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Preface

Threat to biodiversity and ecosystem services by global change is meanwhile
undisputed. Climate change, expansion of land use, atmospheric fertilization, and
invasion by alien species have been identified as the main current and future drivers
of ecosystem deterioration (Sala et al. 2000; Pereira et al. 2010). The Millennium
Ecosystem Assessment (MEA 2005) connected for the first time the interdepen-
dence of ecosystem functioning and human interference with nature in a well-
arranged, comprehensive manner by defining specific categories of services which
the earth’s ecosystems provide for their own stability and in particular for the
benefits of their human inhabitants. While acknowledging those services as a
major precondition for human well-being, the aim of the report was to assess the
consequences of (predominantly) man’s impact on ecosystems for human well-
being and to provide the scientific basis for a responsible, sustainable use of
ecosystems, including conservation. Notwithstanding the appreciation of the
impressive conceptual work condensed in that report, its focus on the global
dimension of ecosystem services inevitably generates scarcity of regional and
local assessments. Thus, e.g. for the biodiversity hotspot of Ecuador information
on the current or the predicted states is completely lacking (Fig. 6.1 in MEA 2005).
At the same time, the report deplores insufficient knowledge, among others, on (1)
long time series of local environmental data, (2) quantitative relationships between
biodiversity and ecosystem services, particularly regarding regulative, cultural, and
supporting services of specific ecosystems, which would allow predictions, and (3)
the incapability to derive regional and local projections of the future development
of ecosystem services (MEA 2005).

This book will contribute to fill such local gaps for one of the “hottest”
biodiversity hotspots of the world, the south-eastern Andes of Ecuador. Assess-
ment of the current and future state of biodiversity and ecosystem services in the
valley of the Rio San Francisco is based on 15 years of comprehensive interdisci-
plinary ecosystem research, producing a wealth of data, and profound as well as
far-reaching information on ecosystem structure and functioning, covering the
biotic, abiotic, and socioeconomic spheres. A basis to this endeavor is the prede-
cessor volume (“Gradients in a Tropical Mountain Ecosystem of Ecuador” in the
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same Series, Vol. 198, edited by Beck et al. 2008), which has been published five
years ago. A special advantage of the selected study area is the direct spatial
vicinity of the protected mountain rain forest as the natural ecosystem of the region
on the one side of the valley and an anthropogenic agricultural replacement system
on the opposite side. While the natural forest appears to be fairly resilient to
climate changes, the agricultural systems, mostly pastures, turned out to be
non-sustainable. The unique opportunity to conduct comparative field surveys
and ecological experiments in both manifestations of the ecosystem allowed the
authors to gather quantitative information on current ecosystem services which are
subjected to the impacts of an ongoing climate and land-use change. With regard to
ecosystem services, the book is based on an approach adapting the MEA (2005)
service categories, as described in detail in Sect. 4.2.

Part IT presents the current state of the different service categories. Naturally this
part cannot claim to be exhaustive regarding the immense complexity of the
tropical ecosystems. Thus, the authors have focused on services which are of
major importance for the country, e.g., biodiversity as the main preserving but
also cultural service, the regulation of climate, the water, carbon, and nutrient
cycles, considering abiotic and biotic elements, the provision of water, the deposi-
tion of airborne nutrients, and various options of agricultural provisioning services
(forestry and pasture management). The latter have been analyzed in a holistic way,
ranging from ecological aspects to socioeconomic issues, in particular the
sustainability of indigenous land-use systems.

Regarding prospective approaches, ecological intervention experiments on the one
hand and numerical models calibrated and parameterized by a multitude of measured
data on the other provide the basis for scenarios for the future development of the
investigated ecosystems and ecosystem services. This is the concern of Part III
Special attention is given to derive a sustainable land-use portfolio from an
ecologically adapted combination of suitable agricultural strategies and managements.

The main synthesis (Part IV) summarizes the accumulated comprehensive
knowledge, culminating in a science-directed recommendation of sustainable
land-use system for the hotspot area, which was the overarching aim of the past
6 years of research. Although the book reports projects of basic research, there is
one major point which must not be overlooked. In the spirit of the Access and
Benefit Sharing (ABS) principle publicized by the CBD (Convention on Biological
Diversity), research in a developing country should address the needs of the local
communities and should be conducted together with the local people, scientists, and
stakeholders for the sake of building capacity. After 15 years of joint
German—Ecuadorian research, a multitude of benefits have been achieved and are
communicated in Part IV. This holds in particular for the academic scene of
southern Ecuador. Furthermore, the compiled results and developed technologies
of several projects are now ready for transfer into application to serve the local
society. Consequently, the potential of the research results for knowledge transfer
has been assessed here, too.
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At this point, it should be stressed that the results of this book not only hold for
the ecosystem of the Rio San Francisco Valley but mutatis mutandis show transfer-
ability to other forested tropical mountain areas of the Andes (and beyond), if
located in a comparable altitudinal range of approximately 1,000-3,500 m a.s.l. The
environmental background conditions of the study area are comparable to many
other sites at the tropical eastern Andean ranges. The altitudinal level of the study
area is subjected to the influence of a belt of high cloudiness and precipitation, the
so-called Andes-Occurring System (AOS), ranging from Columbia to Peru (Bendix
et al. 2006). As in the study area, the population pressure in the biodiversity hotspot
of the entire tropical Andes is one of the highest in the world. This causes ongoing
land-use changes, i.e., clearing of the natural forest to increase livelihood by
exploiting provisioning services as revenues from agriculture. However, the needed
conversion of natural forest into arable land at the same time deteriorates ecosystem
services at other levels. As in the study area, the removal of forest for pastures is the
current land-use practice everywhere in the tropical Andes (Mulligan et al. 2009).
This type of land-use change is generally suspected to threaten cultural, supporting,
regulating and provision services, and also knowledge which is associated with
functional biodiversity.

However, many uncertainties of ecological, economic, and social nature remain
with respect to the bouquet of ecosystem services from the natural and the
man-made ecosystems in the research areas and beyond. The book takes up all
these uncertainties and attempts to provide exemplarily transferable comments on
the state of current ecosystem services and their management.

Last but not least, the endeavor of compiling an interdisciplinary book of this
extent is a major challenge. This had not been possible without the extraordinary
commitment of the 103 authors who contributed their excellent knowledge, crea-
tivity, and enthusiasm during the compilation of the manuscript. Many thanks go
also to our editors for moderating partly controversial but fruitful discussions in
order to match the individual chapters and to the publisher for supporting the
publication of our results in the Ecological Studies series. Our assistant editor,
Dr. Esther Schwarz-Weig (Mistelgau), deserves a special praise for her outstanding
perseverance and patience in collecting, editing, and commenting on the chapters.
Without her help, this book would certainly never have been realized. The authors
would also like to thank the German Research Foundation (Deutsche Forschungs-
gemeinschaft DFG) for generously funding the research and the external board of
advisors/reviewers for their help to refine the research program. For the achieve-
ment of the knowledge compiled in this book, the excellent cooperation with
Ecuadorian colleagues and local people was instrumental, who became good
friends over the time. The foundation Nature and Culture International (NCI)
provided the facilities, in particular the very well-equipped research station ECSF
(Estacion Cientifica San Francisco) together with the surrounding research area.
The effective running of this station by NCI in cooperation with the German
scientific coordinators Dr. Felix Matt and Dipl. Geoecologist Jorg Zeilinger must
be considered a stroke of luck for the entire enterprise “Ecosystem Studies in South
Ecuador.” The support of our counterparts from the Ecuadorian Universities, above
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all from the Universidad Técnica Particular de Loja (UTPL), the Universidad
Nacional de Loja (UNL), and the University of Cuenca, also deserves special
acknowledgment. The authorship and coauthorship of many Ecuadorian
collaborators in this book witness the excellent cooperation. Last but not least,
we thank the Ecuadorian governmental administration for enabling this exciting
research and, on behalf of others, the Ecuadorian Ministry of Environment (MAE)
for issuing the research permissions. As the space of this preface is limited, it is not
possible to thank all people by names who have contributed to the success of our
research and in turn to the realization of this book. Nevertheless, we are very
grateful to them and their support of our venture is well appreciated.

Marburg, Germany Jorg Bendix
Bayreuth, Germany Erwin Beck
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Part I
Introduction



Chapter 1
The Study Area

Michael Richter, Erwin Beck, Riitger Rollenbeck, and Jorg Bendix

1.1 Why the Andes of Southern Ecuador?

The Andes of southern Ecuador are considered as one of the “hottest” global
hotspots of vascular plant (Barthlott et al. 2007; Brummitt and Lughadha 2003;
Jgrgensen and Ulloa Ulloa 1994) and bird diversity (Orme et al. 2005). The major
proportion of the biological diversity is found with the native mountain forest which
as a rather stable ecosystem provides a multitude of services. However, this
ecosystem is severely threatened by on-going deforestation which takes place at
the highest annual deforestation rate (—1.7 %) of entire South America (Mosandl
and Giinter 2008). The forces driving forest decline in Ecuador are manifold (Rudel
and Horowitz 1993; Pichén 1996; Mena et al. 2006). As main drivers in southern
Ecuador the colonisation laws and land reforms, the population pressure and
transmigration, the existence of state-owned land and unclear property regimes as
well as the recently improving accessibility (road construction) could be identified
(cf. Chap. 16).

More than 10 years of comprehensive interdisciplinary research in the San
Francisco Valley in the eastern Andean Cordillera of southern Ecuador have proven
the megadiverse character of the native mountain forest (Beck et al. 2008a). Apart
from a high diversity of vascular plants (e.g. >280 tree and >337 orchid species) a
variety of other organismic groups are represented with extraordinary species

M. Richter (<)
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91054 Erlangen, Germany
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numbers (Liede-Schumann and Breckle 2007; Beck and Richter 2008). Records
from the central part of the research area (natural forest area = 11.3 km?, anthro-
pogenic area = 1.91 km?) revealed more than 500 species of bryophytes (mosses,
liverworts, hornworts; up to 98 species on a single tree) and around 1,600
cormophytes. Even more diverse are insects, exemplified by a world record of
2,400 moth species. Birds and bats exhibit likewise extraordinary high diversity. A
few organismic groups are nevertheless relatively poor in species, among them taxa
of soil organisms, particularly the litter decomposers. Soil mites and earthworms
are scarce or at least less abundant and diverse (Illig et al. 2005), probably due to
nutrient limitations.

As in other parts of the country, the native forest has been and still is widely
cleared in southern Ecuador for gaining pasture land. This particularly holds for
well-accessible areas (e.g. close to roads) where there is no forest protection.
Recurrent burning as the hitherto practised pasture management option is fostering
the invasion and spreading of an aggressive weed, the Southern Bracken fern
(Pteridium arachnoideum (Kaulf.) Maxon and Pt. caudatum (L.) Maxon) which
outcompetes the pasture grasses, finally leading to the abandonment of the spoiled
land (Roos et al. 2010; Hartig and Beck 2003). As expected, biodiversity of this
highly disturbed sites (“Llashipa” = fern) is generally lower compared to the
native forest, but this does not hold for all organismic groups (e.g. Haug et al. 2010).

The status of the mountain ecosystems encompassing native forests and pastures
as the anthropogenic replacement systems shows that the current mode of
exploiting the provisioning services in the Andean ecosystems of southern Ecuador
is not sustainable. Hence there is serious concern that essential ecosystem services
at all levels are affected particularly by the land use practices not refraining from
further clearing of the natural forest. If no effective counter-measures are taken,
biodiversity and ecosystem services are supposedly further declining, as they are
additionally challenged by climate change for which evidence in the area will be
presented (Bendix et al. 2010, Chap. 2). Based on the results of a comprehensive
research effort in the Andes of southern Ecuador, this book aims to provide deeper
insights into current and future ecosystem functioning and services in a mega-
biodiverse hotspot area.

1.2 The Location of the Study Site

The entire research area comprises the Andean part of south-eastern Ecuador
between the provincial capital Loja in the west, the provincial capital Zamora in
the east and the town Vilcabamba in the South (Fig. 1.1). The main connection road
between the two capitals runs along the valley of the Rio San Francisco (RSF). The
core area of the research activities expands around the research station ECSF
(Estacion Cientifica San Francisco, lat. 3°58'18" S, long. 79°4'45” W, 1,860 m
a.s.l.) and the focal experimental site in the natural forest RBSF (Reserva Bioldgica
San Francisco) which ranges from 1,600 to 3,140 m a.s.l. The lower parts of the
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Fig. 1.1 Location of the research area. The image on top (left) shows the area of the map 1 and the
site of the cross section of map 2 highlighting the Andean depression. Graph 3 shows the location
of the research area (Reserva Biologica San Francisco, RBSF), the catchment of the Rio San
Francisco and the two mountains El Tiro and Cerro del Consuelo at the borders of the research
area. The satellite areas at Bombucaro and at Cajanuma were used to study altitudinal gradients.
The digital elevation model (DEM) is based on Jarvis et al. (2008)

south-facing slopes opposite the forest are covered by active but also abandoned
pastures. The border between the provinces Loja and Zamora-Chinchipe runs along
the crest of the Cordillera Real (eastern cordillera range) which is the core of the
Podocarpus National Park (PNP). For a complete altitudinal gradient (Beck et al.
2008a) over the natural forest, two experimental satellite areas (Bombuscaro at
1,000 m a.s.l. and Cajanuma at 3,000 m a.s.l., see Fig. 1.1) have been established
near the western and eastern border of the PNP, respectively.
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The elevation of the Cordillera Real does not exceed 3,900 m a.s.l. With this
relatively low vertical extension, the Andes of southern Ecuador are the lowest part
of the tropical Andes. As stressed, e.g. in Richter et al. (2009), this depression (the
Amotape-Huancabamba Depression) forms a transition zone between the higher
northern and the central tropical Andes in the South and in east—west direction
between the moist Amazon rainforest and the dry Sechura desert. As such, it plays a
major role in the development of the extremely high biological diversity of the
ecoregion (see Sect. 1.4.3). Furthermore, the SE-Ecuadorian Andes are
characterised by a high topographic fragmentation which results in numerous
isolated basins and ridges, thus offering a great variety of habitats which might
foster development and maintenance of a high organismic diversity, as well as of
endemism (c.f. Oesker et al. 2008).

1.3 Ecological Measurements and Experiments

The scale concept of the research programme correlates with the clustering of the
ecological experiments. The satellite research sites at 1,000 and 3,000 m elevation,
respectively, allow comparative surveys and ecological experiments along a
2,000 m altitudinal gradient. The experimental sites have been equipped with
sophisticated instrumentation and tailor-made ecological treatments produced the
data and results which are presented in this book. The location of the research sites
are shown in Fig. 1.2.
The following measurements and experiments were carried out:

1. The still on-going Nutrient Manipulation Experiment (NUMEX) investigates
effects of nutrient input into the megadiverse natural forest, simulating the
natural atmospheric deposition, however in selected constant amounts. Research
objectives are the effects on biomass allocation of trees, species composition
(biodiversity) and the biogeochemical cycle. The consortium operates main
experimental sites at three elevations and several additional plots in the matrix
area, to consider also the influence of the topographic variability (see Chaps. 22,
23 and 26).

2. On the pasture site, the corresponding FERPAST experiment investigates the
effects of nutrient addition on pasture yields in relation to the biology and
chemistry of the soils (Chaps. 22 and 26).

3. In the forest area, several long-term experiments monitor temporal oscillations
of key components of the biogeochemical cycle (long term ecosystem study) or
investigate the outcome and ecological impact of a moderate promotion of
valuable timber species in the natural forest (natural forest experiment, Chap. 13).

4. On the abandoned land, experiments were performed (1) to understand the
competition of bracken fern with the common pasture grass Setaria sphacelata,
(2) to elaborate optimal pasture management protocols and (3) to study the
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success of afforestation with indigenous tree species on active and abandoned
pastures as well as under the shelter of exotic trees (see Chaps. 15 and 26).

5. The experimental setup is completed by basic research infrastructure as, e.g. a
network of meteorological and hydrological stations.

6. In order to upscale the experimental findings to the landscape scale, numerical
models have been developed and/or parameterized on the scale of the
(1) experimental sites, (2) the RBSF (model domain 1) or (3) the total catchment
of the Rio San Francisco (Fig. 1.1, framed in blue) and beyond. The adapted
models are used to understand ecosystem processes and to generate future
scenarios as presented in Part IIT of the book.

1.4 Selected General Features of the Study Area

The general abiotic and biotic zonation, as well as the geology, topography, the
soils and the entire biogeography of the area including population features of
southern Ecuador has already been described in Beck et al. (2008a) and Beck and
Richter (2008). However, selected new findings which are completing the overall
knowledge of the study area deserve special attention with regard to the following
aspects: (1) the complex dynamics of rainfall formation in the study area and other
climate peculiarities, (2) the natural disturbances as an internal trigger of biological
megadiversity in the tropical mountain forest system and (3) the reasons for the
megabiodiversity of the area.

1.4.1 Climate Peculiarities

The climate of the study area is generally characterised by extreme horizontal
gradients. Over a very short distance of ~25 km, annual rainfall increases from
less than 500 mm in the semi-arid inter-Andean basin of Catamayo west of Loja to
more than 6,000 mm (including cloud water deposition) at the top region of the
Cordillera Real (Emck 2007; Richter 2003), where the crest of the cordillera
constitutes a clear weather divide with extremely wet conditions on the eastern
escarpment (see Fig. 1.3). At the same time, the seasonality changes from two
rainfall maxima in austral spring and autumn at Loja to one rainfall peak in austral
winter (JJA: June to August) for the Rio San Francisco Valley.

In austral winter quasi-permanent easterly winds (>70 %) lead to rainfall
maxima and a high diurnal persistence of the rain from relatively shallow cap
clouds (cloud top between 4 and 5 km; Bendix et al. 2006b) resulting from forced
convection and condensation of moist Amazonian air masses impinging on the
eastern slopes of the Andes (Fig. 1.3). From October to January (austral summer),
dry periods but also strong convective, thermally induced rainfall events are mostly
combined with (north-) westerly weather conditions (WWCs) and with
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Fig. 1.3 Map of average annual rainfall (1998-2010) derived from rain radar data and ground
measurements projected on a digital elevation model of the region around Loja (see also
Rollenbeck and Bendix 2011)

VdN-situations (Veranillo del Nifio) with a maximum incidence in November
(Emck 2007; Bendix et al. 2008a). During this drier period convective showers
induced by the valley-breeze system are also frequent in the afternoons of the San
Francisco Valley. With regard to the vertical cloud moisture gradient in the valley, a
clear increase of cloud frequency and thus, cloud water deposition is observed
above 2,600 m (Rollenbeck et al. 2010). During the early morning hours around
sunrise, however, cloud frequency increases almost linearly upwards from the
valley bottom, starting with higher values also in its lowermost range (Bendix
et al. 2008b). Radiation fog (visibility < 1 km) at the valley bottom is scarce
(Fig. 1.3) and relates to nocturnal radiation losses during dry periods, while at
higher altitudes particularly in austral winter cloud fog and cloud water deposition
is extremely prominent, due to the cap clouds touching the upper slopes (cloud fog).

A novel finding is the occurrence of two daily maxima of precipitation in the Rio
San Francisco Valley. Apart from the afternoon showers during drier periods the
other maximum can be attributed to cap clouds in austral winter. These early
morning rains are also related to highland-lowland interactions and mesoscale
atmospheric dynamics. The confluence of nocturnal katabatic flows from the
escarpment—caused by the specific concave shaping of the eastern Andes in the
East of the research area—produces local cold fronts in the warm-moist Amazon air
during the night. In combination with an Andean-parallel low level jet (LLJ) above
1,500 m a.s.l. they cause strong atmospheric instability leading to the formation of
mesoscale convective systems (MCS) over the eastern foothills. In their mature
phase around sunrise (MSC,,, in Fig. 1.4), these systems are forced towards the
eastern escarpment by the easterlies, fostering rainfall over the valley itself (details
in Bendix et al. 2009; Trachte et al. 2010).
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Fig. 1.4 Summary of cloud and rain formation processes affecting the study area. Note: The graph
contains climate features of various seasons. JJA = austral winter (June—July—August), DJFM =
austral summer (December—January—February—March). ECSF Estacion Cientifica San Francisco,
LST local standard time, MCS mesocale convective system. Photos: Michael Richter (left) and
Paul Emck (right)

The great number of rainy and cloudy days results in low amplitudes of the
persisting high relative humidity during the peak season of rainfall in austral winter
(JJA). In contrast, in October—November pronounced fluctuations occur during
VdNs, when abrupt drops of 80 % can happen within few hours. The most dramatic
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case was recorded at night (!) of 17/18 October 1998, when the summit area was
stressed by a sudden decrease from relative humidity (rH) >95 % down to <15 %,
initiated by an enhanced downswing of air masses towards a strong low at the
eastern foothills of the Andes.

Extraordinarily high values of global irradiance of up to 1,832 W m ™2 were
measured in the paramo6 above the tree line during such irregular meteorological
events. Incidence of “superirradiance” of over 170 % of the potential “clear sky”
irradiance occur predominantly under easterly weather conditions (EWC) when global
radiation is enhanced by reflections and diffractions of transparent clouds screening
the sun disk and through lensing effects by water droplets (Emck and Richter 2008).
Ultraviolet radiation with its mutagenic potential must be considered to reach record
levels as well, which might enhance the genetic dynamic of the organisms.

1.4.2 Landforms, Erosion and Mass Movement

Typically, landform characteristics in high mountains result from past as well as
recent geomorphological processes. Among the latter, gelifluction and/or glaciation
traces of the ice ages are obvious in the Cordillera Real, but not down in the valley.
Glacial cirques and moraines are absent as are obvious signs of frost debris
remnants. Both phenomena are, however, present in the upper regions of the
neighbouring Rio Sabanilla Valley. Hence, apart from the quasi-continuous uplift
since the Tertiary, land-forming processes are to a large extent restricted to fluvial
erosion and slope denudation (Fig. 1.5).

Deeply incised V-shaped valleys are a typical landform in the entire eastern range
of the wet tropical Andes. Side crests and offsets are mostly staggered and graded on
concordant levels showing relics of formerly interrelated and meanwhile dissected
rock terraces. They are considered residuals of ancient valley floors which deve-
loped during phases of slow uplift of the Andes. Narrowly delimited flat sections
on side crests are generally fixed on hard parent rock such as quartz, which
builds resistant strata between the phyllites or fine sand stones. In the RBSF terrain
prominent terrace levels are at 2,200 m a.s.1. and around 2,580 m a.s.l. (pale yellow
areas in Fig. 1.6, left). The steep appearance of the research area becomes apparent
by the fact that around 55 % of its surface belongs to the inclination class between
25 and 40°, and slopes >40° are represented by almost 20 %.

Due to such inclinations under a perhumid climate and an on-going lowering of
the erosion base level, slope stability is weak and landslides are a frequent natural
phenomenon. The most striking morphological processes of the San Francisco
Valley are numerous translation slides in the rainforest area (Fig. 1.6, right),
which are a characteristic feature of destructive mass movements in the Rio San
Francisco Valley (see Chap. 12). Vanacker et al. (2003) stated that under forests,
slope steepness affects slope stability. Additionally, in case of the forested research
area slide activity results from the destabilisation of thick, water-soaked organic
and humus layers and in particular of the weight of dense tree stands (Richter 2009,
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Fig. 1.5 Geomorphologic zonation and landform distribution in the RSF Valley including the
summit region few kilometres further south in the Cordillera Real. (a) V-shaped RSF Valley near
the research station at 1,800 m a.s.l., (b) slide section around 2,500 m a.s.l. in the RBSF, (¢) view
towards Lagunas de los Compadres, 3,100-3,550 m a.s.l. Photos: Michael Richter

see also Chap. 12). After deforestation, however, slumps, debris and mud flows on
pasture land become rare. Such areas are devoid of the thick organic layer and the
humic topsoil is very compact due to trampling by the cattle. If any, bulk density
and soil wetness gain some importance as the above ground weight of the vegeta-
tion is negligible and the compact root systems of the grasses reach deep.

The importance of landslides for ecological processes in the research area is
obvious from the numbers in Table 1.1.

Denudation rates by sheet erosion and splash are present throughout, although of
scarce visibility. At around 2,000 m a.s.l., continuous measurements on soil erosion
test plots on 40 & 5° inclined slopes show denudation rates between 200 and
1,100 kg ha~' a~' in the rainforests of RBSF, depending on the density of the
understory, while the values on active or abandoned pastures vary between 200 and
300 kg ha—' a~'. Interestingly, these results of removal by sheet erosion resemble
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Fig. 1.6 Inclination (/ef) and landslides (right; each slide clearly visible in 1998 is indicated, after
Miinchow et al. 2012) mapped in RBSF including parts of Llashipa

Table 1.1 Landslides in the research area (relating to all incidents between 1963 and 2000;
Miinchow et al. 2012)

Natural forest Roadside and pasture land s.1.
Number of landslides 691 138
Landslide density (km?) 12 14
Mean landslide size (m?) 558 1,070
Proportion of slided terrain surface (%) 3.41 7.73

Note: By far, most of the mass movements in pasture and abandoned land are caused by roadside
slides

the transport amounts produced by splash, which vary between 250 and
850 kg ha~' a~! in forest stands and around 80-150 kg ha~' a~' on pastures. The
natural denudation rates caused by sheet wash and splash depend considerably on
the structure of the mountain rainforest, on the soil structure and on the quantity of
rainfall. At 1,000 m a.s.l., splash and sheet erosion rates in the rainforests of
Bombuscaro are up to three times higher compared to RBSF, as rain intensities
and tree size in the lower site are much higher and such are the energies of the
droplets (Hagedorn 2001).

1.4.3 Causes for the Outstanding Biodiversity

Available reports of recent botanical expeditions and own observations document a
high probability to discover unknown plant species in the so-called Amotape-
Huancabamba floristic zone (Weigend 2002). With respect to the uplift of the
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Fig. 1.7 Scale dependent factors contributing to plant diversity in the study area in southern
Ecuador (Richter et al. 2009). Four levels from global to microscale are expressed in separate
boxes. The map of vascular plant species (vasc. Plant spec.) richness is based on a world map by
Barthlott et al. (2007). Star indicates the position of the RBSF research area

mountain system, this zone represents a geologically young part of the tropical
Andes and since the uplift is apparently the crucial event for speciation, a high
dynamics of the biological diversity can be expected. On the family level, far above
average endemism has been shown for Orchidaceae (55 % of the occurring species),
Bromeliaceae (50 %), Asteraceae (37 %) and Piperaceae (37 %). The ample supply
of digestible plant organs, flowers and fruits provides a broad spectrum of food for
generalists as well as for specified consumers and in turn affects faunal diversity.
Several factors may be considered as driving forces for the development of the
high diversity of vascular plants (see the box “ecozone scale” in Fig. 1.7). Examples
are the long effective evolution time in combination with a low seasonal variability,
the reasonably fair cation exchange capacities of strongly weathered tropical
subsoils, high rainfall and the multiplicity of plant—animal interactions (for details
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see Richter et al. 2009). On a regional and mountain scale, corridors for species
migration but also barrier effects from the orographic heterogeneity between ridges
and valleys give rise to a variety of microclimates producing a multitude of
ecological niches. In addition habitat fragmentation triggered by the high relief
energy is of importance. On the plot scale slight terrain differences in particular in
the paramo ecosystems or bark peculiarities favouring a variety of epiphytic
populations in the RBSF forests are decisive variables for the coexistence of
ecological microniches.

Disturbances take place at all scales. On the plot scale, gaps originate by falling
branches or tree veterans, while landslides produce vertically oriented gaps of
several hundred metres length, each triggering the onset of a succession sequence
and thus contributes to the maintenance of the biological diversity of the hotspot.
Big disturbances are man-made agricultural areas, mostly pastures, a significant
portion of which are not sustainably managed and thus are abandoned after some
years of cattle farming (see Chap. 17). After clearing the natural forest by slash and
burn, pasture grasses, predominantly exotic species are planted, because grasses are
rare (except bamboo) in the mountain forest. The non-natural species composition
of the pastures is not resistant to the invasion by fast growing and propagating
weeds, as e.g. the Southern Bracken Fern (Pteridium arachnoideum and Pt.
caudatum) or shrubs like Ageratina dendroides, Baccharis latifolia, Brachyotum
spec. and Monochaetum lineatum which are accompanied by a specific fauna.
They contribute to collateral non-native elements, most of them of ubiquitous
occurrence in the tropics and commonly considered as undeserved organisms.
Species numbers of most of the native taxonomic groups decline upon human
impact (e.g. Rubiaceae, Lauraceae, Araceae among vascular plants and Geometridae
among moths) while others increase considerably (e.g. Asteraceae, Poaceae,
Melastomataceae and Arctiidae, respectively; Peters et al. 2010; Brehm et al.
2005). Biodiversity is replaced by high abundances of a few species. These changes
are accompanied by an expansion of the daily temperature ranges, a decrease in
relative humidity, resulting from the conversion of a dense humid forest into open
pastures, i.e. into brightly illuminated, drier and warmer environments (Fries et al.
2009, 2012).
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Chapter 2
Environmental Changes Affecting the Andes
of Ecuador

Thorsten Peters, Thomas Drobnik, Hanna Meyer, Melanie Rankl,
Michael Richter, Riitger Rollenbeck, Boris Thies, and Jorg Bendix

2.1 Introduction

It is indisputable since the announcement of the Millennium Ecosystem Assessment
(2005) that global environmental change, especially land use and climate change,
are threatening biodiversity. Although it is widely supposed that climate change
will lead to the extinction of many species in the future (Colwell et al. 2008;
Williams et al. 2007), human land use is currently the most important threat to
biodiversity (Pimm and Raven 2000; Koster et al. 2009; de Koning et al. 1998;
Southgate and Whitaker 1994; Bebbington 1993). Sala et al. (2000) have pointed
out in this regard that global terrestrial biodiversity will be most severely affected
by expanding agriculture by the year 2100, with climate change and nitrogen
deposition being the next most important factors. Tropical forests have recently
undergone great changes, due mainly to land use activities that annihilate ecologi-
cal niche diversity and lead to the extinction of species (Sala et al. 2000). In this
context it must be emphasised that the tropical Andes contain about one-sixth of all
known plant species in a space of <1 % of the world’s terrestrial area (Mittermeier
et al. 1997).

The area of our research—southern Ecuador—comprises dry and humid moun-
tain biomes as well as lowland tropical rainforests. A great variety of ecosystems
are found in this area, ranging from high altitude habitats harbouring only a few
species to complex, extremely species-rich habitats on the eastern escarpment of
the Andes (Richter et al. 2009). Williams et al. (2007) argued that the climate
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conditions that favoured this biodiversity hotspot during the twentieth century may
disappear entirely during the twenty-first century. Consequently, the extraordinarily
high biodiversity of this region appears as strongly endangered (Myers et al. 2000;
Brummitt and Lughadha 2003; Southgate and Whitaker 1992; Harden 1993; Myers
1988, 1993; Bendix et al. 2010). Scientific research is therefore essential for
developing and fostering conservation strategies.

In this chapter current knowledge of the recent development of the three major
ecosystem threats of land use dynamics, climate change and nitrogen deposition
(Sala et al. 2000) will be discussed for the study area of southern Ecuador.

2.2 Land Use Dynamics

Andean environments have undergone modifications by human activities for at
least 7000 years (Bruhns 1994; Jokisch and Lair 2002; Sarmiento and Frolich
2002), but the intensity of land use has accelerated considerably during the past
century (Ellenberg 1979; Luteyn 1992; Peters et al. 2010). This especially holds
true for Ecuador, which exhibits the highest deforestation rate in South America
(FAO 2005; Mosandl et al. 2008). Figure 2.1 shows the decisive role of road
construction for land reclamation in this country. In 1938 only few roads existed
within the coastal plain and the Andes of Ecuador, while the eastern regions of the
country were still untouched. At least 75 % of the western part of the country was
forested at that time, and as of 1969 primary forest covered still ca. 63 % (Dodson
and Gentry 1991). Only a few new roads were constructed in western and central
Ecuador during the interim, while the eastern part of the country remained almost
unexploited. During the period up to the year 2000 various factors initiated a rapid
expansion of road construction, which also encroached the eastern lowlands
(Fig. 2.1). The population increased from less than 4 to more than 10 million people
during the same period, and land reform programmes effectively promoted inner
colonisation of government-owned forested lands. Large sums were invested in
road construction to provide communication between and transport to new cities
and transfer sites (Dodson and Gentry 1991). Petroleum became the most important
export commodity, and the cultivation of cash crops contributed to the derogation
of natural environments. Today an extensive network of primary and secondary
roads has opened up most of western and central Ecuador, while parts of the Oriente
have been converted into protected areas and safeguarded to certain extents.
Facilitated access has had a devastating effect on the mountain rainforest of the
Rio San Francisco (RSF) valley. Between 1960 and 1980 approximately 0.25 % of
the south Ecuadorian Andean forests were cut by slash-and-burn annually (Keating
1997; Marquette 2006). While most of the north-facing slopes of the Reserva
Bioldgica San Francisco (RBSF, see Fig. 1.1, map 3) are still covered by primary
mountain rainforest today, much of the forest on the south-facing slopes has been
converted into pastures. The construction of the road from Loja to Zamora led to a
rapid establishment of settlements in the region subsequent to 1957 (Pohle et al. 2009),
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Fig. 2.1 Road networks of Ecuador in 1938, 1969, 2000 and 2011. The maps are based on the
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and pastoral land use increased rapidly between 1962 and 1989. With the founda-
tion of the Podocarpus National Park (PNP) in 1982 (Pohle and Gerique 2008) and
the RBSF in 1997, major parts of the Cordillera Real were declared as protected
areas. Land use was intensified on the northern slopes of the RSF valley and on
unprotected areas near Sabanilla (Fig. 2.2).

In order to quantify land use changes within the wider area between the
two cities of Loja and Zamora (cf. model domain, Fig. 1.1), two orthorectified
Landsat TM/ETM+ scenes from 1987 and 2001 were pre-processed and classified.
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A post-classification change detection analysis revealed the changes that took
place within an area of 4,800 km? during the 14-year period. Analysis was
conducted by a pixel per pixel comparison based on univariate image differencing
(post-classification intercomparison technique; Singh 1989), whereby cloud-covered
areas in both scenes were excluded from the analysis (for more details on the
classification technique see Gottlicher et al. 2009). The results (Fig. 2.3) demonstrate
that the greater part of the region is still covered by forests, of which large parts can
be found within the protected area of the PNP. Grassland is frequently encountered,
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Fig. 2.3 Land use changes between 1987 and 2001 within the 4,800 km? study region
encompassing Loja and Zamora. The black arrows indicate the quantitative changes in km?.
Details as to the methods are provided in the text

particularly in the valleys. Urbanised areas occur especially in and around Loja and
Zamora. Forests suffered the greatest quantitative losses (Fig. 2.3). A total of
424.6 km? were cleared between 1987 and 2001, and even after taking the refores-
tation of 82.1 km” into consideration, the net loss of forest was 342.45 km®. The
expansion of urban land amounted to 2.2 km? and became especially apparent in the
growth of Loja. The detected deforestation rate of 13.61 % for the study area
corresponds to an annual deforestation rate of 0.97 %. Goerner et al. (2007)
reported a deforestation rate of 0.9 % per year for the same study area.

2.3 Climate Change and Its Effects

Using a regional climate model based on the prospective IPCC (Intergovernmental
Panel on Climate Change) climate scenarios A2 and B2 (Meehl et al. 2007), grid
cell maps presented by Urrutia and Vuille (2009) show that several regions of the
tropical Andes may sustain dramatic temperature and precipitation changes as a
result of currently progressing climate change. For the grid cell of southern Ecuador
a slight increase in rainfall (+8 %) and cloud cover (+4 %) is expected, together
with a marked increase of air temperature of +3°K relative to the average of
1980-1999 (Meehl et al. 2007). Climate change may thus severely affect a floristic
region which harbours one of the global diversity hotspots for vascular plant species
(Barthlott et al. 2007; Richter et al. 2009). Unfortunately, long-term series of
meteorological measurements for SE-Ecuador are available to an only very limited
extent. Only the INAMHI (Instituto Nacional de Meterologia e Hidrologia) station
“Loja” (2,160 m a.s.l.) that is located in the inter-Andean basin west of the main
Cordillera has provided continuous data since 1964. The main station of the Oriente
in Zamora (970 m a.s.l.) was closed in the1990s. In the San Francisco Valley itself,
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Fig. 2.4 Climate trends in the study area in southern Ecuador over a 40-year period. Top: annual
rainfall [mm]. Bottom: average annual air temperature [°C] at selected locations. Data taken from
the INAMHI (Instituto Nacional de Meterologia e Hidrologia) and EERSSA (Empresa eléctrica
regional del Sur S.A.) climate stations

the regional electricity company EERSSA (Empresa Electrica Regional de Sur S.A.)
has operated a rain gauge since 1966 at a location close to ECSF’s main meteoro-
logical research station (1,950 m a.s.l.) that has been recording meteorological data
since 1998. The insufficient supply of data is a general problem with regard to the
fact that the regional climate of SE-Ecuador is locally highly variable and exhibits
pronounced seasonal changes. Along a W—E distance of only 40 km it ranges from
semiarid conditions and a relative dry season in MJJ at Catamayo in the west of the
main Cordillera to a perhumid climate east of the main Cordillera (at the Cerro met
station of the research programme, see Fig. 1.2), with peak rainfall occurring in the
same period (Richter 2003; Emck 2007; Bendix et al. 2008a). However, some
general climatic trends can be observed in spite of the poor data basis (Fig. 2.4).
Both the western inter-Andean basin of Loja and the eastern Andean escarpment at
Zamora reveal a significant warming trend. The air temperature at the station
“Loja” about 30 km to the west of the ECSF meteorological station evidences a
warming of ~0.6 °C over the 45 years of 1961-2008 (0.13 °C per decade). The
station ‘“Zamora” (San Ramon) situated in the eastern Andean foothills was
characterised by an even stronger warming trend up to 1990.

The climate data in conjunction with model calculations thus point to a clear
warming trend in the study area. The ecological importance of such a thermal shift is
obvious. Assuming a stationary average annual lapse rate of —0.61 °C 100 m™'
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Fig. 2.5 Number of periods at the ECSF meteorological station during which no rain fell and that
were continuously dry for at least 4, 7 or 14 days

(Bendix et al. 2008b) until 2100, the increase of temperature must result in an
altitudinal shift of ecothermal belts in the study area (Bendix et al. 2010). An
increase in temperature of 3 °C during the course of the twenty-first century
would result in climatic conditions currently prevailing at a particular altitude
being found at significantly lower altitudes. For example, the average air tempera-
ture of 15.5 °C now recorded by the ECSF meteorological station at an altitude of
1,860 m a.s.l. would be found at an altitude of 2,300 m a.s.l. at the end of the current
century. This would lead to an upslope migration of thermophilous species, for
which, however, suitable habitat corridors to higher areas are a prerequisite (Colwell
et al. 2008). The numerous valleys of the Precordillerean and Amazon forelands
might represent such corridors in the case of the Cordillera Real. Many lowland rain
forest species have outposts in western Amazonia (Miles et al. 2004), from where
they would be able to spread into the valleys and Precordillerean ranges. Drought-
and heat-tolerant species are accordingly most likely to migrate into new terrains,
and taxonomic input of invasive species from anthropogenic habitats can play a
significant role in re-shuffling communities. Sources of invasive species are
pastures, abandoned former cultivated land, roadsides and exotic tree plantations
close to the RBSF and further downstream in the valley.

The situation of rainfall is more complex (Fig. 2.4). There has been a weak but
significant trend towards an increase in rainfall in Loja over the observation period
of 1964-2006. The slight decrease in rainfall in the eastern Andean foothills at
Zamora is, however, not significant. The station San Ramon between Loja and
Zamora also features an almost unnoticeable negative trend over the observation
period. The areas west of the main Cordillera are subject to a slight increase in the
amount of rainfall, while the humid eastern regions received a little less. The ECSF
climate station has documented an obviously accelerating decrease in precipitation
during the last 10 years of observations and particularly after 2005 (for more details
see Chap. 19). This negative trend can mainly be attributed to an increase in the
number of dry days and a more frequent occurrence of longer lasting dry phases in
2005, 2006 and 2010 (Fig. 2.5). However, it should be kept in mind that the high
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variability of annual precipitation and the limited length of the data series do not yet
permit a distinct trend analysis.

2.4 Atmospheric Nutrient Deposition

The spatial distribution and temporal dynamics of precipitation and wind also
regulate the deposition of water-dissolved matter into mountain ecosystems.
These depositions can contain relatively high concentrations of plant nutrients
(particularly N, S, P, and K) and acids (Boy et al. 2008), that are transported over
long distances in the atmosphere. Especially Amazonia and even northern Africa
are source regions for the nutrients that are transported to the mountain forests of
Ecuador. Several authors showed that biomass burning (as, e.g. takes place in the
Amazon) has a fertilising effect on ecosystems that thereby receive an input of N
and P (Da Rocha et al. 2005; Fabian et al. 2005; Boy et al. 2008). To identify
processes involved in these mineral depositions, rain water samples are being
analysed for principal cations and anions, pH-value and electrical conductivity.
The sampled water generally has very low concentrations of ions, and conductivity
rarely exceeds values of 20 uS cm™'. The values are generally lower during the
rainy season due to dilution effects (Rollenbeck et al. 2006). The results shown in
Fig. 2.6 suggest seasonal differences in element concentrations present in rainfall,
probably resulting from biomass burning in Amazonia. For example, depositions of
nitrate (NO3) were higher during “fire episodes” in 2004 and 2007 than during “no
fire” periods, and these peaks of nutritional input could in the long run affect the
floristic composition of the mountain forests (Rollenbeck 2010). A thorough analy-
sis of nutrient inputs into the mountain forest and its temporal development is
presented in Chaps. 11 and 21.

2.5 Aspects of Future Threats

The expansion of agricultural land use in conjunction with an augmentation of
population pressure is a major threat to the biodiversity hotspot on the eastern
escarpment of the Ecuadorian Andes and in the adjacent lowlands of the Oriente.
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They may well result in irretrievable losses of natural forests. Further fragmentation
of already rare animal and plant population refuges will proceed along with the
expansion of the road network. The imminence of this threat to plant and animal life
is highly topical, since substantial mineral deposits have been detected in the Andes
and their immediate forelands, even though they have not yet been exploited on a
large scale. Especially in the south-eastern part of the country, in the surroundings
of the Cordillera del Condor, gold and copper beds are assumed to exist. The
Zamora-Loja connection road passing the RBSF will suffer from a dramatic rise
of traffic volume if these resources are exploited. Increasing traffic and industrial
activities in regions as remote as the booming megacities of Brazil will contribute to
increasing inputs of aerosols and airborne pollutants. Not all of these are harmful,
though, and some might even contribute to plant nutrient deposition. Acid fallouts,
however, will exacerbate an acidification that is already burdening a majority of the
natural ecosystems. According to Urrutia and Vuille (2009), warming is predicted
to be moderate in western Ecuador, while the eastern part will suffer from increas-
ing heat. Changes in precipitation are expected to be spatially much less cohesive,
with manifold increases and decreases in rainfall throughout the Andes (refer to
Chap. 19). More important yet are changes expected for the austral summer, when
weakened mid- and upper tropospheric easterlies and strengthened westerlies may
result in longer and more frequent dry spells. These will extend from October to
January and could promote the migration of thermophilous organisms towards
higher reaches. More serious appears, however, an increase of fire incidence.
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Chapter 3

The Challenges of Sustainable Development
in the Podocarpus-El Condor Biosphere
Reserve

Jan Barkmann, Sofia Eichhorn, Byron Maza, Frank v. Walter,
and Roland Olschewski

3.1 Introduction

Since the publication of the Brundtland Report in 1987 (WCED 1987), sustainable
development has been the prime guiding principle for discussing the challenges of
human development in view of limited natural resources. Numerous activists and
scholars have taken issue during the past two and a half decades with the anthropo-
centric core of sustainable development, and with its apparently poor capacity to
prescribe specific courses of development. Still, the fundamental proposition is as
relevant today as ever: any sustainable development must focus on the needs of the
current generation without compromising the ability of future generations to fulfil
their needs. Science will only be able to contribute directly to this task if it meets the
challenges of interdisciplinary collaboration.

From a sustainable development perspective, science has to analyse (1) on which
ecosystem states, processes, or structures the ecological services depend that human

Frank v. Walter died in March 2012. Although he could not directly contribute to writing this
chapter, it does, nevertheless, include some of his contributions to Research Unit RU 816.

J. Barkmann (P<) « S. Eichhorn « F.v. Walter

Faculty of Agricultural Sciences, Department of Agricultural Economics and Rural
Development, Environmental and Resource Economics, Georg-August-Universitit Gottingen,
Platz der Géttinger Sieben 5, 37073 Gottingen, Germany

e-mail: jbarkma@uni-goettingen.de

B. Maza

Faculty of Agricultural Sciences, Department of Agricultural Economics and Rural
Development, Environmental and Resource Economics, Georg-August-Universitit Gottingen,
Platz der Géttinger Sieben 5, 37073 Gottingen, Germany

Universidad Nacional de Loja, Ciudad Universitaria Guillermo Falconi Espinosa, La Argelia
PBX 072547252, Casilla Letra “S”, Loja, Ecuador

R. Olschewski
WSL Swiss Federal Institute for Forest, Snow and Landscape Research, Environmental
and Resource Economics, Ziircherstrasse 111, 8903 Birmensdorf, Switzerland

J. Bendix et al. (eds.), Ecosystem Services, Biodiversity and Environmental Change 31
in a Tropical Mountain Ecosystem of South Ecuador, Ecological Studies 221,
DOI 10.1007/978-3-642-38137-9_3, © Springer-Verlag Berlin Heidelberg 2013


mailto:jbarkma@uni-goettingen.de

32 J. Barkmann et al.

society utilises, (2) which pressures threaten the respective ecosystems and their
services, and (3) how the long-term capacity of these ecosystems to provide
ecosystem services can be protected and developed (Barkmann et al. 2008). The
first point is the main topic of several of the following chapters including Chap. 4,
which provides an overview on the ecosystem services investigated by Research
Unit RU 816. With regard to pressures (point 2), this book focuses on the conver-
sion of near natural forests to pasture ecosystems (cf. Chap. 15). External atmo-
spheric nutrient inputs and climate change are also considered (Chaps. 11, 23, and 24).
Concerning the last point, the research unit addresses several protection options:
the conservation of biological diversity by protecting the remaining forests,
reforestation and rehabilitation of abandoned pastures, and the general improve-
ment of farm management in order to reduce forest conversion caused by poverty
(see Chaps. 22, 26, and Sect. 3.3.2).

After discussing the sustainable development concept (Sect. 3.2), implications
for scientific decision-making support at tropicap biodiversity hotspots are derived
with reference to the Ecosystem Approach of the Convention on Biological Diver-
sity (CBD) and the Aichi Biodiversity Targets (Sect. 3.3). The chapter closes with
two examples of those conservation-development trade-offs that research needs to
address to meet the challenges of sustainable development.

3.2 Sustainable Development

In the year 1713 the Chief Mining Officer of Saxony, v. Carlowitz, called for the
“greatest art, science and industry” in order to “conserve and produce wood in a
way that there be a continuing, stable and sustaining use” (Carlowitz 1713, p. 105;
translation jb). But it became more and more apparent to the general public only in
the 1960s that many natural resources were being exploited at rates impossible to
sustain indefinitely (e.g. Meadows et al. 1972). The well-being or even the exis-
tence of humankind appeared to be threatened. By the late 1970s it had become well
established that the strain on global natural resources resulted from the combined
impacts of a poor majority struggling for a livelihood and an affluent minority
consuming a disproportionately large share of these resources ITUCN/WWF/UNEP
1980). Within this strand of the global environment and development discourse, the
term sustainable development was coined.

In 1983 the General Assembly of the United Nations adopted the term sustain-
able development. The UN created a “Special Commission”, later known as the
World Commission on Environment and Development (WCED) or, simply, the
Brundtland Commission (WCED 1987, p. ix; United Nations 2012). It was tasked
with firmly establishing the search for a global “environmental perspective” on the
international political agenda. The most widely quoted definition of sustainable
development is found in the report which WCED published 4 years later (WCED
1987, p. 43):
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“Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.”

Following the Brundtland approach, three essentials of sustainable development
should be emphasised (Barkmann 2002):

¢ orientation towards (basic) human needs,

» environmental equity and justice (intergenerational and international justice),
and

 retinity (from Latin retis: the net); retinity refers to the complex interaction of
the ecological, economic, and social spheres required for responsible decision
making (SRU 1994).

The Brundtland approach does recognise absolute limits of development set by
the global life support system (WCED 1987, p. 45). Still, WCED points out that
there is no single point beyond which ecological disaster is to be expected. Different
resources have different limits, and technology and knowledge can extent the limits
of the resource base at least at times. Without doubt, the Brundtland definition is a
socio-economic and anthropocentric approach—a fact for which it is frequently
criticised. There is, however, little debate that prime attention to basic human needs
and to environmental justice forms a minimum requirement for any consistent
sustainable development paradigm (e.g. Birnbacher 1980; Krebs 1997).

Sustainable development in the WCED sense is often depicted by three
overlapping circles (the ecological, economic, and social spheres). This graphical
representation suggests equal importance of these three spheres (or “pillars”).
However, all goals of sustainable development originate from the social sphere.
The environmental as well as the economic limitations and preconditions of human
production and consumption are of “only” instrumental value with respect to the
satisfaction of basic human needs and the demands of environmental justice.

In order to stress the interrelatedness of the three spheres, the German Advisory
Council on the Environment coined the term “retinity” (“Retinitdt”; SRU 1994).
Retinity demands that all conservation and development decisions take the interre-
latedness of three spheres into account. The WCED highlights the retinity norm
regarding ecological and economic aspects in a subsection on Merging Environ-
ment and Economics in Decision Making (WCED 1987, p. 62ff.).

Technically speaking, systematic decision making within a sustainable develop-
ment framework means that multi-dimensional bundles of ultimate and proximate
objectives are to be taken into account. The complexity of issues involved in
properly assessing alternative courses of action precludes the existence of a simple
“blueprint” for sustainable development (WCED 1987, p. 40). In the event of
conflict, there is no ecological meta-guideline according to which conflicting
objectives, for example biodiversity conservation and utilisation of the economi-
cally productive resource base, can be prioritised. The ecosystem service concept as
popularised by the Millennium Ecosystem Assessment (MA 2005; see also Chap. 4)
provides an analytical basis for investigating these conflicts, not for solving them.
In this respect, the carrying capacity/ecocapacity approach is too deeply entangled
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in a mesh of unresolved social and normative questions as to be a generally
applicable, normatively justified guideline (Barkmann et al. 2008).

Its restrictions do not make the sustainable development concept useless. In fact,
several authors have pointed out that sustainable development should be interpreted
as a regulative idea of the discourse on environment and development (cf. Jérissen
et al. 1999; Hirsch-Hadorn 1999). Like other regulative ideas such as freedom or
justice, sustainable development has a clear normative dimension (basic needs
orientation, intergenerational and international justice), and guides the search for
human courses of action. If interpreted as a regulative idea, it is evident why a
reference to the sustainable development paradigm itself cannot select the “best”
option for development or conservation: this must be done by the “regulated”
discourse on environment and development.

In combination with the retinity demands of sustainable development, the
regulative character of the concept establishes certain information requirements
that science needs to respond to. With respect to the situation in the project area of
RU 816—i.e. the northern part of the UNESCO Biosphere Reserve Podocarpus-El
Coéndor, we turn to an investigation of two exemplary information needs in the
second part of the next section.

3.3 Implications for Research in Tropical Biodiversity
Hotspots

3.3.1 CBD Ecosystem Approach and Aichi Biodiversity
Targets

Accepting the proposition that sustainable development is a regulative idea (see
above) has consequences for the way in which applied sciences have to interpret
their role. Most fundamentally, applied ecological and socio-economic sciences
need to generate and present knowledge in a way that diverse groups of
stakeholders can make good use of in decision-making processes. In conse-
quence, applied sciences have to make their expertise “discourse-able” (Barkmann
2001).

In the project area, various land users compete for access to limited natural
resources. During the first phase of RU 816 in 2007, the Podocarpus—El Céndor
region was officially recognised by UNESCO as a Biosphere Reserve (BR; Bendix
et al. 2010). A BR is a protected area specifically dedicated to the principles of
sustainable development. In accordance with UNESCO’s Seville Strategy (2012),
the core zone of the BR is formed by strictly protected Podocarpus National Park.
Around this core, several buffer zones are located. One of the buffer zones is the
protected forest area “Bosque Protector Corazén de Oro” (Fig. 3.1). Between this
buffer zone and the national park, a less protected transition zone is wedged along
the main road from Loja to Zamora.
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Fig. 3.1 Predicted extent of forest habitat loss if the footpath between Imbana and Sabanilla is
replaced by a paved road; the inset highlights an example of substantially reduced habitat
connectivity between the Sabanilla/Podocarpus (South) and the Yacuambi (Northeast) habitats
of the Andean bear (Tremarctos ornatus)

Local farmers are interested in the continued or even extended availability of
productive pastures (see Chaps. 15 and 26). The urban public is interested in the
quality of drinking water (see Chap. 4). National and international conservationists
focus on the conservation of biological diversity. Finally, tourists and recreational
users are interested in the amenity value of the South Ecuadorian landscape.
Principally, all of these land-use interests can be traced to some socially legitimate
objective. Thus, references to sustainable development cannot be directly drawn
upon to prioritise these interests. Nevertheless, sustainable development as a
regulative idea requires that decision making must respect the sustainable develop-
ment essentials mentioned in Sect. 3.2.

The CBD does not directly refer to sustainable development as a regulative idea.
Yet, the twelve Malawi Principles (Hartje et al. 2002; see Table 3.1), on which the
CBD Ecosystem Approach is based, provide important guidelines how the sustain-
able development of tropical biodiversity hotspots should be organised. It is the
basic idea of the CBD Ecosystem Approach (CBD 2012a) that biological diversity
can only be conserved successfully if the multitude of its interactions with humans
is taken into consideration in a balanced manner—as required by the retinity norm.

The Aichi Biodiversity Targets were approved within the legal framework of the
CBD in 2010. They combine some of the most important procedural principles of
the CBD Ecosystem Approach with quantitative targets for biodiversity protection.
For example, Principle 3 demanding management decisions within an “economic
context” is now represented by Target 3

“By 2020, at the latest, incentives, including subsidies, harmful to biodiversity are
eliminated, phased out or reformed in order to minimise or avoid negative impacts, and
positive incentives for the conservation and sustainable use of biodiversity are developed
and applied, consistent and in harmony with the Convention and other relevant interna-
tional obligations, taking into account national socio economic conditions” (CBD 2012b).
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Table 3.1 Selected principles of the CBD Ecosystem Approach

Number Principle of the CBD Ecosystem Approach

1 The objectives of management of land, water, and living resources are a matter of social
choice
2 Management should be decentralised to the lowest appropriate level—hoping to achieve

greater efficiency, effectiveness, and equity

4 There is a need to understand and manage the ecosystem in an economic context because
biological diversity is threatened by ecosystem conversion to more intensive land-
use systems. Any such ecosystem-management program should (1) reduce market
distortions that adversely affect biological diversity, (2) align incentives to promote
diversity conservation and sustainable use, and (3) internalise costs and benefits in
the given ecosystem to the extent feasible.

5 Ecosystem structure and functioning should be a priority target of the CBD Ecosystem
Approach in order to maintain ecosystem services

10 The CBD Ecosystem Approach should seek for an appropriate balance between and
strive for an integration of conservation and use of biological diversity

11 The approach should consider all forms of relevant information, including scientific,

indigenous and local knowledge, as well as innovations and practices

The principles are partly abbreviated and slightly modified

The fundamental match of a discursive framework for sustainable development
and the CBD Ecosystem Approach is exemplified by the first principle of the
approach: The objectives of management of land, water, and living resources are
a matter of social choice. Although more detailed than the essentials of sustainable
development, already the CBD Ecosystem Approach’s first principle indicates that
the fundamental ambiguities of social decision making will remain when it comes
to local application. Even though the quantitative nature of the Aichi Biodiversity
Targets may suggest otherwise, the described ambiguities also remain unsolved
there.

3.3.2 Examples from the Project Area

How should a binding management plan for the BR Podocarpus-El Céndor be
developed? Some of the most severe land-use conflicts in the project area of RU
816 can be expected in the protected forest area Corazon de Oro. According to the
Seville Strategy, only “activities compatible with the conservation objectives” may
take place here (e.g. environmental education, ecotourism, research) (UNESCO
1996, p. 17). Even in the transition zone, agricultural activities and settlements are
only allowed under certain restrictions. In fact, however, a few hundred households
have been settling in the Corazén de Oro region for several decades. The inhabitants
are predominantly pastoralists. They also have small arable fields or home gardens,
and at times extract valuable timber trees from remote parts of the forest (Maza 2011).
Thus, a realistic management and development plan for the area cannot consider
conservation issues only; it must also account for the existing villages and their
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socio-economic development. Any other approach would clearly be against the
spirit and the letter of the fundamental documents of sustainable development and
their implementation through the CBD.

For example, the inhabitants of the indigenous villages of El Tibio Alto and El
Tibio Bajo have access to the main road between Loja and Zamora only via a long
footpath. Both villages belong administratively to the province of Zamora-
Chinchipe. In consequence, the inhabitants can reach their own provincial capital
Zamora faster if they first travel to the capital of adjacent Loja Province than if they
go directly to Zamora. Given this obstacle to accessing essential administrative
services, the construction of a road from Imbana to Sabanilla, which better connects
these remote villages to the network of main roads, has been suggested. However,
analyses by project C3.2 of RU 816 suggest that the construction of the road will
have substantial negative effects on biodiversity (Eichhorn et al. 2010).

Making information “discourse-able” in the context of this potential sustainable
development conflict means that the prospective impacts of road construction have
to be analysed with respect to the ecosystem services that main stakeholders care
about. Local farming households with a shortage of accessible land or with poor
access to markets and public and private services may be interested in knowing how
much faster or less expensive they can access land, markets or services. In contrast,
conservationists want to know how much forest will be lost and how Andean bear
(Tremarctos ornatus) populations are affected that inhabit the forests of the region.

In addition to the direct loss of forests, a further expansion of current pasture area
is likely as improved road access facilitates the establishment of new pastures,
i.e. of additional farms (Eichhorn 2009; Eichhorn et al. 2010). In turn, the road and
the new pastures will reduce connectivity between Andean bear habitats along the
Yacuambi—Podocarpus—Sabanilla biological corridor, which forms a regional hab-
itat bottleneck (inset in Fig. 3.1). A first quantitative assessment of the trade-offs of
road construction concludes that about 600—700 ha of forest may be lost, mainly by
conversion to pastures. This equals roughly the habitat size of two adult female
bears, i.e. of two effective individuals. Also, habitat connectivity will suffer sub-
stantially. The smallest distance between disconnected but adjacent main habitat
patches of the Andean bear will increase from less than 150 m to more than a
critical value of about 1,000 m. On the other hand, the additional pastures may
provide livelihood for 30—40 average farm households. Without additional sources
of livelihood and at current production technology, income would be close to
absolute poverty levels, though (Eichhorn et al. 2010).

The bulk of the pasture area shown in Fig. 3.1 is legally located in the protected
“forest” area, and in the—no-agriculture—buffer zone of the BR. From a conser-
vationist point of view, massive reforestation in the buffer zone could be justified.
At least, further forest conversion should be stopped. However, the majority of the
affected rural population consists of poor smallholders. Any policy measure of the
BR management plan that affects their livelihood should be investigated and
considered carefully. We explore some of the most important impacts that a ban
on further forest conversion in the Corazén de Oro region is likely to engender in
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the following paragraphs. An economic analysis of reforestation options is found in
Chap. 25.

Specifically, we assume that losses of future farming income by the deforesta-
tion ban are offset by Payments for Ecosystem Services (PES). Payments that
provide incentives for smallholders to stop deforestation are potentially available
from the Socio-Bosque program of the Ecuadorian government (Ministerio del
Ambiente 2012). Socio-Bosque aims at combining forest conservation with poverty
alleviation. Using a typical Socio-Bosque budget, Maza et al. (2011) found that
~36 % of the threatened forest in the research area could be covered by a PES
scheme that exactly compensates lost pasture incomes. At the resulting compensa-
tion rates, positive effects on poverty alleviation are unlikely in the long run
(cf. also Olschewski et al. 2005; Olschewski and Benitez 2005). Only if payments
(1) are targeted at those farm households most in need and (2) substantially
overcompensating income losses, the income of the poor will rise, and existing
economic inequalities be reduced. However, pronounced “pro-poor” PES scheme
come at a considerable cost: At a fixed, increased compensation of US
$300 ha~' year ', which would substantially reduce local rural poverty, only
10 % of the threatened forest can be covered by the program.

Ideally, a public debate on the pros and cons of different development and
conservation options is initiated using this type of trade-off information
(Olschewski et al. 2010). Because of heavily conflicting land-use interests, it is
far from sure that a consensus on the implementation of a certain option will be
achieved—or its final inclusion in the management plan of the BR will be accom-
plished. International income transfers are potentially available to facilitate con-
sensus for mega-diverse ‘“hotspots” of biological diversity (Hillmann and
Barkmann 2009, Chap. 4). Although purely selfish arguments can and will be put
forward in public debate, arguments that can refer to basic needs, or to intergenera-
tional or international justice should be given prime consideration. The same holds
for arguments that take all available information into account instead of focussing
exclusively on ecological or socio-economic criteria.

For all practical purposes, providing information on conservation-development
trade-offs is one of the most useful ways of responding to the information
requirements of concerned stakeholders. Gearing the generation of knowledge
towards the elucidation of such trade-offs is one way for the ecological as well as
the socio-economic sciences to meet their own sustainable development challenges.
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Chapter 4

The Research Unit RU 816: Overall
Approach in the Light of the Ecosystem
Services Concept

Jan Barkmann, Boris M. Hillmann, and Rainer Marggraf

4.1 Introduction

Over the last decade, “ecosystem service” has become one of the most influential
but also most controversial scientific concepts at the interface of biodiversity
science and environmental policy. The most widely accepted definition of ecosys-
tem service is provided by the Millennium Ecosystem Assessment (MEA, 2003),
which highlights the role of ecological systems for the provisioning of benefits for
human society. The establishment of IPBES (Intergovernmental Science-Policy
Platform for Biodiversity and Ecosystem Services) has recently underlined the
steadily growing importance of the ecosystem service concept. Concurrently, RU
816 “Biodiversity and Sustainable Management of a Megadiverse Mountain Eco-
system in South Ecuador” strove to identify the characteristics of science-based
sustainable land use management systems that should inform conservation
decisions in the biodiversity hotspot of the South Ecuadorian Andes. Such manage-
ment system(s) should at the same time

1. preserve biodiversity and the ecosystem processes underlying its evolution and
conservation,

2. rehabilitate degraded biodiversity and lost land usability, and

3. improve livelihoods for the local population.

This triple reseach challenge poses the mein research question of RU816-a ques-
tion directly related to the most urgent gaps of current knowledge requiring integrative
research on the ecological/socio-economic science interface (Ehrlich and Mooney
1983; Daily 1997; Carpenter and Turner 2000; Farber et al. 2002; Heal et al. 2005).
The required research is much facilitated if ecosystems with differing anthropogenic
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Fig. 4.1 The chapters of the book can roughly be arranged in four groups of ecosystem service
categories that increase (grey arrow with respect to direct applicability to landscape management
in the project area)

impact can be compared in direct spatial proximity. Comparative research can be
based on field studies as well as on ecological experiments (refer to preface). Fortu-
nately, the research area presents a dichotomy of protected natural forest and adjacent
pasture ecosystems for which the forest had been cleared by slash and burn. Conse-
quently, differences in the capacity of these two ecosystem manifestations to provide
benefits to humans, i.e. ecosystem services, are at the analytic focus of this book.

When translating the main research question of RU 816 into a suitable research
approach, it became apparent that all MEA (2003) categories of ecosystem services
are covered to some degree by the investigations presented in this book. While the
ecosystem service typology of the MEA provides the conceptual frame, the specific
foci of the single projects suggest to place the chapters of this book into four
groups that differ slightly from MEA ecosystem service categories: (1) cultural,
(2) preserving, (3) regulating/supporting and (4) provisioning services (see Fig. 4.1).
These four groups roughly indicate the differing relation of the chapters of this book
to direct application in sustainable landscape management on the one hand and
more basic research on the other.

In order to use an ecosystem services approach for the science-based design of
sustainable land use management systems, ecosystem services need to be quantified
in a suitable way. Many of the underlying ecological processes can be directly
quantified such as water discharge and element leaching. With respect to benefits
more directly appropriated by humans, ecosystem contributions—e.g. by soil
quality or microclimate—to crop yields and farming income can also be quantified
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readily. For other ecosystem services, quantitative assessment is more difficult. For
example, the usefulness of a preserved species for science or the more comprehen-
sive importance of nutrient cycling or of a dampening of climate extremes is
difficult to relate directly to human benefits. Contrary to a widespread belief,
cultural ecosystem services including those based on aesthetical and ethical
motivations pose no specific challenge to quantification in economic benefit
terms (see e.g. Cerda et al. 2012; Barkmann et al. 2010).

The utilisation of an ecosystem service approach does not prescribe a specific
valuation and/or decision-making method. Quantified data on the provisioning of
ecosystem services can be input into multi-criteria methods, which do not monetise
ecosystem services, as well as into cost-effectiveness or cost—benefit analysis. In
cost—benefit analysis, for example, data on the effect of vegetation on the frequency
of landslides is translated into a monetary estimate of avoided damages. Likewise,
the contribution of a fascinating landscape to tourism profits can be assessed.
Comparison of two or more differing manifestations of an ecosystem facilitates
such valuation tasks considerably because the natural ecosystem can be used as a
reference.

4.2 The RU 816 Approach in the Light of the Slightly
Modified MEA Ecosystem Services Concept

Cultural services refer to the fact that ecosystems possess cultural value. Among
other aspects, ecosystems serve as an object for research—including ecological
research on ecosystem compartments, components and functionality. Understand-
ing of landscape history and an evolutionary approach to speciation are further
aspects of ecosystem research that tap cultural ecosystem services. With the
generated information, ecosystem traits can be assessed and the conservation
value of an ecosystem addressed. Plant, animal and fungal communities of the
natural forest have been investigated during the past one and a half decades. The
studies document that the research area is one of the “hottest” biodiversity hotspots
worldwide (Liede-Schumann and Breckle 2008).

Preserving services are a specific manifestation of cultural ecosystem services,
and refer to the maintenance of biological diversity irrespective of any specific
ecological function. Preserving services provide benefits because many people
assign a high value to the existence of species and to high biological diversity.
Consequently, the research area deserves a high degree of conservation and protec-
tion from an existence and bequest value perspective (see Sect. 4.3). The existence
value of the natural forests—as well as of the high altitude subparamo vegetation—
is underscored by the uniqueness of these ecosystems and by the irreversibility of
ecosystem degradation: The systems will not restore themselves once converted to
agricultural land, and then abandoned. The forests have, however, the potential for
slow recovery after moderate disturbance that removes or destroys part of the trees
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(Martinez et al. 2008). This knowledge might be transferable to other tropical
forests. Thus, desiderata listed under (1) and (2) of the main research question
can be materialised by the conservation of the natural forest manifested by its status
as a national park.

Supporting services play a major role for desiderata (1)—(3) of the main research
question because they are the fundament for the generation of ecosystem services
from all other categories. Supporting ecosystem services range, e.g., from primary
production via seed set and dispersal to soil formation, nutrient cycling and regional
hydrology. As such the processes constituting supporting services can be quantified,
but the importance of these quantitative figures for sustainable land management is
difficult to assess.

Regulating services are necessary for the stabilisation of other services and, thus,
often provide insurance services (Rajmis et al. 2010). Consequently, they are also
inherently related to (1-3) of the main research question, addressing the capacity of
the ecosystem to mitigate hazardous events by regulating climate extremes, erosion
as well as water flow and nutrient cycles. Of particular importance is the question
how changes of the environment affect the regulating capacity of the ecosystem, or
how resilient the ecosystem is against changes of climate and/or of land use. A
change of land use, e.g. conversion of the forest to pastures, may affect the single
regulating services differently although the whole ecosystem changes.

Regulating and supporting services of an ecosystem are closely intertwined
ecologically. Thus, the joint investigation of topics relating to regulating and
supporting ecosystem services constitute the main focus of RU 816 research. The
relevant book chapters are weaving around four themes essential for the valuation
of the ecological basis (supporting services) and ecosystem stabilisation (regulating
services) of provisioning services. The selected topics are highly relevant for
Ecuadorian society. The four themes mainly address:

» Hydrological services, where the influence of the ecosystem and its changes
on the water cycle with special reference to the soil-vegetation—atmosphere
interface are investigated. This is a precondition for assessing the provision
services potable water supply and water supply for hydropower generation.

¢ Nutrient services, where the current situation, regulation and stability (towards
environmental change) of nutrient cycling are analysed, primarily supporting not
only the provisioning service of agricultural production but also growth of the
natural forest.

e Carbon/climate regulation services, whose investigation generates urgently
needed knowledge on how to mitigate global climate change by carbon seques-
tration and how to prevent hazardous effects of climate extremes in the local
climate due to land use change. Obviously, these services equally affect all other
service categories.

e Interaction services that provide stability due to ecosystem interactions
permeating the biotic and the abiotic spheres. One prominent example is the
occurrence of landslides in the natural forest due to biotic—abiotic interactions,
which at the same time enhances sediment transport in and fosters biodiversity
of the natural system.
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Provisioning services are a service category directly related to human needs
(food and fibres, timber/non-timber forest products, potable water, hydropower,
etc.), and thus to the livelihood of the local population. While provisioning services
are obviously related to (3) of the main research question, the utilisation of
provisioning services has feedbacks to (1) and is a precondition for achieving (2).
The investigations of direct provisioning services in this book is related to
current (non-sustainable) and potential future (sustainable) land use portfolios
and thus, mainly related to agricultural production options including (a) forestry,
(b) non-timber products, (c) pasture management and (d) indigenous home gardens.
To answer the main research question of developing sustainable land use systems,
benefits due to agriculture are investigated alongside other ecosystem services. One
example is the design of Payment for Ecosystem Service schemes (PES) that foster
afforestation of abandoned pasture land.

At this point it should be stressed that the perspective of investigating ecosystem
services in a science-directed manner must not necessarily be in accordance with
the priorities of the local population. However, reaching (1)—(3) without the
acceptance and thus, the support of the local population is neither possible nor
worthwhile. Therefore, the study presented in the next section was conducted to
assess the preferences of the local population regarding selected ecosystem
services.

4.3 Stated Preferences for Selected Ecosystem Services

Hillmann, Barkmann and Marggraf conducted a social science survey in order to
estimate the economic preferences that the population of the project region
holds with respect to a subset of the most important non-marketed ecosystem
services. As the conservation of biological diversity in the Andean biodiversity
hotspot is of global importance, we also estimated preferences of a German sample
of respondents representing global stakeholders focusing on the conservation of
“charismatic species” and of valuable habitats (see Fig. 4.2). While global
stakeholders are expected to have only preferences with respect to the existence
value of biological diversity of the research region—which relates to cultural
ecosystem services-, local and regional respondents are expected to be interested
economically also in other benefit classes. We report here briefly on results calcu-
lated form the two Ecuadorian samples using the Choice Experiment method (CE;
Hensher et al. 2005). The design and wording of the CE instrument for these
samples uses an ecosystem service approach specifically developed for the eco-
nomic valuation of functional aspects of biological diversity (Barkmann et al.
2008).

During a qualitative pre-study, we tested several CE attributes, of which three
were finally included in the main study. The number of moth species occurring in
the project area was among the tested attributes. In the pre-study interviews,
respondents did not indicate any economic preferences for the moths. The proximity
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of the forest to the home of respondents was initially included as a proxi for the
provisioning services of regional forests. Averaged over interviewed local and
regional stakeholders, preferences were very low in the pilot study, and the attribute
subsequently dropped from the main study. Also, an attribute on the number of
landslides (regulating service) was included in the qualitative interviews but not in
the final valuation interviews as only low “demand” was recorded. In result, the
main study addressed respondent preferences for changes (1) to endemic plant
biodiversity at the species level, (2) to the quality of potable water supply, and
(3) to offsets in average individual C emissions. We operationalised the carbon
emissions attribute via an inquiry into the personal responsibility to mitigate the
own C emissions of respondents by regional afforestation measures (cf. Rajmis
et al. 2009). Current average annual C emissions stand at about 2 t C per capita in
Ecuador.

For the Ecuadorian CE study, 310 of ~400 “local” rural households and
401 “regional” households from Loja and Zamora cities were sampled. Regional
respondents were systematically selected from a stratified random sample of urban
neighbourhoods. The local sample includes all households in the selected villages
of the study area willing to participate (~78 %).

Positive preferences for the conservation of endemic plant species could clearly
be detected (p < 0.001; see Fig. 4.3). However, this is the relatively least important
CE attribute from the perspective of the Ecuadorian respondents. If scaled to a
prevention of a loss of 20 endemic plant species, stated willingness to pay (WTP) is
between ~1 US$ year ' and ~2 US$ year '. WTP between 17 and 24 US$ year '
was estimated for a substantial reduction in infections brought about by hygieni-
cally cleaner potable water. Economic preferences for compensating 1 t carbon (C)
emissions by regional afforestation ranged from 20 US$ year ' to 45 US$ year .
In each case, the lower values are the mean of rural residents. As willingness to pay
is restricted by ability to pay, lower economic preferences by rural respondents
commanding lower average incomes were to be expected.
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Although direct benefits from offsetting individual C emissions by afforestation
are low for any single individual, stated WTP is very substantial. Thus, respondents
assign high importance to safeguarding global regulating services. High importance
is also assigned to the direct “provisioning” benefits of cleaner potable water.

4.4 Conclusion

The ecosystem service concept was used as a tool to structure research at the
interface of the natural and the social sciences. Thus, assigning a certain chapter
to a specific part of the book should not be interpreted as a claim to the direct
relevance of the ecological processes or functions investigated in terms of environ-
mental assessment or decision making. Some of the proximity of the presented
results in relation to their direct application in sustainable land management is
captured by the used ecosystem service categories, though (Fig. 4.1). Within each
category, however, there is substantial heterogeneity. This heterogeneity stems
from the overall approach of RU 816 to advance the understanding of ecosystem
structure and functioning at applied but also at more fundamental levels.

The social science results presented in Sect. 4.3 indicate that project area
respondents clearly differentiate among different ecosystem services in terms of
perceived benefits. For example, many respondents accepted a responsibility for
offsetting their own contribution to climate change by local afforestation measures.
Likewise, measures to improve the hygienic quality of potable water were strongly
demanded. Without the demonstration of additional tangible benefits of biodiver-
sity conservation—or without sufficient financial incentives-, local farming
households are unlikely to forgo income opportunities even if income generation
threatens plant species diversity.
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The conservation of the exceptional biological diversity of the research area is a
matter of potentially global concern. Results from the German sample indicate that
international stakeholder preferences in the order of 130 € ha ' year ' for the
better protection of biodiversity hotspot areas such as the project area exist. Thus,
there is substantial global demand for the protection of the “cultural” ecosystem
services provided by biological diversity in southern Ecuador. Overall sustainable
development of the project area and of the wider Andean biodiversity hotspot will
require that synergies and trade-offs between potential development and conserva-
tion options be carefully examined—and that global WTP for biodiversity protec-
tion can actually be channelled into economically and ecologically sound
conservation action.
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Part I1
Current Situation of Biodiversity and
Ecosystem Services



Chapter 5
Landscape History, Vegetation History,
and Past Human Impacts

Fernando Rodriguez, Achim Brauning, Andrés Gerique, Hermann Behling,
and Franziska Volland

5.1 Introduction

The ecosystem of the Podocarpus National Park (PNP, see Fig. 5.1) in the Southern
Ecuadorian Andes is well recognized worldwide as a “hotspot” of biodiversity
(Richter et al. 2009; see Chap. 8). The altitudinal range has allowed the develop-
ment of highly diverse habitats which contribute to the extraordinarily high degree
of biodiversity (Richter et al. 2009). Other ecosystems present in the area are
evergreen tropical mountain forests (montane rainforests) and elfin forests in the
transition zone to the paramo ecosystem (see Fig. 1.6 in Beck et al. 2008). However,
natural and anthropogenic impact has influenced the transformation of ecosystem
areas concomitant with the loss of original ecological integrity. The present land-
scape of the PNP is the result of human impact and climate change that have been
taking place for thousands of years. Some valleys that were formed during the cold
Pleistocene (from around 2.6 million years ago until 10000 B.p.) are witness to
ancient glaciations in the Podocarpus plateau. The landscape has been transformed
during recent centuries upon human colonization to satisfy the population needs.
Deforestation caused by timber, agriculture, and grazing activities has changed the
original ecosystem vegetation to the point where it has been replaced by other
opportunistic and pioneer plant communities that were able to develop in the
transformed areas. Today, only small patches of natural forests remain due to the
long history of occupation and, in particular, due to increasing human impact during
recent decades (Dodson and Gentry 1991; Pohle 2008).
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Fig. 5.1 (continued)

The reconstruction and understanding of past vegetation and climate changes as
well as of human impact, can enhance our knowledge as to how past processes have
influenced ecosystem dynamics and led to the development of the outstanding
diversity in the study region. This will further improve our understanding of the
reactions of the tropical mountain ecosystems to environmental changes on local
and regional scales. Such information is crucial for developing management and
conservation strategies within the context of changing climatic conditions (see
Chap. 27). In this chapter we consider the landscape dynamics having taken place
during the last 16,000 years (Late Quaternary) in the wider area of the PNP region
including changes in vegetation, biodiversity, climate, tree growth, fire, and
land use.
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Fig. 5.1 (a) The map marks the locations of palynological study sites in Ecuador (gray, numbered
circles and smaller white circles) in relation to the Podocarpus National Park (PNP). Numbers
refer to the following references: (1) Bakker et al. (2008)/Di Pasquale et al. (2008); (2) Wille et al.
(2002); (3a/b) Colinvaux et al. (1988b); (4) Colinvaux et al. (1997)/Hansen et al. (2003); (5a/b)
Colinvaux et al. (1988a); (6) Weng et al. (2002); (7a) Bush et al. (1990)/Liu and Colinvaux (1985);
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5.2 Methods and Analyses

Pollen analysis was carried out on three soil cores taken in the transition zone
between the forest and the paramo ecosystems (Fig. 5.1). Two cores originate from
north of the PNP (Ravadilla de Vaca, RVM, and Valle Pequeiio, VP), the third
being taken in a glacial valley (Lagunas Natosas Forest, LNB) close to the Peruvian
border, 12 km to the south of the town of Jimbura. Radiocarbon ages were
determined for each sample using CalPal (Weninger et al. 2004). For pollen and
charcoal analyses, subsamples (0.25 cm?) were taken at 4 cm intervals along the
cores. Standard analytical methods were used to process the samples (Fegri and
Iversen 1989). Known amounts of exotic Lycopodium spores were added to each
sample before treatment as internal controls of charcoal concentrations (grains or
particles cm ) and influx rates (grains or particles cm ™ year ~'). A minimum of
300 pollen grains were counted for each sample. Tree, shrub, and herb pollen grains
were included in the pollen sum, whereas spores and aquatic taxa were excluded.
Pollen types were grouped according to the ecosystem or habitat type for which
they are most characteristic. Four main vegetation types were defined: Lower
Mountain Rainforest (LMF), Upper Mountain Rainforest (UMF), Subparamo, and
Paramo. Pollen and spore data are presented as percentage diagrams based on the
pollen sum using the programs TILIA and TILIAGRAPH for calculation, illustra-
tion, and zonation (Grimm 1987). The zonation of the pollen record is based
on important changes in the pollen assemblages’ cluster analysis by CONISS
(Grimm 1987).

Tree-ring widths of 70 increment cores taken from 32 Cedrela montana
(Meliaceae) individuals from the Reserva Biologica San Franciso (RBSF;
Fig. 5.1) were measured at a precision of 0.01 mm. To remove the biological age
trend inherent in ring-width series, the measured raw values were standardized with
a cubic smoothing spline removing 50 % of the tree-growth variance at 2/3 of the
original series length (Cook and Kairiukstis 1990). Climate-growth relationships
were calculated as correlation functions with local climate station data and
variations of the Southern Oscillation Index (SOI) taken from the ‘Global Change
Master Directory’ (GCMD 2012).

Fig. 5.1 (continued) (7b) Bush et al. (1990); (8) Bush and Colinvaux (1988). (b) The map marks
the locations of the study sites Valle Pequefio (VP), Rabadilla de Vaca (RVM), and Lagunas
Natosas Forest bog (LNB) in and near the Podocarpus National Park in more detail by means of
stars, as well as indicating the location of the Reserva Biologica San Francisco (RBSF) by a square
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5.3 Results and Discussion

5.3.1 Vegetation of the Southern Ecuador

The paramo areas of southern Ecuador are characterized by irregular topography
(Maldonado 2002). The vegetation of the herbaceous paramo (Paramo herbaceo)
found at about 3,100-3,400 m a.s.l. is rich in Neurolepis nana, Calamagrostis
macrophylla, and Niphogeton dissecta. This vegetation unit is 0.2—1 m in height
and covers flat slopes and concave terrains, as well as ridge areas. The shrub paramo
(Paramo arbustivo bajo) occurring at about 2,900-3,400 m a.s.. is rich in
Weinmannia rollottii, Oxalis spiralis, and Ilex andicola. This paramo type is found
mainly on steep slopes (Lozano et al. 2003) and exhibits shrubs and herbs of from
0.5 to 1.2 m height. The subparamo (approx. 2,800-3,100 m a.s.l.) is characterized by
Puya nitida, Brachyotum rotundifolium, and Oritrophium peruvianum. Shrubs and
herbs grow up to 1 m in height, while individual shrubs can be 2—3 m tall. The upper
montane rainforest (UMF) is present between about 2,100-2,750 m a.s.l. and is
represented by a low, single-tree stratum of between 5 and 10 m in height, occasion-
ally up to 15 m. Characteristic trees are Morella pubescens (Myricaceae) and Myrsine
andina (Myrsinaceae) (Bussmann 2005; Lozano et al. 2003).

5.3.2 Past Climate, Vegetation, and Fire Dynamics
in the PNP

A few palynological records for the Ecuadorian Andes (Colinvaux et al. 1997; Hansen
etal. 2003; Fig. 5.1) and some more recent studies on upper forest line (UFL) changes
in northern Ecuador (Bakker et al. 2008; Di Pasquale et al. 2008; Wille et al. 2002;
Fig. 5.1) have contributed to the environmental history of the northern Ecuadorian
Andes and thus to our understanding of the present vegetation distribution in the PNP
area. However, palacoecological research in Ecuador has concentrated mainly on the
Amazon basin (e.g. Bush and Colinvaux 1988; Bush et al. 1990; Colinvaux et al.
1988a; Liu and Colinvaux 1985; Weng et al. 2002), and only one study is available as
to the inter-Andean Plateau (Colinvaux et al. 1988b; Fig. 5.1).

5.3.2.1 The Late Glacial Environment

The area’s outstanding biodiversity has evolved from the interplay of several
regional and local scale environmental factors (e.g., climatic, geologic, orographic
and edaphic conditions, as well as natural and anthropogenic disturbance regimes;
see Chap. 1) and the environmental history that has figured importantly in the
development of the current plant diversity pattern (Broecker 1997; Churchill et al.
1995; Richter et al. 2009). Since the onset of the Pleistocene around 2.6 million
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years ago, recurrent climate alterations between cold and warm periods have
resulted in changes in the number and distribution of ecosystems in the area.

During the Last Glacial Maximum (LGM, 18,000 years ago), most Andean
glaciers advanced and reached their lowermost positions at about 3,000 m a.s.l. in
the eastern Andes of Colombia, Ecuador, and northern Peru (Clapperton 1993;
Rodbell 1992; Heine 2011). Temperatures in the area gradually increased at the end
of the LGM. As the retreating glaciers shrunk, they left behind them moraines and
small glacial lakes (Heine 2011; Mark et al. 2004). Data for the Lagunas Natosas
forest bog at 3,495 m a.s.1 (Fig. 5.2) respective of the late Pleistocene and Holocene
periods (the last approximately 10,000 years) show that paramo vegetation
(Poaceae) was dominant during the period of 15930-11660 B.P. (zone LNB-I,
Fig. 5.2). The pronounced abundance of Plantago rigida and pteridophytes
indicates that cold and humid conditions prevailed locally during the Late Glacial
period and formed cushion mires in depressions. The limited number of mountain
forest taxa reflects the prevalence of low temperatures during the Last Glacial
period. The presence of clayey sediment poor in organic matter may also reflect
the lack of forest vegetation near the coring site. In this context, it is assumed that
the forest line was at a markedly lower elevation than it is at present.

The Bglling—Allergd interstadial during the period of from 14700 to 12700 B.p.
was characterized by relatively warm and moist conditions, which favored an
abundant presence of Hedyosmum and pteridophytes. Small populations of
Polylepis also became established during the Last Glacial period in the region.
Moraceae/Urticaceae can easily be transported by wind over longer distances, and
their ample representation may thus be related to this factor (Bush et al. 1990;
Niemann and Behling 2009).

The Younger Dryas period was a cold climate period at the end of the Pleisto-
cene between 12,800 and 11,500 years ago. Rapid climatic fluctuations during the
last deglaciation phase of this period are documented by glacier advances in the
Ecuadorian Andes before 12500 B.p. and between 10,500 and 9,000 years ago
(Heine 2011). The local absence of P. rigida in the study area at approximately
12,600 years ago, whereas it had previously represented the most abundant taxon,
suggests a drying of the climate at this time.

The incidence of fires during this period can be disregarded due to the wet and
cold environmental conditions. This notion is supported by the almost complete
absence of carbonized particles, which suggests that anthropogenic influences
played no role during this period.

5.3.2.2 Early to Mid-Holocene Environment

The LNB core points a marked decrease of paramo vegetation between 11660 and
4280 B.p. (Zone LNB III, Fig. 5.2). The expansion of woody dwarf shrub vegetation
(Melastomataceae and Asteraceae) is mostly associated with the subparamo
ecosystem. Dwarf shrubs can survive and reproduce well above the forest line.
Furthermore, an indication of upper forest line (UFL) shift is less evident in
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southern Ecuador than on other sites where the typical treeline genus Polylepis
dominates the UFL. Polylepis was well represented and most likely widespread in
southern Ecuador, as evidenced by marked changes in not only vegetation structure
but also ecosystem composition. Warmer and drier conditions characterized
the transition from the Pleistocene to the Holocene, allowing an upslope shift of
the UFL. According to Thompson et al. (2000), the early Holocene climate was
1.5-2 °C warmer than that today, favoring the development of forest vegetation.
The period was marked by a widespread recession of glaciers in most parts of the
Andes, but a return to cooler and more humid conditions apparently occurred after
about 5000 B.p. This phenomenon is evident in soil core data for approximately
4200 B.p. in the LNB area and corresponds to an increase in paramo vegetation.

5.3.2.3 Late Holocene Environment and Human Settlement History

According to Guffroy (2004), signs of human activity in the Loja region are evident
for times as early as about 4,500 years ago. However, human activities may have
occurred much earlier in the dry inter-Andean valley. At Paso El Tiro, located
10 km east of Loja, Niemann and Behling (2008) found evidence of increased fire
intensity during the wetter late Holocene. This suggests the occurrence of frequent
fires of anthropogenic origin used for hunting purposes and slash-and-burn
activities in the drier lower valleys. The palynological data show a dynamic
transition between subparamo and paramo from 4,280 years ago until the present
(Zone LNB III and 1V). Poaceae were dominant around 4200 B.p., but suffered a
critical decline in the vicinity of 3,100 years ago. An important increase in the
abundance of Melastomataceae and Asteraceac at the same time has been
registered. The results of the RVM record (Fig. 5.3) from 125 km north of the LNB
(Zone RVM-I) show that the UMF was most abundant from about 2100-1720 B.p. as
evidenced by the greater abundance of Hedyosmum, while the subparamo was more
strongly represented as indicated by an increased abundance of Melastomataceae.
Pollen data in the RVM core show that Moraceae/Urticaceae became more abun-
dant after 1200 B.p. This period also shows a greater abundance of Weinmannia in
the UMF compared to the previous and subsequent periods. Melastomataceae were
abundant at the LNB around 1,200 years ago, while Poaceae declined radically.

This vegetation composition reveals that somewhat warmer and drier environ-
mental conditions most likely prevailed during this period. In the VP record no
marked vegetation changes can be detected (Fig. 5.4).

After the fifteenth century the area around the upper range of the Cordillera
Oriental close to the present city of Loja was the Eastern border of the Inca Empire
and the Shuar territories (cf. Hocquenghem et al. 2009). The Shuar had trium-
phantly defended themselves against the Inca armies of Tuipac Yupanqui, who
finally considered the Shuar to be indomitable (Gonzalez-Suarez 1890). After
60 years of coexistence the Shuar successfully revolted in 1599 against the
Spaniards (Conde 1988), who then had to abandon the gold mines and settlements
on the eastern part of the Cordillera. The region was probably sparsely inhabited
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Fig. 5.3 Analysis of the Rabadilla de Vaca Mire core (3,200 m a.s.l.) showing radiocarbon dates,
sums of ecological groups, records of charcoal concentration, and zones

between the fifteenth century and the end of the nineteenth century. It was not until
the end of the nineteenth century that missionaries, soldiers, and gold miners
successfully installed permanent settlements in the mountain area, initiating the
current processes of forest exploitation and agricultural expansion (Gerique 2010;
Chap. 2). The evidence of a very strong increase in paramo taxa (Poaceae and
Cyperaceae), Isoétes, and Sphagnum during the last 500 years in the LNB core
shows the area to be a moister ecosystem than it was during the previous period.
This is corroborated by the fact that the oldest trees of the PNP as dated by
radiocarbon are Prumnopitys montana (Podocarpaceae) growing in a valley north
of the RVM pollen site at an elevation of about 2,100 m a.s.l. at the lower limit of
the UMF. After calibration with the Southern Hemisphere Calibration dataset
(McCormac et al. 2004), 14C dates collected from the inner parts of a P. montana
stem (lab code Erl-12870) showed the tree to be 418 + 35 years old, corresponding
to AD. 1453—1504. Since there are even taller trees than the tested one in the forest,
it can be inferred that the lower (dry) altitudinal limit of the UMF has not decreased
during the past ca. 500 years.

The strong decline of Melastomataceae up to the present day suggests that the
UFL has shifted slightly downslope. This situation is similar to that inferred from
the RVM and VP cores, which show that the proportions of the LMF and the UMF
remained relatively stable during the period between 880 and 310 B.p. In contrast,
the paramo vegetation expanded continuously due to the spread of Poaceae, while
the subparamo vegetation declined as indicated by the progressively more infre-
quent occurrence of Melastomataceae. The proportions of the LMF and the UMF
have remained relatively stable in the RVM and VP areas during the last
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Fig. 5.4 Analysis of the Valle Pequefio bog core (3,244 m a.s.1.) showing radiocarbon dates, sums
of ecological groups, records of charcoal concentration, and zones

approximately 300 years. One important difference between these two areas as
shown by the pollen records is that Alnus, which used to be rare, has become quite
frequent in the RVM area. The paramo ecosystem was dominant in the RVM and
LNB areas, as shown by the frequent occurrence of Poaceae. The different vegeta-
tion types remained relatively stable in the VP area during this period.

The carbon particle concentration has increased in the LNB during the last
900 years. In spite of the very wet local conditions, human activities to promote
hunting or grazing could have led to frequent fires. Other activities such as
deforestation to provide for a supply of wood, grazing, and cultivation may have
taken place during this period. Charcoal records indicate that fires occurred at the
RVM and VP sites throughout the late Holocene. Two periods of enhanced fire
frequency (during 1800-1600 and 600—400 B.p.) are evident from the RVM core.
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Fig. 5.5 (a) Ring-width index chronology of Cedrela montana (thin black line) with 5-year
smoothing (thick black line) and number of samples included in the chronology (gray line);
(b) comparison between the Cedrela ring-width index (black) and variations of the November—
February Southern Oscillation Index (SOI; gray); (c¢) correlation function diagram between the
Cedrela ring-width index and monthly means of temperature and monthly sums of precipitation of
local climate station data at the Reserva Biologica San Francisco (RBSF; 1998-2011).
Correlations significant at p < 0.05 and p < 0.01 (#-test) are marked with one and two asterisks,
respectively. py and ppy correspond to respective months in the year prior to growth or 2 years
prior to growth

The oldest tree-ring record presently available for the PNP dates back to
1840 Ap. It originates from the deciduous species Cedrela montana (Meliaceae),
the wood of which forms clearly visible annual rings and exhibits cambial activity
mainly between January and April (Briuning et al. 2009). However, Cedrela ceases
growth activity during dry periods and is thus sensitive to drought (Brduning 2009).
Although the oldest individuals having been found are up to 140 years of age, most
trees are not older than 60 years. Since the average correlation between all individ-
ual ring-width series averaged in the final chronology is rather low (mean
r = 0.19), the present dating of Cedrela has attained a sufficient level of confidence
only for growth having commenced after 1950, when more than 20 series became
available for the chronology analysis. The growth of Cedrela at the local level is
promoted by lower temperatures having occurred during previous year’s growing
season. This relationship is reversed during April-September of the current growth
year (Fig. 5.5¢). Since local climate data from the RBSF are only available for the
short time period since 1998, we also tested correlations between the tree-ring
chronology and regional climatic data and found significantly negative correlations
(r = —0.52) with the Southern Oscillation Index (SOI, Fig. 5.5b). Decadal ring-
width variations (Fig. 5.5a) may accordingly be related to large-scale atmospheric
pressure variations in the tropical Pacific Ocean. A larger quantity of older tree-ring
data is nevertheless required to improve the chronology quality for time periods
having occurred prior to the twentieth century.
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5.4 Conclusions

During the Late Pleistocene (15930-11660 B.p.) grass paramo vegetation dominated
the PNP and its surroundings, and the presence of Plantago rigida suggests that
the area was cold and wet. The minor warming of the climate during the
Bglling-—Allergd interstadial allowed the expansion of forest taxa (Hedyosmum
and Moraceae/Urticaceae), and Polylepis appeared in the south of Ecuador. A short
cold period comprised by the Younger Dryas event (12800—11500 B.p.) exercised
constraints on the P. rigida population and promoted the expansion of grass paramo
(Poaceae). It is assumed that the UFL was lower at that time than it is nowadays.
The climate was warmer and drier than it is today during the early and
mid-Holocene (11,660—4280 B.p.), promoting the dominance of forest taxa
(Melastomataceae and Asteraceae) and the decline of paramo vegetation, the latter
being adversely influenced by frequent fires. An upslope shift in the UFL is
suggested by an increase in the proportion of Polylepis. The late Holocene was
marked by the expansion of subparamo vegetation which could have led to the UFL
upslope shifting. Polylepis became rare and almost absent during the Late Holocene
due to wetter conditions and frequent fires. The vegetation and fire records of the
investigation sites make it evident that fires favored the expansion of grass paramo
vegetation and curtailed the expansion of subparamo vegetation and the upper
montane forest. Because fire probably played an important role in determining
the upper forest limit during the Late Holocene, it is difficult to conclude whether
climate change played an important role in changes in the UFL taking place during
this period. The fire events occurred diachronously between sites, suggesting strong
anthropogenic influence. Although regional vegetation is influenced by large-scale
climate variability, local conditions of temperature, precipitation, wind regimes,
radiation, geomorphological features and human land-use history also have a strong
impact on vegetation patterns and are important in determining the structure,
heterogeneity, and distribution of ecosystems.
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Chapter 6
Past Dynamics of Speciation in Andean
Mountain Rainforests

Konrad Fiedler and Patrick Strutzenberger

6.1 Introduction

The staggering species richness of tropical biota, already recognized by Darwin,
Wallace, and their nineteenth century contemporaries, continues to stimulate the
development and testing of ecological theory. This concerns the mechanisms that
allow species to coexist in dense packing, be it under niche (Schluter 2000) or
neutralistic concepts (Hubbell 2001), but also the role of biodiversity in ecosystem
functioning (Hooper et al. 2005), or the challenges of tropical species richness for
conservation biology (Barlow et al. 2007). Especially for megadiverse regions like
the focal area of the RU816 in South Ecuador, the conditions that allow species to
coexist in extremely dense packing are still far from being understood (see Chap. 1).
Another important dimension of biodiversity research, however, is primarily
devoted to unraveling the evolutionary origin of exceptionally high tropical species
richness. The tropics have alternately been viewed as cradles, or museums, of
biological diversity (Arita and Vazquez-Dominguez 2008). This debate can be
simplified to the provocative question whether high tropical species richness is
ancient or recent in origin. “Recent origin” in this context means that evolutionary
processes during the Quaternary [i.e., the Pleistocene (2.588—0.0116 Ma) and
Holocene (0.0116 Ma to present)] have played a key role in generating the high
tropical biodiversity we can observe today. “Ancient origin,” in contrast, is here
viewed as those speciation processes that have taken place earlier, viz. in the
Neogene and before.

K. Fiedler (0<)

Department of Tropical Ecology and Animal Biodiversity, University of Vienna, Rennweg 14,
1030 Vienna, Austria

e-mail: konrad.fiedler@univie.ac.at

P. Strutzenberger
Senckenberg Natural History Collections, Konigsbriicker Landstrae 159, 01109 Dresden,
Germany

J. Bendix et al. (eds.), Ecosystem Services, Biodiversity and Environmental Change 67
in a Tropical Mountain Ecosystem of South Ecuador, Ecological Studies 221,
DOI 10.1007/978-3-642-38137-9_6, © Springer-Verlag Berlin Heidelberg 2013


http://dx.doi.org/10.1007/978-3-642-38137-9_1
mailto:konrad.fiedler@univie.ac.at

68 K. Fiedler and P. Strutzenberger

The Quaternary period is characterized by recurrent and ongoing cycles of
global climatic cooling (glacial) and warming (interglacial) during the past
2.5 Ma. Undoubtedly these ice ages and their interruptions have left an immense
legacy in current biodiversity (Hewitt 2004). In tropical realms, fragmentation of
tropical moist forests during phases of drought has for a long time been thought to
be the main mechanism by which glacial periods affect biodiversity. According to
this concept, tropical moist lowland forest persisted only in Pleistocene refuges,
allowing for allopatric speciation processes to start in (potentially) every individual
forest fragment (Haffer 1969). Repeated cycles of forest fragmentation and expan-
sion, then, could explain the generation of multiple species from one single
ancestral form, by means of recurrent allopatric speciation processes. The spatial
concordance of distributions of endemic species, across widely divergent groups of
organisms, in apparent centers of endemism, has for decades been accepted as
support for this theory.

As a corollary for tropical mountain environments, Quaternary climatic
oscillations have pushed the tree line down during glacial periods, whereas warmer
climate in interglacials allowed a re-expansion of forest into higher elevations.
Paleo-climatological and paleo-ecological studies (for example by analyzing pollen
records in sediment deposits) confirmed that Pleistocene climate oscillations have
shifted forest ecosystems down and up again in the tropical Andes (Brunschon and
Behling 2010; see Chap. 5). Such oscillations would provide scope for accelerated
allopatric speciation, for example in multiple forest fragments that persisted in
isolated valleys or in otherwise restricted landscape patches as a function of stark
topographic heterogeneity. Alternatively, climate oscillations might have forced
forest species, or even entire forest species assemblages, to move down and up to
keep track with their climatic niche requirements (at least if niche conservatism
were to prevail instead of rapid niche evolution; Wiens and Graham 2005). Both
these ideas—increased generation of new species through repeated cycles of habitat
fragmentation (in analogy to the refuge hypothesis) or the tracking of climate
niches by vertical migrations of individual species or inter-connected communities,
but without concomitant increase in speciation rates—are plausible against the
background of ecological and evolutionary theory. The challenge, therefore,
remains to empirically test which of these scenarios holds true to explain the
observed megadiversity of tropical Andean mountain rainforests.

6.2 Pleistocene Climate Cycles and Forest Refuges

Most tests of the Pleistocene refuge hypothesis have thus far dealt with Amazonian
lowland rainforest organisms. Biogeographers rather quickly adopted this concept
(e.g., Mayr and O’Hara 1986) and concluded, from apparent concordance of
endemism centers, that such refuges provide a plausible explanation of current
patterns of species distributions and densities. Yet, at approximately the same time
critical voices emerged against this hypothesis (Endler 1982). It turned out that part
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of the biogeographical evidence was spurious, due to spatial heterogeneity of
sampling coverage (Nelson et al. 1990). There also has been an intensive debate
as to how pronounced the contraction and fragmentation of Amazonian lowland
forests was as a consequence of drought during the glacial periods (Colinvaux
1996; Bush and de Oliveira 2006). Current perception based on more comprehen-
sive evaluation of pollen records and climate models is that much of Amazonia had
persistent forest cover during the Pleistocene; especially at the foothills of the
Andes moist forest was continuously present. Molecular phylogeny and
phylogeography also have refuted the refuge theory to an increasing extent (Moritz
et al. 2000; Knapp and Mallet 2003; Bridle et al. 2004).

Even though biogeographical, paleo-ecological, and molecular evidence has
undermined the refuge hypothesis as a general explanation for Amazonian specia-
tion, the possibility remains that in the more heterogeneous relief of the Andes, the
undisputed cyclic changes in the elevational extent of forest might have set the
stage for Pleistocene speciation events to occur more frequently, such that climate
oscillations and concomitant ecosystem dynamics could have served as a motor of a
speciation pump (see Chap. 1). In the absence of adequate fossil evidence for most
species-rich groups of terrestrial organisms in the Andean region, and also in view
of the extremely limited knowledge about distributional ranges of most of the
arthropod species that make up the megadiverse Andean faunas, the only way to
decide between the “ancient” and “recent” origin hypothesis is by means of data
that can be obtained from extant organismal samples. The most promising venue
relies on the application of modified “molecular clock™ approaches to phylogenetic
hypotheses derived from gene sequences.

6.3 Calibrated Phylogenies as a Tool to Assess Temporal
Speciation Patterns

Time calibrated phylogenies or “timetrees” are becoming more and more custom-
ary to answer questions related to the origin of biodiversity. The establishment of a
common repository for temporal data (http://www.timetree.org) together with the
publication of an accompanying volume (Hedges and Kumar 2009) is ample
testament to the rapidly increasing number of time-calibrated phylogenies. Peterson
etal. (2007) coined the name “molecular paleobiology” for using molecular genetic
data to answer essentially paleontological questions. Until recently, dating efforts
were largely focused on deep divergences (e.g., among animal phyla; Wray et al.
1996). With the advent of ever cheaper sequencing opportunities and ever higher
computing power, the focus of molecular dating studies has shifted to include
investigations on lower taxonomic levels with dense sampling on species level
(e.g., Santos et al. 2009; Ramirez et al. 2010; Strutzenberger and Fiedler 2011).
Those kinds of studies do not only provide age estimates but also contain valuable
information on relative evolutionary rates and their change over time. Importantly,
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molecular paleobiology provides opportunities to gain insight into the history of
taxa devoid of any fossil record. An increasing number of analytical tools are
available for the investigation of temporal diversity patterns. Arguably the simplest
and most commonly used one is the lineage through time plot (LTT). The
log-transformed cumulative number of lineages within a clade is plotted against
the age of each node. LTTs are useful to visualize overall temporal patterns, but are
not sensitive to changes in rates of diversification. Other measures have to be
applied in order to investigate changes in evolutionary rates. A commonly used
metric here is the y statistic (Pybus and Harvey 2000) to test whether observed rates
of diversification deviate from a rate constant model. More complex patterns of rate
changes can be analyzed by model fitting. Rabosky (2006) developed algorithms to
fit several common models to a set of branching times derived form calibrated
phylogenies.

The application of timetree approaches to species-rich tropical taxa is faced with
a number of challenges. Tropical arthropod communities often have high species
numbers including many rare species (Brehm et al. 2008; Coddington et al. 2009).
For the calculation of evolutionary rates and inferences based upon them, it is vital
to either have a near-complete sampling of species for the target taxon, or be able to
estimate the number of missing species. Monte Carlo approaches to estimate the
effect of missing species on evolutionary rates are now available (Rabosky 2006).
Animals in tropical forest ecosystems have a low probability of fossilization due to
the lack of sedimentation and rapid biological degradation in tropical forests
(Benton and Harper 2009). This problem is exacerbated for terrestrial arthropods
whose propensity to fossilize is much lower to begin with, leading to a profound
lack of fossil calibration points for tropical terrestrial arthropods. All published
molecular dating studies on Neotropical arthropods were therefore forced to use
calibration points outside the target taxon. In comparison to studies on groups with
good fossil records, this augments confidence intervals for time estimates of
arthropods. The use of calibration points far back in time also increases the
likelihood to introduce a substantial bias into age estimates.

6.4 Material and Methods

Eois is a genus of geometrid moths and forms a substantial fraction of megadiverse
moth communities in Andean montane forests (Brehm et al. 2005; Hilt et al. 2006;
examples are displayed in Fig. 6.1). Eois has been the focus of investigations on
host plant specialization (Bodner et al. 2010a, 2012; Rodriguez-Castafieda et al.
2010) and host—parasitoid interactions (Connahs et al. 2009). Assessment of local
Eois diversity in a DNA barcode assisted integrative taxonomy approach revealed
that at least 166 species of Fois occur in the Reserva Bioldgica San Francisco
(RBSF) and surrounding areas in southern Ecuador alone (Strutzenberger et al.
2011; see Fig. 1.1), whereas total Neotropical Eois species richness (Brehm et al.
2011) may be as high as 733-1,710 species, as opposed to less than 250 described
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11.5 Ma

7.25 Ma

E. chrysocraspedata clade

6.31 Ma

6.28 Ma

E. odatis clade

Fig. 6.1 Eight representative members of the diverse moth genus Eois from southern Ecuador.
Within each row, a pair of closely related species, with their assignment to species groups sensu
Strutzenberger et al. (2010), is depicted. None of the eight species has been taxonomically
described and named thus far. The datings (Ma, million years ago) given on the right of each
pair are extracted from a calibrated molecular phylogeny (Strutzenberger and Fiedler 2011). In all
four taxon pairs, individual species can hardly be told apart by means of external morphological
characters, but are clearly differentiated in terms of sequence markers. Moreover, molecular dating
shows these divergences to be rather old, clearly predating the period of Pleistocene climatic
oscillations. Photographs: L. Lehner (upper right), G. Brehm (all others)
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ones. Neotropical Eois form a monophyletic clade (Strutzenberger et al. 2010).
Strutzenberger and Fiedler (2011) performed a molecular dating study on Eois
based on a phylogeny calculated from nuclear Efla and mitochondrial COI
sequences. Representatives of 102 Eois species sampled in the RBSF and its
surroundings were sequenced by standard methods (Sanger sequencing). Sequence
data were used to infer the phylogeny of Eois (Strutzenberger et al. 2010) and
subsequently to date divergences in a relaxed molecular clock approach. We used
the BEAST algorithm (Drummond and Rambaut 2007) to estimate divergence
times. Absolute ages were calibrated with two calibration points, one derived
from a larger scale dating study (Yamamoto and Sota 2007) and the second from
fossil evidence of a member of the same moth subfamily Larentiinae (Cockerell
1922). As there is no known fossil record for Eois, both calibration points are
outside of Eois. To compare the fit of several rate constant and rate variable models
of diversification to the observed pattern, we used the “R” package laser (Rabosky
2006), after estimating the vy statistic corrected for the number of unsampled Eois
species (Pybus and Harvey 2000).

6.5 Results and Discussion

6.5.1 The Megadiverse Moth Genus Eois as a Case Study

The origin of Neotropical Eois was inferred in the mid-Oligocene at 30.96 Ma
(+4.94 Ma; —5.17 Ma). The LTT plot (Fig. 6.2) shows that diversification started at
a high rate and was constantly declining towards the present. The rate of divergence
dropped abruptly around the Miocene—Pliocene boundary, leveling off into a
plateau phase. Only three splits were detected in the Pleistocene, all of them
among taxa with uncertain species status. This observed plateau in the LTT plot
starting in the late Pliocene could be explained either by increased extinction rates
or by stasis. It is conceivable that Pleistocene climate changes have disrupted the
established microhabitat structure in Andean montane forests and therefore put a
halt to the diversification of Eois and its host plants. It is equally possible that
changes in climate and the resulting shifts of elevational zones may have lead to
increased extinction rates. Using sophisticated statistical models, a strong and
statistically significant slow down of the diversification rate towards the present
was detected. This could still be recovered when correcting for unsampled species
with the lower estimate of 733 species, but not with the maximum richness estimate
of 1,710 Eois species to exist in South America (Brehm et al. 2011). However, even
this “failure” to reject a constant rate of evolution with the highest species richness
estimate does not necessarily mean that diversification rates were actually constant.
Fitting of temporal models of evolutionary rate changes identified a density depen-
dent logistic model (DDL) as the best explanation for the observed pattern
(AAICppL, yule3rate = 7.4; @ = 0.97). This model assumes that the rate of speciation
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Fig. 6.2 Lineage through time (LTT) plot of Neotropical Eois moths (modified after
Strutzenberger and Fiedler 2011). Dotted line: camulative number of lineages [when the log of
the number of lineages (y-axis) is plotted through time (x-axis) a straight line would indicate that
diversification rate has been constant over time]. Solid lines represent 95 % credibility intervals.
Hatched area indicates period of massive species level diversification of Piper (according to Smith
et al. 2008), the most important host plant genus of Eois moths. Periods of increased uplift for the
north and central Andes are indicated with black bars. See Strutzenberger and Fiedler (2011) for
further details

is inversely proportional to the number of species present at any given time. The
second best model (yule3rate) is clearly an inadequate representation of the data
given the high Akaike weight of 0.97 for the DDL model. This timing of
divergences within Eois reveals two major events that are likely to have at least
influenced, if not directly facilitated, the diversification of Fois in parallel.

1. Diversification of Fois overlaps with the diversification of its host plants.
According to a calibrated phylogeny for the Piperacean genera Piper and
Peperomia, species level diversification of Piper was dated as mid-late Miocene
to earliest Pliocene (Smith et al. 2008). The majority of known host plant
affiliations of Fois are with either Piper or Peperomia. Density-dependent
speciation points to processes of niche filling and saturation (Ricklefs 2009)
and is considered a hallmark of adaptive radiation (Schluter 2000). In the case of
Eois it is plausible that these moths may have diversified to occupy available
niches (i.e., host plant species), and diversification has slowed down in concor-
dance with a slowdown of diversification in Piper and Peperomia.
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2. Much of the diversification of Eois took place during a period of increased
Andean uplift. Twenty million years ago the Andes were only 25-50 % of their
present day elevation. Rates of uplift in the central Andes increased about 12 Ma
while the northern Andes underwent rapid uplift during the Pliocene period
(Gregory-Wodzicki 2000). Both episodes of Andean uplift could potentially
have affected the diversification of Eois. Due to the lack of data on the paleo-
distribution or even the present day distribution of Eois, it cannot be determined
to what extent the different temporal scales of the central and north Andean
uplift affected Eois. Owing to higher average temperatures during the Miocene,
the latitudinal as well as elevational range of Eois might well have been larger
than it is today. The flora and fauna in the RBSF region is partitioned on a very
fine spatial scale (Homeier et al. 2010; Giinter et al. 2008; see Chap. 8). Plant
communities in ravine forests are strikingly different from ridge forest, and the
same is true for moth communities. It is therefore obvious that the constant
formation and modification of these small-scale habitat structures happening
during an active orogeny provided ample opportunities for speciation to occur
(see Chap. 1).

The two factors described above may have acted on Eois not separately, but
rather in tight interaction with each other. Andean uplift is likely to have driven the
speciation of Eois directly, but also speciation in its host plants. The diversification
of Eois might also have influenced the evolution of Piperaceae plants, even though
larval densities of Eois on Piper shrubs are usually too low for these herbivores to
exert a massive selection pressure on their host plants (Bodner et al. 2010b, 2012).
A more detailed picture of the exact nature of present day interactions between Eois
and Piperaceae plants will be necessary to assess the potential coevolutionary
importance of these interactions with more confidence. On a global scale the
most dramatic event during the diversification of Eois was the global cooling that
started in the Oligocene and eventually lead to the Pleistocene glacial cycles
(Zachos et al. 2001). This could have affected Andean taxa by restricting their
latitudinal and elevational ranges, which in the case of herbivorous Eois might have
acted either directly or indirectly via their host plants. Currently, it is impossible to
disentangle these biotic effects from those caused by Andean uplift with the
available data on Andean climate and species diversity over time.

6.5.2 What Do Other Calibrated Phylogenies Tell About
Andean Speciation?

Calibrated phylogenies for tropical taxa are still few (see Sect. 6.3), but the advent
of molecular dating analyses for a growing number of Neotropical taxa challenged
traditional concepts. In a meta-analysis Rull (2008) found that various Neotropical
plant and animal taxa diversified at a constant rate starting in the Eocene [about
56-34 Ma] and obtained no evidence for a concentration of speciation events in the
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Pleistocene. Insects turned out to be one of the few taxa where a glacial origin of
species seemed to predominate. This can be attributed to the gross under-sampling
of insects in regard to calibrated phylogenies at the time this meta-analysis was
conducted.

Thus far, most calibrated phylogenies of Neotropical taxa have a focus on
lowland Amazonian organisms. Nevertheless, most of these studies revealed the
respective taxa diversified during the period of Andean uplift, starting ~12 Ma
(Antonelli et al. 2010). There are several ways in which the growing mountain
range did influence the Amazonian lowland. The uplift of the Andes had major
impact on Amazonian habitats by changes in climate, especially in the distribution
of rainfall (Sepulchre et al. 2010). The growing mountain range also acted as a
barrier to dispersal. It has been proposed that the Andes might have served as a
species pump for the Amazonian lowland (Fjeldsa and Lovett 1997). This notion
proposes speciation in the Andes with subsequent migration into the Amazonian
lowland. This model was at least partially supported in a number of studies
(Wahlberg and Freitas 2007; Santos et al. 2009; Sedano and Burns 2010) and
might well be applicable to Eois, the majority of which have been found in the
Andes (Brehm et al. 2011). More complex biogeographical patterns were recently
uncovered in a butterfly group associated with Poaceae as larval food (the Taygetis-
clade of Euptychiina: Matos-Maravi et al. 2013), but also in their study only few
speciation processes involving high-elevation specialists occurred during the
Pleistocene.

Antonelli et al. (2010) reviewed the literature available on Neotropical tetrapods
and found that the overwhelming majority of Amazonian tetrapods diversified in
the Miocene and Pliocene periods. Studies with a focus on Andean organisms,
however, are still rare. Few studies on primarily Andean Lepidoptera have recently
seen the light of the day. Besides Eois, we have started to unravel the phylogeny of
another species-rich geometrid moth genus, Psaliodes, in an analogous approach.
Though data are not yet complete, available sequences for 37 species from southern
Ecuador give no indication of massive Pleistocene radiation (P. Strutzenberger and
K. Fiedler, unpublished results). Rather, patterns appear to be broadly similar to
those observed in Eois, even though Psaliodes larvae have totally different feeding
habits (viz. they are specialized on ferns; Bodner et al. 2010a). Elias et al. (2009)
investigated temporal patterns of diversification in the Ithomiinae butterfly genera
Ithomia and Napeogenes. These genera, comprising narrow specialists with larval
host plants in the Solanaceae, diversified in the second half of the Miocene and in
the Pliocene. Pleistocene diversification was detected in only two species pairs.
Casner and Pyrcz (2010) investigated the Andean Satyrinae butterfly genus
Lymanopoda that mostly occurs in paramo and subparamo habitats, where glacial
divergences could be expected with highest likelihood. Again, however, diversifi-
cation within Lymanopoda took largely place in the late Miocene and Pliocene,
whereas the contribution of Pleistocene divergences was small. The authors
concluded that the elevational zonation of Lymanopoda species to be observed
today was established prior to the Pleistocene. No study on Andean insects was thus
far able to detect a massive signal of rapid diversification during the Pleistocene.
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We therefore suggest that an alternative hypothesis should be considered in future
studies, i.e., that Pleistocene glacial cycles and the concomitant habitat disruptions
dramatically slowed down diversification of herbivorous insects and may even have
lead to increased extinction rates.

6.6 Conclusions

Available evidence from calibrated phylogenies suggests that much of Andean
biodiversity is not “recent”: rather, most extant species originated earlier than
during the Pleistocene. This is especially true for forest-dwelling organisms like
Eois moths which are bound to forested habitats through their larval food plants.
Rather, in such clades speciation rates increased during and after the formation of
the Andes. Coevolution with host plants, over long periods of mutual association,
emerged as the prevailing mode of speciation in Eois, and it is likely that similar
patterns will be uncovered in many other groups of organisms that are integrated in
tight biotic interaction networks. This might indicate that these organisms, herbiv-
orous insects and their host plants alike, had to track their climatic and biotic niches
by moving vertically down and up in the Andes, yet these range movements did not
necessarily translate into cladogenesis. This does not preclude, of course, that also
in Andean mountain forests some very young species should exist. From a bio-
geographical as well as an ecological perspective, however, instances of young
speciation are expected to be more prevalent in the vegetation units above the tree
line (such as the paramos). Paramos are nowadays island-like habitats between
which gene flow can be severely limited by forests, high mountain ridges, and low
valleys that serve as barriers (as is the case with alpine plants and animals elsewhere
in high mountains of the world). Hence, sequences of habitat contraction and
expansion are more likely to interrupt gene flow to a degree that facilitates allopat-
ric speciation (Hewitt 2004). For Andean forest organisms, in contrast, there is
presently no evidence that the contraction of the elevational extent of forest habitats
during glacial maxima really fostered speciation in a general manner. This leads us
to conclude that the continuous existence of Andean forest ecosystems from the
time of the Andean uplift onwards was the prime requisite for the tremendous
extant species richness of mountain forests to accumulate, though not in a constant
manner.

Under a conservation perspective it follows from these considerations that
maintaining sufficiently large stretches of near-natural forest is essential to preserve
this species richness (Laurance et al. 2012; see Chaps. 8 and 13). However, the
challenge for the decades to come is whether individual species and entire sets of
interacting species will be able to track the rapid climate changes that may shift
climatic niches of forest species upwards (Colwell et al. 2008, see also Part III).
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Chapter 7
Diversity in Soil Fungi, Protists,
and Microarthropods

Matthias C. Rillig, Tessa Camenzind, Julia Gawlik, Ingeborg Haug,
Valentyna Krashevska, Mark Maraun, Dorothee Sandmann,
and Stefan Scheu

7.1 Introduction and Background

This chapter is one of the three that are concerned with current preserving services
of a biodiversity hotspot of the South-Ecuadorian Andes. While the other two
chapters (Chaps. 6 and 8) deal with plants and aboveground animals, here we
cover selected soil biota groups. These are the arbuscular mycorrhizal (AM)
fungi, forming a key mutualism with plant roots in tropical forests, soil
microarthropods and testate amoebae, which are crucial components of the soil
food web. While separated into chapters, it is clear that these components are
interdependent and interact in various ways (e.g., Wardle et al. 2002). For example,
plant diversity can have a strong influence on AM fungal diversity and vice versa
(e.g., van der Heijden et al. 1998), at least as known from temperate ecosystems
(mostly grasslands). Other microorganisms including bacteria and saprobic fungi,
as well as decomposer invertebrates and their interactions, affect plant performance
and thereby ecosystem processes (Scheu et al. 1999, 2005; Wardle 2002; Scheu
2003). Thus, it is important to consider these components together.

Preserving Services and Soil Biota. Preserving services refer to the maintenance of
genetic or species diversity irrespective of any function. Soil biota generally play a
key role in preserving services, since the reservoir of organismal diversity in soil is

M.C. Rillig (P<1) » T. Camenzind
Institut fiir Biologie, Freie Universitit Berlin, Berlin, Germany
e-mail: matthias.rillig@fu-berlin.de

J. Gawlik
Georgraphic Institute, University of Erlangen, Erlangen, Germany

1. Haug
Eberhard Karls-Universitit Tiibingen, Tiibingen, Germany

V. Krashevska « M. Maraun * D. Sandmann « S. Scheu
J.F. Blumenbach Institute of Zoology and Anthropology, Georg August University Gottingen,
Gottingen, Germany

J. Bendix et al. (eds.), Ecosystem Services, Biodiversity and Environmental Change 81
in a Tropical Mountain Ecosystem of South Ecuador, Ecological Studies 221,
DOI 10.1007/978-3-642-38137-9_7, © Springer-Verlag Berlin Heidelberg 2013


http://dx.doi.org/10.1007/978-3-642-38137-9_6
http://dx.doi.org/10.1007/978-3-642-38137-9_8
mailto:matthias.rillig@fu-berlin.de

82 M.C. Rillig et al.

typically vast, greatly exceeding the aboveground diversity of biota in terrestrial
ecosystems (Wardle 2002). The strategy taken in research summarized in this
chapter was not to tackle belowground diversity exhaustively, but to instead focus
on a number of key groups. These are, for soil microbes, the group of AM fungi,
for soil protists, testate amoebae, and for soil microarthropods, oribatid mites.

7.2 Methods

Terrestrial vascular plants of the natural forest were compared with strongly
modified vegetation types (pastures, pine plantations, and bracken fern areas).
The methods are described in greater detail in Chap. 8.

In order to assess molecular diversity of root-colonizing AM fungi we conducted
a survey of the small subunit (SSU), comparing pristine forest with reforestation
sites. The mycobionts were examined by molecular tools as given in Haug et al.
(2010), additionally the primers AML1 and AML2 (Lee et al. 2008) were used.
Operational Taxonomic Units (OTUs) were defined as surrogates for species on the
basis of sequence similarity by use of OPTSIL (Goker et al. 2009) at <1 %
divergence. In addition, we also carried out a morphological survey of root coloni-
zation at x200 magnification.

Testate amoebae are unicellular protists and represent major consumers of
bacteria in many terrestrial ecosystems in particular acidic forests such as the
studied montane tropical rainforests (Krashevska et al. 2010, 2012a, b). They
were extracted by washing soil and litter samples over filters, inspected under the
microscope, and live specimens and empty shells were determined to species (see
Chap. 18). Oribatid mites represent major soil mesofauna taxa reaching maximum
density in acidic forests (Maraun and Scheu 2000) including the studied system
(Maraun et al. 2008). They predominantly feed on fungi but are trophically diverse
with some species functioning as not only primary decomposers but also predators
(Schneider et al. 2004; Heidemann et al. 2011). They were extracted from soil cores
of a diameter of 5 cm by heat (Kempson et al. 1963).

7.3 Results

7.3.1 Changes in Plant Diversity as a Driver of Other
Diversities

The highly diverse natural forests in the San Francisco valley are exposed to a
strong land use pressure. As a consequence large areas have been deforested and
converted into pastures (see Chap. 2). This land use change causes a strong impact
on plant diversity which is clearly shown by a differing vegetation composition and
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the loss of the vast majority of natural forest species (Peters et al. 2010; Chap. 8).
With the conversion of the multi-storied natural forest ecosystem into a single or
double layered anthropogenic replacement system about 90 % of the forest species
(without epiphytes) are lost. Furthermore, species number average per 100 m?
decline from 114 forest species to 39 on the pasture sites. Exchange ratio between
both sites is very low and just 8 % of 880 plant species can be found on both sites
(Fig. 7.1). The vast majority of species growing on human influenced sites, except
the introduced fodder grass species, is native and has their distribution center in the
Andes.

The data reported here are for aboveground diversity surveys; however, they will
translate to the belowground as well, in terms of carbon input from living roots
(rhizodeposition), from dead roots (root litter), and aboveground litter input.

7.3.2 Soil Fungi: Arbuscular Mycorrhizal Fungi

AM fungi are considered keystone mutualists in many terrestrial ecosystems; they
are clearly the dominant mycorrhizal association type in tropical mountain forests
in Southern Ecuador, with 112 out of 115 examined forest tree species forming this
association (Kottke and Haug 2004).

Given the vast difference between the natural forest and the anthropogenic
replacement system, the pasture, in terms of the respective plant community type
and species composition, a strong effect on this group of plant root symbionts is
expected. Additional factors contributing to any community divergence are higher
frequency of disturbance through fire, altered microclimate, as well as soil
properties (see Chaps. 1 and 2; Beck et al. 2008a, b).

In tropical ecosystems, disturbance by natural phenomena (e.g., treefall gaps and
landslides) as well as by slash and burn or other agricultural practices may affect
AM fungal diversity and abundance (Allen et al. 1998; Cuenca et al. 1998; Bastias
et al. 2006). Already Janos (1980) proposed that a transformation of primary forests
towards managed systems will impact the root-associated mycorrhizal fungi, even
though he rather focused on the state of mycotrophy of the newly arising plant
community.
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Previous studies on the AM status of forests and pastures do not clearly support
this view. The abundance/inoculum potential of AM fungi in soil and roots tended
to not be reduced (Fischer et al. 1994; Maldonado et al. 2000; Guadarrama et al.
2008; Stiirmer and Siqueira 2011), although methodologies applied may alter the
outcome of a study (Muthukumar et al. 2003). Changes concerning the AM fungal
community composition are complex. Picone (2000) compared tropical lowland
forests in Costa Rica with converted pastures, finding a similar species composition
and no decline in species diversity, though gamma-diversity was significantly
reduced. Johnson and Wedin (1997) reported the same pattern in Costa Rican dry
forests. Conversely, Gavito et al. (2008) found higher species richness in primary
forests and a change in species composition in a tropical dry ecosystem in Mexico,
whereas Stiirmer and Siqueira (2011) report the lowest species richness in pristine
forests in the Brazilian Amazon. These data were collected by analyzing spore
communities, which generally raises problems because sporulation patterns can be
affected by biotic and abiotic factors (Bever et al. 1996; Clapp et al. 1995).
PCR-based methods provide a novel tool to directly assess fungal diversity in the
roots itself. Few studies in the tropics applied molecular tools on this topic (e.g.,
Aldrich-Wolfe 2007). Basing on the analysis of only one tree species growing in
tropical premontane forests in Costa Rica, seedlings planted into adjacent pastures
formed a distinct mycorrhizal community. In the data described in the present
chapter, the AM fungal community is likewise surveyed using a molecular
approach.

A morphological comparison of AM fungal root colonization revealed no
obvious divergence between forests and pastures, regarding both the abundance
of AM fungal structures and the morphological traits. The percentage of AM fungal
root colonization in the pristine forest has been assessed for various root samples
collected at the NUMEX plots (2,020 and 2,120 m a.s.l., 3°59’S, 79°05'W; see
Fig. 1.2; Chap. 23). Percentage of root colonization is on average 40-50 %
(T. Camenzind, unpublished data). Roots sampled on the near reforestation plots
and pastures were studied as well and the AM fungal colonization was examined
visually after staining. These samples were well colonized throughout with no
apparent morphological differences to the forest.

A small subunit (SSU)-based molecular survey of root-colonizing AM fungi
comparing pristine forest with reforestation sites was conducted. In the pristine
forest mycorrhizal roots were sampled from trees, planted (Kuptz et al. 2010) and
naturally regenerated (seedlings). On reforestation sites of different successional
stages, mycorrhizal roots were taken from tree seedlings of four planted native
species (Giinter et al. 2009) and surrounding trees, shrubs, and grasses. Members of
Archaeosporales, Diversisporales, and Glomerales were found on all sites, with the
Glomerales dominating. Omitting the singleton-OTUs, a total of 56 OTUs were
found: 35 OTUs on the reforestation plots, 42 OTUs in the pristine forest, of these
21 OTUs occurring in both systems (Fig. 7.2a). No plant specific OTUs were
recognizable. Few OTUs were found in high numbers, many in low numbers
(Fig. 7.2b). Most of the frequent OTUs occurred in both systems. The results not
only indicate a slight decrease in AM fungal richness and changes in species
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Fig. 7.2 (a) Distribution of the occurrence of AM fungal Operational Taxonomic Units (OTUs) in
the ecosystems of pristine forest, reforestation sites, and both systems. (b) Percentage of AM
fungal OTUs found on different numbers of plant individuals

composition on the reforestation sites but also show a high fraction of AM fungi
that are robust to the system change.

7.3.3 Soil Protists and Microarthropods: Testate Amoebae
and Oribatid Mites

Micro- and mesofauna form main components of the soil food web and essentially
affect decomposition of organic matter and thereby carbon and nitrogen cycling
(Bradford et al. 2002; Hackl et al. 2005; Wilkinson and Mitchell 2010), but this
remains poorly investigated in particular in tropical ecosystems (Coleman et al.
2004; Scheu et al. 2005).
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Soil bacteria and fungi are imbedded in a complex food web in soil. Major
consumers of bacteria include unicellular organisms such as testate amoebae, and
major consumers of fungi include microarthropods such as oribatid mites. Both are
considered to play an important role in regulating prey abundance and thereby
decomposition processes in virtually all ecosystems on earth. This is also likely to
be true in tropical montane rain forests of southern Ecuador, in particular since
macrofauna decomposers are relatively rare in these ecosystems (Maraun et al.
2008; Scheu et al. 2008). Over the last 6 years we investigated the response of
microorganisms, testate amoebae, and microarthropods to altitudinal changes
(Krashevska et al. 2007; Scheu et al. 2008). Further, we explored the limitation of
microorganisms and testate amoebae by carbon and nutrients (Krashevska et al.
2010), their dependency on litter quality (Illig et al. 2008; Krashevska et al. 2012a)
and response to the exclusion of precipitation (Krashevska et al. 2012b). Here we
summarize these findings and show how sensitively these components of tropical
montane rainforests respond to environmental changes and to changes of altitude.
As opposed to AM fungi, no comparable data are available for the comparison of
forest and replacement system, so this aspect cannot be discussed.

7.3.3.1 Testate Amoebae

The density of testate amoebae live specimens was at maximum at 2,000 m, lower
at 3,000 m and lowest at 1,000 m a.s.l. (Fig. 7.3a). Parallel to the density of live
specimens, total density of testate amoebae peaked at 2,000 m, was similar at
3,000 m and lower at 1,000 m (Krashevska et al. 2007). Species number of live
specimens did not change with altitude (Fig. 7.3b). In contrast, total species number
decreased significantly in the order 2,000 < 3,000 < 1,000 m. Krashevska et al.
(2007) identified a total of 135 taxa and only few more species are to be expected, as
suggested by rarefaction analysis (Fig. 7.4a). Indeed, in the last few years we found
only few more species. Generally, more than 160 taxa of testate amoebae were
identified in more than 200 samples. In comparison with plant diversity (about
1,200 species; Homeier and Werner 2007) protist diversity in the studied tropical
montane rainforests is low, however, compared to testate amoebae diversity in a
rain forest of Puerto Rico (104 species), in a temperate forest in Germany (62 spe-
cies) and in acidic soils in Chile (94 species) the number of species of testate
amoebae in the studied tropical montane rain forests of Ecuador is high. High
species diversity is particularly remarkable as with a maximum of about 3,000 live
specimens and about 13,000 total ind./g dry weight the density of testate amoebae is
low compared to the above mentioned ecosystems with densities of
23,000-370,000 ind./g dry weight (Bonnet 1966; Wanner 1989; Bamforth 2007).
The results suggest that the diversity but not the density of testate amoebae in
tropical mountain forests is high exceeding that in other tropical forests and
temperate forests. Additionally, the majority of the taxa found are geographically
widespread, less than 10 % are endemic and we judge that less than 5 % are new to
science. However, more detailed studies including molecular investigations are
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Fig. 7.4 Sample-based rarefaction curves and corresponding estimators for testate amoebae (a)
and oribatid mites (b)

needed to confirm these findings. As abiotic conditions at the study site are rather
beneficial for soil invertebrates such as protists, low density of testate amoebae
suggests low availability of resources with nitrogen presumably being most impor-
tant (Iost et al. 2008; Krashevska et al. 2010).
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7.3.3.2 Oribatid Mites

Total density of oribatid mites significantly decreased with increasing altitude in
order 1,000 < 2,000 < 3,000 m with 13,452 4+ 740, 10,942 + 946 and
5,597 + 1,090 ind. m72, respectively (Fig. 7.3c). These densities resemble those
of other tropical forests (rainforest in French Guiana ca. 25,000 ind. mfz, Kounda-
Kiki et al. 2004; rainforest in Australia ca. 43,000 ind. mfz, Plowman 1981) but are
much lower compared to acidic deciduous forests of the temperate zone and boreal
forests where oribatid mites reach densities of >200,000 ind. m 2 (Maraun and
Scheu 2000). Surprisingly and in contrast to adult oribatid mites, the density of
juveniles significantly increased with increasing altitude (data not shown). The
higher proportion of juveniles at higher altitudes at least in part is likely due to
longer developmental time of juveniles resulting from lower temperature.
Corresponding to the density the average number of species found in one sample
strongly decreased with increasing altitude (Fig. 7.3d). The total number of
identified species also decreased with altitude, in particular at the highest altitude,
with 169, 178, and 73 taxa at 1,000, 2,000, and 3,000 m, respectively. The number
of species which exclusively occurred on one altitude decreased with increasing
altitude with 60 %, 52 %, and 27 % at 1,000, 2,000, and 3,000 m, respectively,
suggesting that at higher altitude the number of ubiquitous species increases.

In more than 350 samples investigated, a total of 335 taxa of oribatid mites were
identified along the three study sides at 1,000, 2,000, and 3,000 m. The number of
species corresponded with those estimated by rarefaction analysis (Fig. 7.4b).
Although very preliminary, we estimate the number of new species to be high;
about 40 % of the identified species could not be named with certainty using keys of
Balogh (1972, 1988), Balogh and Balogh (1988, 2002), Balogh et al. (2008),
Weigmann (2006) and others. Some new species have already been described
(Niedbala and Illig 2007), but a wealth of work remains to be done. However,
compared to the number of herbivore species above the ground, the number of
oribatid mite species in soil is low as indicated by, e.g., the >1,000 species of
geometrid moths found at the studied tropical montane rainforests (Brehm et al.
2003; Fiedler et al. 2008; see Chap. 6). This supports suggestions that compared to
above the ground the latitudinal gradient in belowground animals is less pro-
nounced (de Deyn and van der Putten 2005; M. Maraun, unpubl. data).

7.4 Conclusions

In this chapter we showed that in a comparison of forest and the anthropogenic
replacement system, AM fungal richness was not greatly changed, even though
there were strong changes in the associated plant community. It would be interest-
ing to compare such patterns also for other soil biota groups such as other symbionts
or decomposer microorganisms.
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In a comparison of altitudinal patterns at three elevations, it became evident that
the diversity of belowground animals, such as protists and microarthropods, does
not approach that of aboveground animals, such as herbivores. Some groups
showed strong altitudinal patterns (oribatids), whereas others (testate amoebae)
did not.

Overall, the results highlight that considerably more effort is necessary to
understand the relationship between above- and belowground diversities in these
tropical forests: what is a hotspot for some organism groups does not necessarily
have to be equally “hot” for others, but why this is so is not yet clear. Perhaps it is
due to cryptic diversity below the level currently examined, but maybe there are
also system-inherent reasons that explain why symbiont or decomposer subsystem
diversity does not track the diversity of the aboveground component.
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Chapter 8
Plant Diversity and Its Relevance for the
Provision of Ecosystem Services

Jiirgen Homeier, Florian A. Werner, Julia Gawlik, Thorsten Peters,
Karl-Heinz J. Diertl, and Michael Richter

8.1 Introduction: Ecosystem Services Related to Plant
Species Composition and Diversity

Biodiversity is rapidly declining in tropical ecosystems, and this decline has
important implications for the functioning of the ecosystems and the services that
they provide (Balvanera et al. 2006; Isbell et al. 2011; Millenium Ecosystem
Assessment 2005). Tropical forests can provide a vast array of products, and they
regulate many natural processes, e.g., climate regulation, maintenance of air and
water quality, nutrient cycling, soil formation, and the sequestration and storage of
carbon. They are also a repository for genetic resources, and in addition provide
recreational value. Logging and pressures from agriculture or infrastructure devel-
opment are resulting in the large-scale loss of forested land, and as a result a decline
in the provision of ecosystem services (Millenium Ecosystem Assessment 2005).
Ecosystem services are in most cases not related to single plant species, but to
the ecosystem as a whole (Lyons et al. 2005). Complex interactions between the
components of biodiversity and physical and chemical environmental factors deter-
mine the quantity, quality, and stability of ecosystem services (Mace et al. 2012).
However, these interactions are commonly poorly understood, especially with
regard to diverse tropical ecosystems. The first step towards understanding them
is to elucidate how environmental parameters and disturbance regimes drive species
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composition and diversity dynamics in tropical ecosystems. In addition, it is
important to explore functional properties of species or species groups and their
contributions to ecosystem functioning (de Bello et al. 2010; Cadotte et al. 2011).

This chapter summarizes how plant species composition and richness in the San
Francisco Reserve and its surroundings are driven by elevation, topography, and
different types of natural disturbances (landslides, canopy gaps). In addition, the
effects of human land use (active and abandoned pastures) and forest fragmentation
are discussed.

8.2 Materials and Methods

Plant species composition was studied according to a variety of different methods
depending on the type of vegetation and research question to be addressed. To study
the composition and species richness of trees along an altitudinal gradient, 17 per-
manent plots of 400 m? size each were established at altitudes ranging from 1,850 to
2,570 m a.s.l. in the mature natural forest of the Reserva Biologica San Francisco
(RBSF, Homeier et al. 2010). In addition, 18 plots (matrix plots) of the same size
were installed at 2,000 m a.s.l. to study the effects of topography and related soil
parameters on tree species composition and richness. These plots encompassed
three different topographic positions (lower slopes, mid-slopes, and upper slopes),
with six replicates located on each position (see Chap. 10). All plots were covered
by mature, closed-canopy forest representative of the respective topographic situa-
tion. Tree regeneration in natural forest canopy gaps was studied in the lower
montane forest by comparing the influence of the topographic position (upper
slopes vs. lower slopes) on the regeneration (see Homeier and Breckle 2008 for
details).

The natural vegetation of the lower montane forests (2,000-2,100 m a.s.l.) and
the upper montane forests (2,400-2,500 m a.s.l.) was compared with anthropogen-
ically modified vegetation found at the same altitudes. Terrestrial vascular plant
species and their ground coverage (in %) were recorded within eight transects of
100 m? size each (50 m x 2 m) at each site and elevation level (32 transects in
total). Eight additional transects, two each, were laid out on active pastures,
abandoned pastures, bracken fern areas, and pine afforestations within an altitudinal
range of 1,900-2,200 m a.s.l. (see Diertl 2010 for detailed inventory methods).

In addition to terrestrial plants, vascular epiphytes were studied by recording the
occurrence of plant individuals on entire remnant trees in pastures and on canopy
trees of similar size and the same species in closed forests. Access to the canopy
was achieved by single-rope climbing technique (see Werner et al. 2005 for details).
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Fig. 8.1 Angiosperm species richness of different plant life forms in natural forest habitats along

an altitudinal gradient (drawn with data from Homeier and Werner 2007). Forest types according
to Homeier et al. (2008)

8.3 Results and Discussion

8.3.1 Altitudinal and Topographical Gradients as Drivers
of Species Richness in the Rio San Francisco Valley

Angiosperm species richness in the San Francisco Valley generally decreases with
altitude (Fig. 8.1). Although the existing inventory of approximately 1,200 angio-
sperm species (Homeier and Werner 2007) is far from being complete, general
altitudinal patterns of species composition are not expected to change significantly
with additional species records. The patterns of life form composition along the
altitudinal gradient are rather similar at each altitude, although an absolute reduc-
tion in the number of species is evident. The decrease in species richness of shrubs
and herbs that are the dominant life forms of the uppermost elevations is lower than
that of epiphytes or trees.

Ravine and lower slope forests are generally more productive (as expressed by
tree basal area growth or fine litter production) and richer in tree species than are
upper slopes and ridges (Homeier et al. 2010). Soil nutrient concentration appears
to be a major factor in determining differences in forest structure and tree species
composition within the study area (Homeier et al. 2010; Wolf et al. 2011). The
differences in stand structure are principally related to tree species composition.
Ravine forest tree species appear to be unable to recruit on the poor, acidic soils
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covering the upper slopes and ridges, whereas the slow-growing ridge specialists
appear to be poorly able to compete for light with the faster-growing ravine species
(Homeier 2008). There is a surprisingly small number of tree species shared
between lower slopes and upper slopes, indicating that most species are restricted
in their occurrence to specific sites.

Topographical gradients with their array of edaphic, climate, and landform
parameters thus contribute to the variety of (micro-) habitats and increase vegeta-
tion heterogeneity as well as plant species richness of the tropical montane forests
being investigated in the present study, as has also been shown for other montane
forests (e.g., Webb et al. 1999). The changes in species composition and forest
structure detected along topographical gradients often resemble those observed
along altitudinal gradients (e.g., Webb et al. 1999; Takyu et al. 2002).

8.3.2 Forest Dynamics in Response to Natural Disturbance

The highly diverse natural forests of the study area harbor a vast number of plant
species adapted to specific ecological niches within the spatially heterogeneous and
temporally variable site conditions. Natural disturbance events are followed by
distinct successional stages, each of which is characterized by a specific plant
composition ranging from early pioneers on recent landslides or in canopy gaps
to climax species in mature closed-canopy forest.

Two major natural disturbance regimes affect the study area, and each has long-
lasting effects on the structure and the species composition of the vegetation. Tree
and branch falls result in gaps in the forest canopy that change the light regime on
the forest floor and the microclimate in the understory. The tree species composi-
tion of different successional stages on the ridges and upper slopes of the lower
montane forest is rather uniform, and typical pioneer species are completely
lacking (Homeier 2008; Homeier and Breckle 2008). In contrast, the recovering
forest on lower slopes and ravine sites is characterized by the presence of fast-
growing pioneer taxa such as Cecropia spp. (Urticaceae), Heliocarpus americanus
(Malvaceae), and Piptocoma discolor (Asteraceae) which appear to be restricted to
more fertile soils. Hence, the absence of pioneer trees on the upper slopes and
ridges is likely to be due to unfavorable soil conditions, since the immediate
vicinity of the two forest types makes dispersal constraints unlikely. Differences
in tree composition and population dynamics in these two neighboring forest types
are maintained during the succession from young towards mature forest.

While the stunted upper montane forests exhibit fewer canopy gaps than do
lower altitude forests, they are susceptible to the second natural disturbance factor
of landslides that have a severe impact on these forests (Restrepo et al. 2009;
Muenchow et al. 2012). The duration required for forest recovery and the reestab-
lishment of the original plant species composition after a landslide in the study area
is highly dependent on the elevation at which the landslide took place and on the
size and aspect of the landslide (Bussmann et al. 2008; Ohl and Bussmann 2004).
However, successions setting on landslide sites always start with mosses and
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lichens covering the bare soil. The first vascular plants establish a foothold after
5-10 years, with Lycopodiaceae and Baccharis genistelloides (Asteraceae) being
common early pioneers. Later, various fern species (especially Gleicheniaceae),
orchids, grasses, and shrubs (Asteraceae, Ericaceae, and Melastomataceae) appear
before first tree species become established.

Both canopy gaps and landslides contribute to the spatial heterogeneity of
environmental conditions in the study area and thus drive ecosystem dynamics
and species richness. It takes no longer than a few decades for open areas to have
been reclaimed by closed-canopy forest. The large local species pool and the
presence of species well adapted to the natural disturbance events constitute the
basis for the resilience of this unique ecosystem and also for its resistance to
invading alien plant species.

8.3.3 Land Use Patterns as Determinants of Secondary
Vegetation

Ecuador is characterized by one of the highest deforestation rates in South America
(FAO 2005; Mosandl et al. 2008). Today approximately 48 % of the montane
forests below 2,200 m a.s.l. and at least 6 % of the higher altitude natural vegetation
in the Rio San Francisco valley (Géttlicher et al. 2009) have been replaced by
man-made ecosystems (Fig. 8.2; see also Chap. 2).

Topographic gradients are of great relevance for understanding the regeneration
of vegetation after human disturbance. Accessible terrains on the lower slopes
rising from the Loja-Zamora road (see Fig. 1.1c) into the mountains have been
transformed into pastures by seeding or planting forage plant species. Agricultural
crops (maize) play a subordinate role on deforested areas and are cultivated at most
for 1-2 growing seasons subsequent to slash-and-burn practices. Forests on the
upper slopes and ridges are burned frequently and repeatedly, but rarely taken under
cultivation. The common forage species in the RBSF are Setaria sphacelata,
Melinis minutiflora, Pennisetum clandestinum, Holcus lanatus, and Axonopus
compressus (all Poaceae). Except for the native A. compressus, all of the forage
grasses have been introduced; S. sphacelata being the most recently introduced
African forage grass in the area. Due to its vigorous growth under a wide range of
environmental conditions, this tussock grass has increased its share of ground cover
over the past 20 years despite its low nutritional value (e.g., protein content).

Current land use practices have a severe impact on the natural ecosystem. This is
clearly shown by a plant composition that is completely different to that character-
istic of the natural forests and lacks the vast majority of the forest species. Figure 8.3
gives an overview of the family composition of the natural forest vegetation
compared to secondary site vegetation at two different altitudes.

Only 9.9 % of the natural forest species are found on sites currently or previously
under human use. Not more than 2.5 % of the forest species are found on pastures
being currently grazed, where species richness depends strongly on the density of
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Fig. 8.2 Tropical montane forest and cattle pastures in the Rio San Francisco valley
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Fig. 8.3 Plant family composition of natural forest vegetation and secondary vegetation at two
different elevations (redrawn after Diertl 2010 and Peters et al. 2010). Angiosperm families:

AQUifoliaceae,

ARACeae, ASTeraceae,

BROmeliaceae,

CARyophyllaceae, CYPeraceae,

ERICaceae, LAUraceae, MELAstomataceae, MYRTaceae, ORChidaceae, PIPeraceae, POAceae,
ROSaceae, RUBiaceae, SOLanaceae. Pteridophyte families: DRYopteridaceae, POLypodiaceae

the dominant forage grass species. The dominance of the highly competitive
S. sphacelata results in a low variety of accompanying herbaceous species (an
average of 13 species) compared to the more traditional Melinis-, Pennisetum-,
Holcus-, and Axonopus pastures (average of 33 species). All together, 245 species
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Table 8.1 Mean numbers of vascular plant species found in various land use situations at
1,900-2,200 m a.s.l. in comparison with the natural forest of the study area, together with the
corresponding effective Shannon diversity D (Jost 2006) and evenness (natural forest data in the
last column are derived from Diertl 2010)

Active Abandoned Bracken Pine

pastures pastures fern areas afforestation ~ Forest
No of species [100 mfz] 41 22 38 47 125
Shannon-diversity D 8.67 3.13 13.20 14.88 54.60
Evenness 0.58 0.37 0.72 0.69 0.83

of vascular plants from 169 genera and 73 families were recorded for pastures
situated between 2,000 and 2,200 m a.s.l. The families exhibiting the most species
were the Asteraceae with 27 genera and 45 species, the Poaceae (16 genera,
24 species), and the Melastomataceae (6 genera, 15 species). Forty six percent of
the species were herbs, 27 % shrubs, 14 % grasses, 7 % climbers and 6 % trees.

Common woody pioneer species are Tibouchina laxa, T. lepidota (both
Melastomataceae), and Piptocoma discolor. Asteraceae shrub species such as
Ageratina dendroides and Baccharis genistelloides occur very frequently across
all secondary vegetation types; whereas Melastomataceae such as Monochaetum
lineatum and Brachyotum benthamianum, as well as the Ericaceae shrubs
Gaultheria erecta and Bejaria aestuans, are characteristic for bracken fern-
dominated areas on previously burned sites. The highest average species density
per 100 m? was found in a pine afforestation (47 species), the lowest being detected
on abandoned pastures (22) (Table 8.1). Because of the high competitiveness of the
forage grass S. sphacelata, the numbers of species found on the abandoned pastures
are consistently very low.

Floristically, the vast majority of the plant species growing on man-made sites
are Andean elements, and only few are aliens. Of the latter, the most important
species are cultivated for forage (of African origin: S. sphacelata, M. minutiflora,
P. clandestinum, of European origin: H. lanatus, Trifolium repens) or for forestry
(Pinus patula from Mexico). While none of these species is invasive in the study
area, the cosmopolitan bracken fern Pteridium arachnoideum covers large areas
that had previously been burned. However, the fern is restricted to open landscapes,
as it does not invade natural forest stands.

8.3.4 Secondary Succession Processes in Anthropogenic
Vegetation

The course of secondary successions on pastures is strongly influenced by the
abundance of fodder grass species. The dense canopy and compact root network
of the dominant species S. sphacelata prevent rapid succession from taking place
upon pasture abandonment.



100 J. Homeier et al.
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Figure 8.4 shows the number of species found per 10 m? on Setaria pastures
under different land use conditions. The already very small number of herb species
present under active pasture conditions decreases continuously during later stages
of abandonment, while S. sphacelata attains a ground coverage of almost 100 %
and reaches a mean height of 1-1.5 m. The vegetation of abandoned Setaria
pastures is still very poor in species number even after 18 years of fallow. The
most frequent shrub species are then Munnozia senecionides, Austroeupatorium
inulifolium, Ageratina dendroides, and Lepidaploa canescens (all Asteraceae).
Species of the genus Rubus are also common, while bracken fern is not very
abundant (mean coverage of about 3 %). In contrast, silvipastures with remnant
forest trees exhibit more species than do the other pasture sites (Fig. 8.4). These
pastures were not established by slash-and-burn practices, but by lumbering trees
without previous burning.

This lumbering leads to a completely different pasture species composition
including woody elements such as Miconia, Hieronyma, and various Lauraceae
that do not occur on previously burned sites. The higher species numbers on
silvipastures are not due to herbs, but rather to tree seedlings. These sites accord-
ingly provide better initial conditions for a rapid succession than do the common
pastures.

The fires set for slash-and-burn practices do not restrict themselves to their target
areas. As a consequence, a bracken fern stage characterized by the high abundance
of P. arachnoideum establishes itself on burned-out ridges and steep slopes that are
not suitable for agricultural use due to their low soil nutrient content. Repeated
burning stabilizes the dominance of bracken, since the subterranean rhizomes of
this fern tolerate high temperatures. In addition, fire removes the poorly decompos-
able dead fronds of bracken, and thus removes any restrictions to the propagation of
the fern by self-shading. Increasing invasion of bracken fern similarly takes place
on active pastures after repeated burning (Roos et al. 2010).
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8.3.5 Fragmentation Effects: Epiphytes on Remnant Trees
as a Model System

Forest fragmentation is a common phenomenon in most tropical montane regions.
During the last decades, the size of intact forest fragments tended to decline rapidly,
dividing populations and creating distinct edge habitats. In the face of global
climate change, even narrow bands of agricultural matrix may threaten the biodi-
versity of forests by hindering compensatory range shifts, such as the upslope
migration of forest species on the deforested Andean foothills (Bush 2002). Under-
standing how forest organisms are affected by habitat fragmentation thus requires
information as to how these organisms respond to all of the factors that affect
landscapes (Gascon et al. 1999).

Isolated trees (ITs) are a common element of anthropogenic land use matrices
throughout the tropics. They constitute keystone structures by offering refuge,
enhancing connectivity, and providing nuclei for regeneration (Wolf 2005; Manning
et al. 2006; Zahawi and Augspurger 2006). ITs can be viewed as the “ultimate,”
smallest possible forest fragment (Gove et al. 2009), and they thus provide an easily
replicable model system for fragmentation studies. ITs represent small habitat
islands for forest organisms that are likely to experience constrained dispersal.
Being immediately surrounded by open land, they experience pronounced physical
edge effects (elevated light levels, wind turbulence, temperatures, and enhanced
evapotranspiration rates; Laurance 2004).

With well over 1,200 species of lichens, bryophytes, and vascular plants (Liede
and Breckle 2007), epiphytes (including epiphylls) constitute the majority of plant
species in the RBSF area. Patterns of IT epiphyte diversity have been studied for all
of the three principal groups of epiphytes (see above; Noske et al. 2008). It is
noteworthy that lichen species richness found on ITs was not lower than that found
on trees of the closed forest. The species composition on the ITs was also only
moderately distinct from that on the forest trees.

In contrast, the epiphytic bryophyte and particularly vascular plant species found
on ITs were much smaller in number than those found on forest trees and showed
strong compositional differences in the two habitats (Werner et al. 2005; Noske
et al. 2008; unpublished data). A common pattern on isolated trees was a spatial
homogenization of epiphyte species. Most epiphyte species in closed-canopy
forests occupy narrow vertical niches that offer a suitable trade-off between light
and humidity conditions. The microclimate gradient driving this stratification is
nonexistent on isolated trees (Noske 2005; Werner and Gradstein 2008), and typical
upper canopy species are widely distributed among the crowns of isolated trees.
The distance of ITs to the forest as a source of diaspores was not significantly
correlated with species richness per isolated tree for any of the three taxonomic
groups of epiphytes (Noske et al. 2008), suggesting that dispersal limitations were
of minor importance.

The processes that lead to such pronounced changes in species assemblage
structure and diversity have been studied for vascular epiphytes. Well-established
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individual plants (late juvenile to adult stages) on the trunks of isolated trees in a
fresh clear-cut were tagged and observed over a period of 3 years. More than 50 %
of the individuals died within the year following the isolation of their host trees. The
mean cumulative mortality of the individuals on the ITs was 72 %, which is
significantly higher than that observed in undisturbed forest (11 %). While the
mortality of nearly all of the major epiphyte families was significantly higher on the
IT than on the forest trees, it was most dramatic with regard to ferns. Plants
surviving on ITs generally showed a reduced maximum leaf length (Werner
2011). A parallel experimental study on recruitment indicated that rates of early
epiphyte establishment on isolated trunks of Piptocoma discolor were 90 % lower
than those observed in forest. Even after statistically removing the effect of low
plant abundance by rarefaction, the number of epiphyte species that were able to
newly establish was significantly lower on IT trunks than it was in the closed forest.
Although a broad range of taxa were able to establish in the forest, only few
xerotolerant groups (especially tank bromeliads and a desiccation-tolerant
polypodioid fern) managed to establish on IT trunks.

These results prove that increased mortality of resident epiphytes as well as
impaired recruitment of new epiphytes affect the composition and species richness
of vascular epiphyte assemblages on isolated trees. The poor recruitment in terms of
both species and individual numbers is hence unlikely to compensate for the
strongly enhanced mortality of resident species, and thus results in long-term
impoverishment (Fig. 8.5, see also Noske et al. 2008; Koster et al. 2009). The
high rates of mortality and the taxonomically skewed recruitment suggest that
increased exposure to light and wind and the resulting increase in desiccation stress
are the key drivers of epiphyte diversity on ITs rather than dispersal constraints.

Caution should, however, be taken in generalizing these results. The resilience
of epiphyte communities may vary widely with local climate conditions (Werner
et al. 2012), and can be substantially higher in perhumid or strongly arid areas (e.g.,
Werner and Gradstein 2009; Larrea and Werner 2010). On the other hand, most
shade- or moisture-demanding taxa of any local community are unlikely to flourish
in the multiple edge environment of ITs (Poltz and Zotz 2011). This is commonly
indicated by the reduced p-diversity of IT assemblages (e.g., Hietz 2005; Larrea and
Werner 2010). Plant responses similar to those documented for ITs in the San
Francisco Valley can also be expected to occur along forest edges and in degraded
forest. Consequently, the retention of scattered trees and narrow strips or small
fragments of forest on clear-cuts are unlikely to be sufficient tools for the conser-
vation of tropical epiphyte diversity.
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Fig. 8.5 A conceptual model of the extinction and (re-)colonization dynamics of epiphyte species
on isolated trees remaining upon the conversion of closed forest into agricultural matrices. Since
only a limited number of local species may be adapted well enough to dwell under a high level of
exposure, recolonization will often not be able to compensate the loss of the original epiphyte flora

8.3.6 Expected Effects of Reduced Plant Functional
Diversity

Changes in biodiversity are accompanied by changes in plant functional diversity
(Diaz et al. 2007). Our knowledge about plant functional traits and the role of
individual species in the montane forests of the study area is still very limited. We
can therefore only assume that the immense loss of species richness associated with
land use change results in a drastic deterioration of ecosystem services on the
landscape level. Recent studies (e.g., Isbell et al. 2011) suggest that a high level
of plant diversity is needed to maintain ecosystem services, and that even the loss of
less common species can have significant effects on the ecosystem level (Lyons
et al. 2005). Because of the large species pool existing in the study area, one might
expect a high complementarity of functions over the range of species, and that
insignificant species losses would have no noticeable short-term effects on ecosys-
tem functioning. However, it is beyond question that the drastic species loss
resulting from forest fragmentation and current unsustainable land use practices is
accompanied by a decreasing resistance to invasive species (e.g., the example of
bracken fern in frequently burned areas) and a diminution of ecosystem services.
The average annual total value of ecosystem services provided by tropical
forests is estimated to amount to 6,120 $ ha—' (TEEB 2009). According to
Gottlicher et al. (2009), almost 48 % of the forests in the study area situated
below 2,200 m a.s.l. (lower montane forest, originally amounting to a total of
~7,480 ha) have already been anthropologically transformed. Of this area, 15.4 %
is being actively used as pasture, 10.6 % is covered by bracken fern and 21.7 % is
overgrown by shrub-dominated succession. Assuming that the average value of the
ecosystem services generated by this transformed area is reduced by approximately
50 % (according to Portela and Rademacher 2001), one may estimate an annual loss
of 10.9 million $ for that relatively small area. This calculation is only of theoretical
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value since there is no market for ecosystem services. However, it is hard to
imagine that current agricultural incomes (see Chap. 17) will be able to compensate
for this loss.

8.4 Conclusion: Implications for Conservation

Managing the montane ecosystems of South Ecuador in a sustainable fashion is a
key challenge for the future. Basic knowledge about ecosystem functioning is still
scarce for the region, and the study of plant functional traits should receive
increasing attention, since these traits are the main attribute by which plants
influence ecosystem functioning and thus ecosystem services.

The extent to which the locations that are most valuable for ecosystem services
coincide with those that support the highest biodiversity is of critical importance for
designing conservation and management strategies. In the study region, high
biodiversity commonly coincides with relatively poor soils that are not appropriate
for agriculture. This means that the chances for conserving the ecosystems of
interest in the study area are good, since the benefits of converting areas of high
biodiversity to agricultural use are low. On the other hand, conservation can only be
achieved by increasing the value of forest ecosystems to the local communities. It is
therefore necessary to define property rights and to establish suitable “Payment for
ecosystem services” (PES) compensation schemes.
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Chapter 9
Supporting, Regulating, and Provisioning
Hydrological Services

Lutz Breuer, David Windhorst, Andreas Fries, and Wolfgang Wilcke

9.1 Water-Related Ecosystem Services

Water is involved in all types of ecosystem services including supporting, provi-
sioning, regulating, and cultural ones (Millennium Ecosystem Assessment 2005).
Many of these ecosystem services are intrinsically coupled and water is a major
coupler, either directly by the interaction with water or indirectly through
transporting processes (Brauman et al. 2007). There are a number of studies
about land-use and management changes and their effect on hydrological processes
and fluxes. However, there is no comprehensive overview of their impact on water-
related ecosystem services for tropical montane ecosystems.

The maintenance of the water cycle belongs to the supporting services of the
forest ecosystem. The water cycle provides water for primary production in all
ecosystems and further effectively triggers soil formation and nutrient cycling.
Water also serves as a habitat for aquatic organisms (Brauman et al. 2007).
Furthermore, water plays an indirect, proximate role as a driver for services
provided by other parts of the ecosystem. Water erosion not only reshapes
landscapes and leads to substantial soil losses, but also influences the carbon budget
(Lal 2003).

In a recent study on the ecological and economic costs of carbon sequestration
by tree plantations, it was shown that a multitude of trade-offs between groundwater
recharge, streamflow, salinity, and acidity of soils may occur (Jackson et al. 2005).
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A further example is the soil moisture dependence of the carbon and nitrogen cycle
within soils which in turn determine ecosystem services such as the regulation of
trace gas emissions or carbon sequestration. However, N,O and NO emissions
measured at different elevations in the San Francisco valley did not reveal a
correlation with the measured soil moisture content (Wolf et al. 2011). Water
also acts as a resource that is obtained from the landscapes for human consumption,
industrial processes, or agricultural utilization and therefore is a provisioning
service. In tropical montane regions in Ecuador, this service most often is related
to hydropower generation, mainly in the Paramo (Buytaert et al. 2006). Further to
the already existing hydropower stations, there is a large development potential,
especially for medium and small hydropower plants in the Andes. A second
important provisioning service in the Andean region of Ecuador is related to
freshwater fish production. Various tilapia and carp species as well as rainbow
trout are commonly grown in Ecuador (Schwarz and Schwarz 2007).

The timing of runoff, flooding, and groundwater recharging depends on the
water storage potential and dynamic of the system which is therefore a regulating
service. Regulating services of the forest are linked to land-use change and type and
intensity of land use. A conversion from forests to cropland or pastures can
substantially alter the water regulation function of the ecosystem (see Chap. 20).

Cultural water-related ecosystem services include recreational, esthetic, spiri-
tual, religious, educational, and scientific factors. The San Francisco catchment
may offer a high development potential for tourism given the wide-stretching
coverage of the Podocarpus National Park in the basin (see Fig. 1.1). But currently
there is hardly any infrastructure developed in the region to support this. Water also
does not play a dominant role in local societies with regard to spiritual or religious
aspects. However, indigenous people (Shuar) living close to the Rio San Francisco
Valley worship cascades as sacred places and take spiritual benefits from those
(Harner 1984). From an educational and scientific point of view, recent and ongoing
research at the Estacion Cientifica San Francisco (ECSF) as well as the commitment
of the Foundation Nature and Culture International (NCI) is a significant compo-
nent of cultural ecosystem services in the region.

This chapter focuses on supporting and regulating services of tropical montane
rain forest ecosystems of the San Francisco catchment in the Andes of southern
Ecuador. Furthermore, we shortly address the provisioning services with respect to
hydropower generation.

9.2 Supporting Service

Water balances in tropical mountainous areas are first of all characterized by the
overall high precipitation inputs. As a result of spatially heterogeneous precipita-
tion, point meteorological measurements in the field using classic tipping buckets or
rainfall totalizers are hardly representative for whole catchments of the size of that
of the Rio San Francisco. Merging data from weather radar, scatterometers, field
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Fig. 9.1 Monthly rainfall sums for the rainy (June 2007) and dry (November 2006) season and
predominant wind field for the Rio San Francisco catchment area. The geographic extend of the
catchment area is indicated by the latitude and longitude coordinates along the x/y axes

observations from a set of automatic stations, totaling rain gauges, and state-
operated meteorological stations resulted in new insights into atmospheric water
inputs to the San Francsico catchment (Rollenbeck and Bendix 2011). For the
period 2002-2008, Rollenbeck and Bendix (2011) showed that precipitation is
mainly resulting from humid air advectively transported from the Amazon. This
type of atmospheric condition mainly leads to long lasting rainfall with little
intensity. Occasionally, however, this general pattern is heavily modified by other
small- and large-scale processes such as convective clouds or anabatic and kata-
batic wind systems.

For two years, high resolution rain radar data (100 m resolution), blended with
rain gauges measurements, could be used to provide spatial rainfall maps of the
catchment area of the Rio San Francisco (for methodology refer to Rollenbeck &
Bendix 2011). Figure 9.1 shows the result for a rainy (June 2007) and dry season
month (Nov 2006). It is clearly shown that the shelter of topography against the
predominant circulation from E-SE leads to a spatial differentiation of rainfall in
the catchment of the Rio San Francisco in both seasons. The easternmost part,
particularly at higher altitudes, gains most rainfall while the north facing slopes in
the catchment and the westernmost part in general receive less rainfall. This
gradient is very steep during the rainy season but less pronounced during the dry
season.

In the lower regions of the San Francisco valley, precipitation is to a large extent
(95 %) composed of rainfall, while fog (and horizontal rain) precipitation becomes
more and more important at higher elevations. Under extreme condition the contri-
bution of fog precipitation can exceed 40 % of the total water input (Bendix et al.
2008). Because of a strong altitudinal gradient annual precipitation is highly
variable in space, amounting to annual totals around 2,300 mm at the ECSF
(1,800 m a.s.l.) and up to 6,700 mm at the Cerro del Consuelo (3,800 m a.s.l.).
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However, the postulated altitudinal gradient of precipitation cannot be found
throughout the entire San Francisco catchment. For example, along the east to west
direction precipitation does not necessarily increase with altitude (Fig. 9.1). More
evident gradients that increase with altitude and that impact the water cycle are
found for temperature, wind speed, and irradiation (Beck et al. 2008). These,
together with at the same time decreasing canopy height and leaf area index
(LAI), lead to higher potential evapotranspiration at lower elevations. However,
as relative humidity is often high at all elevations and especially under cloudy
conditions in the upper parts of the San Francisco catchment, the water vapor deficit
is generally low. Hence, the water vapor deficit is leveling the potential altitudinal
gradient of evapotranspiration. In addition to climatic boundary conditions relevant
for potential evapotranspiration rates, soil water status is responsible for the actual
evapotranspiration rates.

Reported values of actual evapotranspiration losses of rainforests, and tropical
mountain rainforests in particular, are limited. In addition to the heterogeneous
stand characteristics that drive evapotranspiration, differences in the methods to
quantify actual evapotranspiration rates are substantial. In a recent review provided
by Bruijnzeel et al. (2011), the San Francisco catchment belongs to the forest type
of “lower montane rain forest little affected by fog.” Within this group evapotrans-
piration rates reported for the study area are placed at the top end of all reported
evapotranspiration losses, mainly attributable to the very high interception losses
(Fig. 9.2, Fleischbein et al. 2006). These values are 67-188 % higher than the
average of other reported interception losses for this group (Bruijnzeel et al. 2011).
We assessed evapotranspiration by a catchment water budget approach, where
precipitation P equals the sum of evapotranspiration and runoff Q. This approach
is particularly sensitive to hydrometric errors, especially attributable to flawed
discharge measurements and discrepancies between surface and subsurface catch-
ment area (Wilson et al. 2001). The latter, however, only affects our estimate of the
contribution of transpiration to evapotranspiration while the interception loss was
directly measured with a high number of throughfall collectors (Wullaert et al.
2009). In addition, only long-term measurements of decades and longer should be
used due to the influence of soil and groundwater storage changes between years.
Our 12-year record of the elements of the water budget is the longest we are aware
of in tropical montane forests and illustrates that there is relatively little interannual
variation in the individual fluxes as reflected by low standard deviations of <15 %
of the means of most fluxes except for the relatively minor fluxes of stemflow
(24 %) and transpiration (49 %) (Fig. 9.2). The catchment water balance approach
further assumes that groundwater losses are known (or can be excluded) to close the
water balance (Wilson et al. 2001). In an 80 tracer study, we did not detect hints
towards the presence of a deep aquifer which contributes to the aboveground water
cycling (Goller et al. 2005).
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Fig. 9.2 Mean annual water fluxes of an approx. 9 ha large micro-catchment in the Reserva
Biologica San Francisco (RBSF) area between 1999 and 2010. Direct evaporation from the forest
floor was neglected. Error bars indicate standard deviations

9.3 Regulating Service

Discharge in the Rio San Francisco is highly variable in time and space (Crespo
et al. 2011; 2012; Plesca et al. 2012). In general, the timing of runoff is highly
correlated with precipitation, i.e., responses in rainfall runoff are very quick
(Fig. 9.3). Spatial variability is due to the heterogeneous precipitation patterns
(Rollenbeck and Bendix 2011) that can lead to a significant rainfall-runoff reaction
in only parts of the catchment. As an example we compare discharge at two
sub-catchment gauging stations in the San Francisco catchment with rainfall
measurements within one of the sub-catchments. Precipitation shown in Fig. 9.3
is derived from a gauging station close to the Quebrada Ramén. As expected
Quebrada Ramon responds to nearly all precipitation events immediately, in con-
trast to the discharge peaks of Quebrada Zurita, which are not always associated
with precipitation events recorded close to Quebrada Ramoén (e.g., in the end of July
2007). The other way around, moderate precipitation sums in early August 2007 are
in no relation with large discharges in Quebrada Zurita recorded at the same time. A
second example is related to the largest discharge event in the past years, occurring
on October 11, 2008, which was most likely associated with local, but heavy
rainfall around El Tiro. This local rainfall event lead to severe discharge volumes
estimated to exceed 500-600 m> s~ ' close to the ESCF (Honer 2010). However,
even such large floods do not evoke losses in lives or economic values as the
catchment is poorly inhabited.

Despite the tight connection to rainfall events, tracer and stable water isotope
analyses confirmed a significant contribution of old water to discharge generation,
most likely from deeper aquifers. The latter is confirmed by analyses of geogenic tracers
measured in a variety of sub-catchments in the San Francisco (Biicker et al. 2010;
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Fig. 9.3 Hourly discharge for Quebrada Ramon (forested) and Quebrada Zurita (land-use mix of
forest, shrubs, pasture) and precipitation (gauging station TS1, located close to the headwater of
Quebrada Ramon)

Crespo et al. 2012). They found that concentrations of water solutes at several
catchment outlets were significantly different from concentrations of water sources
within these catchments such as precipitation, soil water, and water from seeps in
bedrock cracks, indicating an additional source of streamwater, most likely deeper
aquifers. Further, mean transit time estimations in 10 sub-catchments of the San
Francisco using stable water isotopes revealed an unexpected long transit time of
water between 230 and 310 days (Crespo et al. 2012), despite the very reactive,
flashy hydrographs observed in the San Francisco. This observation might seem
contradictory at first sight to findings for the micro-catchments (Goller et al. 2005)
where near-surface flowing event water of short transit time has shown to substan-
tially contribute to discharge generation. Some studies have shown the increase of
transit time with increasing catchment size; however, this general dependency is
currently critically discussed (Hrachowitz et al. 2009).

The only explanation of the very fast response of discharge to rainfall with at the
same time long mean transit time of waters is by a rapid mobilization of old
(pre-event) water. Many explanations of such observations have been given
(Kirchner 2003), but so far no universal mechanism has been identified and there
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Fig. 9.4 Correlation and regression between discharge and total suspended sediment (TSS)
concentration at the outlet of the San Francisco (75 km?) upstream of the village of Sabanilla

is still a need to test the different explanations of this so-called old-water paradox
for the San Francisco.

Despite the aforementioned indications that deeper aquifers contribute to
streamflow, no information is available about the amount of aquifer recharge nor
are there any hydro-geological information available for the region or the San
Francisco valley in particular.

The high precipitation amounts also contribute to catchment-wide occurring
landslides at all land-use types in the San Francisco catchment. It has been shown
that these landslides severely impact the development of soils (Wilcke et al., 2003;
Huwe et al. 2008; Liess et al. 2010) as well as biotic or geomorphic processes
(Restrepo et al. 2009). Despite the importance of landslides for the landscape,
measurements of suspended sediments have only been started recently. In general,
discharge is correlated with sediment concentrations (Fig. 9.4), indicating the
importance of discharge volume for sediment loads. However, we also observed
suspended sediment peaks that are not directly linked to large peak flow. One likely
reason is that local natural or anthropogenically introduced landslides are responsi-
ble for the export of large sediment loads while at the same time no distinct
precipitation peaks occur.

9.4 Provisioning Service

Provisioning services of water resources in the San Francisco are limited in view of
the low number of inhabitants: hardly any water is needed for extractive water use
in the agricultural, industrial, commercial or municipal sector. The most striking
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Table 9.1 Expected future trends in human use and benefits of water-related ecosystem services
in the San Francisco (definitions in agreement with MA 2005)

Human
use Benefits Note
Provisioning service: fresh | T Hydropower generation will increase, but water
water resources will not be heavily impacted;
aquaculture is of no economic importance in
RBSF
Regulating service: water — — Water quality will remain stable and not be
purification and waste impacted by local population
treatment
Regulating service: water — — Assumed minor land-use change is not
regulation expected to alter timing and magnitude of

runoff significantly

For provisioning services, human use increases if human consumption of service increases; for
regulating services, human use increases if number of people affected by service increases. For
provisioning services, benefits are judged to be degraded if current use exceeds sustainable levels.
For regulating services, degradation means a reduction in benefits obtained from the service, either
through a change in or through human pressures on the service exceeding its limits. Supporting
services are not directly used, and changes influence the supply of all other services. If indirect
effects are listed, supporting services would be double counted. | increasing/enhancing, — no
change

man-made infrastructure in the San Francisco valley is—apart from the main road
connecting Loja and Zamora—a hydropower plant. Located upstream, close to the
small village of Sabanilla, this small-sized hydropower plant produces electricity
for the Loja and Zamora provinces in the south of Ecuador. To increase power
production, water from the San Francisco headwater and the Quebrada San Ramén
are diverted to the Qubrada Milagro via channels. The plant is operating since 1957
and generates 3 MW at the moment. A recent study analyzed the possibility to
increase power generation in future years (EERSSA 2010).

9.5 Future Trends

Based on the general directions of changes in ecosystem services as identified by
Millennium Ecosystem Assessment (2005), we summarized likely trends in human
use and degradation of water-related ecosystem services in the San Francisco in
Table 9.1. As can be seen, we assumed no decreasing trend in benefits. Also local
human use of water is not being expected to increase. The only change we envisage
is the increase of hydropower generation for utilization outside of the San Francisco
catchment.
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9.6 Conclusion

Water-related ecosystem services in the San Francisco are mainly related to eco-
system functioning, supporting nutrient and matter cycling and regulating the water
cycle. Primarily due to the low population density, provisioning services are less
important in the research area. However, given the dramatic increase of settlements
in many parts of Ecuador as well as the pressure to produce food, feed, and timber,
one has to be aware of the future impact of these drivers on ecosystem functioning
and associated services. Last but not least, this pressure might be increased by
superimposed climate change effects.

We conclude from the current environmental situation that water-related eco-
system services are not severely threatened by future global change impact in the
area. However, a further assessment of the potential impact of land use and climate
change should include model-based scenario evaluation. The reader is referred to
Chaps. 19 and 20 of this book which include such scenario evaluations.
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Chapter 10
The Carbon Balance of Tropical Mountain
Forests Along an Altitudinal Transect

Christoph Leuschner, Alexandra Zach, Gerald Moser, Jiirgen Homeier,
Sophie Graefe, Dietrich Hertel, Barbel Wittich, Nathalie Soethe,
Susanne Iost, Marina Roderstein, Viviana Horna, and Katrin Wolf

10.1 Introduction

The storage and sequestration of carbon is one of the most important ecosystem
services provided by forests. Although tropical forests cover only about 12 % of the
land surface of the earth, it is estimated that they account for about 25 % of the
world’s biomass carbon and contribute c. 40 % of terrestrial net primary production
(Cleveland et al. 2011; Townsend et al. 2011). Consequently, tropical forests play
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an outstanding role in the global C cycle and a solid understanding of the C pools
and fluxes with carbon assimilation, net primary production and decomposition in
this biome is of paramount importance for predicting changes in the earth’s climate
and to adopt suitable mitigation strategies for reducing global warming (Grace and
Meir 2009).

In the last two decades, our knowledge about the tropical forest carbon cycle has
considerably increased due to several large-scale biomass inventories and growth
analyses in neotropical and paleotropical forest plot networks (e.g. Malhi et al.
2004; Slik et al. 2010) and the application of the eddy covariance technique on
towers for measuring ecosystem-level CO, fluxes in tropical old-growth forests
(Grace et al. 1995). One prominent result is that, in the past two decades, intact
tropical lowland forests apparently represented CO, sinks in moist years (overview
in Malhi 2010), while they often were CO, sources in dry years (Davidson et al.
2012). Another surprising outcome of global carbon flux data bases is that the net
primary production (NPP) of forest ecosystems appears to be independent from
mean annual temperature (MAT) in regions with MAT > 10 °C, i.e. in tropical and
subtropical climates (Luyssaert et al. 2007). This view is challenged by an earlier
compilation of data from tropical moist forests along elevation transects by Raich
et al. (2006) who reported a mean increase in aboveground NPP (ANPP) by
0.66 Mg C ha™' year ' per K temperature increase. However, these authors
provided no data on belowground NPP (root production) but gave only an indirect
estimate of belowground C allocation from data on litter fall and soil respiration.
The C transfer to the roots increased with increasing MAT as well, indicating an
increase in total NPP with higher temperatures. However, without more reliable
data on root production, this conclusion must remain vague. Another surprising
outcome of the data compilation by Luyssaert et al. (2007) is the lacking precipita-
tion dependence of NPP above a threshold of about 1,500 mm year ™' indicating that
neither temperature nor precipitation should be important controls of NPP in
tropical moist forests. However, the scatter in the data of this analysis was large
and total NPP (above- and belowground) consists of a number of components,
which are difficult to measure, often are estimated and thus are likely to introduce a
considerable bias in the calculation of gross primary production (GPP), NPP and net
ecosystem production (NEP) in tropical forests. So far, only very few studies have
attempted to measure all relevant C stores and C fluxes in tropical forests completely
or near-completely which leaves a considerable uncertainty in current data analyses
and syntheses with respect to the tropical forest carbon cycle (Clark et al. 2001).

The situation is even less satisfying for tropical mountain forests, which once
covered the mountains of the tropics from about 1,000 to more than 4,000 m
elevation and that have been found to store considerable C amounts in biomass
and soil (e.g. Kitayama and Aiba 2002; Benner et al. 2010). Due to their poor
accessibility and the often steep slopes in rugged terrain, carbon inventories and the
measurement of C fluxes is often more difficult than in tropical lowland forests. For
example, using eddy covariance technique is rarely an option in tropical mountain
forests. However, these forests are not only important in the cycles of C and water
(McJannet et al. 2010) and are havens of a unique biodiversity (Gentry 2001;
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Bruijnzeel et al. 2010), they also offer the rare opportunity to examine the C cycle
of tropical forests along well-defined temperature gradients (Girardin et al. 2010),
which may help to understand the temperature dependence of forest NPP (Malhi
2012; Malhi et al. 2010) and to test the more recent conclusions on the apparent
temperature insensitivity of tropical forest productivity drawn from global data
surveys (Luyssaert et al. 2007).

This contribution summarises extensive field work in pristine tropical
pre-montane to upper montane forests conducted over the past 10 years in an
altitudinal transect from 1,000 to 3,000 m a.s.l. on the eastern slope of the southern
Ecuadorian Andes. For the first time, it was attempted to measure all major C pools
and C fluxes in a set of forest plots at different elevations, including the C pools in
above- and belowground biomass, and the fluxes associated with photosynthesis,
stem wood growth, leaf and fine litter production, fine and coarse root production,
and autotrophic (tree) and soil respiration by applying up-to-date ecophysiological
techniques in a considerable number of plots and tree species under field conditions.

The main aims of the study were (1) to analyse altitudinal changes in forest
above- and belowground biomass and forest structure using a large number of plots
(59), (2) to close gaps in our knowledge on rarely studied components of the C cycle
in tropical forests (in particular root production, autotrophic respiration and photo-
synthesis) and (3) to search for altitudinal trends in GPP, NPP, NEP and respiration
components, which could give hints on their temperature dependence.

This chapter compiles a wealth of data on C cycle components that have been
published or are being prepared for publication (see references list), in order to
reach at a comprehensive synthesis on the C balance of the forests between 1,000
and 3,000 m elevation.

10.2 Materials and Methods

10.2.1 Climate, Geology and Vegetation of the Study Region

The study region close to the equator on the eastern slope of the Andes has a humid
tropical montane climate with MAT ranging between 19 °C at 1,000 m and 9 °C at
3,000 m a.s.l. (Bendix et al. 2008; Emck 2007, see Table 10.1). The soils along
the slope are generally acidic with increasing amounts of humus material on top of
the soil towards higher elevations (Moser et al. 2011, see also Wolfet al. 2011). The
availability of N in the densely rooted uppermost organic layer markedly decreases
along the transect as is shown by large reductions in gross N mineralisation rate and
in the amount of KCl-extractable inorganic N in the organic layers from 1,050 to
3,060 m indicating a slowing down of decomposition with increasing elevation.
The species-rich premontane to upper montane forest communities are described in
detail in Homeier et al. (2008) and Chap. 8. All stands are located in protected forest
sections with a representative stand structure and no marked signs of human impact
or recent natural disturbance.
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10.2.2 Study Plots

In the transect of about 30-km length and 2,000-m elevation distance, a set of
59 study plots of 20 m x 20 m size was identified in a stratified random selection
procedure. Three plots served for the very intensive carbon cycle measurement
programme (all C fluxes including photosynthesis and respiration measurements;
plots # 1, 3 and 5), five for the spatially more extended intensive measurement
program (net primary production including root production; plots # 1, 2, 3, 4 and 5)
and 54 additional plots for the analysis of the spatial variability of selected biomass
and productivity parameters in the rugged landscape (“matrix plots”). Each 18 of
the 54 matrix plots were located at 1,000, 2,000 and 3,000 m elevation with each six
plots being assigned to upper slope, mid-slope and lower slope positions to cover
the variable topography of the rugged terrain. The intensive study plots # 1-5 (“core
plots™) were located on mid-slope positions. The biomass and soil C pools were
inventoried in all plots. All stands were selected randomly in closed stands without
larger gaps (>2 m) that met the above-mentioned criteria of elevation and slope
position.

It is important to note that all C pool and C flux data presented here refer to the
projected horizontal area, i.e. the original data were corrected for slope angle.

10.2.3 Methods for Determining Biomass and Soil C Pools
and Components of Productivity

Table 10.2 lists the principal methods used to measure the above- and belowground
biomass stocks and their C pools and the productivity components. For further
details, see the publications listed in this table. A few details are given below for the
photosynthesis measurements and the calculation of carbon gain.

A stand-level estimate of gross photosynthesis was obtained from measured
Apnax, leaf dark respiration and the Leaf Area Index (LAI) and incident global
radiation data of the stands (Table 10.2). Because most of the canopy leaves are
not exposed to full sunlight in dense tropical forests, we followed Mercado et al.
(2006) who calculated the fraction of shaded leaves to account for 70—85 % of total
leaf area in a mature tropical lowland forest in Brazil with an LAI of 5.7. For the
dense stands at 1,050 and 1,890 m, we assumed that only 20 % of the leaf area is
exposed to more or less full sunlight, while 80 % were assumed to be shade leaves.
In the elfin forest at 3,060 m with a much smaller LAI, in contrast, we estimated that
half of the leaves were sun leaves. We reduced the measured sun-canopy Aax
figures by 35 % following Strauss-Debenedetti and Bazzaz (1996) and used these
values to extrapolate to the assimilation of the shade canopy. To account for the
effect of light limitation, we assumed that sun and shade leaves operated with light
saturation during the sunshine hours but reached only 0.3 X A, in the remaining
overcast or rainy hours (model 1). In a second approach (model 2), we assumed that
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Table 10.2 Approaches and measuring conditions for investigating the biomass and productivity
parameters in the 5 (3) intensive study plots (INT) and the 54 matrix plots (MAT)

Parameter Plot Methods and measuring

measured type conditions Replicates per plot ~ References

Live biomass

Trunk and branch INT  Allometric equation 80 trees >10 cm Moser et al. (2008,
biomass (DHB, height, wood DBH 2011)

density) of Chave
et al. (2005)

Trunk and branch MAT Allometric equation All trees >5 cm
biomass (DHB, height, wood DBH in

density) of Chave 0.04 ha-plots
et al. (2005)

Liana biomass MAT Allometric equations All liana stems
(DHB), average of >1cm DBH in
Lii et al. (2009), 0.04 ha-plots
Schnitzer et al.
(2006) and Sierra
et al. (2007)

Biomass of None Literature data from None Werner et al.
epiphytes and tropical forests with (2012), Sierra
ground similar structure et al. (2007),
vegetation (see Table 10.7) Gibbon et al.

(2010), Vieira
et al. (2011)
Standing leaf INT  Annual leaf litter pro- 12 litter traps, Moser et al. (2007)
biomass duction X mean 254-666 marked

leaf lifespan leaves

Leaf area index (1) INT LAI-2000 Plant Canopy Taken at 10 random Moser et al. (2007)
Analyzer (Li-Cor) locations

Leaf area index (2) INT Leaf litter production + Data from 12 litter =~ Moser et al. (2007)
mean leaf traps
lifespan + mean
SLA

Fine root biomass INT  Soil coring to 30 cm 20 locations per plot Moser et al. (2010),
(<2 mm in depth (diameter: Hertel and
diameter) 3.5 cm); life/dead Leuschner

separation under (2002)
microscope

Coarse and large ~ INT  Excavation to 50 cm, 12-16 soil pits Soethe et al. (2007)
root biomass live/dead separa-

(>2 mm-30 cm tion; root stumps not
in diameter) covered

Productivity

Stem wood INT Dendrometer tapes (D1, 80 trees >10 cm Moser et al. (2011)
increment UMS, Munich) read DBH

monthly

Stem wood MAT Repeated annual DBH  All trees >10 c¢cm in

increment measurements 0.04 ha-plot

(continued)
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Table 10.2 (continued)

Parameter Plot Methods and measuring

measured type conditions Replicates per plot  References

Leaf litter fall INT Litter traps (0.25 m?) 12, randomly placed Moser et al. (2007),
sampled every 3-6 Moser et al.
weeks (2011)

Leaf litter fall MAT Litter traps (0.36 m?) 6, randomly placed
sampled every 2—4
weeks

Leaf lifespan INT Leaf survivorship 254-666 leaves per  Moser et al. (2007)
curves of 10-15 plot
understorey trees

Fine root INT Minirhizotron observa- 10 tubes per plot Graefe et al.

production tion to 40 cm depth, (2008a, b),

CI-600 root growth Moser et al.
scanner (2010)

(Washington, USA)
Coarse and large  INT  Dendrometer tapes (D1, 20 root segments Soethe et al. (2007)
root growth UMS) on roots
>3 cm and <32 cm
diameter, read every

3 months
Gross photosyn- INT LI-6400 (Li-Cor), Aax  10-15 species per Wittich et al. (2012),
thesis (trees) at ambient T and plot (62 species Zach (2008)
[CO,] of light- in total), each
exposed leaves, 3 leaves on 1 tree
4-20 m tall trees per species

(lower sun canopy),
light response
curves (see

Table 10.3)
Leaf dark respira- INT  LI-6400, sun-exposed  10-15 species per Wittich et al. (2012)
tion (trees) leaves, 2-5 min plot (40 species
acclimation to dark- in total), 1 tree
ness, shade leaf res- per species
piration: Veneklaas
and Poorter (1998)
Stem and coarse INT 6-chamber respiration  13-16 species (stem Zach et al. (2008,
root respiration system ANARESY respiration) and 2010)
2 (Walz, Germany), 4-8 coarse roots
LI-7000 analyser, per plot
branch respiration
estimated

Soil respiration INT Closed chamber method 16 per plot, root Tost (2007)
(EGM-4 IRGA, PP trenching for

systems, UK), cor- estimating root
rection for root respiration
decomposition

Soil organic carbon MAT Organic layer + min-  Soil pits in close
eral soil to 50 cm vicinity of the
depth, corrected for plots (1,000 m:
bulk density 14, 2,000 m: 16

and 3,000 m: 12)

For further details see the publications listed
DHB diameter at breast height, SLA specific leaf area
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Table 10.3 Parameters characterising the radiation climate and photosynthetic capacity in the
canopies of the plots # 1, 3 and 5 and estimated annual gross photosynthesis according to two
different models (photosynthesis data after Wittich et al. unpubl. radiation data from Emck 2007)

Plot no. 1 3 5
Elevation [m] 1,050 1,890 3,060
LALI (litter production + leaf lifespan + SLA) 6.0 5.7 22
LAI (LAI-2000 measurement) 5.1 3.9 2.9
Proportion of LAI in sun canopy (estim.) [%] 20 20 50
Proportion of LAI in shade canopy (estim.) [%] 80 80 50
Mean global radiation® [W m ] 285" 348 360
Mean PPFD™° [umol photons m™2 s™'] 610° 740 765
Sunshine duration [% of daytime period] 18 27 30
Amax Of sun leaves [pmol CO, m ™2 s7'] 6.9 (£0.6) 8.6 (£0.5) 5.3 (+0.7)
Light compensation point of sun leaves 601 696 620
[umol photons m 2 s~ ']
Apnax of shade leaves (estimate)® [pmol CO, m2s7!] c.45 c.59 c. 3.7
Leaf dark respiration in daylight hours® 5.6 4.0 3.5
[Mg C ha™! yearfl]
Gross photosynthesis (annual total)—Model 1° 26.0 27.2 16.0
[Mg C ha™' year ']
Gross photosynthesis (annual total)—Model 2¢ 26.0 23.7 12.5

[Mg C ha™! year™']
“Mean of daytime hours
"Meteorological station El Libano at 1,970 m above plot # 1
“Estimated by assuming that 1 mol photons is equivalent to 0.235 J and 50 % of incident global
radiation is in the PhAR range
dAssuming an Ap,.x reduction by 35 % relative to the sun leaves according to empirical data of
Strauss-Debenedetii and Bazzaz (1996)
“Based on Rp means
fAssuming photosynthesis at light saturation during sunshine hours and a mean rate of 0.3 X Apax
during overcast periods in all three stands
€Assuming photosynthesis at light saturation during sunshine hours and at mean rates of 0.3, 0.2 or
0.1 X Ajux during overcast periods in the 1,050, 1,890 and 3,060 m stands, respectively

photosynthesis is, in addition to light limitation, temporarily reduced by
unfavourable temperatures at higher elevations and thus set the reduction factor
t00.3,0.20r 0.1 X A« in the stands at 1,050, 1,890 and 3,060 m, respectively. We
added the measured leaf dark respiration to the sum of CO, net assimilation
(12 h day ', 365 days) for obtaining annual gross photosynthesis (see Table 10.3).
Clearly, the calculated daily and annual sums of carbon influx into the forest stands
are only rough estimates, but they may be useful for characterising the altitudinal
trend because two influential variables used for upscaling (A,.x and LAI) were
measured with quite a large effort.

To account for differences in dark respiration (Rp) of sun and shade leaves, we
used the proportional difference in R, measured by Veneklaas and Poorter (1998)
in tropical tree seedlings grown either under high (1,000 pmol photons m 2 s~ ") or
low light (100 pmol photons m 2 s~!, 53 % lower). In an attempt to calculate
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annual totals of foliage dark respiration, we assumed that nighttime leaf respiration
(Rn) is roughly equal to the measured daytime respiration rates (Rp). Such a rough
approximation may be justified because, in these forests, temperatures at night are
typically 5-7 K lower than the daytime temperatures when the Rp measurements
were conducted. On the other hand, Rp may be only 50 % or less of Ry at equal
temperatures due to refixation of CO, (Evans et al. 2004).

We did not measure branch and twig wood respiration (Rg) but added a term of
the same size of wood respiration, thereby accounting for the observation that stem
and branch wood respiration in forests may be equally large (e.g., Ryan et al. 1995).
Cavaleri et al. (2006) found wood elements <10 cm in diameter to account for 70 %
of the total wood CO, efflux in various plant functional groups (trees, lianas and
palms) in a tropical lowland forest indicating that our assumed figure may even
underestimate reality.

10.3 Results and Discussion

10.3.1 Carbon in Biomass and Soil

Data on C pools in biomass (above- and belowground) and soil organic matter are
compiled for the five intensive study plots in Tables 10.4 and 10.5. In addition,
Table 10.6 presents means, standard errors and ranges of aboveground biomass
(and wood and litter production) for the 54 matrix plots at 1,000, 2,000 and 3,000 m
elevation. The matrix plot data may help to place the results from the intensive plots
in a broader context and to extrapolate from the plot to the landscape level. In the
synthetic Table 10.7, data from the intensive plots and the matrix plots are com-
bined to generate an as accurate as possible estimate of the carbon stored in all
relevant biomass and soil fractions of South Ecuadorian pre-montane (~1,000 m a.s.L.),
montane (~2,000 m) and upper montane forests (~3,000 m).

Accordingly, total aboveground C (AGC) markedly decreases from 1,000 to
3,000 m (from 128 to 70 Mg C ha™ '), while belowground C (BGC) seems to remain
invariant with elevation or shows a slight increase (from 242 to 270 Mg C hafl; tree
stumps are not included in these figures). With 190-240 Mg C ha™"', the soil organic
carbon (SOC) pool (determined to a mineral soil depth of 50 cm plus organic layer;
Tost 2007) was much larger at all three elevations than SOC pools reported from
lowland forests: For the 0—100 cm profile, roughly 100 Mg C ha™' are a typical
estimate for tropical soils (mainly under forest) in Central Africa (82-84 Mg Cha ™ ';
Batjes 2008), Amazonia (98 Mg C ha~', Batjes and Dijkshoorn 1999;
103 Mg C hafl, De Moraes et al. 1995) and Southeast Asia (102-124 Mg C hafl,
Chen et al. 2005; 55 Mg C ha~!, Yonekura et al. 2010). Given that our figures cover
only the 0—50 cm profile, the montane forests in South Ecuador stored more than
twice the SOC amount than lowland forest soils.
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Table 10.6 Some parameters characterising stand structure and productivity of the 54 matrix
plots at the three elevations (18 plots per elevation level each)

1,000 2,000 3,000
Elevation [m] (1,020-1270) (1,910-2,090) (2,800-2,900)

Stem density (DBH > 5 cm) [ha™'] 1,707 + 111° 2,486 + 196° 2,804 £ 320°
(1,327-1,884) (1,915-2,973) (1,949-3,663)

Tree basal area (DBH > 5 cm) 46 £+ 6 (31-56) 48 + 4 (43-56) 41 £+ 2 (34-47)
[m* ha '

Stem and branch wood biomass 109 + 9% 104 £+ 13* 60 + 4° (49-66)
(DBH > 5 cm) [Mg C ha™'] (84-121) (70-113)

Stem and branch wood biomass 1.6 £0.1% 1.3 £0.2% 0.7 + 0.1°
increment (DBH > 10 cm) (1.1-2.1) (0.7-1.6) (0.5-0.9)
[Mg C ha™' yearfl]

Leaf litter production 29 +0.2° 34 +02° 1.9 £ 0.1°
[Mg C ha™! year™'] (2.6-3.2) (2.8-4.0) (1.7-2.0)

The labels 1,000, 2,000 and 3,000 m stand for the elevation ranges indicated below. Given are
means =+ standard errors and the range of second to third quartile. C concentrations for wood
biomass and leaf litter were taken from Table 10.4. Different letters indicate significant differences
among elevations (one-way ANOVA, Tukey HSD test at p > 0.05)

DHB diameter at breast height

Assuming Amazonian lowland forests to store on average about 160 Mg C ha™"
in aboveground biomass (Malhi et al. 2006) and adding a root biomass estimate by
assuming a root:shoot ratio of 0.235 for tropical moist forests (Mokany et al. 2006)
plus 100 Mg C ha™' for the SOC pool, an ecosystem C pool of about 300 Mg C ha™"
is obtained for lowland forests, which is less than the estimate of 319-369 Mg C ha™!
for the pre-montane to upper montane forests in Ecuador. It may well be that certain
other tropical mountain forests contain even larger ecosystem C pools than those
reported here since Raich et al. (2006) found SOC pools up to >400 Mg C ha™"
(0-100 cm, excluding surface litter), which is more than that found in the
Ecuadorian mountain forests. However, lower SOC figures have also been reported
(e.g. 118 Mg C ha™! in Peruvian treeline forests, Zimmermann et al. 2010). One
likely reason for high belowground/aboveground ratios in C storage in tropical
mountain forests is low N (and perhaps P) availability in many montane and upper
montane forests (Moser et al. 2011, Chap. 23). Thus, we conclude that the tropical
mountain forests of this study represent similarly important, or even more impor-
tant, carbon stores than tropical lowland forests despite the markedly smaller wood
biomass at higher elevations.

10.3.2 Carbon Fluxes

Our estimates of gross primary production (GPP, i.e. NPP + R, Table 10.8: lines
38 and 39) ranged between 25.5 and 14.1 Mg C ha™' year ' for the stands at 1,050
and 1,890 m, respectively, which is markedly lower than the GPP mean given by
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Table 10.7 Carbon pools [Mg C ha™!] in biomass and soil in forests at 1,000, 2,000 and 3,000 m
elevation. Values in parentheses (lines 3, 5 and 6) are estimates

Elevation [m] 1,000 2,000 3,000
Leaves® 2.9 34 2.4

Stem and branch wood® 109 104 61
Epiphytes® (2.5) 2.1 (1.5)
Lianas 2.5 1.7 0.4

Ground vegetation®" 0.3)¢ 15" 2.7)¢
Coarse woody debris®*&h (2.7-19.1)%¢ 43" (1.8)°
Coarse roots® 14.2 9.7 24.7

Fine roots® 1.8 2.8 5.4

soch 226 191 241

Total 370.1 319.5 339.9

Total aboveground (AGC) 128.1 (35 %) 117.0 (37 %) 69.8 (21 %)
Total belowground (BGC) 242 (65 %) 203.5 (63 %) 270.1 (79 %)
C in biomass 133.2 (36 %) 125.2 (39 %) 98.1 (29 %)

“Intensive study plots # 1, 3 and 5

"Matrix plots; DBH > 5 cm, means of n = 18 plots each

“Werner et al. (2012): data from Puerto Rico (pre-montane forest, 930-1,015 m a.s.l.), from the
San Francisco (S Ecuador) study site (lower montane forest, 2,050-2,150 m a.s.l.) and from Costa
Rica (upper montane forest, 2,900 m a.s.l.), carbon fraction in dry epiphyte biomass was estimated
to be 0.45

9ISjerra et al. (2007), data from Colombia (pre-montane forest, ~1,000 m a.s.l.): CWD > 2 cm
diameter, ground vegetation included herbs and all woody plants with DBH < 1 cm

°Gibbon et al. (2010), data from Peru (upper montane forest, >3,000 m a.s.l.): CWD > 10 cm
diameter, ground vegetations included shrubs and bamboo

fNo data available, figures estimated

#Vieira et al. (2011): data from Brazil (montane Atlantic forest, 1,027-1,070 m a.s.l.): CWD > 2
cm diameter

hwilcke et al. (2005): data from the San Francisco study site (S Ecuador, lower montane forest,
1,900-2,180 m a.s.l.): CWD > 10 cm diameter

‘Mineral soil 0-50 cm depth plus organic layer

Luyssaert et al. (2007) for tropical humid evergreen forests at low elevations
(35.51 £ 1.60 Mg C ha™' year !, n = 6); our GPP figures are closer to the
means given by these authors for temperate evergreen and deciduous forests
(17.62 and 13.75 Mg C ha™' year™"). The annual total of gross photosynthesis
(30.4-32.0 Mg C ha™! yearfl) calculated by Malhi et al. (1999, 2012) for an
Amazonian lowland forest is also considerably larger than the GPP value of our
pre-montane and montane forests. One explanation for the comparatively low
calculated gross primary production in the Ecuadorian mountain forests is that
our NPP figure is an underestimate because it does not include all relevant
components such as herbivory and root exudation. However, a probably equally
important cause is the lower temperature in pre-montane and montane elevation
(19 and 16 °C compared to 23-24 °C in the lowlands), which must result in a
smaller GPP than in lowland forests due to lower autotrophic respiration
rates. According to the data compilation of Luyssaert et al. (2007), tropical
moist forests at low elevations have a mean autotrophic respiration rate of
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Table 10.8 Summary table of C fluxes [Mg Cha™' year™'] in the three intensive study plots # 1, 3

and 5

Plot no. 1 3 5
Elevation [m] 1,050 1,890 3,060
Aboveground (AG)

(1) Leaf area index [m* m 2] (LAI) 5.1 39 2.9
(2) Sun leaf Apmay [pmol CO, m ™2 s (Amax) 6.9 8.6 53
(3) Estimate of annual gross photosynthesis™” 26.0 23.7 12.5
(4) Production of stem and branch wood (Pw) 1.37 0.42 0.07
(5) Production of tree leaves (Pr) 2.54 2.51 0.92
(6) Production of reproductive organs (Pgep) 0.45 0.18 0.03
(7) Production of twigs (Pty) 0.55 0.43 0.19
(8) Production of epiphyte biomass (Pg) 0.14 0.13 0.11
(9) Production of bamboo biomass (Pg,) 0 0.78 0.10
(10) Other fine litter components (Py,) 0.21 0.17 0.02
(11) Total fine litter production (Pgr) 3.89 4.20 1.37
(12) Dark respiration of tree foliage (Rp) 5.60 3.96 3.38
(13) Respiration of reproductive organs (Rgep) n.d. n.d. n.d.
(14) Respiration of branches and twigs® (Rg) 1.86 1.20 0.43
(15) Respiration of stems (Ry) 1.86 1.20 0.43
(16) Tree AG NPP (4) + (5) + (6) + (7) (ANPPy) 491 3.54 1.21
(17) Total AG NPP (16) + (8) + (9) + (10) (ANPP,) 5.26 4.62 1.44
(18) Total AG C efflux?® (12) + (13) + (14) + (15) 9.32 6.36 424
(19) Total AG C consumption (17) + (18) 14.58 10.98 5.68
(20) C transfer to roots (39) — (17) — (18) >10.90 >6.90 >3.52
Belowground (BG)

(21) Production of fine roots (Pgr) 1.06 1.35 2.21°¢
(22) Production of coarse and large roots (Pcgr) 0.08 0.11 0.42
(23) Respiration of fine roots’ (Rgr) 5.36 1.44 0.30
(24) Respiration of coarse and large roots (Rcg) 0.46 0.22 0.42
(25) Tree BG NPP® (21) + (22) (BNPPy) 1.14 1.46 2.63
(26) Root respiration (23) + (24) (Rr) 5.82 1.66 0.72
Soil

(27) Total soil respiration (Rqoj;) 13.03 9.32 3.83
(28) Heterotrophic respiration (27)—(26) (Rpe) 7.21 7.66 3.11
(29) Fine root litter productionh (Lgr) 1.06 1.35 2.21
(30) Coarse root litter production (Lcg) n.d. n.d. n.d.
(31) AG tree litter prod. (5) + (6) + (7) (Lt) 3.54 3.12 1.14
(32) Non-tree fine litter (8) + (9) + (10) (LnT) 0.35 1.08 0.13
(33) SOM change (29) + (30) + (31) + (32) — (28) (ASOM) —2.26 —2.11 +0.37
(34) Total autotrophic respiration (18) + (26) (R,ur) 15.14 8.02 4.96
(35) Ecosystem respiration (28) + (34) (Reco) 22.35 15.68 8.07
(36) Tree NPP (16) + (25) (NPPy) 6.05 5.00 3.84
(37) NPP (17) + (25) (NPP) 6.40 6.08 4.07
(38) GPP (37) + (34) (GPP) >21.54 >14.10 >9.03
(39) GPP ~ 1.14 X Reco (GPP.y) 25.48 17.88 9.20
(40) NEP' (38) — (35) (NEP) —0.81 —1.58 0.96

(continued)
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Table 10.8 (continued)

Plot no. 1 3 5
Elevation [m] 1,050 1,890 3,060
(41) Percent NPP of GPP,, (37)/(39)! 25 34 44
(42) Percent Py of NPPr (4)/(36) 23 8 2
(43) Percent root transfer of GPP, (20)/(39) >43 >39 >38

n.d. not determined

“Only trees, does not include epiphytes, lianas and understorey

"Output of model 2 assuming photosynthesis at light saturation during sunshine hours and at mean
rates of 0.3, 0.2 or 0.1 X A,,.x during overcast periods in the 1,050, 1,890 and 3,060 m stands
“Assumed to be equal to stem respiration

dAboveground autotrophic respiration (only trees)

“Extrapolated from the trend line over the plots # 1-4 (see Table 10.4)

fSoil respiration in trenched plots corrected for root decomposition

&C transfer to mycorrhiza and root exudation not considered

hAssumed to equal fine root production

iAssuming a R...,/GPP ratio of 0.88 for tropical moist forests (Luyssaert et al. 2007)

IMinimum values due to the underestimation of NPP and GPP; NEP figures based on GPP,, are
larger and in all plots positive

c.23.2Mg Cha ' year ', which is about 50 % larger than our R, estimate for the
stand at 1,050 m with a 4-5 °C lower MAT. The significant temperature effect on
gross primary production (GPP) is also visible in the much lower GPP value of the
uppermost stand at 3,060 m, which apparently assimilated CO, at less than half the
rate (c. 9.2 Mg C ha™ ! year ') than did the stand at 1,050 m.

We estimated the gross photosynthesis of the tree canopies in its annual total
using the A.x, Rp and LAI data of the stands. Extrapolating photosynthesis and
leaf respiration to the stand level is sensitive to variation in LAI and thus to the
method used for leaf area measurement (Cavaleri et al. 2006). We preferred the
optical LAI figures (LAI-2000 system) for calculation, because the values derived
for the 1,890 and 3,060 m stands appeared to be more realistic than the biomass-
related LAI data that require an estimate of mean leaf longevity. The LAI estimate
of 5.1 for the 1,050-m stand agrees well with leaf area indices of 5-6 reported from
tropical lowland forests (Malhi et al. 1999; Grace and Meir 2009), given that we
found a LAI decrease by roughly 1 unit per km elevation increase along the transect
(see also Moser et al. 2007 and Unger et al. 2013).

While the absolute amount of CO, assimilated by the tree canopies must remain
relatively uncertain (estimated at 12.5-26.0 Mg C ha™' year ! in the three stands,
Table 10.8: line 3), it is safe to conclude that gross photosynthesis is substantially
reduced from 2,000 to 3,000 m elevation in this transect due to large decreases in
LAI and photosynthetic capacity (Table 10.3).

We attempted to analyse the carbon balance of the three forests with a bottom-up
approach, because it was not possible to conduct stand-level measurements of total
CO; influx and efflux using eddy covariance or microclimatological gradient
techniques in the mountainous terrain. This has the consequence that the upscaled
growth and respiration figures cannot be checked against independent stand-level
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data and certain fluxes calculated in this study must therefore be treated as rough
estimates. For example, the GPP calculation is likely biased by errors in the
upscaling process from organ-level respiration measurements to the stand level
(Zach et al. 2010). Further, no empirical data exist for the respiration of branches
and twigs, which may have higher CO, efflux rates than stems of the same diameter
(Cavaleri et al. 2006; Robertson et al. 2010). Similarly, our “bottom-up” approach
of calculating NPP faces a number of shortcomings; a major uncertainty is the fine
root production figure especially of the uppermost plot (# 5), which may be an
overestimate given the low root respiration rates measured in this stand (compare
Moser et al. 2010). The direct observation of fine root growth and death by the
minirhizotron technique in the 3,060 m stand may have included periods in which a
steady state of root production and mortality had not yet been reached, thus
resulting in the overestimation of root production. Furthermore, extrapolating root
growth from the topsoil to lower horizons might introduce an additional error.
However, most other studies on root production in tropical forests used even less
reliable approaches such as the ingrowth core method or indirect estimates of fine
root production (Raich et al. 2006), which similarly questions the accuracy of NPP
and GPP figures that have been used for calculating biome means (e.g. the database
in Luyssaert et al. 2007). Similar to most other related investigations, we ignored a
number of C consuming processes that are notoriously difficult to measure such as
root exudation, C transfer to mycorrhizal hyphae, herbivory and the release of
volatile organic compounds, which would increase our NPP figures.

A strength of our study is that the NPP, respiration and photosynthesis figures
base on intensive measuring campaigns covering a large number of tree individuals
and species, thus generating a more comprehensive data base than is typically
available in carbon cycle studies in tropical forests. Moreover, the focus of this
study was primarily on altitudinal trends in carbon cycle components and a relative
comparison of the C balance of the stands. The data from the 54 additional matrix
plots at 1,000, 2,000 and 3,000 m elevation are useful for validating altitudinal
trends for a number of key carbon pool and flux parameters including aboveground
biomass and wood production.

The data from the 54 matrix plots at variable slope positions show that the results
from the three intensive study plots # 1, 3 and 5 give correct altitudinal trends for
biomass and productivity along the transect (Table 10.6). However, the three plots
are partly deviating from the landscape means of biomass and productivity as they
appear from the matrix plots at 1,000, 2,000 and 3,000 m elevation. The stand
# 1 possessed a higher than average wood biomass due to a relatively low number of
stems, which had particularly large diameters. In contrast, the stands # 3 and 5 at
2,000 and 3,000 m had smaller than average wood biomasses and lower wood and
leaf production figures, which is a consequence of a relatively low basal area in plot
# 3 and a high density of small-diameter stems in plot # 5.

From the difference between GPP and the C consumption by aboveground tree
organs (growth and respiration), we estimated a C transfer to the roots of
c. 10.9-3.5 Mg C ha ' year ' for the stands # 1-5, which equals 43-38 % of
GPP (lines 20 and 43 in Table 10.8). The order of magnitude agrees well with data
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of Raich et al. (2006) on the estimated belowground C allocation in tropical
evergreen forests growing at mean annual temperatures of ~10-20 °C
(c. 1.8-10.0 Mg C ha™' year'). Given that the estimated belowground transfers
in Ecuador are minimum fluxes, the figures also are in accordance with the value
(45 %) given by Malhi et al. (1999) for a tropical lowland forest. The estimated
belowground C transfers in our three stands exceed the sum of measured root
production and root respiration by 0.17 to >3.5 Mg C ha' year'. Possible causes
for this discrepancy are errors in the calculation of autotrophic respiration at the
stand level and the existence of quantitatively important carbohydrate fluxes from
the roots to the rhizosphere, which are not included in our calculation.

10.3.3 Altitudinal Trends

We found several changes in C cycle components with increasing elevation that
may be direct effects of the temperature decrease or are caused by other factors that
also change with altitude. GPP, NPP and NEP showed large and continuous
decreases from 1,050 m (19 °C) to 3,060 m (9 °C); we calculated a GPP decrease
by about 1.25 Mg C ha ' year ' and an NPP decrease by about
0.23 Mg C ha™' year ' per K temperature decrease. The NPP reduction was
particularly large between 2,000 and 3,000 m, i.e., with a decrease in mean
temperature from 16 °C to 9 °C. In an altitudinal gradient in Peru, Girardin et al.
(2010) found a relatively small NPP reduction between 1,000 and 3,000 m, but a
drop to the half from 210 to 1,000 m elevation.

The results from tropical altitudinal transects indicate in general a positive
relation between temperature and the NPP of tropical moist forests, thereby
contradicting Luyssaert et al. (2007) who concluded that forest NPP does not
increase at temperatures above 10 °C. However, their data from tropical forests
showed a considerable scatter and included a few tropical seasonal forests with less
than 1,500 mm rain per year. There is the possibility that a temperature effect on
tropical forest NPP (above- and belowground) is only detectable in samples
restricted to stands with defined moisture status as is the case in the moist mountain
forests of this study. Moser et al. (2011) and Wittich et al. (2012) suggested that the
main reason for the NPP decrease is N shortage at high elevations, which limits
stand leaf area and A, while reduced temperature should affect productivity
mainly indirectly through a negative effect on N supply.

Marked decreases with elevation were also detected for autotrophic and hetero-
trophic respiration and all organ-specific respiration fluxes. While stem and root
respiration on a tissue surface area basis decreased with elevation (see also
Robertson et al. 2010), this was not the case with leaf dark respiration per leaf
area, which remained invariant between 1,000 and 3,000 m; this is primarily a
consequence of the large SLA decrease along the transect (Leuschner et al.
unpubl.). The efflux of CO, from the soil (total soil respiration as the sum of root
respiration and soil heterotrophic respiration) decreased to less than a third from
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1,050 to 3,060 m in the intensive study plots and to the half in the 54 matrix plots.
The upslope reduction in fine root respiration appeared to be even larger than the
reduction in total soil respiration. Given the more than fourfold increase in standing
fine root biomass between pre-montane and upper montane elevation, the decrease
in fine root respiration implies that fine root relative growth rate and nutrient and
water uptake must be much lower in the 3,060 m stand than under the higher
temperatures at 1,050 m. It appears that the trees in the high-elevation elfin forest
are maintaining a very large fine root system for compensating a low resource
uptake and growth activity of their roots.

Leuschner et al. (2007), Hertel and Leuschner (2010) and Moser et al. (2011)
reported a large shift in C allocation patterns from stem growth to root (mostly fine
root) production in this transect between 1,050 and 3,060 m. Indeed, the proportion
of stem growth in NPP dropped to a tenth of its value between 1,050 and 3,060 m,
while the proportion of C invested in root production increased from 19 to 68 %. In
the Peruvian elevation transect, the ratio of above- to belowground NPP stayed
more or less constant between 210 and 3,000 m elevation (Girardin et al. 2010),
which may point at different soil fertilities in the two Andean transects. A closer
look with additional consideration of data on root respiration and relative below-
ground C transfer (lines 23, 24 and 20 of Table 10.8) shows no altitudinal trend in
relative aboveground/belowground C allocation patterns in the Ecuadorian transect.
Rather, a marked shift from root respiration to root biomass production occurred,
i.e., from root metabolic activity to the production of root structures.

A large altitudinal decrease was also detected for the total amount of above-
ground litter production, which reached at 3,060 m only a third of its low-elevation
value (see Chap. 23) and was accompanied by a doubling of the amount of organic
carbon stored in the organic layer and the mineral topsoil (0-30 cm). These
opposing trends indicate a dramatic decrease in decomposition rate between
1,050 and 3,060 m elevation and consequently a rising mean carbon residence
time in the soil with increasing altitude.

Our calculation of soil heterotrophic respiration shows that the C cycle in the soil
appears not to be balanced; rather, it indicates a deficit of c. 2 Mg C ha~' year ' in
the input/output balance of soil organic matter (SOM) for the 1,050 m and 1,890 m
stands. If this statement is valid, substantial C losses from the belowground
compartment are occurring in the pre-montane and lower montane stands and
NEP should take a negative value as is indicated by our NEP estimates derived
from the difference between GPP and R..,. Whether this apparent imbalance is
indeed caused by SOM losses over longer time spans and the stands at 1,050 and
1,890 m are in fact functioning as CO, sources in recent time, or whether the deficit
is the result of erroneous estimates of heterotrophic respiration (possible overesti-
mation) or of fine and coarse root mortality (possible underestimation), can only be
answered by repeated sampling of the SOM pools over one or two decades.

We conclude that temperature is influencing mountain forest GPP and NPP both
directly and indirectly. The most influential temperature effects are probably the
altitudinal decline in stem and root respiration rates (but less in leaf respiration),
which may be linked to reduced growth rates, and the reduction in heterotrophic
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respiration in the soil, slowing down decomposition and mineralisation rates.
Impaired N supply in the cold high-elevation forests seems to reduce annual carbon
gain mainly through a restriction of leaf area expansion, which limits carbon gain.

10.4 Conclusions

Several results of this study are unexpected. First, the ecosystem C pool of the
mountain forests was equally large, or even larger, than that of neotropical lowland
forests, mainly due to the large C store in the soil. This finding highlights the
outstanding role, tropical Andean mountain forests are playing with respect to C
storage, an ecosystem service with increasing importance in the light of rising
atmospheric carbon dioxide concentrations and temperatures (see Chap. 24). Sec-
ond, total (above- and belowground) NPP decreased by about 0.23 Mg Cha ™' year™'
per °C temperature decrease, which contradicts earlier assumptions that forest NPP
is insensitive to temperature in tropical and subtropical regions. Marked decreases
with elevation were also detected for the stand-level estimates of annual gross
photosynthesis and autotrophic and heterotrophic respiration. While fine root pro-
duction seems to increase with elevation, root respiration decreased, which
indicates a marked shift from C investment in root metabolic activity to the
production of root structures towards high elevations; we found no altitudinal
trend in the relative aboveground/belowground C allocation patterns of the trees.
We conclude that altitudinal gradient studies may represent a valuable tool for
studying temperature effects on the functioning of tropical forests.

References

Batjes NH (2008) Mapping soil carbon stocks of Central Africa using SOTER. Geoderma
146:58-65

Batjes NH, Dijkshoorn JA (1999) Carbon and nitrogen stocks in the soil of the Amazon region.
Geoderma 89:273-286

Bendix J, Rollenbeck R, Fabian P, Emck P (2008) Climate. In: Beck E, Bendix J, Kottke I,
Makeschin F, Mosandl R (eds) Gradients in a tropical mountain ecosystem of Ecuador.
Springer Verlag, Berlin, pp 63-74

Benner J, Vitousek PM, Ostertag R (2010) Nutrient cycling and nutrient limitation in tropical
montane cloud forests. In: Bruijnzeel LA, Scatena FN, Hamilton LS (eds) Tropical montane
cloud forests: science for conservation and management. Cambridge University Press,
Cambridge, pp 90-100

Bruijnzeel LA, Kappelle M, Mulligan M, Scatena FN (2010) Tropical montane cloud forests: state
of knowledge and sustainability perspectives in a changing world. In: Bruijnzeel LA, Scatena
FN, Hamilton LS (eds) Tropical montane cloud forests: science for conservation and manage-
ment. Cambridge University Press, Cambridge, pp 691-740

Cavaleri MA, Oberbauer SF, Ryan MG (2006) Wood CO, efflux in a primary tropical rain forest.
Glob Change Biol 12:2442-2458


http://dx.doi.org/10.1007/978-3-642-38137-9_24

136 C. Leuschner et al.

Chave J, Andalo C, Brown S, Cairns MA, Chambers JQ, Eamus D, Folster H, Fromard F, Higuchi
N, Kira T, Lescure JP, Nelson BW, Ogawa H, Puig H, Riera B, Yamakura T (2005) Tree
allometry and improved estimation of carbon stocks and balance in tropical forests. Oecologia
145:87-99

Chen G-S, Yang Y-S, Xie J-S, Guo J-F, Gao R, Qian W (2005) Conversion of a natural broad
leafed evergreen forest into pure plantation forests in a subtropical area: effects on carbon
storage. Ann For Sci 62:659-668

Clark DA, Brown S, Kicklighter DW, Chambers JQ, Thomlinson JR, Ni J (2001) Measuring net
primary production in forests: concepts and field methods. Ecol Appl 11:356-370

Cleveland CC, Townsend AR, Taylor P, Alvarez-Clare S, Bustamante MMC, Chuyong G,
Dobrowski SZ, Grierson P, Harms KE, Houlton BZ, Marklein A, Parton W, Porder S, Reed
SC, Sierra CA, Silver WL, Tanner EVJ, Wieder WR (2011) Relationships among net primary
productivity, nutrients and climate in tropical rain forest: a pan-tropical analysis. Ecol Lett
14:939-947

Davidson EA, de Araujo AC, Artaxo P, Balch JK, Brown IFC, Bustamante MM, Coe MT, DeFries
RS, Keller M, Longo M, Munger JW, Schroeder W, Soares-Filho BS, Souza CM, Wofsy SC
(2012) The Amazon basin in transition. Nature 481:321-328

De Moraes JF, Cerri CC, Melillo JM, Kicklighter D, Neill C, Skole DL, Steudler PA (1995) Soil
carbon stocks of the Brazilian Amazon Basin. Soil Sci Soc Am J 59:244-247

Emck P (2007) A climatology of South Ecuador with special focus on the major Andean ridge as
Atlantic-Pacific climate divide. PhD Thesis, University Erlangen, Germany

Evans JR, Terashima I, Hanba Y, Loreto F (2004) Chloroplast to leaf. In: Smith WK, Vogelmann
TC, Critchley C (eds) Photosynthetic adaptation. Chloroplast to landscape. Ecological studies
178. Springer, New York, pp 107-132

Gentry AH (2001) Patrones de diversidad y composicion floristica en los bosques de las montanas
neotropicales. In: Kappelle M, Brown AD (eds) Bosques nublados del neotropico. Editorial
INBio, Santo Domingo de Heredia, Costa Rica, pp 85-123

Gibbon A, Silman M, Malhi Y, Fisher J, Meir P, Zimmermann M, Dargie G, Farfan W, Garcia K
(2010) Ecosystem carbon storage across the grassland—forest transition in the high Andes of
Manu National Park, Peru. Ecosystems 13:1097-1111

Girardin CAJ, Malhi Y, Aragao LEOC, Mamani M, Huasco WH, Durand L, Feeley KJ, Rapp J,
Silva-Espejo JE, Silman M, Salinas N, Whittaker RJ (2010) Net primary productivity alloca-
tion and cycling of carbon along a tropical forest elevational transect in the Peruvian Andes.
Glob Change Biol 16:3176-3192

Grace J, Meir P (2009) Tropical rain forests as old-growth forests. In: Wirth C, Gleixner G,
Heimann M (eds) Old-growth forests. Function, fate and value. Ecological studies, vol 207.
Springer, Berlin, pp 391408

Grace J, Lloyd J, McIntyre J, Miranda A, Meir P, Miranda H, Moncrieff J, Massheder J, Wright I,
Gash J (1995) Fluxes of carbon dioxide and water vapour over an undisturbed tropical forest in
south-west Amazonia. Glob Change Biol 1:1-12

Graefe S, Hertel D, Leuschner C (2008a) Estimating fine root turnover in tropical forests along an
elevational transect using minirhizotrons. Biotropica 40:536-542

Graefe S, Hertel D, Leuschner C (2008b) Fine root dynamics along a 2000-m elevation transect in
South Ecuadorian mountain forests. Plant Soil 313:155-166

Hertel D, Leuschner C (2002) A comparison of four different fine root production estimates with
ecosystem carbon balance data in a Fagus-Quercus mixed forest. Plant Soil 239:237-251

Hertel D, Leuschner C (2010) Fine root mass and fine root production in tropical moist forests as
dependent on soil, climate, and elevation. In: Bruijnzeel LA, Scatena FN, Hamilton LS (eds)
Tropical montane cloud forests: science for conservation and management. Cambridge Uni-
versity Press, Cambridge, pp 428443

Homeier J, Werner FA, Gradstein SR, Breckle S-W, Richter M (2008) Potential vegetation
and floristic composition of Andean forests in South Ecuador, with a focus on the RBSF.
In: Beck E, Bendix J, Kottke I, Makeschin F, Mosandl R (eds) Gradients in a tropical mountain
ecosystem of Ecuador. Ecological studies, vol 198. Springer, Berlin, pp 87-100



10 The Carbon Balance of Tropical Mountain Forests Along an Altitudinal Transect 137

Tost S (2007) Soil respiration, microbial respiration and mineralisation in soils of montane
rainforests of southern Ecuador: influence of altitude. PhD Thesis, Technical University of
Dresden, Germany. 171 pp. Available at http://nbn-resolving.de/urn:nbn:de:bsz:14-ds-
1201126765623-42870

Kitayama K, Aiba S-1 (2002) Ecosystem structure and productivity of tropical rain forests along
altitudinal gradients with contrasting soil phosphorus pools on Mount Kinabalu, Borneo. J Ecol
90:37-51

Leuschner C, Moser G, Bertsch C, Roderstein M, Hertel D (2007) Large altitudinal increase in tree
root/shoot ratio in tropical mountain forests of Ecuador. Basic Appl Ecol 8:219-230

Litherland M, Aspden J, Jemielita R (1994) The metamorphic belts of Ecuador. No. 11 in Overseas
Memoir of the British Geological Survey. British Geology Survey, Keyworth

Lii X-T, Tang J-W, Feng Z-L, Li M-H (2009) Diversity and aboveground biomass of lianas in the
tropical seasonal rain forests of Xishuangbanna, SW China. Rev Biol Trop 57(1-2):211-222

Luyssaert S, Inglima I, Jung M, Richardson AD, Reichstein M, Papale D, Piao SL, Schulze ED,
Wingate L, Matteucci G, Aragao L, Aubinet M, Beers C, Bernhoffer C, Black KG, Bonal D,
Bonnefond JM, Chambers J, Ciais P, Cook B, Davis KJ, Dolman AJ, Gielen B, Goulden M,
Grace J, Granier A, Grelle A, Griffis T, Grunwald T, Guidolotti G, Hanson PJ, Harding R,
Hollinger DY, Hutyra LR, Kolar P, Kruijt B, Kutsch W, Lagergren F, Laurila T, Law BE, Le
Maire G, Lindroth A, Loustau D, Malhi Y, Mateus J, Migliavacca M, Misson L, Montagnani L,
Moncrieff J, Moors E, Munger JW, Nikinmaa E, Ollinger SV, Pita G, Rebmann C, Roupsard O,
Saigusa N, Sanz MJ, Seufert G, Sierra C, Smith ML, Tang J, Valentini R, Vesala T, Janssens IA
(2007) CO, balance of boreal, temperate, and tropical forests derived from a global database.
Glob Change Biol 13:2509-2537

Malhi Y (2010) The carbon balance of tropical forest regions, 1990-2005. Curr Opin Environ
Sustain 2:237-244

Malhi Y (2012) The productivity, metabolism and carbon cycle of tropical forest vegetation. J Ecol
100:65-75

Malhi Y, Baldocchi DD, Jarvis PG (1999) The carbon balance of tropical, temperate and boreal
forests. Plant Cell Environ 22:715-740

Malhi Y, Baker TR, Phillips OL, Almeida S, Alvarez E, Arroyo L, Chave J, Czimczik CI,
Di Fiore A, Higuchi N, Killeen TJ, Laurance SG, Laurance WF, Lewis SL, Montoya LMM,
Monteagudo A, Neill DA, Nunez VP, Patino S, Pitman NCA, Quesada CA, Salomao R,
Silva JNM, Torres LA, Vasquez MR, Terborgh J, Vinceti B, Lloyd J (2004) The above-
ground coarse wood productivity of 104 Neotropical forest plots. Glob Change Biol
10:563-591

Malhi Y, Wood D, Baker TR, Wright J, Phillips OL, Cochrane T, Meir P, Chave J, Almeida S,
Arroyo L, Higuchi N, Killeen TJ, Laurance SG, Laurance WF, Lewis SL, Monteagudo A,
Neill DA, Vargas PN, Pitman NCA, Quesada CA, Salomao R, Silva JNM, Lezama AT,
Terborgh J, Martinez RV, Vinceti B (2006) The regional variation of aboveground live
biomass in old-growth Amazonian forests. Glob Change Biol 12:1107-1138

Malhi Y, Silman M, Salinas N, Bush M, Meir P, Saatchi S (2010) Introduction: elevation gradients
in the tropics: laboratories for ecosystem ecology and global change research. Glob Change
Biol 16:3171-3175

McJannet DL, Wallace JS, Reddell P (2010) Comparative water budgets of a lower and an upper
montane cloud forest in the Wet Tropics of northern Australia. In: Bruijnzeel LA, Scatena FN,
Hamilton LS (eds) Tropical montane cloud forests: science for conservation and management.
Cambridge University Press, Cambridge, pp 479—490

Mercado L, Lloyd J, Carswell F, Malhi Y, Meir P, Nobre AD (2006) Modelling Amazonian forest
eddy covariance data: a comparison of big leaf versus sun/shade models for the C-14 tower at
Manaus. I. Canopy photosynthesis. Acta Amazon 36:69-82

Mokany K, Raison RJ, Prokushkin AS (2006) Critical analysis of root:shoot ratios in terrestrial
biomes. Glob Change Biol 12:84-96


http://nbn-resolving.de/urn:nbn:de:bsz:14-ds-1201126765623-42870
http://nbn-resolving.de/urn:nbn:de:bsz:14-ds-1201126765623-42870

138 C. Leuschner et al.

Moser G, Hertel D, Leuschner C (2007) Altitudinal change of leaf area and leaf mass in tropical
mountain forests — a transect study in Ecuador and a pan-tropical meta-analysis. Ecosystems
10:24-935

Moser G, Roderstein M, Soethe N, Hertel D, Leuschner C (2008) Altitudinal changes in stand
structure and biomass allocation of tropical mountain forests in relation to microclimate and
soil chemistry. In: Beck E, Bendix J, Kottke I, Makeschin F, Mosandl R (eds) Gradients in a
tropical mountain ecosystem of Ecuador. Ecological studies, vol 198. Springer, Berlin,
pp 229-242

Moser G, Leuschner C, Roderstein M, Graefe S, Soethe N, Hertel D (2010) Biomass and
productivity of fine and coarse roots in five tropical mountain forests stands along an altitudinal
transect in southern Ecuador. Plant Ecol Divers 3:151-164

Moser G, Leuschner C, Hertel D, Graefe S, Soethe N, Iost S (2011) Elevation effects on the carbon
budget of tropical mountain forests (S Ecuador): the role of the belowground compartment.
Glob Change Biol 17:2211-2226

Raich JW, Russell AE, Kitayama K, Parton WJ, Vitousek PM (2006) Temperature influences
carbon accumulation in moist tropical forests. Ecology 87:76-87

Robertson AL, Malhi Y, Farfan-Amezquita F, Aragao LEOC, Espejo JES, Robertson MA (2010)
Stem respiration in tropical forests along an elevation gradient in the Amazon and Andes. Glob
Change Biol 16:3193-3204

Ryan MG, Gower ST, Hubbard RM, Waring RH, Gholz HL, Cropper WP, Running SW (1995)
Woody tissue maintenance respiration of four conifers in contrasting climates. Oecologia
101:133-140

Schnitzer SA, DeWalt SJ, Chave J (2006) Censusing and measuring lianas: a quantitative
comparison of the common methods. Biotropica 38(5):581-591

Sierra CA, del Valle JI, Orrego SA, Moreno FH, Harmon ME, Zapata M, Colorado GJ,
Herrera MA, Lara W, Restrepo DE, Berrouet LM, Loaiza LM, Benjumea JF (2007) Total
carbon stocks in a tropical forest landscape of the Porce region, Colombia. For Ecol Manage
243:299-306

Slik JWF, Aiba S-1, Brearley FQ, Cannon CH, Forshed O, Kitayama K, Nagamasu H, Nilus R,
Payne J, Paoli G, Poulsen AD, Raes N, Sheil D, Sidiyasa K, Suzuki E, van Valkenburg JLCH
(2010) Environmental correlates of tree biomass, basal area, wood specific gravity and stem
density gradients in Borneo’s tropical forests. Glob Ecol Biogeogr 19:50-60

Soethe N, Lehmann J, Engels C (2007) Carbon and nutrient stocks in roots of forests at different
altitudes in the Ecuadorian Andes. J Trop Ecol 23:319-328

Strauss-Debenedetti S, Bazzaz F (1996) Photosynthetic characteristics of tropical trees along
successional gradients. In: Mulkey SS, Chazdon RL, Smith AP (eds) Tropical forest plant
ecophysiology. Chapmann & Hall, New York, pp 162-186

Townsend AR, Cleveland CC, Cory C et al (2011) Multi-element regulation of the tropical forest
carbon cycle. Front Ecol Environ 9:9-17

Unger M, Homeier J, Leuschner C (2013) Relationships among leaf area index, below-canopy
light availability and tree diversity along a transect from tropical lowland to montane forests in
NE Ecuador. Trop Ecol 54(1):33-45

Veneklaas EJ, Poorter L (1998) Growth and carbon partitioning of tropical tree seedlings in
contrasting light environments. In: Lambers H, Poorter H, van Vuuren MMI (eds) Inherent
variation in plant growth. Physiological mechanisms and ecological consequences. Backhuys,
Leiden, pp 337-361

Vieira SA, Alves LF, Duarte-Neto PJ, Martins SC, Veiga LG, Scaranello MA, Picollo M, Camargo
PB, do Carmo JB, Sousa Neto E, Santos FAM, Joly CA, Martinelli LA (2011) Stocks of carbon
and nitrogen and partitioning between above- and belowground pools in the Brazilian coastal
Atlantic Forest elevation range. Ecol Evol 1:421-434

Werner FA, Homeier J, Oesker M, Boy J (2012) Epiphytic biomass of a tropical Andean forest
varies with topography. J Trop Ecol 28:23-31



10 The Carbon Balance of Tropical Mountain Forests Along an Altitudinal Transect 139

Wilcke W, Hess T, Bengel C, Homeier J, Valarezo C, Zech W (2005) Coarse woody debris in a
montane forest in Ecuador: mass, C and nutrient stock, and turnover. For Ecol Manage
205:139-147

Wittich B, Horna V, Homeier J, Leuschner C (2012) Altitudinal change in the photosynthetic
capacity of tropical trees: a case study from Ecuador and a pantropical literature analysis.
Ecosystems 15:958-973

Wolf K, Veldkamp E, Homeier J, Martinson GO (2011) Nitrogen availability links forest produc-
tivity, soil nitrous oxide and nitric oxide fluxes of a tropical montane forest in southern
Ecuador. Global Biogeochem Cycles 25, GB4009

Yonekura Y, Ohta S, Kiyono Y, Ahsa D, Morisada K, Tanaka N, Kanzaki M (2010) Changes in
soil carbon stocks after deforestation and subsequent establishment of “Imperata” grassland in
the Asian humid tropics. Plant Soil 329:495-507

Zach A (2008) Carbon release from woody parts of trees along an elevation gradient in a tropical
montane moist forest of southern Ecuador. PhD Thesis, University of Géttingen, Germany.
135 pp. Available at http://webdoc.sub.gwdg.de/diss/2008/zach/

Zach A, Horna V, Leuschner C (2008) Elevational change in woody tissue CO, efflux in a tropical
mountain rain forest in southern Ecuador. Tree Physiol 28:67-74

Zach A, Horna V, Leuschner C (2010) Patterns of wood carbon dioxide efflux across a 2000-m
elevation transect in an Andean moist forest. Oecologia 162:127-137

Zimmermann M, Meir P, Silman MR, Fedders A, Gibbon A, Malhi Y, Urrego DH, Bush MB,
Feeley KJ, Garcia KC, Dargie GC, Farfan WR, Goetz BP, Johnson WT, Kline KM, Modi AT,
Rurau NMQ, Staudt BT, Zamora F (2010) No differences in soil carbon stocks across the tree
line in the Peruvian Andes. Ecosystems 13:62-74


http://webdoc.sub.gwdg.de/diss/2008/zach/

Chapter 11
Current Regulating and Supporting Services:
Nutrient Cycles

Wolfgang Wilcke, Jens Boy, Ute Hamer, Karin Potthast,
Riitger Rollenbeck, and Carlos Valarezo

11.1 Introduction

Essential mineral nutrients including N, P, K, Ca, and Mg are the basis for any plant
growth (Marschner 1995). Usually, there are two major nutrient sources for native
old-growth forests: the weathering of soil and its parent material and the atmo-
sphere from which N enters the forest by microbial fixation (frequently in symbiosis
with plants) and all nutrients via wet or dry deposition (Likens and Bormann 1995).
Depending on the needs of the vegetation and microorganisms, the released and
deposited nutrients are taken up and incorporated into the internal nutrient cycle via
fine and coarse litterfall, throughfall, and stemflow or exported via the stream, by
erosion, or in gaseous form. The deposition of some nutrients may be associated
with acids (e.g., HNOj; released from forest fires, Boy et al. 2008a). Furthermore,
the deposition of NH," can indirectly acidify the soil if NH," is nitrified and the
resulting NO5; ™ leached (Matson et al. 1999). Soil acidification usually depletes the
buffer capacity and the base metal pool and thus has a direct effect on nutrient
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cycling (Likens and Bormann 1995). The regulation of the nutrient cycles is seen as
a “supporting ecosystem service” of the study forest by the Millennium Ecosystem
Assessment (2005) which will respond to expected environmental changes in the
study area including climate change, increasing nutrient deposition, and land-use
change (cf. Chap. 4 and Fig. 4.1).

While tropical lowland forests may grow on soils which are extremely depleted
or devoid of weatherable minerals and therefore cannot obtain nutrients from
weathering (Jordan 1985) tropical mountain forests usually grow on geologically
younger parent materials and soils still supply plant nutrients via weathering (Roman
et al. 2010). Furthermore, in contrast to most tropical lowland forests, the mountain
forest soils are covered by thick organic layers harboring large stocks of all mineral
nutrients (Tanner et al. 1998; Wilcke et al. 2002; Roman et al. 2010) which are
released by mineralization of the organic matter. In spite of low mineralization rates
as indicated by the accumulation of thick organic layers, at our study site, there
is still a high release of N (ca. 600-800 kg ha~' a~') and P (ca. 30-70 kg ha ' a™")
which is roughly 3—6 times the N and P fluxes with litterfall suggesting that a general
N and P limitation is not likely (Wilcke et al. 2002). Nevertheless, N and P additions
in the Nutrient Management Experiment (NUMEX) resulted in various responses of
the vegetation (cf. Chap. 23 and Fig. 23.2) and N and P were almost completely
retained in the system (Wullaert et al. 2010).

Soil fertility decreases with increasing altitude mainly because of increasingly
anaerobic conditions and decreasing temperatures resulting in even thicker, peat-
like organic matter accumulations on top of the mineral soil (Marrs et al. 1988;
Grieve et al. 1990; Wilcke et al. 2008a, b). Therefore, soil moisture regime is a
major control of soil fertility in tropical mountain forests (Benner et al. 2010).
Furthermore, nutrient export via stream water is related with depth of water
percolation in soil determined by the soil water content at the time of a rainfall
event and size of the event (Boy et al. 2008b).

An important natural component of the ecosystem dynamics in the study area
are usually shallow landslides removing all biomass and the organic layers includ-
ing all nutrients contained therein which are deposited in the foot area of the
landslide and released by mineralization (Wilcke et al. 2003; Richter et al. 2008,
cf. Chap. 12). Thus, nutrients are not lost from the system as a whole but spatially
redistributed unless the slides end directly in the draining river of the study area.

By the replacement of the native forest with pastures—which is common in the
study region (see Fig. 2.2)—particularly nutrients in the standing biomass and the
whole organic layer are removed. The conversion is frequently realized by slash
and burn practices resulting in huge nutrient losses to the atmosphere and by
subsequent erosion. The alkaline ashes remaining after forest burning increase the
pH of the upper mineral soil and the availability of P, Ca, Mg, and N in the short
term (Makeschin et al. 2008). This increased nutrient availability favors the growth
of the pasture grass which is planted directly after burning. As a consequence of the
dense grass roots, the mineral topsoil is enriched in organic matter (Potthast et al.
2012). The pastures additionally receive direct nutrient inputs via the frequent
intentional vegetation burning and the feces of the animals, while fertilizer
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application is not common in the study region. Furthermore, hydrological flow
conditions are changed resulting in more superficial water flow and erosion.

The plant and microbial communities of native old-growth forests are usually
adapted to the local nutrient supply and any changes of the nutrient status of the
ecosystems can translate into changed community compositions (Wassen et al.
2005; Potthast et al. 2012). In particular, nutrient inputs threaten the biodiversity
(Sala et al. 2000; Wassen et al. 2005). If deposited nutrients are not retained in the
ecosystem, they will reach ground and surface waters which might deteriorate the
water quality and thus an important provisioning ecosystem service (Millennium
Ecosystem Assessment 2005, Chap. 4). The latter could also occur if the precipita-
tion regime changed towards a higher frequency of strong rain events resulting in
increased fast nutrient export via near-surface flow (Goller et al. 2005; Boy et al.
2008b).

Thus, the regulatory function of the study forest with respect to nutrient cycles as
supporting ecosystem service consists of the degree of nutrient retention in the
internal cycle between organic layer and forest canopy. Nutrient retention is driven
by the biological demand for nutrients which increases with increasing above- and
belowground biomass production. Biomass production, another provisioning eco-
system service (Millennium Ecosystem Assessment 2005, cf. Chap. 4 and Fig. 4.1),
is in turn driven by environmental conditions of which nutrient availability and
climate (which are not entirely independent from each other) are major
components. Nutrient availability depends on size of nutrient deposition, extent
of acidification governing microbial activity, turnover times of the organic layers,
and water flow regime in soil. Interferences in the old-growth forest or complete
conversion to pasture likely change the nutrient availability. In this chapter, we
focus on (1) deposition from the atmosphere, (2) soil moisture regime, and (3)
conversion of forest into pasture because these drivers of the nutrient cycle are
particularly prone to environmental change in the near future.

11.2 Methods

Our main long-term observation site is an approx. 9 ha-large micro-catchment
between 1,900 and 2,200 m a.s.l. on 30-50° steep slopes on the north-facing flank
of the San Francisco valley (MC2, see Fig. 1.2). The underlying bedrock is
interbedding of paleozoic phyllites, quartzites, and metasandstones, from which
mainly Cambisols and at higher positions Histosols developed (IUSS Working
Group WRB 2006). To measure incident precipitation (on clearings near MC2),
throughfall, stemflow, and stream flow, we used standard devices described in
detail in Fleischbein et al. (2005, 2006). Briefly, incident precipitation and
throughfall were measured with Hellmann-type collectors (five samplers at 2—4
incident precipitation gaging sites and 60 throughfall samplers at three throughfall
gaging sites in MC2), stemflow with a polyurethane foam collar around five
representative large trees, and surface flow with a manually calibrated V-shaped
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weir at the outlet of MC2. Measurements were made in at least weekly intervals
since April 1998. Annual surface water flow was modeled between 1998 and 2003
(Fleischbein et al. 2006; Boy et al. 2008b) and between 2003 and 2008 estimated by
assuming that the water level measured manually once or twice weekly is represen-
tative for the whole week preceding the measurement. This generated a small error
with respect to the water budget because of only a few strong rainfall events (Boy
et al. 2008b). Soil solution was collected below the organic layer and at the 0.15 and
0.30 m depths in the mineral soil with three lysimeters at each depth of each of the
three measurement sites where also throughfall was collected. All solutions were
bulked to a composite sample per measurement site prior to chemical characteriza-
tion. Soil matric potentials were measured with three replicate tensiometers at each
of the 0.15 and 0.30 m soil depths which were manually read 1-2 times per week.
The deposition measurements in MC2 were complemented by deposition
measurements at 2,270, 2,660, and 3,180 m a.s.l. with similar rain totalisators like
in MC2 and additional mesh—grid fog collectors (Schemenauer and Cereceda
1994).

To determine deposition rates and concentrations and fluxes of elements in
rainfall, throughfall, and stemflow, we multiplied water fluxes with volume-
weighted mean concentrations determined by Continuous Flow Analysis (NH,",
NO; 7, total N, PO43 ~, total P, and CI) and Atomic Absorption Spectrometry (K,
Ca, Mg). The dry deposition was estimated with the canopy budget model of Ulrich
(1983) using CI™ as assumed inert tracer.

The pasture study sites are located on the opposite valley slope of MC2 and
about 4 km east of MC2 on the same main ridge (see Fig. 1.2). At these sites, pH,
concentrations of exchangeable base metals (Ca, Mg, K, Na) and NH F-extractable
P, and stocks of C, N, P, and S in the upper 0-0.2 m of the mineral soil were
measured with standard methods. Furthermore, microbial biomass, community
composition of the microorganisms, and soil respiration rates were determined
(Iost 2007; Potthast et al. 2012).

11.3 Results and Discussion

11.3.1 Deposition from the Atmosphere

In the study area, there is a seasonal cycle of acid and N inputs which can be
attributed to the forest fires in the Amazon basin (Boy et al. 2008a, Fig. 11.1a). The
acid deposition depleted base metals from all functional strata. Together with the
nitrification of deposited NH,*, this acidified the main rooting zone (i.e., the soil
organic layer). Base metals were partly replenished by an overseasonal cycle of
elevated Ca and Mg deposition which was attributed to Sahara dust transport
across the entire Amazon basin with the dominating northeasterly trade winds
during strong La Nifia conditions (Boy and Wilcke 2008). La Nifia enforces the


http://dx.doi.org/10.1007/978-3-642-38137-9_1#Fig00012

—

1 Current Regulating and Supporting Services: Nutrient Cycles 145

160

1]
2

= Fire pixels
™ 1.40

=== NO3-N

120

EEaa———

1.00

0.80

L

EW -
NO,-N [mg ]

o
ﬁ
€
!
-
..__‘:-
i‘-'
sy ="
T
z

- 0.60

g

- 040

Number of fire pixels [x10,000], H* [ug ']

e

0.20

0.00

o
o

Region 1.2 anomalies

Ca anomalies
7.0

5.0
30
1.0

-30

Sea surface temperature and Ca anomalies o

P P PSS o

o o g S P P
~J. d A 2 et )
@xi\ u‘d‘eﬁﬂé ‘,@ \e““’% @@* \z“&g ‘md‘ a @. es ,d 2‘“ “w P Q@ﬁwg

Fig. 11.1 Course of (a) monthly fire pixel counts of NOAA 12 (National Oceanic and Atmo-
spheric Administration) in Amazonia and northern South America along the daily Hysplit
trajectories (radius 25 km around the actual parcel location) and of the monthly concentrations
of H* and NO3; N in bulk incident precipitation from 1998 to 2010 and (b) the monthly sea
surface temperate (SST) anomalies in the Pacific in front of the Ecuadorian coast and anomalies of
Ca deposition (i.e., monthly deposition divided by overall monthly mean). In Boy and Wilcke
(2008), a relationship between the SST anomalies in region 3.4 and Ca concentrations in rainfall
was shown. However, particularly for the last 3 years the coincidence between SST anomalies of
region 1.2 and anomalies of Ca deposition was more evident

trade-wind system and shifts the intertropical convergence zone southwards,
channeling a larger portion of Saharan aerosols to the Amazon basin which
otherwise would be deposited in the Caribbean (Kaufman et al. 2005). Although
base metal-rich Saharan aerosols were found to reach the Amazon basin before
(Swap et al. 1992) a transport to far windward sections of the wet Amazon basin
seemed unlikely because of high scavenging probability along the trajectories.
Despite this, we found La Nifia increasing the frequency of storm events over
Amazonia without yielding considerably higher monthly rainfall volumes. The
resulting dry spells allowed for aerosol transport to the outer rim of the Amazon
basin, suggesting a far higher impact to forests further upwind the dust passage in
spite of cumulatively wetter conditions than previously assumed (Boy and Wilcke
2008, Fig. 11.1b). Thus, there were changing acid and base depositions as reflected



146 W. Wilcke et al.

Strong Nifa .
Strong Nifa
85 (Sahara dust) (Sahara dust)
Strang Nifio
80 (forest fires)
7.5
Seasonal forest fires in the Amazon basin
{acid deposition)
7.0
6.5
L 60 s
55
5.0
45
4.0
35
L “f" -"’-g Lo 50 o -® 4™ "
»‘\i; o *‘_‘45&'3“ »‘\‘; o w‘w&ﬁ w“"’ o f“’w«&z M‘"’@f vi“”zﬁz 3\9-'_;‘@-"" '\.F\s‘-"" )““ -;?"‘ 3‘“ o"q 1\3““ ﬁf‘ 3‘“
o e i

Fig. 11.2 Course of weekly mean pH (calculated from H* activities) in rainfall at the 2—4 gaging
stations in the study area (see Fig. 1.2) from 1998 to 2011 and suggested interpretation of the
temporal development of the pH

by the pH of rainfall (Fig. 11.2). As both forest fires and the El Nifio Southern
Oscillation (ENSO) cycle are prone to changes because of climate change, it can be
expected that there will be a changed relationship between acid and base deposition.

Deposition showed an altitudinal gradient in the study area following increasing
precipitation with altitude (Bendix et al. 2008). Therefore N, P, and K depositions
increased strongly with altitude (Rollenbeck et al. 2008). However, independent of
the higher precipitation at higher altitudes, typical byproducts of biomass burning
like SO,**, NH,*, and NO; ™ also showed elevated concentrations in water of light
rainfall and fog at higher altitudes. This further supported the hypothesis of long-
range transport of forest fire emissions by clouds from the Amazon basin. Conse-
quently, a potentially increasing fire frequency in Amazonia would affect nutrient
cycling of the Andean mountain forest (cf. Sect. 21.3.2 for other expected changes
of deposition).

In spite of the high N availability in soil, results of a fertilization experiment in
the study area (NUMEX, cf. Chap. 23 and see Fig. 1.2) revealed that up to 15 % of
the applied 75 kg ha~' N during the first 1.5 years of the experiment was cumula-
tively recycled with litterfall (Wullaert et al. 2010). Therefore, N deposition
represents a remote fertilization of the study forest although it is still unclear if N
causes a direct growth effect or if the growth effect results from the deposition of
another nutrient and simultaneously increased N uptake to balance nutrient
requirements (Boy and Wilcke 2008). The deposited reactive N can readily be
used by the plants. Nevertheless, export of NO;~ with litter leachate increased
significantly during the first 10 years of our observation period suggesting that not
the entire pool of available N is used by the organism community in the studied
ecosystem (Fig. 11.3).
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Fig. 11.3 Course of monthly NO; —N export with litter leachate from 1998 to 2007. The
regression line is shown for illustration purposes. The trend is significant according to the Seasonal
Mann-Kendall test (t = 0.16, p = 0.031; Hirsch et al. 1982)

11.3.2 Soil Moisture Regime

Between 1998 and 2010, we observed increasingly dry conditions in the soils of the
study site as illustrated by decreasing frequencies of observed soil water saturation
by tensiometry (Fig. 11.4). The decrease was more pronounced in the topsoil than in
the subsoil. Increasingly dry conditions will favor the aeration of the soil likely
resulting in accelerated organic matter turnover times and thus increased nutrient
release. It is frequently hypothesized that slow nutrient release (because of reduced
microbial activity as a consequence of persisting water logging) is a main reason for
limited nutrient supply in tropical mountain forests (Benner et al. 2010). This is
reflected by the increasing thickness of the organic layer with increasing altitude
and associated precipitation while temperature decreases (Wilcke et al. 2008a, b).
As a consequence, more N might be released by mineralization which likely
contributes to explain the increasing NO3;~ export from the organic layer (Fig. 11.3),
where most roots are located, to the mineral soil. On the other hand, gaseous N
losses by denitrification might be reduced if soil conditions become more oxidizing.

The work of Boy et al. (2008b) has shown that the nutrient concentrations in
stream water depend on depth of water percolation through the soil. The
concentrations of N, K, Ca, and Mg were highest during peak flow associated
with fast near-surface lateral flow because of the accumulation of these nutrients
near the surface of the soil, mainly in the organic layer. In contrast, highest P
concentrations occurred during baseflow conditions because most P was stored in
the deeper mineral soil. Near-surface lateral flow in soil was the most important
export path of N and also accounted for about 1/3 of the export of base metals
(K, Ca, Mg). Thus, any climate change resulting in higher frequencies of storm flow
events causing near-surface flow will likely enhance the loss of N and base metals.
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11.3.3 Conversion of Forest into Pasture

Land-use changes have significant impacts on the soil system, especially on rates of
soil nutrient cycling (McGrath et al. 2001). In our study area, conversion of tropical
mountain forest to active pasture resulted in the loss of the soil organic layer but
induced an increase in the stocks of organic C and total N of the upper mineral soil
of 50-year-old pastures (Makeschin et al. 2008). Stocks of total P and S were higher
in younger pastures (17-year-old, own unpublished results). On the established
pastures, the upper mineral soil (0-20 cm depth) plays the most important role in
terms of nutrient cycling and is characterized by increased nutrient cycling rates
compared with forest (Potthast et al. 2012).

Soil chemical properties and soil microorganisms are sensitive indicators of
nutrient cycling rates (Swift et al. 1979; Six et al. 2006). The input of alkaline
ashes from forest burning induced a significant increase in the pH value and in the
exchangeable calcium of the mineral topsoil (Makeschin et al. 2008; Potthast et al.
2012). Both have been identified as important drivers of the observed changes in
soil microbial community composition (Potthast et al. 2012). In addition, a huge
stock of fine roots of the pasture grass Setaria sphacelata (Schumach.) Stapf &
C. E. Hubb. ex M. B. Moss together with a high-quality, N-rich litter represented
beneficial conditions for soil microbes (Potthast et al. 2012). The enhanced sub-
strate and nutrient availability for soil microbes favored microbial growth and
microbial activity in pasture compared to forest soils leading to faster cycling
rates of organic matter. In comparison to forest litter (Iost 2007; Illig et al. 2008)
grass litter showed a 2.5 times faster decomposition rate (Potthast et al. 2012). In
situ measurements of soil respiration rates revealed that the pasture soil emitted
approximately 2 Mg ha~' a~! more CO,—C (Potthast et al. 2012) than the forest soil
(Tost et al. 2008). The amounts of soil N supplied to plants and microbes increased
following pasture establishment as indicated by increased rates of gross N
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mineralization and gross NH,* consumption in the mineral soil (Potthast et al.
2012). Although the NH4F-extractable organic P pool increased, too, in active
pastures compared to forest (own unpublished results), the pasture grass
S. sphacelata is still N- and P-limited (cf. Chap. 23). This is one reason for the
degradation and subsequent abandonment of pastures (cf. Chap. 15).

11.4 Conclusions

Major external drivers of the supporting ecosystem service “nutrient cycling” in the
south Ecuadorian tropical mountain forest are nutrient and acid deposition, the soil
moisture regime, and land-use change. Acid and nutrient deposition is driven by
two different climate-related sources: vegetation fires in the Amazon and Sahara
dust deposition coupled to the ENSO cycle. Furthermore, it is expected that nutrient
deposition, particularly of N generally increases in the tropics because of economic
growth including agricultural intensification with higher mineral fertilizer use
(Galloway et al. 2004, 2008). The soil moisture regime which is directly related
to amount and distribution of precipitation controls oxidation processes such as
organic matter mineralization. Thus, increasingly dry conditions—as observed in
the last decade—will enhance organic matter turnover releasing CO, which feeds
back on the climate system while improving the nutrient supply to plants and
stimulating nutrient export to below the main rooting zone. The soil moisture
regime also drives nutrient cycles via its control of the depth of water flow
paths through soil which depends on soil water content and intensity of rainfall.
While the acid and nutrient deposition will affect the whole altitudinal range
because the deposition reaches our study area via long-range transport in the
atmosphere, the increasing dryness will—at least for some time—be likely restricted
to the lower altitudes. Land-use change from forest to pasture drives nutrient cycling
mainly by the introduction of alkaline ashes and the input of grass-derived organic
matter characterized by its higher susceptibility to microbial decomposition. The
resulting increases in soil pH, nutrient, and substrate supply in the upper mineral
soil not only changed the microbial community composition but also enhanced
microbial growth and activity leading to increased nutrient cycling rates. To maintain
fertility of these pasture soils and to prevent severe weed-infestation (bracken fern,
cf. Chap. 15), a sustainable pasture management is necessary (cf. Chap. 26).
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Chapter 12

Natural Landslides Which Impact Current
Regulating Services: Environmental
Preconditions and Modeling

Jorg Bendix, Claudia Dislich, Andreas Huth, Bernd Huwe, Mareike LieB},
Boris Schroder, Boris Thies, Peter Vorpahl, Julia Wagemann,
and Wolfgang Wilcke

12.1 Introduction

Manifold interactions between the abiotic and the biotic environment doubtlessly
exist in the complex biodiversity hotspot of the Rio San Francisco valley. Hitherto,
it is not unveiled how the natural forest and its biodiversity which regulates
(regulating services) the local abiotic conditions (climate, water, soil) is subjected
to feedbacks regarding the preservation of species richness. Different hypotheses
how interactions and feedbacks between abiotic factors and biota contribute to
determine biodiversity are under discussion since decades. Widely accepted in the
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group of hypotheses regarding internal feedbacks controlling biodiversity is the
intermediate disturbance hypothesis (IDH) (Connell 1978; Molino and Sabatier
2001) which means that moderate disturbances are fostering the highest degree of
species richness. Roxburgh et al. (2004) stressed that the original specification of
the IDH requires patchy disturbances. Sheil and Burslem (2003) emphasized that
landslides are proven to be one important patchy disturbance type promoting
biodiversity above and below ground. It is meanwhile undisputed that landslides
are a major factor of natural disturbance in the mountain forest of the study area
(Wilcke et al. 2003, Chap. 1). While reducing the overall aboveground biomass,
landslides increase the spatial heterogeneity of biomass distribution and thus create
distinct habitat types (Dislich and Huth 2012). Particularly plant succession after a
landslide and the related above ground species pool of mosses, lichens, vascular
plants like orchids and pioneer tree species contribute to the high biodiversity of the
mountain rain forest and its resilience against natural disturbances (refer to Chap.
8). Below ground diversity and abundance (e.g., AM fungi) might be affected by
landslides, too (refer to Chap. 7).

Profound knowledge on physical interactions between abiotic factors and the
forest that are assumed to trigger landslides is mandatory for predicting landslide
occurrence probabilities and potential future changes.

The basic factors controlling landslide occurrence in the study area are geology
in terms of bedrock material, climate, and topography (Fig. 12.1).

While the geological substrate in the study area is nearly homogenous, the
topographic situation is highly variable. In this context, elevation, slope position,
steepness, and terrain curvature are the most important factors (Sect. 12.2.1,
Fig. 12.1a). Regarding climatic parameters, particularly the abundant rainfall
enhances the weight of vegetation and soil and reduces soil strength. Because
rainfall generally increases with terrain altitude (Chaps. 1, 19, and 24) elevation
is a good proxy for rainfall. High wind speed and resulting dynamic pressure
particularly at windward sides at higher altitudes transfer the dynamic stress of
trees into the tree root layer and thus are also expected to be important predictors to
assess landslide risks (Sect. 12.3.3, Fig. 12.1c). Soil conditions (thickness of the
organic and mineral soil layers, soil water logging conditions as indicated by
stagnic horizon occurrence probability) are suspected to play a major role and
should be considered for landslide prediction (Fig. 12.1b), too. Beyond physical
interactions, also chemical interactions might influence the risk for landslides. The
role of a specific abiotic—biotic interaction — the relation between soil nutrient
availability and fine litter production as a proxy for biomass production and thus
vegetation and organic layer weight (Fig. 12.1d) — is discussed in this chapter.
Nutrient availability in the soil as an important control of biomass production
(influencing the weight of the vegetation) and organic matter degradation
(influencing the weight of organic layers) is thus assumed to be an important
predictor for landslide probability.

To disentangle the processes responsible for landslide activity, spatial explicit
models as presented in this chapter are necessary, which are currently based solely
on topographical predictor variables (Sect. 12.2.1, Fig. 12.1a). For a future
improvement of the presented model, further spatial input data of relevant climatic
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Fig. 12.1 Overview on factors controlling landslide susceptibility in the study area. Arrows
indicate aspects covered by this chapter: The topographic control on landsliding (a), on soil
formation (b), on the distribution of local wind fields (c), and the dependence of organic matter
decomposition, organic layer mass, and biomass dynamics (d). Future model parameters written in
gray are developed and discussed in this chapter

and soil predictors as described above are required (Sects. 12.2.2-12.2.4). Most of
these data were not available when developing the model described in Sect. 12.2.1.
Consequently, this chapter is also devoted to exemplarily present methods to
regionalize point-based soil and climate data.

It should be stressed that landslides in a protected, unused pristine mountain forest
are not a direct ecosystem service (refer to Chap. 4). However, natural landslide
dynamics cause feedbacks to other abiotic and biotic ecosystem components which
give reason to expect impacts on several service levels as, e.g., regulation services.
On the landscape scale, naturally and anthropogenically induced landslides seem to
play a major role in sediment regulation of the catchment, being claimed to be
responsible for a quasi-continuous export of sediment loads independent on precipi-
tation peaks (refer to Chap. 9). On the smaller scale, nutrient regulation is clearly
affected by landslides. Nutrients are removed with the biomass and the organic layers
from the slide area but deposited and concentrated in its foot area (refer to Chap. 11).
Regarding carbon regulation, landslides are characterized by reduced tree growth on
the slides due to the poor nutrient conditions, thus diminishing aboveground carbon
stocks considerably (refer to Chap. 24).

12.2 Methods

12.2.1 The Statistical Landslide Model

Conditions leading to slope failure in the past are likely to cause landslides in the
future as well. Thus, inventories of past landslides combined with topographic
information and thematic maps of controlling factors are used to train statistical
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landslide models with multiple predictors. Univariate response curves of these
models can provide insights into driving factors of landslides if the following
preconditions are met: (1) The model quality (in terms of performance and calibra-
tion) is sufficient. (2) Consistency between mechanistic assumptions and training
data is maintained. (3) The chosen predictors are interpretable.

(1) Vorpahl et al. (2012) provided a unified framework to train, test and compare
different statistical methods. Applying this framework to eight different
methods from statistics and machine learning (i.e., generalized linear and
additive models, multivariate adaptive regression splines, artificial neural
networks, classification tree analysis, random forests, boosted regression
trees, and the maximum entropy method), they generated weighted model
ensembles.

(2) Vorpahl et al. (2012) maintained consistency between training data and mech-
anistic assumptions by using a subset of five historical landslide inventories of
the RBSF provided by Stoyan (2000) and confined their analysis to landslides
that occurred in an area free of anthropogenic interference (Fig. 12.2). Further-
more, they distinguished different functional units of landslides: i.e., initiation,
transport, and deposition zones. This distinction is of key importance for an
interpretation of univariate model response curves, since linkages between
model predictors and actual mechanisms in the distinct functional units differ.

(3) In a case study, Vorpahl et al. (2012) exclusively used terrain attributes derived
from a digital elevation model (DEM) as predictors: elevation above sea level
(ALT), slope angle, topographic wetness index (TWI), stream power index
(SPI), convergence index (CI), topographic position index (TPI) with two
different radii (100 m and 500 m), and the aspect. To model landslide initiation
as a phenomenon of abiotic—biotic interactions by assessing the importance of
abiotic and biotic predictor values in later applications of the method, spatial
parameter values as presented in the succeeding sections might be helpful.

12.2.2 Potential Model Parameter: Regionalization of Soil
Data

The spatially explicit prediction of histic and stagnic soil horizons is necessary as a
major precondition to understand the landslide dynamics in the study area.

Soil regionalization is based on the general concept (e.g., Jenny 1941) that soil
genesis and, hence, the soils’ distribution throughout the landscape mainly depend
on topography, among other parameters. Therefore, topographic parameters can be
used as predictors to develop digital maps of various soil attributes.

Soil horizons were assessed by 56 soil profiles and 315 auger sampling points.
Key topographical parameters were calculated based on the DEM and implemented
area wide as predictors in the software SAGA GIS. To collect a representative
dataset, sampling sites were selected according to a 24 terrain classes comprising
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Fig. 12.2 (a) Landslide inventories created by evaluation of aerial photographs of five different
years (i.e., 1692, 1969, 1976, 1989, and 1998) by Brenning (2005) and landslide susceptibility
maps as produced by weighted model ensembles for (b) landslide initiation, (c) transport, and (d)
deposition zones (cf. Vorpahl et al. 2012)

sampling design along transects extending along side valley slopes (Liess
et al. 2009).

The regionalization as presented here is based on earlier attempts to predict these
horizons (Lie3 2011). In comparison to Liel (2011), an improvement could be
achieved by focusing on (1) additional terrain parameter selection and by (2)
investigating the dependence on scale as well as (3) the performance of another
recursive partitioning method, Random Forest (RF) (Breiman 2001).
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Table 12.1 SAGA modules to calculate terrain parameters

Terrain parameter ~ Module library Module

Altitude Terrain analysis—preprocessing Fill sinks (Planchon/Darboux, 2001)
Slope Terrain analysis—morphometry Slope, aspect, curvature

Aspect

Profile curvature
Plan curvature

Convergence index Terrain analysis—morphometry Convergence Index (search radius)
Normalized height = Terrain analysis—morphometry Relative heights and slope positions
Valley depth

TRI Terrain analysis—morphometry Terrain Ruggedness Index

Wind effect Terrain analysis—morphometry Wind effect

KRAarea Terrain analysis—hydrology Catchment area (flow tracing)
KRAslope

SWI Terrain analysis—hydrology Saga Wetness Index

PISR Terrain analysis—Ilighting, visibility —Potential incoming solar radiation—

direct insolation

(1) Based on the investigations by Liel (2011), predictors representing climate
(altitude, PISR), water accumulation (curvature, convergence, KRAarea),
water discharge (slope, KRAslope), the insulating effect of the heterogeneous
geomorphology with the ridge—side valley structure in particular (TRI,
normalized height, valley depth) and the wind effect (wind effect, aspect)
were selected to model the soil pattern of this area, all calculated by using
SAGA GIS (Table 12.1, Bohner et al. 2006).

(2) According to the assumptions of Liel (2011) that the influence of certain
predictors on soil property development is scale dependent, Brown et al.
(2004) had reported this for the influence of curvature on soil texture, terrain
parameters were calculated for three different GIS raster grid cell sizes (10, 20,
30 m).

(3) Because RF shows a strong dependence on the used dataset used for model
development (Lie83 et al. 2012), i.e., the terrain parameters used as predictors
with the soil parameter as response variable, 100-fold RF calculations of the
spatial water stagnation pattern as well as organic layer and stagnic horizon
thickness were carried out. For each of the 100 model runs, the used dataset was
varied by using 9/10 random Jackknife partitions data subsets of the complete
dataset. The 100 models’ prediction results were then averaged and displayed
as two maps: the mean prediction value of the particular soil parameter and its
prediction uncertainty which is represented by the coefficient of variation.
Cross validation is applied to the remaining 1/10 of the dataset, which was
not used to develop the RF models, for model evaluation.
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12.2.3 Potential Model Parameter: Regionalization of Wind
Data

Regionalization of meteorological point observations facilitates the analysis of
interactions between the abiotic environment and biosphere (e.g., Fries et al.
2009, 2012). Strong wind pressure to forest trees might be one reason fostering
landslides and shaping the tree line. Therefore, digital wind speed and dynamic
pressure maps are determined using the following procedure: (1) Statistical analysis
of wind speed observations using the Weibull density function. (2) Calculation of
digital wind speed maps by applying a sheltering factor—algorithm to a DEM. (3)
Validation of calculated wind speed using model-independent meteorological
stations. (4) Calculation of dynamic pressure maps based on the tropical standard
atmosphere and the generated wind speed maps.

(1) Point measurements of hourly wind speed data and the wind direction at 2 m
above surface level for a period of 8 years (1999-2006) for five meteorological
stations (Cerro, ECSF, El Trio, Paramo, TS1, Fig. 12.3) were analyzed regard-
ing mean and maximum wind speed. According to meteorological conventions
(e.g., Weisser 2003), mean and maximum wind speed per 45°-wind direction
class are derived from the Weibull density function (50 % and 95 % percentile),
where the parameters of the distribution are estimated by the maximum likeli-
hood method.

(2) Wind speed maps are calculated in three steps: First, data of the station Zamora
and the highest meteorological station (Paramo) are used to calculate a linear
decrease of average and maximum background wind speed with decreasing
terrain altitude. Second, the approach of Winstral and Marks (2002) is used to
derive the maximum upwind slope parameter which is a measure of topo-
graphic shelter or exposure relative to a particular wind direction. The finally
determined shelter factor is multiplied with the background wind speed for
every pixel, providing the digital wind speed maps for every wind direction
class.

(3) Wind speed is extracted for the grid points of the meteorological stations not
used for the regionalization and compared to the modeled data. For the most
stations (e.g., ECSF, Cerro), the correlation is significant and well-suited,
except for the station El Tiro which is known to be strongly influenced by
topographic venturi effects not considered by the regionalization method.

(4) Finally maps of average and maximum dynamic pressure are calculated from
the wind speed maps and average air density where the latter is derived by
blending the tropical standard atmosphere with the DEM.
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Fig. 12.3 Univariate response curves (black lines) and predictor importance scores of weighted
ensembles of statistical models. Response quartile ranges are shaded in gray. The curves in each
column show the probability of observing a landslide initiation, transport or deposition zone as a
function of a single predictor variable, i.e., elevation above sea level (ALT), the convergence index
(CI), indicating small scale concavities (CI < 0) or convexities (CI > 0), the topographic wetness
index (TWI), the slope angle (Slope), the stream power index (SPI), the topographic position index
(TPI), describing the difference between local elevation and the mean elevation within two
different radii of 100 m (TPI.100) and 500 m (TPI.500), respectively, and the direction of the
steepest slope angle (Aspect) (Vorpahl et al. 2012)

12.2.4 Soil Properties and Litterfall

Between 1998 and 2010 we collected data from 12 sites in the study area (one in
each of the microcatchments (MC) 1 and 3, three in each of MCs 3 and 5 and the
four control sites of Nutrient Manipulation Experiment (NUMEX, for locations see
Chap. 1, NUMEX is explained in Chap. 23). Monitoring in MC2 lasted for 12 years,
in MCs 1, 3, and 5 for 5 years and in NUMEX for 1 year. At each site, mass of
organic layer was determined once by measuring depth and densities of the organic
horizons (Oi, Oe, and Oa) and mass of fine litterfall was determined with three- to
sixfold replicated 0.3 x 0.3 m”t0 0.6 x 0.6 m? large litter traps in at least monthly
resolution. Furthermore, free-draining litter lysimeters just below the organic layer
were used to collect litter leachate in weekly to fortnightly resolution in which
mineral N (NH,*-N + NO; -N) concentrations were determined with a Continu-
ous Flow Analyzer and K, Na, Ca, and Mg concentrations with flame Atomic
Absorption Spectrometry.

12.3 Results and Discussion

12.3.1 Statistical Landslide Modeling

With the exception of classification tree analysis all techniques performed compar-
atively well while being outperformed by weighted model ensembles (refer to
Vorpahl et al. 2012 for details). As expected, models trained on different functional
units of landslides led to different model outcomes (Fig. 12.2).
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Univariate model response curves to changes in predictor values—also called
partial dependency plots (Fig. 12.3)—show that landslide deposition zones tend to
be located at valley bottoms, indicated by high values of SPI and TWI as well as by
negative values of CI and TPL

Landslides follow the local topography by sliding along shallow ducts in the
slope as indicated by a maximum susceptibility for transport zones at slightly
negative values of CI and TPI. The response curve for initiation zones to changes
in slope indicated an increasing contribution up to ~52°. Even steeper slopes lead to
a decrease of landslide susceptibility. This can be attributed to the fact that on
extremely steep slopes the soil layer is usually thinner and hence insufficient for
landslide initiation.

Model response to elevation above sea level exposed an increasing landslide
initiation probability with elevation up to 2,400 m a.s.l. At higher elevations,
landslide initiation probability decreases. Rollenbeck (2006) reported an altitudinal
increase of average precipitation (from about 2,050 mm a~ " at 1,960 m a.s.L. up to
4,400 mm a~' at 3,200 m a.s.l.) in the research area. If rainfall is an important
factor, this should hint towards a positive correlation between precipitation and
landslide susceptibility which contradicts the above finding. As additional factors at
the intersection from dense forest into the Paramo, lower standing biomass and
lower inclination may strongly reduce landslide formation. Furthermore, Bussmann
et al. (2008) gave a possible explanation for the decreasing landslide susceptibility
at higher elevations by a change in soil substrate from slightly metamorphosed
clayey/sandy sediments, originating from phyllites, at the lower and intermediate
elevations to a more quartzite rich substrate at higher elevations.

Other altitudinal gradients reported for the research area are related to vegeta-
tion. The decrease of average tree heights with higher elevations (Briauning et al.
2008), for example, may cause a reduced contribution of plant biomass to slope
instability. Smaller trees are less capable of transferring wind forces into the ground
via a turning moment. Soethe et al. (2006a, b) as well as Leuschner et al. (2007)
reported an altitudinal change in tree root structure and in the ratio of aboveground
to belowground biomass. Thus an increase of root contribution to slope stability at
higher elevations can be additionally suspected.

12.3.2 Digital Soil Maps

To predict organic layer thickness, the models based on 20 or 30 m DEM resolution
performed better than those using 10 m. Regarding the prediction of the occurrence
of a stagnic color pattern, all models using 10 m resolution performed better or
equally well than those of lower resolution. Chaplot et al. (2000) found prediction
accuracy to be highly dependent on DEM resolution: Regarding the prediction of
hydromorphic features 10 m DEM resolution outperformed lower resolutions.
Compared to the median r, resulting from CART methodology and a smaller
number of prediction parameters (Lief 2011), model performance was now
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Fig. 12.4 Mean stagnic horizon occurrence probability (a) and thickness (c) with coefficient of
variation (b, d) and mean organic layer thickness (e) with coefficient of variation (f) (Overlaid hill
shading with light source from north)

improved for all three predicted soil parameters: regarding stagnic horizon occur-
rence probability it was improved by 0.1 (0.6), regarding horizon thickness it was
doubled (0.36), and regarding organic layer thickness it was more than doubled
(0.47).

The digital soil map of the stagnic horizon occurrence probability is shown in
Fig. 12.4a, b. A low coefficient of variation (<10 % for >80 % of the area, see
Fig. 12.4b) shows that the dataset is well suited to model the stagnic properties
pattern within this area. The influence of the relative slope position on the occur-
rence probability is clearly visible: The exposed mountain ridges between 2,100
and 2,650 m a.s.l. display a very high probability of stagnic soil properties, >0.8,
which is decreasing down the side valley slopes to a probability of <0.4 (minimum
= 0.2). The flat platform-like areas on top of the ridges, display a particularly high
probability of >0.9. The areas below 2,100 and above 2,650 m a.s.l. are predicted
with an overall lower probability. Below 2,100 m a.s.l. the lower bulk density (Liefl
et al. 2011) and above 2,650 m a.s.l. the coarser soil texture (Lie} et al. 2012)
leads to a higher saturated hydraulic conductivity and therefore less chance for
the development of stagnic soil properties. For the development of the model to
predict stagnic horizon occurrence probability, all terrain parameters were included.
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This confirms the assumption that it is the complex pattern of climate (altitude, PISR),
water accumulation (curvature, convergence, KRAarea), water discharge (slope,
KRAslope), the insulating effect of the heterogeneous geomorphology with the
ridge—side valley structure in particular (TRI, normalized height, valley depth) as
well as the wind effect (wind effect, aspect) which lead to the distribution pattern of
stagnic soil properties within the investigation area.

The model to regionalize stagnic horizon thickness is less stable than the model
to predict the horizon’s occurrence probability. This is indicated by the higher
values of the coefficient of variation in Fig. 12.4d. Liefl (2011) describes similar
results. According to Park and Vlek (2002), soil attributes of which the vertical
distribution is strongly determined by pedogenesis or unknown factors are poorly
modeled by environmental variables. Accordingly, the frequent change of parent
material within one soil profile (Lie§ et al. 2012) might be the reason why stagnic
horizon thickness cannot be explained by geomorphology alone. The thickest
stagnic layers >40 or even >60 cm are found along the mountain ridges, with
decreasing thickness while proceeding down side valley slopes.

The low uncertainty of the digital soil map of the organic layer (Fig. 12.4e, f)
indicates a stable model. The thickest organic layers are found on mid-slope
positions, decreasing towards the creeks and towards the crests. Furthermore, altitude
is not among the five most influential predictors of organic layer thickness and there is
no correlation between the occurrence of stagnic horizons and organic layer thick-
ness. This is unexpected because in previous work it was shown that the crests had
usually thicker organic layers than the valley bottom positions in the study area
(Wilcke et al. 2010) in line with reports from a similar forest in Puerto Rico (Silver
1994). Furthermore, studies in Costa Rica (Marrs et al. 1988; Grieve et al. 1990) and
at our study site in Ecuador (Schrumpf et al. 2001; Wilcke et al. 2008a, b) have shown
that organic layer thickness usually increases with increasing altitude because of
decreasing microbial turnover of organic matter with increasing altitude (Benner
et al. 2010). Table 10.1 shows a general trend towards increasing organic layer
thickness with altitude. However, the transect that was investigated covers a much
larger distance (30 km compared to c. 4 km), and spatial data coverage is therefore
limited. Taking a closer look, the results of Chap. 10 also do not describe any positive
correlation between organic layer thickness and altitude for the altitudinal range
between 1,890 and 3,060 m a.s.l. studied here. Finally, it is assumed that soil
waterlogging limits organic matter turnover (Schuur and Matson 2001; Roman
et al. 2010) which results in the expectation of a positive correlation between the
occurrence of waterlogging (as indicated by stagnic horizons) and organic layer
thickness. However, there is a considerable variation in organic layer thickness at
small scale (Wilcke et al. 2002, 2008b) illustrating that none of altitude, topographic
position, and waterlogging alone can explain the entire variability in organic layer
thickness.

A possible explanation for the seeming contradictions might be that our dataset
is representative for the whole study area and therefore also includes landslide sites
with incomplete organic layers which form an important part of the studied forest
area (Bussmann et al. 2008). Wilcke et al. (2003) have shown that the full
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regeneration of the organic layer only occurs at the time scale of a few decades. It
also seems likely that waterlogging favors the initiation of landslides because of the
associated high soil weight (Liel et al. 2011). The results in the literature, in
contrast, usually refer to undisturbed old-growth forest sites. An alternative expla-
nation might be that litterfall rates are lower on crest sites than at lower topographic
positions associated with a smaller accumulation of organic matter on top of the
mineral soil. However, in Sect. 12.3.4 we show for a limited dataset of 12 study
sites that the decrease in litterfall rates is overcompensated by the decrease in
degradation rates resulting in even higher organic layer thickness at low litterfall
rates. We conclude that the relationships of altitude, topographic position, and
waterlogging with organic layer thickness might have to consider the state of
succession after landslide to explain and predict the spatial distribution of organic
layer thickness in the study area.

12.3.3 Digital Wind Maps

Figure 12.6a shows the calculated digital map of maximum wind speed which
reveals spatial structures comparable to the map of mean wind speed (not shown
here). Maximum wind speed increases with altitude but is locally modified by
topographic shelter effects towards the predominant wind direction. Obviously,
steep and narrow valleys and ravines breaching the Cordillera exhibit the lowest
wind speeds (partly close to calm) on a specific altitudinal level. It is striking that
especially the east-facing slopes without any protection by upstream topographic
structures exhibit severe wind speeds up to 17 m s~ '. The reason is the all-year
dominating circulation from the east (Rollenbeck and Bendix 2011) impinging
particularly the eastern slopes of the Cordillera. The high wind speeds at relatively
low altitudes are a result of the Andean depression (Chap. 1) which allows the
easterlies to affect the upper mountain areas nearly unbridled. By blending the land
use classification of Gottlicher et al. (2009) with the digital maps of mean and
maximum dynamic pressure, the interaction of wind pressure and trees can be
assessed, e.g., for the tree line ecotone (Fig. 12.5b). The statistical evaluation
clearly reveals that the trees at the treeline of the eastern escarpment exhibit clearly
stronger mechanical exposure than on the western slopes where in the most
situations, wind dynamic pressure falls into the lowest category (mean < 5 N m™>;
maximum < 20 N mfz).

12.3.4 Chemical Interactions: Soil Nutrients and Litter

There were close positive correlations between nutrient concentrations in soil
solution and annual fine litterfall as proxy of biomass productivity and close
negative correlations between nutrient concentrations in soil solution and mass of
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Fig. 12.6 Relationship between mean mineral N concentrations (NH,*~N + NO; —N) in litter
leachate and (a) mean annual litterfall and (b) mass of the organic layer and between mean sum of
base metal concentrations (charge equivalents of K, Na, Ca, and Mg) in litter leachate and (¢) mean
annual litterfall and (d) mass of the organic layer. Mean nutrient concentrations in litter leachate
and mean annual litterfall was determined during 1-10 years depending on the specific site

organic layer (Fig. 12.6). The effect of bases (K, Na, Ca, and Mg) is more
pronounced than that of N. Consequently, increased nutrient availability resulted
in increased fine litterfall production and—if litterfall is proportional to standing
biomass—increased weight of vegetation. The increased weight of vegetation is
counteracted by decreased weight of organic layer because of a faster turnover at
higher nutrient availability. Expressed in percent of the intercept the response of
litterfall is more pronounced (35 % for N and 139 % for bases) than that of mass of
organic layer (—11 and —49 %) suggesting that the standing biomass will more
strongly increase than the mass of the organic layer decrease if nutrient availability
improves. The latter can be expected for the near future because of increased
dryness enhancing release of nutrients from the organic matter by mineralization
and because of rising deposition of reactive nitrogen and possibly also of base
metals because of the shortening of the El Nifio Southern Oscillation (ENSO) cycle
(see Chap. 11). This might imply that the total weight of vegetation plus organic
layer will increase in the near future in response to environmental change thereby
enhancing the risk of landslides.

Nutrient availability in the study area generally decreases with increasing
altitude and at the same altitude is different between valley bottom and ridge top
position (Wilcke et al. 2008b, 2010). Furthermore, the frequently occurring shallow
landslides in the study area remove the vegetation and the organic layer resulting in
nutrient loss which is only replenished during a few decades (Wilcke et al. 2003).
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The latter effect is not included in the relationship between nutrient availability and
litterfall/mass of organic layer in Fig. 12.6 because all our measurements were
taken at old-growth forest sites which were not impacted by landslides in the last
decades. The high variability of altitude and topography in our study area results in
a high spatial variability of nutrient availability and thus also a high ability of
organic layer mass and standing forest biomass together determining the weight on
top of the mineral soil (Wilcke et al. 2002; Moser et al. 2008).

12.4 Conclusion

The presented statistical model ensembles revealed that the occurrence of
landslides is mainly controlled by factors related to the general position along a
slope (i.e., ridge, open slope, or valley). However, there is a clear contradiction
between the altitudinal gradient of rainfall (increasing with altitude) as an assumed
major trigger and landslide probability (decreasing with altitude above 2,400 m a.s.
1.). This indicates that more complex interactions control landslide activity in the
study area which can be explained with a model ensemble purely forced with
DEM-derived proxy predictors. Digital soil maps show a sandier soil texture and
lower soil water logging probability above 2,400 m a.s.] and hence provide a good
explanation. We further assume that variation in above and belowground biomass
mitigating dynamic wind pressure to the forest in the higher parts are major factors
causing these contradictory findings. Thus, it is necessary to provide further spatial
predictor maps related to geology, vegetation biomass, and climate. By additionally
considering predictors related to vegetation, soil and climate, statistical models will
allow for predicting potential future changes in landslide probability patterns.
Dynamic forest models like FORMIND can be used to further quantify effects on
the aboveground biomass production (Chap. 24).

Regarding maps of soil conditions, statistical models based on comprehensive
soil field surveys are applied to spatially predict organic layer and stagnic horizon
thickness as well as stagnic horizon occurrence probability. Forcing parameters are
solely derived from topographical analyses of the DEM. Even if the main influence
of the relative slope position as exposed mountain ridges and flat platform-like
areas on top of the ridges are the best predictors for the occurrence probability of
stagnic horizons, the results point out complex interactions of different factors
behind this. Particularly, the determination of the stagnic horizon thickness is less
stable, most likely due to unconsidered, non geomorphologic factors. For prediction
of organic layer thickness, the degree of succession after landslide might also play
an important role and should be considered besides the well established relationship
of waterlogging, topographic position, and altitude with organic layer thickness.

Digital maps of mean and maximum wind speeds as well as dynamic wind
pressures as additional potential forcing parameters were derived by means of field
observations of wind speed, data on air density, and a DEM by introducing a terrain
shelter factor. It could be shown that dynamic pressure to the forest generally
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increases with altitude but differs with exposition to the main wind direction.
Because easterly wind directions are predominant, the tree line ecotone on the
eastern slopes is affected by clearly higher wind stress.

Finally, it could be shown that interactions in the biogeochemical cycles might
be relevant for the risk of landslides. Nutrient availability in soil influenced litterfall
production positively and organic layer thickness negatively. An increased nutrient
availability in the future will most likely result in an increase of standing biomass,
thus, enhancing the risk of landslides in response to future environmental change.

Regarding ecosystem services, landslide dynamics will influence different ser-
vice levels. As emphasized in the introduction, landslides are most likely a precon-
dition for the high biological diversity in the mountain forest and thus, directly
related to the cultural services of the forest (Chap. 4). Because the forest structure
characterized by its high species richness properly regulates abiotic processes,
landslides indirectly contribute to the regulating services of the forest (Chap. 4)
too. On the scale of a single landslide, regulation of abiotic parameters changes
significantly. For instance, microclimate (temperature, humidity) regulation is
reduced in comparison to areas sheltered by tree canopies (Fries et al. 2009,
2012; Chap. 9). On this scale also sediment and nutrient regulation are affected.
While sediment and its nutrient is accumulated at the forest edges on the foot of the
slide, also slope wash of matter is higher in young landslides than under natural
forest (e.g., Larsen et al. 1999). On the scale of the forest as a mosaic of trees and
gap areas originating, e.g., from landslides, mass and energy fluxes to the atmo-
sphere are different than those of closed canopies (e.g., Zhang et al. 2007) which
means that landslides maintain the specific regulation of forest—atmosphere
interactions. Also the carbon regulation function of the mountain ecosystem is
determined by the landslide occurrence. Landslides increase carbon turnover and
change the forest composition towards a higher fraction of pioneer species—
however overall forest productivity may be reduced compared to old growth forest
without landslide disturbances due to the unfavourable environmental conditions on
landslide sites (Chap. 24).
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Chapter 13

Conservation, Management of Natural
Forests and Reforestation of Pastures

to Retain and Restore Current Provisioning
Services

Michael Weber, Bernd Stimm, Maria Fernanda Lopez, Andrés Gerique,
Perdita Pohle, Patrick Hildebrandt, Thomas Knoke, Ximena Palomeque,
Baltazar Calvas, Sven Giinter, Nikolai Aguirre, and Daniel Kiibler

13.1 Introduction

In 2010, forests covered 36 % (9.87 million ha) of the Ecuadorian land area (FAO
2010). 4.5 million ha are estimated to be potentially used as production forest, but
only about 2 million ha are considered as permanent productive forest estate (Blaser
et al. 2011). Despite the fact that the forest sector contributes only about 2 % to the
gross domestic product (GDP) and 1-2 % to the total exports of Ecuador (FAO
2011), provisioning services of forests can be considered to be of high importance,
especially for the rural population. As more than 50 % of the forests are under
community or indigenous ownership, many products from forests are consumed by
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the forest owners or sold locally and thus not registered by market statistics.
Consequently, reliable data on forest production are very rare. The Government
of Ecuador (2009; cited in Blaser et al. 2011) estimated that about 75 % of the total
forest area is used directly or indirectly by indigenous communities to contribute to
their livelihoods, while 850,000 people depend directly on forest resources.

As revealed in several studies (Gerique 2010; Pohle and Gerique 2008), the
importance of the provisioning services of forest ecosystems depends highly on
the ethnic-cultural affiliation of the population and their socio-economic setting.
In the study area of our Research Unit (see Chap. 1), three different ethnic groups
have to be distinguished (Pohle 2008): The Shuar, Amazonian Indians, settling in
the lower area (<1,400 m a.s.l.) of the tropical mountain rainforest range, who are
typical forest dwellers practicing shifting cultivation in a subsistence economy. The
Saraguros are highland Indians who live as agropastoralists in the mid-altitudes
(1,700-2,800 m a.s.l.), and the Mestizos, a heterogeneous group of mixed Spanish
and indigenous descents, who immigrated to the area since 1960s. They live in rural
communities or scattered farms as cattle farmers and agriculturalists. The farmers
of all groups highly value the provisioning services of the forests as they strengthen
their livelihoods and overall economic situation (Pohle et al. 2010; Gerique 2010).
A study in two northeastern provinces of Ecuador revealed that forest uses
contributed 10-30 % to the family income.

The various forest goods and its consideration in official statistics are also
closely linked to the type of forest they are originating from. While plantations
are preferably established or managed for industrial roundwood production,
products from natural forest are predominantly used to satisfy the various demands
of the local population. Furthermore, the forest type also affects the sustainable
yield that can be expected: that of the natural forests is estimated on
0.9 cbm ha™' year' while that of plantations is 10 cbm ha~' year—' (FAO 2006).

The provisioning services comprise a multifaceted bundle of goods and services
that are already or can be influenced and governed by human interventions and
management. The following paragraphs provide an overview on corresponding
aspects of conservation, management of natural forests and reforestation in the
greater study area of the Reserva Bioldgica San Francisco (RBSF, see Fig. 1.1).

13.2 Material and Methods

The results of this chapter are based upon comprehensive studies conducted within
the research unit RU 816 comprising ethnobotanical inventory, livelihood analyses,
field monitoring as well as experiments. The details on material and methods for the
several issues can be found in Pohle et al. (2010) and Gerique (2010) (ethnobotani-
cal inventory and livelihood analyses), Giinter et al. (2008) (natural forest manage-
ment), Aguirre (2007) (reforestation of abandoned pastures) and Stimm et al.
(2008) (forest reproductive material).
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13.3 Results and Discussion

13.3.1 Conservation

People depend on trees as raw material for the production of, e.g. furniture,
buildings, boats, handicrafts, fence posts or fuel. Consequently, conservation
measures must be organised in a way that does not completely exclude people
from the use of the forest resources. In Ecuador, a major state strategy for in situ
conservation of biodiversity, ecosystems functions and services has been the
protected area (PA) model. In 1976, the government established the National
System of Protected Areas (Sistema Nacional de Areas Protegidas-SNAP) under
the notions of “protection from use” and command and control mechanisms
(Gerique 2010).

Nowadays, the Ecuadorian reserve network SNAP has modified its structure,
aiming to incorporate more participative management concepts. The SNAP has
currently four subsystems:

(a) The State Patrimony of Natural Areas (Patrimonio de Areas Naturales del
Estado-PANE)

(b) The decentralised areas under administration of subnational governments,
mainly municipalities (A/reas de Gobiernos Autonomos Decentralizados)

(c) The communal protected areas (A’reas Protegidas Comunitarias)

(d) The private protected areas (A,reas Protegidas Privadas)

Biosphere reserves are considered conservation tools (herramientas de
conservacion). The PANE has currently 45 protected areas, which cover around
19 % of Ecuador’s total surface (MAE 2013). The protected areas inside this
subsystem are managed and administered by the state through the Ministry of
Environment, except for few decentralised experiences such as the Cajas National
Park. Only the protected areas inside the PANE have officially a correspondent to
the IUCN categories, e.g. the biological and ecological reserves to category I, the
national parks to category II, representing the highest degree of protection. The
Forestry Law of Silvestre Life regulates the legislation over protected areas since
1992 (Ulloa et al. 2007).

Particularly in the protected areas in the Andean region, a main goal of the SNAP
is the conservation of water resources as a main provisioning service for civil
society; four national parks are located in the eastern Cordillera and three of them
serve as water reserves for important urban centres. A detailed analysis of water
resources as a provisioning service and the impacts of forest conversion on water
regulation and quality are provided in Sect. 9.1. The Ministry of Environment has
overall responsibility for the protection of these areas, although it is beginning to
share management responsibilities with municipalities and private organisations
(Gerique 2010). Multistakeholder initiatives, such as “water protection funds”, are
implemented as finance mechanisms to support conservation by linking consumers
and protected areas through trust funds to compensate for water provision
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Table 13.1 Main state protected areas (IUCN categories I and II) and protective forest in the
Biosphere Reserve Podocarpus-El Condor

Protected area Extension (ha) Year of establishment
Podocarpus National Park 144,993 1982
Colambo—Yacuri National Park 43,000 2010
Cerro Plateado biological reserve® 26,114 2010
Alto Nangaritza protective forest 128,866 2002
Corazon de Oro protective forest 54,000 2000
Podocarpus—El Céndor biosphere reserve 1,140,080 2007

Sources: “Registro oficial No. 318. Quito; Gerique (2010), Com. Lépez Sandoval, 2011

(Echavarria 2002). The Fondo Regional del Agua (FORAGUA) supports, among
others, conservation in and around the Podocarpus National Park, PNP
(FORAGUA 2009). As an example, water management by the municipality of
Loja is accomplished with money raised through a city water tax, created for the
protection of watersheds and other priority conservation areas (NCI 2012).

To preserve biodiversity and water resources around PNP has been the goal of
the establishment of other protected areas in the region (Table 13.1). The declara-
tion of the Biosphere Reserve Podocarpus-El Céndor by the UNESCO in October
2007 was a major strategy to improve governance of natural resource management
and provision of ecosystem services. This was supported by local institutions,
universities, NGOs and the subnational governments of the provinces of Loja and
Zamora Chinchipe (NCI 2009). Besides state protected areas, several private
reserves under different management initiatives are being established in the region,
i.e. the San Francisco Research Station (ECSF) or the Angashcola Communal
Forest Reserve.

The effectiveness of protected areas as a strategy for the conservation of
ecosystem services is still under discussion. In Ecuador, not only the reforms of
the legal framework for land colonisation (Pohle et al. 2010 and Chap. 16) but also
the establishment of protected areas have influenced deforestation rates in and
around them (Mena et al. 2006). However, illegal actions, such as logging, mining
(Naughton-Treves et al. 2006) or increasing hunting and fishing (Castro 2008), are
ongoing facts in the region. Furthermore, direct conflicts of “local populations
vs. protected areas” in the study area (Burbano 2008; Cabrera and Dumas 2008)
clearly show that community-based strategies shall consider the specific cultural
and social demands of local populations and reinforce protected area management.
The establishment of the Biosphere Reserve offers concrete opportunities to inten-
sify and facilitate partnerships among different stakeholders, i.e. resource users,
managers, administrators and local communities at different scales of governance
(Gerique 2010).

A valuable contribution to provisioning services that can be provided by
protected areas may be ecotourism. Ecotourism is widely considered as a provi-
sioning service, which can help to conserve natural resources while improving the
livelihoods of local people (Kiss 2004; Page and Dowling 2001). However, to be
able to substitute non-sustainable or degrading practices of forest users, they must
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receive significant economic benefits from the ecotourism activities. According to
Moran-Cahusac (2009), 66 % of the 22,707 foreign visitors of the south of Ecuador
are visiting the province of Loja. As for example birders are considered to stay for
periods of up to 15 days and spending up to USD 100 per day (Moran-Cahusac
2009), the annual financial contribution to the local economies can be estimated to
be in the order of about 10 million USD.

13.3.2 Management of Natural Forests

In the San Francisco valley, natural forest is still the dominating land-cover type in
altitudes >2,200 m a.s.l. with a share of 85.4 % (Gottlicher et al. 2009). However,
below this altitude, forest cover is only 45.2 %, while forests have been converted
into anthropogenic replacement systems (predominantly pastures), which were
considered to be more profitable than forest. Homeier et al. (Sect. 8.3.6) estimate
that the anthropogenic transformation of natural forests in the study area reduces the
average value of the ecosystem services by 10.9 million $ annually!

Most of the 120 timber species that can be found on the Ecuadorian market
(Blaser et al. 2011) come from natural forests. About 80 % of the wood species
utilised in the city of Loja are harvested in natural forests of the Province of
Zamora-Chinchipe, with most species coming from the lowland rainforest,
i.e. Almendro (Swietenia macrophylla), Yaumbingue (Terminalia amazonia) and
Seique (Cedrelinga catenaeformis) (Leischner 2000). The remaining 20 % come
from Eucalypt and Pine plantations as well as from dry forests of the Province of
Loja, particularly Guayacan (Tabebuia chrysantha) and Gualtaco (Loxopterigum
huasango). In her study of the local wood market in the city of Loja, Leischner
(2000) identified the following highly valued woods from the natural forest: Cedro
(Cedrela odorata, Cedrela montana and Cedrela lilloi), Forastero (Ocotea spec.,
Nectandra spec.), Romerillo (Podocarpus oleifolius, Podocarpus sprucei and
Prumnopitys montana). Nogal (Juglans neotropica) is also present in the Province
of Loja. Consequently, natural forests have an important provisioning function for
the local wood industry. Despite this fact there are no coordinated efforts towards a
real “management” of natural forests. The normative framework of the “Sustain-
able Forest Management Programme” (PAFSU) for mechanised logging and the
“Simplified Management Programme” (PAFSI) for non-mechanised extraction,
introduced in the year 2000, are well adapted to the local reality and are a valuable
tool to prevent forest destruction, but they are based on the fact that forests are not
managed but harvested (FAO/World Bank 2006). The measurable criteria and
indicators defined in these norms are predominantly intended to limit harvesting
operations to an ecologically compatible level.

However, silvicultural management techniques, which enhance the economic
value of natural forests, such as, e.g. improvement thinning or enrichment planting,
are not yet scientifically investigated enough. This was the reason for the establish-
ment of a natural forest experiment within our Research Unit in the forest of the
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Fig. 13.1 Growth reaction (measured: diameter at breast height, DBH) of individuals of the
valuable tree species Hyeronima asperifolia and Podocarpus oleifolius to an improvement thin-
ning experiment at the RBSF (“released”) compared to not treated references. Shown are means
+ standard deviations

RBSF (Giinter et al. 2008). First results show that improvement felling can slightly
increase the number and growth of individuals of valuable timber species at the
expense of very frequent but low-value species (Fig. 13.1) (Giinter et al. 2004,
2008; Mosandl and Giinter 2008; Weber et al. 2008).

An inventory of all trees within the area (13 ha) of the natural forest experiment
(Giinter et al. 2008) also allowed to calculate the sustainable utilisation potential in
the natural forest (Knoke et al. 2009). In the research area, about 140 different tree
species with a diameter at breast height (dbh) above 40 cm could be distinguished
with mean densities of 42.9 trees per ha. Under consideration of the net mortality
and the mean annual diameter increment, 1.5 trees per ha could be harvested
annually without changing the actual forest structure. The harvestable trees
represented an average bole volume of 1.482 m?®, of which 50 % (0.741 m>) were
considered merchantable (Leischner 2000). Based on these facts, Knoke et al.
(2009) calculated yearly sustainable net revenues of US$ 31.4 per ha with an SD
of +21.80 [considering uncertainty of timber biophysical yield (30 %), timber price
volatility (10 %) and logging costs (10 %)].

However, as Ecuador’s forests are predominantly under the ownership of local
communities and indigenous groups, non-timber forest products (NTFPs) may be of
similar or even higher importance as timber. According to Blaser et al. (2011), at
least 589 species are used for NTFPs in Ecuadorian forests. Although a substantial
part of the products may be home consumption to cover the basic needs for food,
fuel, constructive material, medicinal purposes or ornamentals and are therefore not
captured by the official market statistics, the exports of NTFPs amounted to
13 million USD per year between 2006 and 2008 (Blaser et al. 2011).

From an ethnobotanical survey in the research area, it can be concluded that
NTFPs play a substantial role in the livelihoods of all communities. However, the
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extent differs among the different ethnic groups. In their study Pohle et al. (2010)
investigated the use of NTFPs in communities of the Shuar, Saraguros and
Mestizos. As typical rainforest dwellers, the Shuar have the highest number of
plant uses. They use 204 forest plants (43.5 % of all species used) and most of them
are collected in the forest (Table 13.2). For them, the forest is not only an elemen-
tary part of their livelihoods but has also a deep cultural and spiritual meaning and
provides them with their cultural identity. In fact, timber extraction has been the
most profitable income activity for the Shuar over recent decades (Gerique 2010).

In the Saraguro and Mestizo communities, the use of forest plants is noticeable
lower (Table 13.2). However, the forest basically supplies them with timber for
their own use or to sell occasionally outside the community.

For instance, the Saraguros use 37 tree species for wood products (posts for fences,
furniture, house walls and floors) from which 16 are considered wild forest species.
Among them, the most important are Podocarpus oleifolius, Prumnopitys montana,
Tabebuia chrysantha and Cedrela spp. Only six timber species are cultivated
(Cupressus lusitanica, Pinus patula, Eucalyptus globulus, Persea americana,
Pouteria lucuma and Juglans neotropica). In the Mestizo communities, the use of
cultivated species is more dominant. Nevertheless, they also harvest timber from
29 non-cultivated forest species. Furthermore, the forest is used to collect Bromelia
and Orchids and to transplant them to their home gardens.

Due to the clearing and overexploitation of the forest resources, timber is
progressively becoming scarce. Hence, the Saraguros started to grow transplanted
Cedrela spp., Prumnopitys montana and Tabebuia chrsysantha in home gardens or
protected pastures to meet their future demand for timber. The Mestizos substitute
high-quality timber by low-quality species for the same purpose.

Figure 13.2 provides a summarised overview on the importance for the resource
“forest” for the different ethnic groups.

Another very important but still neglected service of natural forests which is
closely linked with sustainable forest management is its relevance as a resource for
reproductive material (Stimm et al. 2008). The continuous supply with tree repro-
ductive material of desired species, i.e. seed, seedlings and/or material from
vegetative propagation, builds the basis for the reestablishment of native species
and their extension. Consequently, in many countries of the world the conceptual
development and implementation of national tree seed management programmes
are a widely accepted and recognised measure of sustainable forestry.

A conservative management of tree genetic resources should focus on the
conservation of natural forests with their furnishing of sets of diverse species
and—within the species level—diverse populations of trees that are well adapted
to the conditions in their natural habitat. Because of exploitation or changes to
agricultural land use, Ecuadorian forests have not only declined drastically in area
but their diversity has also been depleted, the latter often indicating “genetic
degradation” as well.

Reforestation or restoration of course needs an infrastructural network of
productive nurseries, whether public or private, to provide the urgently needed
reproductive material (Kindt et al. 2006).
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Fig. 13.2 Plant species used by Shuar, Saraguros and Mestizos according to their gathering
places. Note: The numbers inside the columns indicate total values and not percentages (Source:
Gerique 2010)

The monitoring, documentation and conservation of seed sources with broad
genetic variability is of high importance. Appropriate seed collection for plant
propagation is an opportunity to reverse the trends of genetic degradation and
species loss, where nurseries play a key role in conserving the gene pool of native
trees (Luna and Wilkinson 2009).

Natural forests are usually the major sources for the collection of seeds. In an
attempt to evaluate seed sources for seed collection in Loja Province, Samaniego
et al. (2005) identified 17 seed sources for Clethra fimbriata, Cedrela montana,
Mpyrica pubescens, Tecoma stans, Eugenia sp., llex sp., Juglans neotropica, Ocotea
sp., Hyeronima macrocarpa, Clusia sp., Clethra revoluta and Lafoensia acuminata.

Loja Province has an area of 11,000 km? and shows an altitudinal variation from
450 m a.s.l. (Macara) to 2,850 m a.s.l. (El Tiro). The larger part of the province is
covered with deciduous dry forest (bosque semideciduo y deciduo piemontano)
characterised by drought tolerant tree species like Acacia pelyacantha. Along the
western cordillera in an elevation between 1,100 and 1,500 m a.s.l., there is a
transition zone between dry to humid forests, so-called sub-montane semideciduous
forest (bosque semideciduo montano bajo), characterised by the presence of
Tabebuia chrysantha, Cecropia litoralis, Pleurothyrium obovatum and Miconia
denticulate (Leischner 2000), which is followed in elevations up to 2,400 m a.s.l.,
particularly in the eastern part of the province by sub-montane humid rainforest
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zone (bosque hiimedo montano bajo) and subsequently by the montane rainforest
ecotone (bosque hiimedo montano). As a consequence of this variation, Giinter et al.
(2004) revealed a total of 134 potential gene-ecological zones for the Loja Prov-
ince, which need to be considered in reforestation planning. Furthermore, because
of high interzonal variability, seed collection calendars must be elaborated for each
species and separately for different eco-zones of the province. To receive sufficient
genetic variety for large-scale reforestation, it is suggested to harvest a minimum of
50 seed trees of one provenance and species (Stimm et al. 2008).

13.3.3 Reforestation

The actual area of planted forest in Ecuador is estimated at 175,000 ha (Blaser et al.
2011). Between 2005 and 2010, the increase of planted forests for production was
11,000 ha, which corresponds to an annual afforestation rate of 2,200 ha. This has to
be seen alongside the average annual loss of forest cover of 198,000 ha in the same
period. Furthermore, there exists an area of degraded forest land of 3.8 million ha
(Blaser et al. 2011). As abandoned and degraded land is barely used and thus
contributes only little to the livelihoods of the people, it is important to put it
back into production as fast as possible. For instance, for our study area Gottlicher
et al. (2009) revealed that pasture management is obviously not be applied in a
sustainable manner as only 15.4 % of the converted land is still in use. 32.3 % of the
land resource consists of areas that are already abandoned and does neither contrib-
ute to the livelihoods of the local people nor to the conservation of biodiversity.

Many studies have shown that the establishment of plantations is an adequate
means to restore forest cover on abandoned and degraded lands and to rehabilitate
its provisioning functions in a reasonable time (Lamb 1998; Parrotta 1992). Mostly,
exotic tree species are used for this purpose because they usually grow well,
seedlings are easily accessible, and sufficient knowledge exists on their biological
and silvicultural characteristics (Weber et al. 2008, 2011; Aguirre et al. 2011).
Correspondingly, 80 % of the above-mentioned afforestations are Eucalypt and
Pine plantations in the Andes.

However, our reforestation trials at the RBSF revealed that the growth of the
native species Alnus acuminata is competitive to that of the exotics Eucalyptus
saligna and Pinus patula (Table 13.3). Moreover, the native Tabebuia chrysantha
showed excellent survival although the growth was very slow during the first
5 years after establishment. But as Weber et al. (2008) stated, in the initial phase
of growth this species invests especially into the development of the root system.
Thus, on the long run, the initial inferiority may be compensated by improved
growth, superior wood quality and higher timber price at the market.

Aguirre et al. (2006) revealed that many native species can better establish under
the shelter or in gaps of Pinus patula than at a neighbouring pasture site without any
tree cover (Fig. 13.3). This offers the opportunity to use exotic species as pioneer
crop to achieve a fast forest cover and to subsequently convert them into more
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Table 13.3 Mean height, basal diameter and survival of three native and two exotic species
60 months (Alnus 48 months) after planting on three different sites: pasture, bracken and shrub,
respectively

Native species Exotic species

Aa Mp Tc Es Pp
Height [cm £SD]
Pasture  409.1 (£245.4) 146.2 (£72.2) 25.8(£10.2) 313.8 (£244.8) 612.4 (£140.9)
Bracken 191.8 (£104.7) 2242 (£70.9) 44.1 (£35.9) 169.6 (£131.2) 4259 (£124.1)

Shrub 161.0 (+82.0) 100.1 (£68.9) 48.4 (£26.4) 221.9 (£105.2) 401.8 (+£132.4)
Basal diameter [cm + SD]

Pasture 7.1 (£4.7) 2.5 (£1.5) 1.2 (£0.2) 5.2 (£4.9) 14.8 (+4.3)
Bracken 4.5 (£2.1) 6.7 (£2.2) 1.6 (£0.8) 2.5 (£2.2) 10.8 (£3.7)
Shrub 3.0 (£1.2) 3.8 (£1.9) 1.8 (£0.6) 2.5 (£1.7) 7.5 (£3.2)
Survival [% + SD]

Pasture 49 (£14.9) 44 (£24.0) 80 (£13.8) 82 (£11.1) 95 (£5.8)
Bracken 38 (424.3) 79 (£10.9) 82 (£13.2) 88 (£16.7) 88 (+12.8)
Shrub 39 (£37.7) 37 (+£14.6) 97 (£ 7.0) 76 (£27.0) 92 (£7.3)

Aa, Alnus acuminata; Mp, Morella pubescens; Tc, Tabebuia chrysantha; Es, Eucalyptus saligna;
Pp, Pinus patula. N = 25 per species (SD standard deviation)
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Fig. 13.3 Growth of individuals of ten native species planted in an enrichment planting experi-
ment under the shelter and in gaps of a Pine plantation: shown are means and standard deviations
of tree height increments after 85 months; Aa, Alnus acuminata; Mp, Morella pubescens; 11, Isertia
laevis; Ha, Heliocarpus americanus; Pd, Piptocoma discolor; Cf, Cupania sp.; CmV, Cedrela
montana (seed source Vilcabamba); CmE, Cedrela montana (seed source RBSF); Tc, Tabebuia
chrysantha; Co, Cinchona officinalis. C canopy, G gaps, LD light demanding, MS mid succes-
sional, LS late successional
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natural stands via underplanting. Consequently, the reforestation of unproductive
land is an important element of the efforts to reduce the pressure on natural forests
and to rehabilitate the provisioning services of forests.

In 2006, the Ecuadorian government approved a National forest and reforesta-
tion programme in order to restore a higher forest cover and to increase forest
production. According to this programme, 750,000 ha of industrial forest
plantations, 150,000 ha of agroforestry practices and 100,000 ha of protective
plantations shall be established in Ecuador within 20 years. To fulfil the demand
for the establishment of those plantations, about 56 million seedlings are needed on
an annual basis. Based on information provided by UNDP/ILO (1989) on work
organisation in nurseries, a permanent workforce of 7-8 workers (incl. foreman and
watchman) is needed for the operation of a nursery producing about 100,000
containerised seedlings with only one planting season (begin of rainy season) per
year. For producing annually 56 million seedlings this means a need of 560 nurseries
with a total of nearly 4,500 permanent jobs and a high number of additional
temporary workforces. Annual sales volume of 56 million seedlings may be
calculated with 28 million US$ (average of 0.5 US$ per seedling).

Under the assumption that the Province of Loja is planning to reforest 40,000 ha
of abandoned land in the next 20 years, this would result in an average annual
establishment of 2,000 ha and a calculated number of 2.2 million tree seedlings per
year. If 80 % of the area (1,600 ha) should be established with native tree seedlings,
about 1.8 million of native seedlings have to be produced yearly. Let us further
assume that 10 % of the seedlings (180,000) should be from Cedrela, another 10 %
of Tabebuia, 10 % from Alnus and another 10 % of Juglans the required seed mass
is 4.3 kg for Cedrela, 4.13 kg for Tabebuia, 0.23 kg for Alnus and 7,650 kg for
Juglans. Our studies of Cedrela montana fruiting phenology showed that in a good
seed year, one individual tree is producing up to 11,000 seeds (Stimm et al. 2008),
which means a population of 32 seed trees will be needed to produce the required
amount.

Of course such an estimate is theoretical because it does for instance not take
into account the necessity of seed stands from different gene-ecological zones.
However, it makes clear that the establishment of competent national and regional
tree seed centres in Ecuador is a prerequisite to meet the ambitious goals of the
national reforestation programme. The seed centres task is the appropriate manage-
ment of a network of seed production stands, which is a prerequisite of sustainable
seed and seedling production.

13.4 Conclusions

Forests do still have an important provisioning function for the people in the study
region. As many of the products taken from the forests are used for home consump-
tion, it is very difficult to quantify their total amount and market value exactly.
However, there is no doubt that there exists a high potential to enhance respectively
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rehabilitate their role in the provision of goods and services for the local
communities. Sustainable management of natural forest considering low impact
harvesting, improvement thinning and enrichment planting is considered as one
important option. The most important need is to reintegrate the increasing amount
of unproductive and degraded land into the production area. Plantations either with
native or exotic species are an adequate tool for this. To meet the goals of the
national afforestation programme, the establishment of national and regional tree
seed centres is seen as an indispensable prerequisite. However, this would provide
thousands of job opportunities and generate a huge market for forest reproductive
material. Finally, agricultural and forestry activities must be integrated to come to
more sustainable land use. Knoke et al. (2009) have already presented a model,
which combines agriculture, plantations and selective management of natural
forests leading to more stable and higher income while halting deforestation.
Further examples are presented by Knoke et al. in Chap. 25.
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14.1 Introduction

Mutualism in fungal—plant root associations was predicted 130 years ago by Frank
(1885) after studying absorptive roots of Fagaceae morphologically. Frank found
all the absorptive roots ensheathed by fungal mycelium not only spreading in the
soil but also penetrating among the root cortical cells. He concluded from the
observations that these trees depend on fungi for mineral and water uptake while
supplying carbohydrates to the fungi promoting their growth and propagation.
Comprehensive field studies and experimental investigations of physiological and
molecular mechanisms during the last decades did not only corroborate Frank’s
findings and farsighted suggestions but also revealed further, differently structured,
mutually beneficial (mutualistic) fungal-root associations (mycorrhizae) among the
majority of land plants and diverse fungal groups (mycobionts). Thus, mycorrhizae
provide an essential ecosystem service and by this a provisioning ecosystem service
to humans.

Theories on biodiversity and ecosystem stability of multi-species assemblages
only recently integrated mutualistic interactions (Thompson 2005), and
mycorrhizae were not in the focus of the theoretical research (Ings et al. 2009).
To compensate for this lack of knowledge, we carried out a joined inventory of
plants and mycorrhizal fungi in the tropical mountain rain forest area of Southern
Ecuador comparing pristine forest and open landscape. The floristic inventory
revealed high plant diversity, details given in Chap. 8. By sampling mycorrhizae
of identified species of trees, Orchidaceae and Ericaceae we compiled presumably
the broadest, culture-independent molecular data set on mycobionts in a tropical
area so far. We found an unexpected richness in each of the associated fungal
groups Glomeromycota, Sebacinales, Tulasnellales and Atractiellales (Setaro et al.
20064, b; Suarez et al. 2006, 2008; Kottke et al. 2010; Haug et al. 2010). We rely on
the ultrastructural features as documented by us (references cited above) indicating
mycorrhizal interactions. It is just prohibitive to isolate all the mycobionts and
investigate their mycorrhizal potential and the cost and win situation for plants with
the large number of species in the tropical area.

While Chap. 8 focuses on the environment-driven species turnover, we apply
network theories to mycorrhizal assemblages to interpret the observed “long-tailed”
link distributions among few frequent and many rare species of plants and
mycobionts, respectively, and the “nested” structure of the networks as stabilizing
and promoting the multispecies ecosystem. During the recent decade, these key
tools based on appropriate non-linear functions were applied to analyse species-
rich, mutualistic plant—animal assemblages (pollinator and seed disperser webs).
Analyses revealed general features in network architecture of fundamental impor-
tance for community formation, biodiversity persistence and stability of ecosystems
(Bastolla et al. 2009; Mello et al. 2011 and literature therein). So far, studies on
network architecture of mycorrhizae have only addressed specialization and phylo-
genetic signals in one orchid genus in Europe (Jacquemyn et al. 2011), epiphytic
versus terrestrial orchids on La Réunion island (Martos et al. 2012) and community


http://dx.doi.org/10.1007/978-3-642-38137-9_8
http://dx.doi.org/10.1007/978-3-642-38137-9_8

14 Mycorrhiza Networks Promote Biodiversity and Stabilize the Tropical. . . 189

structure of plant—arbuscular mycorrhizal fungi (Montesinos-Navarro et al. 2012;
Chagnon et al. 2012). We discuss biological arguments for establishment of the
observed mycorrhizal network architecture. We tentatively relate distinct climate
situations of the investigation sites to potential modularity in the mycorrhizal
networks. Concluding, we point to the outcome of our studies in respect to provi-
sioning ecosystem services for human society.

14.2 Floristic and Mycobiont Inventories

14.2.1 Sampling Methods

Floristic and mycobiont inventories were carried out in the natural forest and on
human changed sites in the area of Reserva Bioldgica San Francisco (RBSF, see
Fig. 14.1) on the eastern slope of the Cordillera El Consuelo bordering the
Podocarpus National Park, Zamora-Chinchipe Province (3°58" S and 79°04' W),
Southern Ecuador. Detailed description of the study area is given in Chap. 1. Tree
inventory in the pristine forest was based on 17 permanent plots (0.68 ha), along an
altitudinal gradient between 1,850 and 2,570 m on the steep, north facing slope of
the Cordillera (Homeier et al. 2010). In addition, 1,191 tree individuals were
identified on 18 plots (0.72 ha) located on different slope positions between 1,900
and 2,100 m a.s.1. Floristic inventories on herbs and shrubs were carried out on the
anthropogenic influenced south facing slope comprising used and abandoned
pastures, bracken fern areas, forest relicts and a 30-year-old pine afforestation
along transects within 1,900-2,200 m a.s.l. according to Peters et al. (2010).
Epiphytic and hemiepiphytic Ericaceae and epiphytic Orchidaceae were recorded
in the pristine forest in 16 plots of 100 m? at 1,810-2,090 m a.s.l. and a regenerating
forest site of 0.1 ha at 2,140 m. Terrestrial Orchidaceae and Ericaceae were
recorded on a human caused, recovering road cut on the north facing slope. More
details on methods are given in Chap. 8.

Mycorrhizae formed by Glomeromycota with tree roots were sampled from
28 tree species, 63 individuals on total, on some of the tree inventory plots, some
additional plots of the pristine forest and from tree seedlings of four native species
planted 1-3 years in advance of sampling on the abandoned pastures, bracken fern
and shrub areas mentioned above (Giinter et al. 2009; Haug et al. 2010; intention of
reforestation is explained in Sect. 13.3). Our pioneer sampling intended to obtain
mycorrhizae from as many forest tree species as possible and did not respect
abundance of individual tree species. Only the seedlings on the plantation site
were repetitively sampled and these species will, thus, appear as core tree species
in the networks. Mycorrhizae formed by terrestrial and hemiepiphytic Ericaceae
were sampled by random from flowering individuals in the pristine and the
regenerating forest, on the road cut and in the bushy paramo. Mycorrhizae of
59 Orchidaceae species, identified by barcoding, were sampled on terrestrial and
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Fig. 14.1 Examples of plant frequency distributions obtained by the inventories display long-
tailed distributions with few frequent and many rare species, except for terrestrial Ericaceae.
Respective species numbers are displayed by the species ranks: frequency of 197 tree species
based on 1,191 individuals within 18 plots; frequency of vascular plants based on 204 species and
3,392 individuals along a 50 x 2 m transect; frequency of 126 epiphytic Orchidaceae species
based on 7,251 individuals within 0.1 ha; frequency of 18 epiphytic Ericaceae species based on
457 individuals within 0.1 ha; frequency of 15 terrestrial orchid species based on 1,663
individuals; frequency of 5 terrestrial Ericaceae species based on 91 individuals

epiphytic plots on two sites in the pristine forest, one in the regenerating forest site
and one on the human-caused road cut (Kottke et al. 2010).

Mycobionts were accessed by molecular tools as given in Haug et al. (2010),
Setaro and Kron (2012) and Kottke et al. (2010). Operational Taxonomic Units
(OTUs) were defined as surrogates for species on the basis of sequence similarity by
use of OPTSIL (Goker et al. 2009) at <3 % divergence of ITS/5.8S sequences for
Tulasnellales and Sebacinales and <1 % divergence of 18S for Glomeromycota. As
delimitation of OTUs is still discussed (Hibbett et al. 2011; Cruz et al. 2011), we
explored also delimitation of Tulasnellales at <5 % and Glomeromycota at <2 %
divergence.
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14.2.2 Diversity of Plants and Mycobionts

More than 280 tree species (diameter at breast height, dbh > 5 cm), presenting
53 families were so far identified. The most species-rich families are Lauraceae
(39 species, Ocotea with 12 and Persea with 10 species), Rubiaceae (24 species)
and Melastomataceae (20 species) with the genus Miconia as the most speciose
(13 species); 21 families are represented by just one species. Epiphytic Ericaceae
covered 31 species in 14 genera. The most speciose vascular plant group are
Orchidaceae, with 337 species within 56 genera in the natural forest, the epiphytic
genera Pleurothallis (52 species), Stelis (46 species) and Maxillaria (35)
representing the most speciose (Homeier and Werner 2007). In the regenerating
forest (0.1 ha), 126 epiphytic Orchidaceae and 18 species of Ericaceae were found.
Five species of Ericaceae and 12 species of Orchidaceae were found on the human-
caused road cut. In total 245 species of 169 genera and 73 families, mostly native
plants, were recorded on the human-influenced sites. The most speciose families
were Asteraceae (27 genera and 45 species), followed by Poaceae (16 genera and
24 species) and Melastomataceae (6 genera and 15 species); Orchidaceae
comprised 11 species. The highest species richness was found in the pine afforesta-
tion and the lowest on the abandoned Setaria pastures. Species frequency
distributions appeared as strongly skewed, with few frequent and many rare species
(Fig. 14.1). Only abundance of the few Ericaceae species on the road cut was more
even (Fig. 14.1).

The 28 tree species were found associated with 60 Glomeromycota OTUs (<1 %
divergence; 28 at <2 % divergence) covering Glomus A (44), Glomus B (1),
Acaulospora (6), Archaeosporales (6), Gigasporaceae (2) and Paraglomeraceae
(1). The 11 Ericaceae species were found associated with 20 Sebacinales. The
59 Orchidaceae species were found associated with Tulasnellales (33 OTUs at
<3 % divergence; 29 at <5 % divergence), Sebacinales (12 OTUs at <3 %
divergence) and Atractiellales (3).

14.3 Mycorrhiza Networks

14.3.1 Networks Analysis

Networks as addressed here are by definition a set of nodes (species) connected
through links (interactions). Mutualistic networks, such as mycorrhizae, are
two-mode networks since there are two well-defined types of nodes, the fungi and
the plant species, and mutualistic interactions occur between but not within these
node types. We treat trees associated with Glomeromycota, Ericaceae associated
with Sebacinales and Orchidaceae associated with Tulasnellales, Sebacinales and
Atractiellales as three distinct networks. No overlap among mycobionts and plant
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Fig. 14.2 Grid and network graphs of Orchidaceae (a), trees (b), Ericaceae (c¢) and their respec-
tive mycobionts. Grids show plants in columns and mycobionts in rows ordered from the original
matrix according to declining frequency of links from /left to right and top to bottom. Networks are
based on the ordered matrices (grids) and display mycobionts on the /eft and plants on the right
side. The nested associations are clearly visible in all the examples: species with few links are
predominantly associated with subsets of frequently linked species

groups was found by our investigations so far (Kottke et al. 2008; Setaro et al.
2013). Mycorrhiza network topology was based on qualitative links (presence/
absence data). The interactions were assembled in binary matrices. Species degrees
as number of links of each species were obtained as marginal totals from the
matrices (Fig. 14.2). The cumulated probabilities of the degree distributions were
displayed for plants and mycobionts in log—log plots and were tested in respect to
linear or exponential fit by the use of Excel in Open Office (not shown). Interactions
are displayed as bipartite graphs sorted by decreasing number of interactions
(Fig. 14.2; Bascompte and Jordano 2007). Nestedness was calculated as NODF
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(N = paired Overlap, Decreasing Fill) and significance tested against two null
models, ER model assigning interactions completely at random and CE model
randomizing each species similar to observed data matrix, implemented in
ANINHADO vers 3.0 Bangu (Guimaraes and Guimaraes 2006; Almeida-Neto
et al. 2008).

14.3.2 Network Topologies

A nested distribution of links among individual species with a core of frequent
interactions and rare species linked to subsets of the higher linked species are
apparent in all three networks (Fig. 14.2a—). We found the mycorrhiza network
of trees and Orchidaceae as significantly nested (Table 14.1). Trees and
Glomeromycota are almost similarly nested, but mycobionts of Orchidaceae are
less nested than the plants (Table 14.1). In the Ericaceae—Sebacinales network,
nestedness was not significant (Table 14.1). The matrix size may be just too small to
obtain significance (Bascompte et al. 2003). Future inclusion of Ascomycete
mycobionts associated with the Ericaceae may improve the database. Values for
NODF are low in all our networks when compared with published data (Jacquemyn
et al. 2011; Mello et al. 2011). Almeida-Neto et al. (2008) showed that NODF is
independent of network size, but values are related to matrix fill, decreasing
strongly with decreasing matrix fill. Due to tropical species richness, thus largeness
of the matrices, and a still strong constrain for molecular sampling of mycobionts
(DNA product success rate, selective primers and costs), up to now we obtained
only low fills of the matrices (Table 14.1), means that we have probably a dispro-
portional high number of singular links. Matrix fill and NODF values in our
networks increase when we define the OTUs at lower resolution level as the number
of singular links becomes lower (Table 14.1). It is, however, biologically more
appropriate to improve the database on the conventional 3 % or 1 % OTU-level,
respectively, by further sampling of mycobionts. Ongoing sampling of mycobionts
should probably respect the now known frequencies of the plant species. Higher
fills of the matrices and quantitative data on repetitive pairwise interactions may be
obtained by more appropriate sampling of mycorrhizae from frequent plant species
as these are linked with frequent and with rare mycobionts. Because of the lack of
quantitative data for interaction strength, we have not addressed the question of
potential complementary specialization in the mycorrhizal associations (Bliithgen
et al. 20006).

Degree distributions of plants and mycobionts in our three networks are strongly
skewed by few species with many links and many species with few links (Fig. 14.3).
Degree distributions thus resemble those found for pollinator and frugivore webs
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Table 14.1 Network metrics

Number of
Richness NODF [significance links
[matrix size against ER and CE =~ Matrix  [degree k
Mycorrhizal association S = p + m] models respectively] fill [%] and k;]
Trees—Glomeromycota S 88 t 1521 (p =0.001/ 7.74 k 130;
(OTUs < 1 % divergence) p 28 0.01) mean 1.5
m 60 p 15.84 mean
m 12.28 ki p 4.64
Trees—Glomeromycota S 56 t28.0 (p = 0.001) 13.01 k 102;
(OTUs < 2 % divergence) p28 p 26.71 mean 1.8
m 28 m 29.3 mean
kip 3.6
kim 3.6
Ericaceae—Sebacinales S 31 t 17.27 (ns) 15.00 k 33;
(OTUs < 3 % divergence) p 11 p 22.06 mean 1.1
m 20 m 15.88 mean
kip 3.0
kim 1.6
Orchidaceae—Tulasnellales/ S 107 t14.10 (p = 0.001) 5.16 k 159;
Sebacinales/Atractiellales p 59 p 17.18 mean 1.5
(Tul. and Seb. OTUs < 3 % m 48 m 9.42 mean
divergence) kip2.7
ki m3.3
Orchidaceae—Tulasnellales/ S 103 t16.47 (p = 0.001) 5.93 k 154;
Sebacinales/Atractiellales P59 p 20.07 mean 1.5
(Tul. OTUs < 5 %, Seb. m 44 m 9.95 mean
OTUs < 3 % divergence) kip2.61
ki m 3.5

t total, p plants, m mycobionts, OTU operational taxonomic units, £ER model assigning interactions
completely at random, CE model randomizing each species similar to observed data matrix, Tul.
Tulasnellales, Seb. Sebacinales

shown to following a power law or truncated power law function (Jordano et al.
2003; Medan et al. 2007). Power law distribution of links in networks was found to
be a consequence of (1) continuous integration of new species and (2) new species
linking preferentially to already well-associated species (Barabasi and Albert 1999;
Zhang et al. 2011). This way of assemblage building leads to an increasing “nested
architecture” of the mutualistic networks. Preferential attachment and nestedness
were mathematically shown to be “two sides of the same coin” (Medan et al. 2007).
Because of still low numbers of data points, we could not find definite support for
truncated power law fit for cumulated probabilities of degree distributions. Signifi-
cant nestedness indicates, however, non-randomly structured assemblages based on
preferential attachment at least for the arbuscular mycorrhizal fungi (AMF) and
orchid mycorrhiza networks.
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Fig. 14.3 Long-tailed degree distributions (frequency distribution of number of links per species)
of plants and their respective mycobionts. Inserted number of plant individuals from which the
mycobionts were generated are generally, but not individually congruent with degree distributions
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14.3.3 Underlying Biological Mechanisms Maintaining High
Biodiversity

The independently assessed abundances of the plant species in the investigation
area show long-tailed distributions very similar to degree distributions (Figs. 14.1
and 14.3). No strict parallel is, however, apparent when comparing the numbers of
sampled plant individuals and the degree distribution of the individual plant species
(Fig. 14.3). The interpretation that frequent species just associate with more
partners than rare species is thus probably too simple. Instead we may expect
important biological mechanisms behind the striking parallel of species abundances
and degree distributions. We follow Medan et al. (2007) in hypothesizing that the
long-tailed species abundances are promoted by species integration into mutualistic
networks through preferential attachment to higher linked species. Mycorrhiza-,
pollinator- and seed disperser-webs of similar network structure may simulta-
neously operate in the tropical mountain rainforest, all fostering maintenance of
rare species by associating them mutualistically with well-integrated species. Rare
species interacting only with rare species would most likely be prone to extinction.
Extinction of rare species is best minimized by mutual links with “generalists”,
higher linked and thus more frequently available partners (Gomez et al. 2011).
Higher propagation or growth rate of highly linked partners in mycorrhiza networks
is difficult to prove during field studies. However, Kiers et al. (2011) showed
experimentally that plants detect, discriminate and reward the best fungal partners,
those which supply more phosphate, with more carbohydrates. Thus, plants and
fungi of most efficient associations may finally become the more frequent ones.
Preferential attachment was, e.g. observed when local mycobionts associated
faster with seedlings inoculated in the nursery than with non-inoculated seedlings
(Kottke and Honig 1998). Biologically, “preferential attachment” is based on trait
matching through complementarity and convergence in evolution (Thompson
2005). Complementarity in mycorrhizae is evident by the intimate interaction on
the cellular level where bidirectional nutrient exchange is executed and complex
recognition processes are required for mycorrhiza establishment (e.g. Bonfante and
Genre 2008; Parniske 2008). Convergence in evolution of the two processes,
nutrient exchange and partner recognition, is presumably the strongest selection
mechanisms in mycorrhizal networks favouring integration of close relatives
among nodes as these are functionally the most similar (Thompson 2005). Our
inventories revealed closely related species in diverse plant groups (see above) and
molecular phylogeny showed close relationships in the mycobiont groups (Haug
et al. 2010; Setaro et al. 2006b; Suarez et al. 2006 and unpublished data). Bastolla
et al. (2009) analytically combined interspecies competition with mutualism among
the groups and found nested networks reducing competition and enhancing the
number of potentially coexisting species when compared with random networks.
Some rather simple experiments using Glomeromycota and herbaceous plants had
shown influence of mycorrhizae on competition and species diversity resembling
the simulations of Bastolla et al. (2009), but results depended on individual plant
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and fungal species (Grime et al. 1987; Scheublin et al. 2007 and literature therein).
In case of the tropical rainforest, we are currently restricted to hypothetically
corresponding conclusions.

14.3.4 Perspectives for Ecosystem Stability

Approach by network theory takes the importance of rare species into account and
makes this approach especially suited for understanding highly diverse, tropical
mutualistic assemblages. Numerical simulations revealed that the nested pattern
with many weak, asymmetric dependences was crucial for stabilizing complex
mutualistic networks (Thébault and Fontaine 2010 and literature therein), made
the communities more robust to random extinctions or loss of keystone species
(Memmot et al. 2004; Burgos et al. 2007; Mello et al. 2011) and to habitat
destruction (Fortuna and Bascompte 2006; Abramson et al. 2011). Higher species
richness, symmetric interaction strength and increased nestedness improved stabil-
ity of mutually interacting assemblages when simultaneously considered in
simulations based on non-linear functional responses (Okuyama and Holland
2008). Natural evolution obviously tends for long-lasting nestedness architecture
most likely by a kind of feed-back mechanism, where links increase with abun-
dance and abundance is promoted by increasing number of links, means that we
deal with dynamic, adaptive networks (Zhang et al. 2011). This evolutionary
scenario protects against environmental changes because rare species may become
abundant and dominating declining while mutualistic interactions will be pertained
by switching to other partners. The small-scale fragmentation presently found in the
RBSF region has not destroyed the plant mycobiont networks yet. Chances for
regeneration of natural forest are obviously not limited by lack of appropriate
mycobionts. The highly diverse flora on the human-influenced sites most likely
serves as provider of the diverse generalist mycobionts. Forest management by
planting native tree seedlings can foster the ongoing process of rehabilitation.
Further research is on the way to specify and corroborate these hypotheses.

14.4 Potential Network Modularity by Influence of Climate

Plant inventories and mycobiont samplings in the area under investigation cover a
steep altitudinal gradient and also forest fragmentations caused by human activities.
Differences among sampling sites are fairly well visible from climate data and
climate may be a main driver of potential plant and mycobiont turnover among
sites. Network theories were first applied to explain floristic turnover among
islands of a fragmented Archipelago (Atmar and Patterson 1993) and situation in
RBSF may be considered to be similar. Currently, our mycobiont datasets are
incomplete and not appropriately large for calculation of modularity in the networks
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Table 14.2 Climate situation on mycorrhiza sampling sites 2 m above ground, generated by
integrated thermal and near-surface air humidity maps; yearly means of air temperature (7)) and
relative humidity (RH); highest and lowest temperature (Ty,in, Imax) and lowest air humidity
(RH,,in) as indicating potential stress for plants and mycobionts

Altitude of Forest Tmin Trnax RHin
sampling sites cover Tmean [°C], [°Cl, RHcan [%], Sep.,
[m a.s.l] Site type [%] [°C] August Nov. [%] Oct. or Nov.
Arbuscular mycorrhizae
1,866-2,002  Pristine forest 100 15.0-15.5 12.0 19.6 96.7-98.6 83.7
2,105-2,142  Pristine forest 100 14.5-14.6 11.5 19.5 94.8-95.3 779
1,900-1,950  Grasses, 0 16.0-16.5 11.1 239 85.5-86.3 55.1
bracken
fern, few
shrubs,
planted
seedlings
2,130-2,210  Shrubs, 0 13.7-14.4 10.1 21.6 82.0-83.1 45.8
bracken
fern,
herbs,
planted
seedlings
Orchid mycorrhizae
1,885 Recovering 0 153 11.2 24.1 85.9 54.8
landslide
1,980 Pristine forest 82 14.9 11.4 21.1 91.7 71.1
2,140 Regenerating 73 14.2 10.8 20.3 90.1 66.3
forest
2,150 Pristine forest 80 14.1 10.9 20.0 90.8 68.4

(Olesen et al. 2007; Fortuna et al. 2010; Mello et al. 2011). Instead, we present a first,
descriptive indication for influence of climate on plants and their associated mycobionts.

Climate data for the study sites were obtained from integrated thermal and near-
surface air humidity maps (Fries et al. 2009, 2012). The selected site data
(Table 14.2) show that the long-term mean values depend on elevation and forest
density. Generally, temperature (T) decreases with altitude, but the canopy provides
a shelter effect that dampens the annual and daily amplitudes (K&rner and Paulsen
2004). Maximum temperatures occur during the relatively dry season (November to
February) and minimum temperatures during the main rainy season (May to
August). In contrast to the free atmosphere, mean relative humidity decreases
with altitude inside the forest stands due to forest structure becoming more open
at higher elevations. At the anthropogenic sites, relative humidity decreases with
altitude because of humidity transport from the main river. This benefits especially
the lower parts of the pastures where no dense tree vegetation hampers the moisture
transport. However, minimum relative humidity (RH) values inside the forest do
not fall below 72 %, while open sites display values down to 60 % on average when
T is highest; extreme values are even lower (Table 14.2).



14 Mycorrhiza Networks Promote Biodiversity and Stabilize the Tropical. . . 199

High turnover of tree species was observed previously and related to climate at
different elevation (Homeier et al. 2010). Tree species of the reforestation experi-
ment were selected according to climate site resistance (Giinter et al. 2009), but the
surrounding bushy and herbaceous flora is significantly distinct from the forest (see
floristic inventories). No Orchidaceae were sampled as common to the road cut and
the forest. Inventories showed that the great majority of local Orchidaceae have
very specific habitat requirements, moisture and light availability appearing as
strongest predictors (Werner et al. 2005; Werner 2011). The vast majority of the
sampled hemiepiphytic Ericaceae occur only in the forest, some of the terrestrials
are adapted to the open sites. In contrast, occurrence of the 28 Glomeromycota
encountered more than one time in the forest plots so far could not be related to
different altitudes. Nine associated Glomeromycota were, however, only encoun-
tered on the reforestation plots and 16 were only found on the forest plots, while
12 were shared among the reforestation and the pristine forest. The planted
seedlings, obviously, trapped their mycobionts from the surrounding species rich
flora. We tentatively conclude that the more stressful situation on the reforestation
plots than in the forest (Table 14.2) is a driving force for establishment of different
Glomeromycota communities. On contrast, mycobionts of Orchidaceae widely
overlapped among epiphytic and terrestrial plants as well as among the road cut
and the forest sites. Six of the eight mycobionts encountered on the road cut were
also found in the forest. The orchid mycobionts may potentially profit from the
shelter against drought in the orchid root velamen. Orchid mycobionts can, thus,
promote orchid seed germination and protocorm growth independent of site situa-
tion. In contrast, Martos et al. (2012) found significant differences among the
mycobionts of terrestrial and epiphytic orchids on La Réunion Island. Sebacinales
that associate with Ericaceae show some overlap among different habitats, but most
mycobionts from the road cut are unique so far. Thus, situation appears as quite
different among plants and mycobionts and again among the mycobiont groups.
Improved datasets, provided by ongoing work, will allow for numerical approach
on impact of modularity in network architecture caused by environment or potential
preferences among partners (Donatti et al. 2011; Mello et al. 2011; Schleuning et al.
2011).

14.5 Conclusions

The conceptual framework of network theory explains for the first time convinc-
ingly the biologically well-documented, long-lasting stability of mutualistic
interactions, here mycorrhizae. This theory also considers the large numbers of
rare species as found in the tropics as an important fact. Our data analysis shows
that diversity of plants is intimately linked with diversity of mycorrhizal fungi
maintaining rare species by mutualistic interaction with frequent partners. Rare
species enhance stability of the complex community as they may become frequent
partners under changing environment. Complementarity and convergence in
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evolution of bidirectional nutrient exchange and recognition processes favour
generalist partnerships in mycorrhizae and maintain phylogenetically closely
related species in the networks.

We propose the use of generalists Glomeromycota, adapted to planting sites, for
inoculation of native tree seedlings in the nurseries as good option for reforestation.
Greenhouse cultivation of orchids is already well established in Ecuador, but
application of mycobionts needs to be improved by cooperative research among
scientists from local universities and commercial companies. According to our
results, stimulation of seed germination and further growth of orchids can be
achieved by fungi from frequent orchid species, best from terrestrial, well-
colonized roots. Further scientific studies are recommended for domestication and
off-site production of Ericaceae. As further non-timber product, honey production
has probably the highest potential. A high number of species are of melliferous
interest and beekeeping has environmental benefits as well, reducing fire hazard and
making reforestation with native species attractive (Ordofiez and Lalama 2006).

The main outcome in respect to provisioning ecosystem services for local people
is, however, an intellectual one. The models, saying that supportive bipartite
interactions are playing a fundamental role in complex ecosystems, need to be
realized also for human society and are promising tools in further research there
(e.g. Saavedra et al. 2009). While educational capacity building is generally
outlined in Sect. 29.4, we claim here that our three Ecuadorian co-authors were
not only introduced into technical scientific tools but also in understanding of
mutualistic network models and their overall implication in most recent ecological
research. Further education through self-responsible scientific research, the leading
idea of university education since von Humboldt, will provide fundamental cultural
ecosystem services to the entire local society as to reflect on the obligate future
sustainability. Such education will by far outweigh short-term improvement of
pastures acquired by slash and burn. Our conclusion is further supported and
exemplified in Sect. 17.2 and modelled in Sect. 25.3 by socio-economical tools.
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Chapter 15

Current Provisioning Services: Pasture
Development and Use, Weeds (Bracken)
and Management

Kristin Roos, Jorg Bendix, Giulia F. Curatola, Julia Gawlik,
Andrés Gerique, Ute Hamer, Patrick Hildebrandt, Thomas Knoke,
Hanna Meyer, Perdita Pohle, Karin Potthast, Boris Thies,
Alexander Tischer, and Erwin Beck

15.1 Introduction

Pasture farming for milk and meat is the prevalent form of agriculture in the humid
and semi-humid Andes of Southern Ecuador, in which large areas of primary
mountain rain forest have been and still are being cleared, mostly by slash-and-
burn practices (Mosandl et al. 2008). Ortho-rectified satellite scenes (Landsat
TM/ETM+) of the research area, the Rio San Francisco valley, show that 4.1 %
of the primary mountain rain forest, which originally covered approximately
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120 km? of the area, have been cleared and converted to agricultural land (mainly
pastures) between 1987 and 2001 (Fig. 15.1). This chapter presents a review of the
current state of pastures and cattle ranching in the core research area between 1,600
and 2,400 m a.s.l. The natural vegetation in the humid eastern ranges of the Andes is
a dense mountain rain forest, and therefore indigenous tropical grass species are
rare, except bamboo (Neurolepis spec.) which is not useful for agriculture. At least
the dominant pasture grasses are thus introduced grass species like the manually
planted Setaria sphacelata from South and Central Africa, or Melinis minutiflora
probably from the same provenience. The nutritive value of the pasture vegetation
is rather low, and the majority of these pastures are overgrazed. As everywhere
overgrazing ends in a vicious cycle as pasture weeds successively overgrow the
pastures but a return of the natural forest on the vast pasture areas, even after
abandonment has never been observed.

Most of the farmers in the area belong to the so-called Mestizos whereas
neighboring valleys are inhabited predominantly by the Saraguros. Both ethnic
groups are agropastoralists who combine market economy (cattle ranching) and
subsistence economy (crop production and horticulture) while considering the
forest as a reserve for new agricultural areas (Pohle and Gerique 2006).
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15.2 Results and Discussion

15.2.1 The Pasture Types

Flat parts of the terrain accommodate the so-called pastos azules or pastos
naturales. These pastures are dominated by the cosmopolitan grass Holcus lanatus L.
or, in the lower San Francisco valley, by Pennisetum clandestinum Hochst. Ex
Chiov. (Gerique 2010) and harbour a great variety of other grasses and herbs. In
spite of its attractive appearance, Holcus lanatus (common velvet grass, Yorkshire
fog) is a low-value forage grass (Watt 1978; Merrill et al. 1995), and its dominance
on the pastos azules results from spurning by the cattle. It is an undemanding
species with regard to soil quality, structure and pH value. The pastos azules are
nevertheless considered to be valuable pastures, partly because they are reasonably
productive and evidence considerable herbal variety, and partly due to the fact that
bracken cannot invade the compacted and frequently water-logged soils of these
pastures. In addition, cattle tend to gather on the flat terrain, fertilizing it with their
dung and allowing easy access by the farmers for milking. Maintenance of these
pastures requires almost no management efforts and financial input. Pastos azules
are usually not burned, as the abundance of herbaceous and woody pastoral weeds
growing on them has decreased during the last decade, and their cover abundance is
now in the range of only about 10 % (Gawlik 2010). Sorrel, dock and some other
weeds may again increase their cover abundance when grazing intensity increases,
but in principle the Holcus lanatus pastures can be expected to preserve their
moderate pastoral value.

Melinis pastures that cover the steepest parts of the slopes are particularly rich in
species. The character grass Melinis minutiflora P. Beauv (Molasses grass,
“yaragua”) is an invasive African species (D’Antonio and Vitousek 1992) which
propagates via stolons and seeds. Its strong smell and hairiness requires habituation
by the cattle. The biomass production of this C3-grass is rather low (2-16tha~'a™ "),
and its nutritive value has also been rated as only “low to acceptable” (Duke 1979).
The organic matter digestibility of the grass is approximately 50 % (Axtmayer et al.
1938; Gohl 1982). The metabolizable energy value lies between 5.9 and 8.6 MJ kg !
dry matter, and its digestible crude protein content has been quoted as being as low
as 0.58-2.18 % of the dry matter (da Costa et al. 1981). Melinis nevertheless
provides a proper balance in diet for cattle and sheep. Local farmers consider it to
be the best grass for milk production, as the milk is very creamy. The distribution of
Melinis pastures, that interfere here and there with the Setaria pastures, gives the
impression of randomness. Frequent grazing results in horizontal trampling
contours that give the steeper slopes a terrace-like appearance. Melinis is a pioneer
grass that tolerates drought, poor soils and steep slopes, where it forms closed
swards. It also tolerates burning, because the rather low-standing crop does not give
rise to very hot fires. The presence of fire-resistant weeds such as bracken and
shrubs evidences repeated burning (Hartig and Beck 2003). Melinis is rarely
planted or sown. However, as an invasive species it is part of the anthropogenic
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flora of the tropical Andes, where it not only forms pastures but also constitutes a
component of the way-side flora.

“Pastos mieles” are the most common and wide-spread pastures found in the
humid valleys of South Ecuador, and are dominated by the manually planted grass
Setaria sphacelata (Schumach.) Stapf & C.E. Hubb. (“mequerén”). Setaria
represents a polyploid complex of 4n-, 6n-, 8n- and 10n-races, all of which are
cultivated (Hacker and Jones 1969). Which of the races are used in southern
Ecuador is not known, as the farmers do not buy the grass when planting a new
pasture, but rather obtain it as bunches from other pastures. Its nutritive value is
generally rated to be very low, but this estimation depends greatly on the age of the
leaves. Young leaves have a reasonable matter digestibility of 52-56 % (Hacker
1974), which declines rapidly due to lignification as the leaves mature. The fibre
content of this grass is lower than that of Melinis (~30 vs. 36 %), whereas its total
protein, ash and potassium contents are much higher (protein ~16 vs. ~9 %, ash ~15
vs. ~8 % and potassium ~4 vs. ~1.4 %; Hacker and Jones 1969). Setaria has an
extremely high content of soluble oxalate (about 10-fold higher than that of other
grasses; Jones and Ford 1972). This can trigger calcium deficiency in livestock
(“hypocalcaemia’), which in rare cases leads to the death of the animals (Seawright
et al. 1970). A high nitrogen supply (and uptake) favours the accumulation of
soluble oxalate; but the concentration of this ion substantially decreases with the
aging of the leaves (Middleton and Barry 1978). Although it has not been exam-
ined, this difference in the oxalate content could be the reason why the cows prefer
the terminal parts of the leaves, although these are the oldest, least palatable and
nutritionally poorest parts of the foliage. Farmers recognize the poor nutritive value
of a Setaria diet in the rather “watery” milk produced by the cows. In summary,
only a minor part of the biomass of the large Setaria tussocks can be considered to
be good fodder. This disadvantage is, however, balanced by the comparatively high
productivity of the C4-grass that makes it a strong competitor for other species. It
propagates by stolons and rhizomes, and thus extends its tussocks mostly along the
trampling contours.

Like Melinis, Setaria sphacelata was introduced from Africa and therefore has
only few natural enemies in Ecuador. As typical of C4-plants it is, however, a light-
demanding species which can be suppressed by shading, e.g. by shrubs and bracken
fern. Setaria pastures prevail in the humid montane areas of South Ecuador. The
tussocks grow up to 60 cm high and the flowering culms can approach 3 m in height.
Small tufts of leaves are produced on the nodes of the culms, which frequently fall
over under their own weight. Upon contact with the soil the small tufts produce
adventitious roots, which thus initiate the formation of a sort of thicket. Neither the
culms nor the seeds of the grass are eaten by cattle. As mowing is not practised in
Ecuador, the farmers set fire to Setaria pastures in order to rejuvenate them,
especially when the grass has started to flower (Hartig and Beck 2003; Beck et al.
2008; Gerique 2010). The lack of combustible material on these pastures requires
the use of petrol for burning. Since the use of fire is illegal, reliable data on burning
practices—apart from own observations—are difficult to obtain.
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Setaria pastures on sloping ground are readily infested with bracken fern and
later on with a variety of fire-resistant shrubs. Setting fire on the pastures also serves
the suppression of these weeds. However, the fire stimulates not only the rejuve-
nation of the Setaria tussocks but also the regrowth of the weeds (Roos et al. 2010).

15.2.2 Bracken Vegetation

In an altitudinal range from the lowlands up to about 3,000 m a.s.l., bracken fern
(two species, Pteridium arachnoideum (Kaulf.) Maxon and Pt. caudatum (L.)
Maxon) spreads readily into areas where the forest has been cleared by the use of
fire. Its vegetative propagation from rhizomes is stimulated by heat, even when its
aerial parts—the fronds—are completely destroyed by fire (Roos et al. 2010). In
addition, there is reason to assume that a wave of heat that does not kill the fronds
triggers the formation of spores which readily germinate on the burned, ash-covered
and vegetation-free soil. This leads to the formation of mats of livermoss-like
prothallia, and 4-6 weeks later a lawn of young sporophytes can be observed.
Other weeds that have proved to be fire resistant are shrubs that belong mainly to
the Ericaceae, Asteraceae, Melastomataceae and Escalloniaceae (Hartig and Beck
2003). After the aerial shoots have been burned, new shoots sprout readily from
buds at or beneath the soil surface and the shrub revives. Setaria, as a light-
demanding species, becomes more and more out-competed by the weeds, and
without management disappears almost completely from the area after a few
years. The indestructibility of the bracken rhizomes on the one hand and the
exuberant seed production of the shrubs on the other appear to lead to a balance
between the different life-forms and to the formation of a stable weed vegetation
(Hartig and Beck 2003) that has been termed “succession fallow” (Makeschin et al.
2008).

15.2.3 Properties and Stability of the Pasture Soils

Conversion of the mountain rainforest into pastures by slash-and-burn practices, as
described in more detail in Chap. 11, has resulted in an augmentation of the carbon
and nitrogen stocks in the mineral topsoil of old pastures (Makeschin et al. 2008;
Hamer et al. 2012b). This compensates for the loss of organic carbon caused by the
destruction of the thick organic layer upon the clearing of the forest. Pastoral use
leads to the accumulation of soil organic matter (SOM) in the mineral topsoil due to
the high inputs of root biomass from the C4-grass Setaria sphacelata. However, the
grass-derived SOM is lost rapidly after bracken invasion as a result of the crowding
out of the grass and the abandonment of the pastures (Hamer et al. 2012a).

The properties of the pasture soils depend strongly on the age and the fire history
of the pasture and on the degree of infestation by bracken or shrub vegetation. The
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soil of a 17-year-old pasture harboured a very active microbial community, the
biomass of which was about three times as high as that determined for the forest soil
(Table 15.1). The enhanced microbial growth was related to three major factors: (1)
an increase in the pH-value of the soil due to the input of alkaline ashes (Makeschin
et al. 2008), (2) a better availability of the nutrients, and (3) a narrower soil C:N
ratio. Microbial activity, as indicated by the mineralization rates of soil organic
carbon (SOC), was up to four times greater than that evidenced by the forest soil
(Potthast et al. 2011). While microbial biomass and activity remained high in the
soil of long-standing active pastures, the contents of inorganic and organic
phosphates decreased with time to values comparable to those found in the forest
soils (Table 15.1). Ten years after bracken invasion and abandonment of the
pastures, also microbial biomass and activity had declined to the forest level and
the contents of total N and both inorganic and organic NH4F-extractable P had
decreased to values even below those found in forests (Table 15.1). Extreme
bracken infestation leads to a further decrease of inorganic plant-available P to
values of below 0.6 mg PO,—P kg~ ' soil. Contents below 15 mg kg~ are known to
limit plant productivity (Landon 1991). An increase in the readily available phos-
phate pool above this threshold of 15 mg kg~ ' was detected shortly after the
burning of an abandoned pasture site. Higher P availability lasted for up to 5 months
subsequent to the fire, while the dynamics of enhanced C and N availability were
much more rapid and became evident within a timescale of days. Burning of the
pastures may on the one hand trigger regrowth of the grass due to the heat shock and
on the other hand may also stimulate the growth of new leaves by increasing the
supply of phosphate (if P is the limiting nutrient for grass growth). In the long run,
however, repeated burning leads to an enormous loss of nutrients from the ecosys-
tem (mainly due to volatilization and by leaching upon rainfall) and to an accumu-
lation of black carbon. Black carbon is very resistant to microbial decomposition
and can sequester ions by sorption (Knicker 2007). This results in lower nutrient
cycling rates and nutrient availability. In the long run the soil properties accruing
from burning favour the growth of bracken, the roots and rhizomes of which have a
high capacity for P (and N) acquisition. This gives the fern a considerable competi-
tive advantage over Setaria (Chap. 26). The invasion of former pasture land by
successional shrub (succession fallow, Table 15.1) leads to a further decrease in
nutrient availability, in particular respective of nitrogen (and P) in the mineral soil
as indicated by the wide C:N ratio.

15.2.4 Vegetation Development During the Past Decade

The vegetation of the three types of pastures found in the upper San Francisco
valley was first analyzed in 1999 (Hartig and Beck 2003). This analysis was
repeated after 10 further years of customary cattle grazing (Gawlik 2010; Peters
et al. 2010), during which at least one fire occurred on the Setaria pastures (1 year
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Table 15.2 Plant species richness of the three types of pastures found in the upper Rio San
Francisco valley in the years 2000 and 2010

Setaria
Pastos azules Melinis pastures pastures
Pasture type Number of species
Year 2000 30 31 21
Year 2010 43 59 34
Common species in both years 16 21 8
Number of species in all examined plots 57 69 47

of the respective pasture type

The numbers are mean values of six homogeneous plots of 4 m? each of each pasture type

after the first vegetation record). The changes taking place in the pattern of
functional plant types are shown in Table 15.2 and Fig. 15.2, respectively.

Several questions having been posed about tendencies that become apparent
after the first decade of this century can be now be addressed on the basis of the
currently available data:

e Has phytodiversity increased, decreased or remained constant?

All three types of pastures showed substantial increases in the numbers of the
species that they harbour (Table 15.2). This increase was most impressively on
the Melinis pastures, where the number of species almost doubled while the
abundance of Melinis remained constant (75-72 %; Fig. 15.2). The increases in
species diversity on the other two types of pasture were less spectacular, but the
cover abundance of the dominant grasses also increased dramatically. The cover
abundance of Holcus more than doubled on the “pastos azules”, and that of
Setaria increased from 75 to 92 % on the “pastos mieles”.

e Has the plant species composition recorded in 1999 changed over the decade?

The turnover of species composition was higher than the increase in species
numbers. Only 8 of the 21 species recorded on the Setaria pastures in 1999 still
contributed to the set of 34 species present in 2010. Thirteen of the original
21 species vanished, to be replaced by 26 new ones. The situation respective of
the other two pasture types was similar, although less pronounced.

e Did the spectrum of the species shift in favour of useful pasture plants or did the
share of weeds increase?

The contribution of herbaceous as well as of woody weeds decreased signifi-
cantly, but potentially N-fixing species such as trefoil also declined in impor-
tance. In principle, herbs were replaced by the dominant grasses on all three
pasture types.

e Was the abundance of bracken progressive or regressive?

In contrast to a general trend of progressive invasion by bracken, the share of
this fern decreased considerably on the active pastures, most prominently on the
Melinis and the Setaria pastures.

e Did the area of total pastures and of abandoned pastures in the Rio San
Francisco valley increase or decrease?
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As shown in Chap. 2 (e.g. Fig. 2.2), the total area of pasture land in the Rio
San Francisco valley has increased dramatically during the past 50 years, but a
considerable proportion of the established pastoral area has also been abandoned
(approximately 27 % until 2003). A recent estimate derived from high-resolution
satellite image (QuickBird) shows that 14.3 % of the study area (shown in
Fig. 15.3) is covered by pasture land (5.3 % Holcus-, 0.5 % Melinis- and
8.5 % Setaria pastures) and 10.7 % is not in use due to infestation by weeds
(mainly bracken; Fig. 15.3).

15.2.5 Pasture Farming

Rotational grazing between the three different pasture types appears to be crucial to
avoiding the potential problems associated with dominant pasture grasses. This will
not only prevent overgrazing but will also insure a balanced diet for the cattle that
will help to prevent health problems. Fertilization of the pastures is not practised in
the research area except fertilization by cow dung during the grazing period.
Preliminary studies have shown a dramatic response of Setaria to fertilization
with macronutrients (see Chap. 26). The pasture management commonly practised
by at least the Mestizos in the San Francisco valley is not in ecological balance with
the environment and is therefore neither sustainable nor economically viable. This
is revealed by the following rough estimate (see also Chap. 26).
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Fig. 15.3 Land use in the study area in the Rio San Francisco valley in October 2010. The spatial
distribution of bracken and of the different pasture types is based on a QuickBird satellite image.
Spectral signatures determined by field spectrometry were used for the classification (Gottlicher
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Cattle numbers per hectare of pasture are low due to the poor nutritive value of
the major grass species. The livestock density varies between 0.5 and 1.5 head per
ha with an average value of 0.7 head per ha (Gerique 2010), resulting in a low
income from pasture farming. Empirical data from a household survey showed that
average net revenues from milk and meat production amounted to 137 US$ per ha
and year with a large standard deviation of 141 US$ (Knoke et al. 2009). Another
recent study calculated net pasture revenues from milk production as 131 £ 18 US
$ per ha and year (Knoke et al. 2011). A rough calculation can be performed on the
assumption that there is an average of 0.8 cows per ha, half of which produce 4.5 1
of milk per day over a lactation period of 200 days. At a milk selling price of 0.34
USS per litre, this production would result in a gross annual revenue of 122 US$ per
ha and year. The meat production of the other 50 % of the cattle can be calculated at
88 kg meat per ha. At a meat price of 1.9 US$ per kg, this meat would bring a
revenue of 167 US$ per ha and year. Maintenance and labour costs must, however,
be deducted from the gross annual revenue. These costs may amount to up to
135 USS$ per ha and year according to farmer’s estimates, and so a yearly net
revenue of only 154 US$ per ha of pasture would result.
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An average per capita GNP of approximately 4,000 US$ was quoted for Ecuador
for 2010 (US State Department 2011. Assuming the presence of four adults in each
family, the average annual household income would amount to 16,000 USS$. A farm
in the San Francisco valley would require a pasture area of at least 100 ha to be able
to achieve this average income. This pasture size is, however, not realistic for the
Rio San Francisco valley. From a survey of 130 households carried out by
Barkmann (Knoke et al. 2009), only one farm comprised more than 100 ha, the
median being about 13 ha of pasture area. Even upon consideration of the products
grown in the small obligatory home gardens, subsistence farming is unable to
provide sufficient means for securing a livelihood corresponding to the national
average for the farmers in the research area. This also holds even for the better
organized communities of the Saraguros in the neighbouring valleys, whose annual
family assets may be four times as high as those of the Rio San Francisco valley
(Gerique 2010). Diversification of the income portfolio, including the utilization of
non-farm sources, thus acquires great importance for the farmers. Members of the
farm families accordingly aspire to non-farm wage income and invest their urban
earnings in the maintenance of their farms.

15.3 Conclusions

This chapter presents selected aspects of the pastures and pasture farming in the Rio
San Francisco valley from the viewpoint of provisioning ecosystem services
subsequent to clearing of the forest. Three types of pastures could be differentiated
according to the dominant pasture grasses, two of which are threatened by highly
invasive weeds such as the tropical bracken fern. Propagation of the weeds is
fostered by an ecologically insufficient pasture management that eventually results
in the abandonment of the pastures following depletion of essential macronutrients.
The species diversity of the pasture vegetation has increased considerably in the
course of the last decade, but the income from livestock farming is still too low for
an adequate livelihood of the local farmers. A rough estimate shows that subsis-
tence farming is practically not possible under the current regime of pasture
management and that diversification of the income portfolio is imperative.
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Chapter 16

Current Provisioning Ecosystem Services
for the Local Population: Landscape
Transformation, Land Use, and Plant Use

Perdita Pohle, Andrés Gerique, Maria Fernanda Lopez,
and Regine Spohner

16.1 Introduction

Provisioning ecosystem services are defined as products obtained directly from
nature (e.g., freshwater, hunting and gathering of a range of species, fisheries,
harvesting of plants for timber, fuel, fiber, and medicines). These services also
come from domesticated species through pastoralism, agriculture, and aquaculture
(Daily 1997; Millennium Ecosystem Assessment 2005). In rural areas of tropical
developing countries, agricultural biodiversity plays a major role in the production
of goods and provides local people with a wider range of responses to environmen-
tal or market risks (Coomes and Burt 1997). However, even if farmland in forest
areas can support biodiversity through preservation of important forest ecosystem
elements on a small scale (Mendenhall et al. 2011), the long-term sustainability of
forests and the array of ecosystem services they provide may be under threat from
the expansion of farming activities. Given the fragmented state of most tropical
ecosystems, agricultural landscapes should be a crucial concern of any conservation
strategy.
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Fig. 16.1 Location of the study sites

16.2 Aims, Materials, and Methods

The megadiverse ecosystem of the tropical mountain forests of the eastern Andean
Cordillera of southern Ecuador has been under severe pressure since the first
colonists arrived during the first half of the twentieth century. Given the current
fragmented stage of the former forest landscape which has been replaced by a
mixed matrix of forest remnants, pastures, fields/gardens, and wasteland
(matorral), the aims of the study are as follows:

1. To document and to analyze the landscape transformation process and its
implications for provisioning ecosystem services for the local population,

2. To determine current ecosystem provisioning services for food production of
smallholder farmers and to identify the services provided by local plant diversity
for specific ethno-cultural communities.

The outcome of this study aims to help experts to develop strategies for biodi-
versity conservation and a sustainable use of ecosystem services.

Research was undertaken north of Podocarpus National Park in the Upper
Zamora Valley (Fig. 16.1). The main study sites were the settlements of El Tibio
(1,770 m a.s.l.) with an indigenous Saraguro population and Los Guabos
(1,900 m a.s.l.) mainly inhabited by mestizos." Other study sites were El Cristal

"The Saraguros are Quechua-speaking highland Indians who traditionally inhabit the northern
Andean area of Loja Province. The mestizos are of Spanish and indigenous descent and represent
at more than 80 % the major population group of southern Ecuador (Pohle 2008).
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(1,980 m a.s.l.), a small Saraguro settlement north of El Tibio, and 12 mestizo farms
along the road Loja—Zamora in areas known as Sabanilla, El Retorno, and La
Fragancia (2,200-1,100 m a.s.l.).

The study makes use of data generated by 6 years of ethnobotanical/
ethnoecological and agrogeographical research among the ethnic groups of southern
Ecuador (Pohle and Gerique 2006, 2008; Gerique and Veintimilla 2008; Pohle et al.
2010). Three methodological approaches were used: (a) analysis of qualitative and
quantitative data from field surveys concerning settlement history and livelihood
strategies, (b) analysis of land use/land cover (LULC) changes, and (c) compilation of
an ethnobotanical inventory of useful wild and cultivated plants.

16.3 Results and Discussion

16.3.1 Colonization, Access to Land, and Extraction of Plant
Resources

Historical insights into the colonization process, access to land, and resource
extraction are necessary preconditions to assess current ecosystem services. The
conversion of land from natural ecosystems to agriculture by small-scale farming
colonists has been a main factor of environmental change in Ecuador (Bromley
1981; Pichén 1996).

Data provided by local informants and secondary sources (Arias Benavides
2004) mention the existence of large land holdings (haciendas) in the Upper
Zamora Valley, such as the hacienda Los Guabos, which developed through land
accumulation by absentee landowners (terratenientes) from the city of Loja since
the late nineteenth century. Settlers who moved to the area from the beginning of
the twentieth century were laborers of the large holdings or landless colonists in
search of vacant public lands (tierras baldias). The colonization route mainly used
by mestizo settlers was the ancient trail between the cities of Loja and Zamora
(Fig. 16.1). Sabanilla originated as a resting place (tambo) along this trail. A second
route followed the Rio Tambo Blanco and was mainly used by Saraguro colonists
from the high Andean town of San Lucas. They founded El Tibio in the 1950s.
Mestizos established various settlements such as Los Guabos in the early twentieth
century.

Formalization of land rights for peasants was only possible after the first
Agrarian Reform and Colonization Law came into force in 1964. The law abolished
the traditional forms of labor compensation inherited from the colonial period and
encouraged the expropriation and adjudication of haciendas which were not pro-
ductive (Barsky 1984). Landowners undertook indirect measures to avoid expro-
priation, such as selling parts of their property to the workers (Pohle 2008), as was
the case in Los Guabos. The second Law of Agrarian Reform and Colonization in
1973 strengthened the opportunities for peasants to acquire land, both through
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means of agrarian reform procedures (e.g., expropriation of private haciendas) or
through colonization (e.g., adjudication of public land). Both processes occurred in
the study site; according to local informants, many of the first settlers bought land
from former hacienda owners or received it as compensation for their work (Tutillo
2005; Gerique 2010). The arrival of settlers was intense until the 1970s, and active
pioneer fronts accompanied the development of settlements. Later pioneer
activities continued mainly to establish pastures and to extract timber. Deforesta-
tion became the main condition to guarantee access to land in frontier areas as a
response to the legal demands of the colonization laws requiring land clearance of
between 25 and 50 % of the claimed land to get land titles (Southgate et al. 2009).
Between 1975 and 1980 the greatest amount of land was granted by the state to
colonists in the country (Gondard and Mazurek 2001). The Agrarian Development
Law of 1994 derogated the Agrarian Reform Law and eliminated the condition of
forest clearing for adjudication (Pohle et al. 2010).

As in other frontier areas (Rudel and Horowitz 1993; Marquette 2006), the
welfare of the first settlers of the Upper Zamora Valley relied greatly on the
provisioning services of the ecosystem. Important non-timber forest products
(NTFPs) for medicinal purposes were overexploited, like the bark of cascarilla
(Cinchona spp.) in the eighteenth and nineteenth centuries and again in the 1940s,
and the latex of sangre de drago (Croton lechleri and Croton mutisianus) in the
1990s (Gerique 2010). Logging became the main source of income for the
colonists, starting in the 1950s with intense extraction of the high quality timber
of romerillo (Podocarpus oleifolius and Prumnopitys montana) in Sabanilla. These
species were very abundant at that time and colonists perceived their existence as
“inexhaustible.” The road Loja—Zamora (1950-1960) also favored timber extrac-
tion. In the 1990s romerillo was scarce, and extraction was undertaken in remote
areas inside or near the Podocarpus National Park (Romerillos, Tunantza Alto).
Other species such as cedro (Cedrela spp.), sanon (Hyeronima spp.), canelo
(Nectandra spp.), and guayacdn (Tabebuia chrysantha) also became valuable and
were heavily sought after (Gerique 2010).

During the 1990s a turnover of resource utilization took place. The pace
of colonization decreased and, although pasture expansion continued to more
remote sites, few new immigrants arrived in the area. Profitable timber species
became overexploited, while cattle ranching became the main economic activity
(see Sect. 16.3.3). The declaration of the Podocarpus National Park (1982) and the
Bosque Protector Corazén de Oro (2000, see Table 13.1) notably influenced the
allocation of land to conservation purposes and set legal barriers to the conversion
of forests to agricultural land and to the acquisition of property titles. The existence
of the Podocarpus National Park currently opens up opportunities for the imple-
mentation of conservation projects with the participation of local stakeholders. One
example is the declaration of the Biosphere Reserve Podocarpus—El Condor in
2007 which aims to be an important instrument for further negotiations towards
conservation and sustainable development.
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16.3.2 Land Use/Land Cover Change Analysis at Local Scale

In the research area spatiotemporal landscape transformations are linked to the
political and land use history, especially to the colonization process and the
allocation of land. Additionally, land use/land cover changes largely depend on
the decisions of individual farming households, especially at local scales.

The land use/land cover change maps of Los Guabos and El Tibio (Figs. 16.2 and
16.3)* give insights into the spatial distribution of three land use/land cover
classes—forest, matorral, pasture’—and their spatiotemporal development in the
period 1969-2001. Adjacent to the maps, change detection graphs are presented, in
the case of El Tibio with three intermediate change periods.

The LULC change analysis shows two dynamics: (a) a main process of forest
loss due to pasture expansion and (b) a secondary process of vegetation succession
(matorral and forest). In both study sites a substantial loss of forest cover in favor of
pastures has taken place: in 2001 the forest coverage in both areas was below 50 %.

Regarding the spatial distribution of land use/land cover classes, similar features
can be observed for Los Guabos and El Tibio. The maps show a clear prevalence of
pastures at lower altitudes, along riversides, and on the valley sides where
settlements were established in order to keep distances short to control livestock.
Accordingly, forest remnants are restricted to the upper parts of the slopes, the more
inclined slopes, steep quebradas, and the valley sides opposite the villages. Thus,
the deforestation process in both areas seems to have followed a general pattern:
(a) from lower to higher altitude, (b) along rivers, and (c) from center to periphery
(Lambin and Geist 2006).

Regarding the spatiotemporal development of specific land use/land cover
classes, differences between both villages are obvious. Whereas in Los Guabos
33 % of the land use/land cover was classified as pasture in 1969 and 2001,
respectively, in El Tibio the proportion of pastures increased considerably from
25 % in 1969 to 39 % in 2001, while forests declined dramatically from 68 % to
42 % (Figs. 16.2 and 16.3, bare graphs in black). Accordingly, in El Tibio the
highest proportion of land use/land cover change can be attributed to the change
category “forest to pasture” (44 %) compared to Los Guabos with 20 % (Figs. 16.2
and 16.3, bare graphs in color). On the valley side of El Tibio many acres of pasture
were established between 1969 and 2001, whereas on the valley side of Los Guabos
pastures were predominantly established before 1969. The differences in pasture

2The LULC change analysis is based on a visual interpretation of a sequence of orthorectified
aerial photographs of Los Guabos (1969, 2001) and El Tibio (1969, 1976, 1989, 2001) with
ArcGis. Field work for ground-truthing and qualitative data assessment was carried out between
2003 and 2007. The LULC change maps cover an area of about 2,000 ha (Los Guabos) and 500 ha
(El Tibio).

3 The forest category comprises tropical mountain forest, either as primary forest or in a succes-
sional stage. The category matorral comprises shrub (lusara) and bracken (llashipa) vegetation.
Pastures in the research area are either pastos naturales (Sect. 15.2.1, prevalent in Los Guabos) or
cultivated mequeron (Setaria sphacelata) pastures (dominant in El Tibio).
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Fig. 16.2 Spatiotemporal land use/land cover change detection at Los Guabos between 1969

and 2001
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El Tibio - Quality, quantity and spatial distribution of land use/land cover change (1969 - 2001)
' Ny o s’ 9

1969

+ @ Church, school

= River

. Erosion, field/garden,
no data

0 500 1000m

Source: Orthoimage 1969, 1976, 1989, 2001, Instituto
Geografico Militar, Quito

Fieldwork, Supervision: P. Pohle

Evaluation, Cartography: R. Spohner (2009)

Land use/land cover 1969 and 2001 (in ha) Land use/land cover change 1969 - 2001 (in ha) and proportion of change area
and proportion of research area (in %) (in %) with three intermediate change periods
1969-1976 1976-1989 1989-2001 1969-2001
ha (Erosign etc.) g ha % ha % ha % | ha %
1200 3100 100 = 100
3 B b
} 18 19 = §
1000+ L 80 10 ol | — 11| 80
754 13
800 16
F &0 40 17 3 60
6004 504 20
I 40 = - 24 - 40
400 fme 2 Lo
a2 5 254 45 2 - & 44 20
200 b 19| .a'-“m
17 o
0 Lo 04 -

Fig. 16.3 Spatiotemporal land use/land cover change detection at El Tibio between 1969
and 2001

expansion between the two communities can be related to their history of settlement
and colonization. As reported by the villagers, the area of Los Guabos was
colonized more than 100 years ago, whereas El Tibio was founded in the 1950s.
Thus it appears that Los Guabos with its stable or decreasing deforestation rate is in
a more advanced phase of the landscape transformation process.

Concerning the process of vegetation succession, similar features could be
observed in Los Guabos and El Tibio. From 1969 to 2001 in both research areas
the proportion of the land cover class matorral at least doubled: from 9 to 18 % in
Los Guabos and 7 to 16 % in El Tibio (Figs. 16.2 and 16.3, bare graphs in black).
According to the transformation matrix (Figs. 16.2 and 16.3, bare graphs in color)
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this doubling can be attributed mainly to the change category “forest to matorral”
comprising 29 % of the change area in Los Guabos and 31 % in El Tibio, and to a
lesser degree to the change category “pasture to matorral,” in El Tibio with 6 %,
whereas in Los Guabos this category is more pronounced with 23 %. While the
changes from forest to matorral suggest an initial stage in postfire vegetation
regeneration, changes of pasture to matorral indicate a degradation or abandonment
of pastures to successional vegetation.

The relatively high rates of change from forest to matorral can be understood in
view of the legal demands for land adjudications given by the two Laws of Agrarian
Reform and Colonization in 1964 and 1973, which encouraged land clearing for
obtaining official land titles (Sect. 16.3.1). As illustrated by the high proportion of
the change category “forest to matorral” (40 %) in the intermediate change period
1969-1976 of the LULC change graphs of El Tibio (Figs. 16.3), obviously more
forest was cleared than was needed for pastures. With the Law of Agrarian
Development of 1994 forest clearing as a pre-condition for land adjudication was
eliminated. Consequently, in El Tibio the proportion of the change category “forest
to matorral” decreased from 40 % (1969—-1976) to 28 % (1989-2001). As reported
in the interviews, the cleared land was often too large or located too far from the
village for effective maintenance. These areas were therefore left abandoned and
secondary vegetation developed.

Another reason for the high rates of change from forest to matorral can be seen
in the slash and burn practice to establish pastures among the mestizos and
Saraguros where fire often gets out of control. The unintentionally burned forest
areas just give way to the development of a secondary bracken and shrub vegetation
(see Sect. 15.2). These plots—sometimes extensive—are mainly located next to the
recently established pastures.

The higher percentage of change from pasture to matorral in Los Guabos (23 %)
can partly be related to the emigration of landowners to Loja and the scarcity of
labor for the maintenance of pastures as stated by the interviewed farmers. These
plots are found in favorable locations close to the village or close to previously
(before 1969) established pastures (Fig. 16.2).

From the LULC change analysis it can be concluded that due to the substantial
loss of forest cover in favor of pastures, forest products play only a marginal role in
food and income (from timber) supply for the local population who are becoming
increasingly dependent on cattle ranching and products derived from that source.
Although matorral areas in general are of limited use for the regulating and
provisioning ecosystem services, their potential towards sustainable land use
options—either for forest recovery by succession, for reforestation with native
tree species (Chap. 13), or for pasture rehabilitation (Chap. 15)—might be rated
as promising, with complementary financial incentives, as suggested by Knoke
et al. (2011, see also Chap. 25).
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16.3.3 Food Production of Small-Scale Farming
Households: Livelihood Strategies, Cattle
Ranching, Field and Garden Cropping

16.3.3.1 Livelihood Strategies

The Saraguros and the mestizos of the research area are mainly engaged in agro-
pastoral activities that combine both a market economy (cattle ranching for cheese,
milk, and meat production) and a subsistence economy (crop production, horticul-
ture, and cattle ranching for subsistence needs). Whereas corn and beans are
cropped in shifting fields (chacras), vegetables, fruits, spices, and other useful
plants are cultivated in permanent home gardens (huertas). The main product
drawn from cattle ranching is cheese, which is sold weekly in the markets of Loja.

According to the livelihood survey (Pohle et al. 2010, 2012) in the communities
of El Tibio and Los Guabos revenues from employment and cattle ranching were
the most important sources of household income, comprising in 2007 83 % (EIl
Tibio, n = 28 households) and 80 % (Los Guabos, n = 18 households). Revenues
from cattle ranching (mainly sales of cheese) are far higher in Saraguro households
(41.2 %) than in mestizo households (25.5 %). The contribution of employment
(mainly in the form of irregular work, day labor) is higher in the mestizos
households (54.5 %) than in those of the Saraguros (41.8 %).

The stronger engagement of Saraguros in cattle ranching becomes obvious also
in the share of land per land use category and the number of cattle per household:
the Saraguros of El Tibio maintain more pasture (11.0 ha per household, n = 29)
than the mestizos of Los Guabos (8.4 ha per household, n» = 18) and own more
cattle (11.4 head compared to 9.4 head). In contrast, the mestizos of Los Guabos
show a stronger engagement in cropping than the Saraguros (4.2 ha crop fields
(chacras) per household compared to 2.1 