi-
cation Technology (ICT) category by
UNFCCC.

31.7 Conclusion

ICIMOD has been promoting transboundary
landscape management perspective with shared
goal of healthy landscapes that balance conser-
vation and development. The integrated land-
scape management approach is flexible enough
to be applied beneficially to a range of

geographies, cultures and types of actors, insti-
tutions and livelihood needs. So far, the pro-
gramme has contributed to (a) creating common
management of shared ecosystems and biodi-
versity given the plethora of local and
transboundary-scale issues; (b) enhanced collab-
oration for sciences and cross learning opportu-
nities from good practices; (c) mainstream
standardized frameworks, research protocols for
long-term research and monitoring to inform
policy and national development strategies for
transboundary cooperation. Since its implemen-
tation, there has been growing buy-in from par-
ticipating national governments along with co-
financing on piloted interventions in the fields of
tourism, commerce and protected area manage-
ment, among others. To successfully bring
together policy, science and practice in trans-
boundary landscapes, our experiences show that
the following elements are necessary:

• Establishing common understanding and pri-
ority setting on conservation and development
needs at scale across countries;

• Developing a jointly owned transboundary
platform for collaborative planning, knowl-
edge generation and effective implementation
that uses a systematic program cycle; and

• Customizing local and national learning to
global agendas, and vice versa.
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