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Chapter 1
Disturbance Ecology: A Guideline

Thomas Wohlgemuth , Anke Jentsch , and Rupert Seidl 

Abstract The guideline contextualizes the field of disturbance ecology over time 
and space. It addresses fundamental elements of disturbance ecology, such as driv-
ers of disturbances, adaptations of plants to disturbance, disturbance effects on bio-
diversity, disturbance resilience, disturbances in the context of ecosystem 
management, and climate change impacts on disturbance regimes. The chapter 
introduces the structure of the book and highlights the audience for which the book 
was written.
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1.1  Disturbances in Community Ecology 
and Ecosystem Dynamics

Disturbance ecology originated from vegetation science and quantitative landscape 
ecology, both fields that have a rich history. Vegetation science and its broader rela-
tive, geobotany (broadly, the biogeographical study of plants),1 have dealt with the 
systematic sequence or succession of plant communities (Kratochwil and Schwabe 
2001), creating overviews and characterizing vegetation units (e.g. Braun-Blanquet 
1964; Ellenberg 1996). For a long time, the focus of research was on the ecological 
equilibrium of individual plant communities in given locations, especially in Central 
Europe. Today, many disciplines build on this past work in order to investigate the 
reactions of ecosystems and especially of plant communities to environmental 
change. The comprehensive study of ecosystems – from individuals to plant com-
munities and vegetation landscapes – has generated new insights: that plant com-
munities are dynamic systems, that they vary greatly in space (Sousa 1984), and that 
recurring patterns of temporal sequences occur during succession (Clements 1916; 
Watt 1947; Gurevich et al. 2006; Walker and Wardle 2014). Signs of previous inter-
ruptions of vegetation succession, such as fire scars or standing deadwood, indicate 
transient resource changes (Davis et al. 2000) and the alteration of undisturbed suc-
cessional patterns. Thus, these signs provide evidence of a deviation from the eco-
logical equilibrium  – that is, they indicate a perturbation/disturbance (Odum 
et al. 1979).

In North America, the classical and static view of vegetation types was aban-
doned in the 1970s and 1980s, with a dynamic perspective of plant communities in 
the landscape – including disturbances – taking hold (Chap. 2). Synthesis work by 
Levin and Paine (1974), White (1979), and White and Pickett (1985) on the impor-
tance of disturbances for vegetation dynamics set the foundation for this new, 
dynamic perspective of vegetation. Also in the 1970s, groundbreaking studies on 
the interaction of species richness and disturbance were published (Grime 1973; 
Connell 1978). In the following decades, disturbance was a major focus of ecologi-
cal research in the English-speaking world and was increasingly reflected also 
among vegetation ecologists across all continents (Fig. 1.1).

How did the field of ‘disturbance ecology’ develop in Central Europe? Impacts 
of disturbance are already implied in phytosociology (e.g. Braun-Blanquet 1964; 
Ellenberg 1996), a school of thought that was dominant in Europe for much of the 
second half of the twentieth century. In this approach, traces of disturbance are 
detectable in units and specific terms, for example, the interruption of succession 
leading to ‘secondary succession’, and the ‘permanent communities’ that result as a 
consequence of repeated disturbances. Nonetheless, these aspects have rarely been 

1 In the past, there has been some difference in the terms used between the European literature and 
the Anglo-American literature. In Europe, floristic geobotany was the term often used for the 
branch of biogeography concerned with the distribution of plant species. The equivalent term in the 
Anglo-American literature was phytogeography (Mueller-Dombois and Ellenberg 1974).

T. Wohlgemuth et al.
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Fig. 1.1 Number of scientific publications per year containing the search terms ‘disturb*’ and 
‘ecol*’, from 1990 to 2020 (a), and the annual number of citations to these publications (b). (Data 
retrieved from the Web of Science (WOS) on 17.03.2021)

the subject of in-depth studies in Europe as the main interest of research has been 
focused on plant communities that are ‘stable’ in their species composition and are 
thus in an equilibrium. In Europe, the broad scientific discussion of disturbances 
began much later than in the ‘Anglo-American’ world. This may be because in the 
1970s phytosociology was still a dominant paradigm in many places, and its find-
ings were increasingly applied in the field of nature conservation. The terms pertur-
bation and disturbance (White 1979) were not yet established in Europe in the 
1990s, and the German-language equivalent Störung, which often has negative con-
notations, was hardly used, for example, in forestry. As any kind of management 
intervention can be understood as an abrupt and spatially discrete event of tree mor-
tality (see Chap. 14), the concept behind the word even generated strong opposition 
in some communities, which persist to this day. However, the term disturbance has 
increasingly been established in ecosystem research also in Central Europe (White 
and Jentsch 2001). Its significance has increased considerably over the past decades, 
both because of an increased relevance of disturbance processes and also because of 
substantial advances in research. This is also reflected in a widespread change in 
conservation paradigms towards protecting natural processes rather than individual 
species or communities (e.g. Scherzinger 1996; Müller 2015).

Disturbances occur in all plant communities (see Chap. 2) and contribute signifi-
cantly to the spatial and temporal heterogeneity of ecosystems that enables many 
species to coexist (see Chap. 4). For several decades research has been conducted on 
the stability of ecosystems, which led to the concept of ecological resilience, that is, 
the ability of disturbed ecosystems to retain their functions and structures in the face 
of disturbance (see Chap. 5). In response to regularly occurring disturbances, 

1 Disturbance Ecology: A Guideline
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organisms have also developed physiological and morphological adaptations (see 
Chap. 6).

Forests in Europe are exposed to abiotic disturbances such as fire (see Chap. 7), 
wind (see Chap. 8), and, in mountainous areas, avalanches (see Chap. 9). Biotic 
disturbances in these ecosystems are often triggered by extreme climatic events 
(e.g. dry-hot weather) or succeed previous disturbances (interaction) (e.g. bark bee-
tle outbreaks after windthrow). Also plant diseases (see Chap. 10) cause distur-
bance, as do phytophagous insects (see Chap. 11) and especially bark beetles (see 
Chap. 12). These all contribute to the heterogeneity of the affected ecosystems. 
Large herbivores (i.e. animals with a bodyweight of ≥50 kg) shape the vegetation to 
different extents depending on their population size (see Chap. 13).

By far the largest influence on the current vegetation in Europe is exerted by 
humans. Practically all forests in Europe have been transformed in their structure 
and species composition during centuries or even millennia of multiple uses (see 
Chap. 14). Furthermore, grassland management (see Chap. 15) is exercised on a 
large part of the unforested areas. In other words, most of the current vegetation in 
Central Europe is a direct result of current and historical disturbance regimes (see 
Chap. 3), made up of both natural and anthropogenic disturbance agents.

1.2  Modern Disturbance Research

Abrupt changes in environmental conditions have developed into a key object of 
investigation in ecology since the 1980s (Johnson and Miyanishi 2007). An impor-
tant approach in dynamic vegetation modelling uses disturbance-caused gaps 
(Churchill and Hansen 1958; Forcier 1975; Glenn-Lewin and van der Maarel 1992) 
as a starting point for forest development (Kienast and Kuhn 1989; Bugmann 1996). 
Newer model types increasingly integrate disturbances as an important element of 
system dynamics (Seidl et al. 2011; see Box 17.1, Chap. 17). Biodiversity research 
has identified numerous findings on the influence of disturbances on species com-
munities (e.g. Thom and Seidl 2016; Thorn et al. 2018; see Chap. 4). A broad and 
important topic is the role of disturbances in the long-term maintenance of ecosys-
tem heterogeneity, and thus the importance of disturbance for the conservation of 
biodiversity (Kulakowski et al. 2017). In turn, high levels of biodiversity increase 
the resistance to disturbances, especially to extreme climatic events such as pro-
longed drought as well as early and late frost (Isbell et al. 2015; see Chap. 6). This 
connects to topics of functional diversity (e.g. Hector et al. 2010; Ratcliffe et al. 
2017), which provide the basis for experimental disturbance ecology, investigating, 
for example, the influence of weather extremes and land-use changes on ecosystem 
functions (Jentsch et al. 2007).

T. Wohlgemuth et al.



5

1.3  Disturbance Regimes Are Changing

The biomes of the world are characterized by typical disturbance regimes, shaped 
by both the prevailing climate and land uses (see Chap. 2). These regimes are cur-
rently undergoing significant change. Climate change is expected to shift distur-
bance regimes and extreme events (IPCC 2021), for example, with changes in the 
seasonality of precipitation, an increase of heavy rainfall events, and higher fre-
quencies of strong winds expected for the future. Also, higher temperatures gener-
ally lead to a greater risk of wildfires and an increasing insect activity (see Chap. 
16). Along with the changing climate, land use is also changing in manifold ways as 
societies adapt to the new environmental conditions (Shukla et  al. 2020). 
Furthermore, global markets and political decisions trigger land-use changes and 
thus changes in the disturbance regimes, for example, in Europe (e.g. the bio- 
economy strategy of the EU; European Commission 2017).

Changing disturbances in space and time also pose risks for ecosystem manage-
ment (see Chap. 17). Compared with the situation decades or centuries ago, the 
current demands for ecosystem services by society are quite diverse, which is mir-
rored by the growing public awareness since the Rio Convention on Biological 
Diversity (UN 1992). Quantifying these ecosystems services (Hassan et al. 2005; 
see Chap. 18) and assessing how changing disturbance regimes affect or constrain 
these services is an important task for research.

1.4  Who Is This Book For?

The 18 chapters of this textbook provide a broad overview of disturbance-related 
research results from various disciplines, with a focus on Central Europe. A total of 
31 experts from universities and research institutions in predominantly German- 
speaking countries contributed to this textbook and ensure that the broad and diverse 
aspects of disturbance ecology are addressed. A previous version of this book was 
published in German in 2019 and was the first textbook on the subject of distur-
bance ecology in German. Numerous requests for an English translation demon-
strated the broad interest in the book from colleagues in other parts of Europe and 
the world. This English version is addressed to students, researchers, and practitio-
ners from around the world who are interested in a Central European perspective on 
disturbance ecology. The current book is a direct translation of the German version 
and not a second edition; nevertheless, some references have been updated and 
minor corrections were made in the course of the translation. We hope that this book 
is not only of interest to colleagues working on issues of disturbance ecology, but 
that it is also able to excite colleagues that are new to the field of disturbance ecol-
ogy. Ultimately, we want to share our fascination for disturbance dynamics and 
hope to inspire readers to dive into the mesmerizing world of disturbances in nature.

1 Disturbance Ecology: A Guideline
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Chapter 2
Disturbances and Disturbance Regimes

Anke Jentsch , Rupert Seidl , and Thomas Wohlgemuth 

Abstract Disturbance ecology is a field of ecology, which includes vegetation 
ecology, ecosystem dynamics, and biogeochemistry of nutrient cycles. Here, con-
tents and topics of disturbance ecology are presented, as well as definitions of dis-
turbance events and disturbance regimes, descriptors of disturbance regimes, and 
methods for the quantitative characterization of disturbance species in landscape 
elements of Central Europe. Elements of ecosystem dynamics such as disturbance 
interactions, disturbance cycles, and disturbance cascades are introduced. Important 
scales of disturbance ecology such as frequency and magnitude of disturbance 
events are discussed, successional processes depending on disturbances are classi-
fied, and the model of dynamic equilibrium in landscape ecology is explained. The 
theories of niche differentiation, the Intermediate Disturbance Hypothesis, and the 
role of disturbances for biodiversity and productivity are briefly introduced in this 
chapter and discussed in more detail in the following chapters of this book.
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2.1  Contents and Subjects of Disturbance Ecology

Disturbance ecology deals with events in space and time, their cycles, and their 
ecological effects (White and Jentsch 2001; Jentsch and White 2019). Disturbances 
in ecosystems are often accompanied by the loss or transformation of living bio-
mass. However, the stability and diversity of ecosystems and their functions are also 
among the major topics of disturbance ecology. Accordingly, one of the most impor-
tant findings in disturbance ecology is that disturbances promote biodiversity and a 
dynamic equilibrium (see Chap. 4). All ecosystems are shaped by their disturbance 
regimes and are preserved by them. Therefore, disturbance ecology is concerned 
with resilience and functional stability (see Chap. 5), as well as with extreme events 
and abrupt changes in landscapes (Turner et al. 2020).

Disturbances are mostly analysed on the scale of ecosystems and communities, 
and the analysis is often based on the vegetation and the contribution of the distur-
bances to biodiversity, ecosystem dynamics, and ecosystem services (see Chap. 18). 
All over the world, ecosystems develop differently according to local site character-
istics, which are determined by abiotic factors (e.g. water, heat, light, nutrients, and 
salts), mechanical factors (e.g. wind, fire, snow, herbivory, and mowing), and biotic 
factors (e.g. species pool, biotic interactions, and trophic networks) (see Chap. 2). 
The consistency of these factors leads to characteristic species compositions and 
communities, which are best adapted to the local conditions. These can include 
closed primary forests, which are not influenced by anthropogenic use (Fig. 2.1), as 
well as semi-dry grasslands, which are created by grazing with livestock.

Fig. 2.1 Disturbance as a discrete event: windthrow in one of the last remaining primary forests 
in Europe near Uppsala, Sweden. There are a few primary forests left in Europe; most have been 
replaced by commercial forests or near-natural forest protection areas with different landscape 
conservation and management objectives. (Photo: A. Jentsch)

A. Jentsch et al.
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Over longer periods of time, the vegetation in turn also influences the static and 
dynamic site characteristics, especially soil formation processes and microclimate, 
but also the disturbance regimes. For example, a vegetation cover that is closed all 
year round reduces erosion processes or reduces the infiltration of rainwater into the 
soil. The vegetation structure influences the weather and on larger spatial scales also 
the climate of entire regions. Similarly, the invasion of individual plant and animal 
species, which act as ecosystem engineers, can lead to the change of a disturbance 
type or even a disturbance regime (see Box 18.1 in Chap. 18). Vegetation, climate, 
and disturbances are thus in a dynamic exchange with each other and influence 
each other.

In Europe, typical natural disturbances include windthrow, fire, flooding 
(Fig. 2.2), outbreaks of insect pests, snow break, late frost, heavy rain, droughts, and 
periods of hot weather. Typical anthropogenic disturbance regimes of cultural land-
scapes include the various forms of open land use such as mowing and grazing, 
logging in forests, or the control of floodplain dynamics.

How can disturbance events be defined? How can the temporal dynamics of 
landscapes be quantified when these events rapidly and fundamentally change eco-
systems, communities, and populations in the short term, but at the same time shape 
and maintain the character of the landscape in the long term?

Fig. 2.2 Flooding regimes in floodplain landscapes are accompanied by different precipitation 
rhythms and magnitudes. The ‘flood of the century’ on the Elbe in 2003 changed the normal flood-
plain dynamics, the landscape patterns, and the possibilities of infrastructure and grassland use. 
(Photo: UFZ)

2 Disturbances and Disturbance Regimes
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2.2  Definition of Disturbance Events 
and Disturbance Regimes

Disturbances are defined both relatively and absolutely (White and Jentsch 2001). A 
disturbance is described in relative terms as an event that represents a deviation 
from the normal dynamics of an ecosystem. In classical ecological literature, in 
addition to the term ‘deviation’ (Odum et al. 1979), the term ‘perturbation’ (Pickett 
and White 1985) has also been used. In this sense, disturbances are often understood 
as those events that change the characteristic processes of the ecosystem, for exam-
ple, the prevention of fires in the grasslands and forests of the Mediterranean area or 
the absence of grazing in semi-dry grasslands. Other events that are characteristic of 
the ecosystem, such as fires in boreal forests, snow pressure in alpine megaphorbs 
during winter, or the falling of a tree in an old forest, are not considered as distur-
bances according to the relative definition.

However, the relative definition of disturbances is problematic for three reasons. 
First, it is based on the assumption that we know the ‘normal’ dynamics of ecosys-
tems and can therefore distinguish between stability (i.e. the persistence of dynamic 
patterns) and discontinuity (i.e. fluctuation within defined limits). Second, even if 
the first assumption is true, the statistical frequency of disturbances in space and 
time with respect to a defined reference period would need to be known. Third, a 
static system must be assumed in which the environmental factors remain the 
same – temporarily or even in the long term. However, in view of the rapid global 
change with land-use changes, nitrogen deposition, climate change, and invasion 
processes, this perspective, which still prevailed in the second half of the twentieth 
century, has become as invalid as the concept of static, potential natural vegetation 
(PNV; Tüxen 1956), according to which ecosystems without disturbances ideally 
develop into characteristic climax communities (Chiarucci et al. 2010). However, 
recent studies suggest that plant communities behave stochastically after distur-
bances such as weather extremes and that very different successional patterns with 
different species compositions can occur (Kreyling et al. 2011). If disturbances are 
defined relatively, a comparison of disturbance and regeneration dynamics between 
ecosystems is no longer possible.

In absolute terms, a disturbance is a measurable, abrupt change of ecosystem 
state variables, no matter whether these changes occur periodically or only episodi-
cally, and whether they are predictable or happen unexpectedly (Jentsch and White 
2019). All fire events in Mediterranean forests are therefore disturbances, regardless 
of their intensity or frequency. Here, the direct consequence of a disturbance is the 
loss of biomass (Grime 1979) or the rapidly changing availability of resources 
(White and Pickett 1985; Davis et al. 2000; Jentsch and White 2019). In the absolute 
definition, disturbance is defined by a common currency, for example, biomass 
reduction (Grime 1979), resource input (e.g. Sousa 1984; Tilman 1985), or species 
dominance reduction (e.g. Wohlgemuth et al. 2002). The effects of the disturbance 
can be measured, for example, on the vegetation structure. This absolute, mechanis-
tic definition of disturbance requires no further specification of attributes, such as 

A. Jentsch et al.
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Fig. 2.3 Three criteria for the definition of a disturbance event: (1) discrete beginning and dura-
tion (abruptness), (2) short duration relative to the lifespan of the dominant organisms or ecosys-
tems, and (3) strength/magnitude as a proportionate change in a measurement variable, such as 
biomass. (White and Jentsch 2001, redrawn)

the distinction between anthropogenic and natural causes. Accordingly, a distur-
bance is a discrete event in time that causes quantitative and qualitative changes in 
a community and influences resource availability or the physical environment 
(Pickett and White 1985). This is usually accompanied by the loss of biomass.

For this textbook ‘Disturbance Ecology’ we suggest the following definitions:

2.2.1  Disturbance Event

Disturbances are temporally and spatially discrete events that lead to the loss of 
living biomass and change the availability of resources in biotic communities.
The characteristics of a disturbance event are an abrupt beginning, duration, and 

intensity (Fig. 2.3). The duration of a discrete disturbance is short relative to the 
lifespan, reproduction rate, growth rate, or succession rate of a species or an ecosys-
tem. The abruptness of a disturbance event is defined by its intensity and duration. 
Intensity can be measured as the proportionate change of a parameter, for example, 
the loss of biomass. Processes that act continuously and without direct influence on 
the ecosystem structure are referred to as ‘stresses’ rather than disturbances. 
Processes that act over long periods of time, have no event character, and/or do not 
result in biomass loss are referred to as ‘environmental variability’ rather than dis-
turbances (Box 2.1).

2 Disturbances and Disturbance Regimes
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Box 2.1: Quantification of Disturbance Regimes in Dynamic Landscapes

Anke Jentsch 
Bayreuth Center of Ecology and Environmental Research (BayCEER), 
University of Bayreuth, Bayreuth, Germany

In practice, disturbance ecologists face a variety of challenges with regard to 
understanding the diversity of disturbance types and environmental factors. In 
addition to abiotic factors such as climate (e.g. precipitation, temperature, 
radiation, seasonality, microclimate, extreme events), relief (e.g. slope direc-
tion and inclination, relief position), soil (soil type, and availability of nutri-
ents and water) and biotic factors (competition, herbivory, mycorrhization, 
soil fauna, and microbiome), and the interactions between the abiotic and 
biotic factors, there are various natural and anthropogenic disturbances (e.g. 
flooding, fire, mowing, grazing, soil compaction) and the interactions between 
different disturbances that jointly affect species composition, structure, and 
population dynamics of ecosystems. Together, all disturbance types deter-
mine the local disturbance regime.

In order to assess the influence of disturbance regime on plant community 
composition of a given patch, site, or larger landscape unit, information 
about the prevailing land-use regime is necessary. Other factors that also 
play an important role in determining plant species occurrences, in addition 
to the type of disturbance/management intervention (e.g. mowing), include 
the frequency (e.g. the number of cuts per year), intensity (e.g. mowing 
height), and timing (e.g. spring or late summer) of the disturbance/
intervention.

Likewise, in addition to anthropogenic land use, natural disturbances 
(e.g. erosion, flooding, extreme drought) have an effect on community 
composition and need to be quantified. Accordingly, a determination key 
for landscape dynamics and disturbance regimes can be applied (Box 
Table 1; see Buhk et al. 2007), which records both natural and anthropo-
genic disturbances and categorizes them in quantitative and qualitative 
terms. The disturbance regime of a landscape is the totality of all occurring 
disturbance types together with their spatial and temporal characteristics 
(Box Fig. 1).

anke.jentsch@uni-bayreuth.dee-mail: 

(continued)
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Box 2.1 (continued)

(continued)

Box Table 1 Classification of disturbance agents in landscape elements of Central Europe

A. Characteristic (natural and anthropogenic) landscape elements in Europe
(1) Coniferous forest, (2) Broadleaved forest, (3) Mixed forest, (4) Meadow, (5) Pasture, 
(6) Field, (7) Fallow land, (8) Running water, (9) Standing water body, (10) Track/road, 
(11) Settlement, (12) Hedge, (13) Stonewall/scree, (14) Spring
Such landscape elements can be, for instance, characterized in more detail in the frame of 
nationwide habitat classifications
B. Characteristic (natural and anthropogenic) disturbance agents in Europe
(1) Mowing, (2) Grazing, (3) Trampling, (4) Logging, (5) Windthrow, (6) Tillage/
bioturbation (7) Flooding, (8) Pond drainage, (9) Soil compaction, (10) Fire, (11) Use of 
pesticides, (12) Nutrient input
C. Classification of the disturbance regime according to landscape characteristics 
(compare Buhk et al. 2007)
Temporal attributes Spatial attributes

Frequency Centuries Size Point, linear
Decades 25% of the area
Annual 50% of the area
2× per year 75% of the area
3× per year Full area
>3× per year Form Linear
Steady in time Laminar
Permanently intensive Point

Distribution Homogeneous
Heterogeneous

Seasonality 1. quarter Selectivity None
1. and 4. quarter Age
1.–3. quarter Species
2.–3. quarter Location
2.–4. quarter Corridors and borders of 

land parcels (e.g. fields/
stands/forests)

3. quarter
3.–4. quarter
4. quarter

Duration <1 day
<1 week
<1 month
<1 year
≥1 year

2 Disturbances and Disturbance Regimes
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Reference

Buhk C, Retzer V, Beierkuhnlein C, Jentsch A (2007) Predicting plant species richness and 
vegetation patterns in cultural landscapes using disturbance parameters. Agr Ecosyst 
Environ 122:446–452

Box 2.1 (continued)

Box Fig.  1 Anthropogenic disturbance regimes represent the dominant land use in 
European cultural landscapes: e.g. the coexistence of forest use, arable farming, viticulture, 
and pasture use in Italy. (Photo: A. Jentsch)

2.2.2  Disturbance Regime

The disturbance regime describes the temporal and spatial dynamics of all distur-
bances affecting a landscape and their interactions over a longer period of time.

In contrast to single disturbance events, the disturbance regime of a landscape 
describes the temporal and spatial dynamics of all disturbances as well as their 
interactions over a longer period of observation (Turner 2010; Burton et al. 2020). 
The elements of a disturbance regime are the type of disturbances, spatial and tem-
poral characteristics, magnitude (intensity), specificity, and interactions with other 
disturbances (Sousa 1984; White and Pickett 1985; Moloney and Levin 1996; White 
and Jentsch 2004; Burton et al. 2020). Spatial characteristics include the area, shape, 
and spatial distribution of disturbances. Temporal characteristics include the 
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duration, frequency, seasonality, and return interval of disturbances. The magnitude 
of a disturbance is determined by the intensity of the event and the extent of the 
impacts on the ecosystem. Specificity describes the selectivity of disturbances with 
respect to species, size classes, parcels, or successional stage. Synergisms include 
the interactions between different types of disturbances. Disturbance interactions 
include loops, that is, the alteration of one disturbance in terms of extent or severity 
by a previous or co-occurring disturbance, and cascades, that is, a sequence of more 
than two disturbances, each triggered by the preceding one (see Box 2.2). The most 
important parameters for the characterization of disturbance regimes are summa-
rized in Table 2.1.

Box 2.2: Disturbance Interactions, Disturbance Cycles, and Disturbance 
Cascades

Anke Jentsch 
Bayreuth Center of Ecology and Environmental Research (BayCEER), 
University of Bayreuth, Bayreuth, Germany

After a disturbance event has happened, there are different possibilities of 
ecosystem dynamics: (1) the event may have no impact on further disturbance 
events; (2) the event may result in further events of the same type; (3) the 
event may prevent events of the same type; or (4) the event may trigger new 
types of disturbances.

 1. Recovery takes place after a disturbance without further disturbances, 
which can be accompanied by different dynamics and successional pro-
cesses depending on the location.

 2. If disturbance events of the same type are repeated in close succession, recov-
ery is difficult. In the deflected state, a quasi-stable pioneer stage is formed, 
such as in avalanche channels on slopes or in fields with regular soil upheaval. 
Thus, there is positive, reinforcing feedback between disturbances.

 3. If disturbance events consume resources, such as flammable biomass dur-
ing a fire, the temporary lack of resources prevents a repetition of the same 
event for a certain time. Hence, there is a negative, dampening feedback 
between disturbances (Wilson and Agnew 1992).

 4. If disturbance events trigger different disturbance events, disturbance 
regimes with disturbance interactions are created. These interactions 

(continued)

anke.jentsch@uni-bayreuth.dee-mail: 

Phil J. Burton

Lawrence R. Walker

University of Northern British Columbia, Prince George, BC, Canada

Department of Life Sciences, University of Nevada, Las Vegas, NV, USA
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(linked disturbances and compound disturbances) can take place in rela-
tively predictable iterative or circular cycles (disturbance loops), for exam-
ple, bark beetle outbreaks after windthrows. However, they can also result 
in cascades that are difficult to predict and that trigger further disturbance 
events in a domino effect.

Disturbance interactions of all types can be characterized more precisely 
by the following parameters:

 1. Hierarchical links between successive disturbance events.
 2. Trajectory pattern, for example, disturbance loop or disturbance cascade.
 3. Degree of deterministic predictability of the disturbance interactions, for 

example, regarding the type and sequence of disturbance events: 
high or low.

 4. Recurrence interval of the pattern of disturbance interactions, for example, 
annually, every few years, every few decades, every few centuries.

The proportion of predictable and probable interactions between distur-
bance events can be regarded as a measure of the complexity of the interaction 
network. Often the predictability of a further disturbance event is lowest 
directly after an extreme disturbance because an extreme event causes the 
ecosystem to deviate as much as possible from the reference dynamics. This 
is often accompanied by a longer time span before the next disturbance 
event occurs.

Disturbance cycles often show ecosystem typical return intervals, which 
depend on regeneration periods and characterize the corresponding biome. In 
contrast, disturbance cascades seldom reoccur in a similar way since they 
often depend on spatial configurations that are unpredictable and rarely occur 
repeatedly. Disturbance interactions, which include disturbance cascades with 
chain reactions, can also be characterized by temporal parameters such as the 
length of intervals between events, spatial parameters such as local to supra- 
regional effects, or trophic and organizational dimensions such as organismic 
to landscape or biome spanning effects. The temporal intervals between sin-
gle events of disturbance interaction networks can be shortened, lengthened, 
or show no pattern at all. In practice, it is particularly important to assess the 
probability of serial disturbance events and improve the predictability of indi-
vidual events by cooperating with scientists. Typical examples of disturbance 
interactions in circular disturbance cycles are windthrow, insect outbreaks, 
and fire in boreal forests, but also the phenomenon of forest dieback in Central, 
Northern, and Eastern Europe (Box Fig. 2). Typical examples of disturbance 
interactions in cascades with the domino effect are heavy rain, landslides, 
flooding, erosion, and destruction of infrastructure in temperate cultural 
landscapes.

Box 2.2 (continued)

(continued)

A. Jentsch et al.



21

Those disturbance interactions whose course depends on the starting or 
boundary conditions can be changed or averted by specific management inter-
ventions. In Mediterranean forests, for example, the combustible biomass is 
currently being reduced in order to change the course of fires (see Chap. 7). 
Firebreaks prevent the spread of flames to neighbouring stands and thus the 
development of large fires. The targeted burning of small areas (prescribed 
burning) should prevent the outbreak of larger fires. The removal of dead-
wood after windthrow (Box Fig. 3) also serves to remove breeding material 
from bark beetles. Such feedback can prolong the time between distur-
bance events.

Both interactions and feedback can be classified based on the disturbance 
history of a landscape (see Box 2.1). However, often the data for many biotic 
and abiotic parameters and records of historical events are missing.

Box 2.2 (continued)

Box Fig.  2 Forest dieback  – a damaged high-elevation stand at the Nusshardt in the 
Fichtelgebirge (Germany). For decades, pollutant emissions led to ‘acid rain’, which acidi-
fied the lime-poor soil, causing physiological damage to various tree species. In extremely 
dry summers, many of the already weakened trees died, which triggered further disturbance 
events. After the introduction of catalytic converters for passenger cars and the reduction of 
sulphur emissions in heavy industrial plants, the forest dieback has been considered to be 
over since about 2003. (Photo: A. Jentsch)

(continued)
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Reference

Wilson JB, Agnew ADQ (1992) Positive-feedback switches in plant communities. Adv Ecol 
Res 23:263–336

Box 2.2 (continued)

Box Fig. 3 Windthrow is a disturbance event that produces large amounts of dead biomass 
over a short time and thus often leads to further disturbances, such as bark beetle outbreaks, 
fungal infestation, and fire. The photograph shows a stand following bark beetle outbreak, 
which in turn followed a windthrow event that affected the neighbouring stands. (Photo: 
A. Bürgi, WSL)

If the frequency of a disturbance is quantified relative to the lifespan and the 
growth rate of dominant organisms, then generally valid processes can be identified, 
allowing a comparison between different ecosystems. Relatively speaking, the spa-
tial and temporal patterns of disturbance and regeneration are similar at different 
scales and in different landscapes.

Non-spatial factors such as frequency and magnitude (intensity) of a disturbance 
determine the immediate impact of the event on resources and members of a com-
munity. They determine, for example, how strongly the species composition or 
nutrient balance is changed by a disturbance and which successional stages take 
place during the regeneration phase until the original situation is re-established. The 
intensity of disturbances is measured differently depending on the type of distur-
bance. For example, fire severity can be divided into four levels (Keeley 2009): 
scorched (leaf fall due to heat), light (litter on the ground is charred, trees and humus 
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Table 2.1 Components of a disturbance regime (see Box 2.1) following Moloney and Levin 
(1996), Paine et al. (1998), and Turner (2010)

Indicator Description

Space

Extent, 
distribution

Size, form, and distribution of disturbed areas: e.g. size of patches in a forest 
stand disturbed by wind

Form Form of the disturbed areas: e.g. fractal dimension in wind-disturbed forests; 
linear extent of flooding

Time

Frequency Mean number of events in a defined period: e.g. one windthrow event within 
100 years results in a disturbance frequency of 0.01

Return interval Mean number of years between two disturbance events: e.g. 100 years
Magnitude

Intensity Physical force of a disturbance event per area unit and time: e.g. maximum 
wind gust speed during a storm, in m/s

Severity Ecological impact on a disturbed patch: e.g. single windthrown trees vs. 
patches of many downed trees, % of dead biomass

Spatio-temporal interaction (see Box 2.2)
Linked 
disturbance

Causal relation between two disturbances: e.g. increasing risk of bark beetle 
gradation after wind disturbance

Compound 
disturbance 
(cascades)

Amplifying effects between two con-temporal disturbance events resulting in 
unexpected reactions: e.g. Föhn storm ‘Uschi’ in the year 2002 and the 
following heatwave of 2003 produced a bark beetle outbreak up to the 
subalpine elevation belt

Note: Spatial indicators are described in terms of size and form; temporal indicators are described 
in terms of frequency and return interval; indicators of magnitude are described in terms of inten-
sity and severity. The spatio-temporal interactions include the linked disturbances and the cascade 
disturbances. More details on interacting disturbances can be found in Burton et al. (2020)

layer are intact), moderate to severe (parts of the organic soil, as well as herbs and 
shrubs, are charred, individual trees are dead), and deep burning/crown fire (exten-
sive areas of trees are dead). A five-category scale is common for hurricanes, and 
the magnitude of earthquakes is measured on the Richter scale, which does not have 
an upper limit. Spatial factors such as the size, distribution, and form of distur-
bances are of particular importance for the mechanisms of vegetation recovery after 
a disturbance and for the long-term dynamics of the ecosystem. For instance, the 
size and shape of a disturbance area determine the role of matrix or edge vegetation 
in re-colonization. This role is greatest in the case of linear disturbances such as 
flooding. Furthermore, disturbances in space and time often do not occur indepen-
dently of each other. The size, shape, and spatial interaction of the individual distur-
bances determine the rate at which disturbed areas are re-colonized and finally the 
structure of the landscape mosaic. Thus, the spatio-temporal dependencies between 
disturbances are an important aspect in the accurate description of disturbance 
regimes (see Box 2.1).
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2.3  Relevant Scales of Disturbance Ecology

Various concepts and hypotheses have been developed with respect to the signifi-
cance of disturbances for the dynamics of landscapes and for the preservation of 
biodiversity and ecosystem functions. These concepts and hypotheses can be orga-
nized along the relevant scales of disturbance ecology (White and Jentsch 2001; 
Jentsch and White 2019): spatially, the categories ‘patch’ and ‘landscape’ are of 
interest; and temporally, the categories ‘event’ and ‘regime’ are of interest.

The effects of a disturbance within the disturbed area are of particular interest 
regarding the change in resource availability, the dominance patterns, and the 
organic residues. These influence the mechanisms and the speed of recovery after a 
disturbance. At the landscape scale, the effects of disturbances on biodiversity, eco-
system functions, and dynamic equilibrium are examined. Interactions between dis-
turbances are also of interest. At all scales, the functional properties of species are 
of interest; these represent the adaptations to the overall spatio-temporal dynamics 
(Box 2.3).

Box 2.3: The Role of Remote Sensing in Disturbance Ecology

Cornelius Senf 
Ecosystem Dynamics and Forest Management Group, Technical University 
of Munich, Munich, Germany

Remote sensing is a group of methods used to obtain information about the 
Earth’s surface by contactless measurements of reflected or emitted electro-
magnetic radiation, typically using aeroplanes or satellites, also known as air-
borne or satellite-based remote sensing. Passive remote sensing measures the 
solar radiation reflected by the Earth’s surface using an optical sensor mounted 
on an aircraft or satellite, which is sensitive to the visible wavelength ranges 
(0.4–0.7 μm), the near-infrared (0.7–3 μm), or the long-wave thermal radia-
tion emitted by the Earth’s surface (8–14 μm). In contrast to passive remote 
sensing system, active remote sensing systems emit radiation themselves and 
therefore are independent of incoming solar radiation. Active systems include 
the use of lasers to measure the travel time between the emission and detec-
tion of a reflected laser pulse (LiDAR; Light Detection And Ranging) and 
radio waves (2–30  cm) (RADAR; Radio Detection And Ranging) to scan 
objects.

The radiation measured by remote sensing sensors can provide insights 
into the states of vegetation on Earth and their changes over time. For exam-
ple, the reflectance characteristics of vegetation as measured by optical sen-
sors are highly sensitive to the chlorophyll and water content of vegetation 
(Box Fig. 4). The state of vegetation can therefore be described by spectral 

(continued)
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Box 2.3 (continued)

(continued)

Box Fig. 4 Example of a remote sensing detection of bark beetle infestation in the Bavarian 
Forest National Park. The sequence shows a Landsat image (in Tasseled Cap Transformation) 
from 1990 (a) and 2000 (b) with a clear change from the coniferous forest (blue) to open 
ground with dead vegetation (orange/brown). (c) A corresponding change in needle water 
content, estimated from the six spectral channels of the Landsat sensor (green = small 
change, violet = strong change)
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indices such as the Normalized Difference Vegetation Index1 (NDVI), the 
Normalized Burn Ratio2 (NBR), or the Tasseled Cap Transformation.3 Active 
systems (especially LiDAR) are sensitive to the vertical stratification of veg-
etation. Remote sensing therefore allows for a spatially explicit characteriza-
tion of physiological and structural vegetation characteristics and their 
changes over time.

By far the most important role of remote sensing in the context of distur-
bance ecology is the detection and mapping of disturbances. This is often 
achieved by manually digitizing disturbances in airborne aerial photographs. 
This method provides very accurate results, but is often not feasible over large 
areas or long periods of time. Following the increasing availability of free 
optical satellite data (e.g. Landsat or Sentinel-2), methods for the automated 
detection of spectral changes caused by disturbances have been developed 
(Kennedy et al. 2009). These methods allow accurate mapping of disturbances 
over large areas and at annual timesteps (Hermosilla et al. 2016). The possi-
bility to distinguish between different types of disturbances (e.g. abiotic and 
biotic disturbances or clear-cutting), and to detect disturbances of low inten-
sity (e.g. defoliation), has increased significantly with the increasing quality 
of sensors and with improved image processing capabilities (Senf et al. 2015). 
Furthermore, the use of satellite-based remote sensing opens a historical view 
on disturbances (since 1972 with the launch of the first Landsat satellite, or 
even earlier using spy satellites), which in turn provides important insights 
into post-disturbance succession (Pflugmacher et  al. 2012). Moreover, 
satellite- based remote sensing allows for a consistent view on disturbance 
dynamics, independent of political borders, accessibility, and historical data 
coverage (Hansen et al. 2013). Remote sensing is thus an important tool in 
disturbance ecology; this is reflected in the increasing number of publications 
using remote sensing as the basis for data collection.

Box 2.3 (continued)

(continued)

1 The Normalized Difference Vegetation Index, based on the difference between the near-
infrared and red reflectance measured from passive remote sensing sensors, is a measure of 
green vegetation activity.
2 The Normalized Burn Ratio, based on the difference between the short wavelength and 
near- infrared reflectance measured from passive remote sensing sensors, is a measure used 
to detect changes in vegetation caused by fire and serves as a proxy of burn severity.
3 The Tasseled Cap transformation is a method to transform the information contained in 
multi- spectral passive satellite data into a few independent components of vegetation 
brightness, greenness, and wetness.
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2.3.1  Disturbance Frequency and Magnitude

Frequency and extent of disturbances are often inversely correlated (Fig. 2.4); this 
has also been described as the frequency–area power-law with respect to the occur-
rence of forest fires (Malamud et  al. 2005). Numerous observations suggest that 
events of a small scale occur frequently (e.g. bioturbation or cryoturbation), while 
events of a large scale occur more rarely (e.g. fire and windthrow). This is especially 
true for disturbance regimes where the state of the ecosystem (e.g. the presence of 
combustible biomass) is a crucial precondition for the occurrence of the next event. 
Fire regimes, forestry use, or mowing rhythms in open landscapes typically show 
such an ecosystem-specific feedback (Box 2.4).

The suppression hypothesis states that disturbance events become stronger the 
more and more often their occurrence is suppressed. In the case of fire regimes, the 
combustible biomass accumulated by fire suppression can lead to catastrophic large 
fires (referred to as the ‘fire paradox’; see Chap. 7). Some invasive species can also 
change formative disturbance regimes as ecosystem engineers (e.g. increased fire 
frequencies) (see Box 18.1 in Chap. 18).

Small, frequent disturbances are predictable in their probability of occurrence 
and therefore enable a species composition specially adapted to these disturbance 
regimes, which often consists of competitively weak but disturbance-adapted spe-
cies (Fig. 2.5). Large, rare disturbances, on the other hand, occur only occasionally. 
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Box 2.4: Disturbance Regime of an Alpine River Landscape:  
The Tagliamento

Andreas von Heßberg
Bayreuth Center of Ecology and Environmental Research (BayCEER), 
Department of Disturbance Ecology and Vegetation Dynamics,  
University of Bayreuth, Bayreuth, Germany

Alpine rivers generate a high-flow dynamic with large scree and sediment 
loads (detrital); these loads include a high amount of deadwood. Floods from 
snowmelt and heavy rainfall constantly reshape the riverbed. As a result, pio-
neer zones, islands, and littoral zones of varying stability emerge. The typical 
landscape pattern of an alpine river consists of the wide furcation zone of the 
middle course. In this zone, the main river channel branches out into many 
different channels which then merge together again and again; this results in 
the formation of many islands at different successional stages. In such a trans-
location zone, which differs conceptually and biogeographically from willow 
and poplar low open forests (German: Weichholzaue) and floodplain riparian 
forests (German: Hartholzaue) (Mucina et  al. 2016), the dragged detrital 
material is deposited. Because of the spatial differences in topography, the 
flow velocity, and consequently the turbulent shear stress, of the water varies 

Fig. 2.4 Intensity and frequency of disturbance events often behave in an inversely proportional 
manner. Strong disturbance events are usually rare because it takes time for regeneration until 
enough resources are available for the next disturbance event. Events of extremely low strength 
(left of the dotted line) are usually not called disturbance but stress. (White and Jentsch 2001)

e-mail: andreas.hessberg@uni-bayreuth.de
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Box 2.4 (continued)

considerably. This results in a heterogeneous and highly dynamic landscape 
pattern. Especially at higher water levels, alpine rivers regularly fill their own 
riverbeds because of the large sediment load. Therefore, the main current con-
tinuously changes its direction of flow, which causes the river channels to 
branch out more often (Kretschmer 1996; Tockner et al. 2005).

Heavy rainfall events affect the run-off dynamics of alpine rivers, and often 
this can happen over very short periods. The run-off from such an event can 
cause the river to rise by up to 2 m within a few hours and ebbs away to the 
previous level a day later. Pioneer plants, which germinate and establish on 
sediments still wet from the receding flood, can be washed away again by the 
next flood or become overgrown with sand and gravel. The dynamics of the 
river result in a high-frequency disturbance regime and a high proportion of 
pioneer areas (Lippert et al. 1995).

Alpine rivers offer habitats to an unusually high number of animal and 
plant species because of the highly dynamic ecosystem, and usually a high 
number of specialized non-competitive pioneer species. In the recent translo-
cation zone of the Tagliamento (Box Fig. 5), the largest free alpine river in 

Box Fig. 5 The alpine river Tagliamento – the reference river for the NATURA 2000 net-
work and for the European Water Framework Directive – flows for 170 km from the eastern 
Dolomites in northeastern Italy to the northern Adriatic Sea. The annual precipitation in the 
Tagliamento catchment area (2900 km2) reaches up to 3500 mm. The picture shows the fur-
cation zone of this typical alpine river with some washed-up tree trunks

(continued)
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Europe, species such as the German tamarisk (Myricaria germanica (L.) 
Desv.), the riverside wolf spider (Arctosa cinerea Fabricius), and the Eurasian 
stone-curlew (Burhinus oedicnemus L.) occur. This conspicuous species 
diversity is maintained by the river’s disturbance regime, the physical condi-
tions of detrital transport and deposition, the structural richness as well as the 
biodiversity of the adjacent environment, and the high energy input into this 
river system (Kuhn 1995, 2005).

Deadwood, and in particular large tree trunks with root plates, carried by 
alpine rivers is an important element of the disturbance regime. As the flood 
recedes, trunks get stuck in the riverbed, turn with the river current, and align 
themselves with the main current with the root plates pointing upstream. 
While a flood is receding, such logs form a barrier to the current. Bow waves 
form higher flow velocities and cause erosion, eddies, and calmed zones with 
sedimentation. Deposits of fine sediment store rainwater particularly well 
during the dry seasons, ensuring the survival of the pioneer species. Within 
one vegetation period, a green island can emerge from the alluvial deadwood. 
After further flooding, more abiotic and biotic material accumulates. In this 
way, the island grows for a few years until patches of softwood (Salix spp., 
Alnus spp., Populus spp.) establish in the middle of the gravel bed. On such 
islands, mostly hybrid poplars may shoot up, with a dense thicket of shrubs in 
the understorey (Gurnell et al. 2000), often also colonized by invasive neo-
phytes. The more islands there are in the riverbed, the smaller is the river cross 
section of the flood. These forces of the current increase shear stress and ero-
sion and laterally erode the established islands and re-mobilize the substrate. 
The continuous supply of detrital material and deadwood causes the forma-
tion of new islands downstream (Kollmann et al. 1999). In this way, alpine 
rivers form highly dynamic ecosystems with a high degree of structural diver-
sity and biodiversity.
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Fig. 2.5 The grey hair-grass (Corynephorus canescens (L.) P. Beauv.), a pioneer and target spe-
cies of nature conservation, grows only in open areas created by the activity of ants in sandy habi-
tats, here on former, stabilized, cryptogam-covered inland dunes in southern Germany. (Photo: 
A. Jentsch)
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They often lie beyond the historical variation of the affected ecosystems (Landres 
et al. 1999), regarding the lifespans and reproduction periods of the species con-
tained therein. The affected species may only be weakly adapted, or not adapted at 
all, to such disturbances (Box 2.5).

Box 2.5: Pulse Dynamics in Ecology

Anke Jentsch 
Bayreuth Center of Ecology and Environmental Research (BayCEER), 
University of Bayreuth, Bayreuth, Germany

Pulse events and the dynamics they trigger are a widespread phenomenon in 
ecology. These include both biotic and abiotic processes. Examples of biotic 
processes that trigger pulse events include episodic reproductive events in 
rodents and insects. Examples of abiotic events include the El Niño–Southern 
Oscillation (ENSO) climatic phenomenon (irregular), the annual water circu-
lation of freshwater lakes in spring and autumn, or fire regimes that periodi-
cally reduce plant biomass. Two different temporal and spatial scales are 
relevant for the description of pulse dynamics: (1) individual pulse events and 
(2) recurrent pulse events. These pulse events include disturbance regimes in 
the different vegetation zones of the Earth (White and Pickett 1985; White 
and Jentsch 2001; Holt 2008; Yang and Naeem 2008; Jentsch and White 
2019). Disturbances are important pulses in ecosystems, but there are also 
many other pulsed processes that influence ecosystem dynamics.

In the ecological literature five different types of pulse dynamics have been 
distinguished (Yang and Naeem 2008):

 1. Abrupt changes in environmental conditions, for example, heatwaves
 2. Abrupt abiotic changes in the supply of resources, for example, the occa-

sional upwelling of deep marine waters
 3. Abrupt biotic changes in resource supply owing to abrupt demographic 

changes caused by mass mortality and predator–prey relationships
 4. Abrupt changes of resources by transformation from living to dead struc-

tures, for example, disturbances leading to loss of living biomass
 5. Spatial input or output of resources through relocation, for example, dur-

ing mass movements (avalanches, landslides) or flooding in floodplains

Since pulse type 5 involves forces that move nutrients, organic material, 
soil, or geological substrate via wind, water, and gravity, this type could addi-
tionally be classified as pulse type 2 (abiotic changes in resource supply) or 
pulse type 4 (biomass-altering disturbances).

anke.jentsch@uni-bayreuth.dee-mail: 
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Biology Department, University of North Carolina, Chapel Hill, NC, USA
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An individual pulse event can be defined as an abrupt change in ecosystem 
parameters and processes, where the degree of abruptness can be determined 
as the strength of the pulse divided by its duration. Pulse events can vary 
greatly in strength and duration (Box Fig. 6a). While strength and duration of 
pulse events are continuous variables, ecological system responses, such as 
resistance to pulse forces and niche width limits of species, are usually subject 
to discontinuities or interruptions of growth, which may lead to rapid changes 
of state or threshold dynamics after pulse events. On larger, landscape scales, 
pulse dynamics are described by their spatial extent (size and distribution)  
and temporal attributes (frequency of occurrence and predictability) 
(Box  Fig. 6b, c). The original pulses can trigger a series of further pulses 

Box 2.5 (continued)

(continued)

Box Fig. 6 The characteristics that define pulse dynamics. (a) Pulse events vary by magni-
tude of change and abruptness. (b) Pulse regimes vary in periodicity, with the degree of 
variation in periodicity determining predictability. (c) The inverse relationship between 
magnitude and frequency of pulse events; the area below the curve is shaded because low-
magnitude pulses can occur at any frequency, but high-magnitude pulses are generally con-
strained to low frequency. (Modified from White and Jentsch 2001). (d) The rate of change 
after pulse events (illustrated here by a high- magnitude biomass-altering disturbance) is 
initially limited by rate of colonization and organism response (lower box), and is finally 
limited by diminishing resources or space (upper box), with a maximum recovery rate at 
intermediate time since pulse initiation (middle box). (e) The initial rate of change (dashed 
lines) varies with pulse magnitude. (f) Pulse events initiate secondary pulses that can lead 
to synergisms such as feedback loops or cascades. (From Jentsch and White 2019, redrawn)
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Box 2.5 (continued)

(Box Fig. 6d–f), which are characterized by biotic and abiotic processes and 
can in turn convert resources from organic to inorganic pools, for example, 
nitrogen release by fire. With respect to spatial and temporal scales, the 
resource-oriented concept of pulse dynamics (Yang and Naeem 2008; Jentsch 
and White 2019) and the pattern-oriented concept of patch dynamics (White 
and Pickett 1985) are similar.

Jentsch and White (2019) have developed a new concept of pulse dynamics 
in ecology, which integrates different perspectives from landscape ecology, 
biogeochemistry, disturbance ecology, biodiversity, and biogeography.
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2.4  Disturbances Trigger Primary and Secondary Succession

When disturbances destroy all organic life of a site and fundamentally change the 
availability of resources, a primary succession follows. Typical examples are volca-
nic eruptions, landslides, and mudslides. The mechanisms by which recovery from 
disturbance occurs depend strongly on the severity of the disturbance and the his-
tory of the ecosystem. If disturbances trigger only temporary changes in species 
composition or resource availability, they lead to a variety of patterns of secondary 
succession, for example, ‘gap dynamics’, ‘patch dynamics’, or ‘cyclic recovery’. 
Often, the severity of a disturbance event determines which type of dynamics will 
occur (Fig. 2.6).

The organic residues after a disturbance (biological legacy) include, for example, 
the surviving organisms, but also dormant seeds in the soil (soil seed bank), micro-
organisms, fungi, insects, and dead organic material such as humus, root fragments, 
and structural residues such as tree stumps. The amount and distribution of organic 
material, and the presence and functional properties of living organisms and soil 
properties have a major impact on the starting points, the type, and the speed of 
recovery after a disturbance (Figs.  2.3 and 2.6). In terms of recovery after a 
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Fig. 2.6 Different patterns of vegetation dynamics are classified according to the strength of the 
previous disturbance event. (Based on van der Maarel 1993). Here, the amount of destroyed bio-
mass relative to the existing biomass before the disturbance event is indicated

disturbance, the importance of organic residues after a disturbance increases as the 
severity of the disturbance event decreases, that is, the amount of organic residues 
is smaller after a severe disturbance and therefore the recovery is slower (White and 
Jentsch 2001, 2004).

Disturbances can lead to both an input and a loss of resources. If resources are 
released by disturbances, these are newly available for some organisms, but other 
organisms may find that they suddenly lack one or more resources. In terms of suc-
cession, the early colonizers absorb the released resources, which can then be used 
by later-successional species (White and Jentsch 2004). The recovery time after 
disturbances is initially limited by local colonization rates and site-specific growth 
rates. Later, the recovery rate is limited by the availability of resources. The maxi-
mum recovery rate is at medium periods after disturbance events (White and Jentsch 
2001; Jentsch and White 2019).

2.5  Disturbances in Landscape Ecology: 
The Dynamic Equilibrium

Landscape ecology can be used to find an appropriate dimension for the recording 
of disturbance regimes. This is because a dynamic equilibrium in landscapes (Turner 
et al. 1993) consists of two ratios: (1) the ratio of the size of the disturbed area to the 
area size of the entire landscape or ecosystem and (2) the ratio of the frequency of 
disturbance events to the duration of the required recovery time until complete 
recovery. The smaller the disturbance relative to the size of the landscape (e.g. in the 
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case of small-scale bioturbation by rodent populations) and the lower the frequency 
of disturbance relative to the recovery time (e.g. in the case of sparse grazing by 
migratory shepherds), the more probable a dynamic equilibrium is (Fig.  2.7). A 
disequilibrium can be caused by very large disturbances like massive floods, a 
strong windthrow, a large fire, or a volcanic eruption. There is a dynamic equilib-
rium as long as there are no local extinction events, although the variations in the 
area share of different successional stages and species within the whole landscape 
area can be large (Turner et al. 1993; Jentsch 2004). In a dynamic equilibrium, the 
entire diversity with all its elements remains in the system and passes through stable 
and variable phases.

A steady state is relatively rare in the different vegetation zones of the Earth (see 
Chap. 3), but it occurs in disturbance regimes with frequent, small events such as 
bioturbation by rodents in steppe landscapes. The state of dynamic equilibrium in 
landscapes characterized by disturbances reaches a critical threshold of instability 
when disturbances are extremely large relative to landscape size and recovery time 
and occur rarely.

While some disturbances in an unfragmented landscape spread quickly and over 
large areas, the same disturbances in a fragmented landscape have strong limits in 
space and time. Prominent examples are fire or insect calamities in natural 

Fig. 2.7 Depending on the extent and interval of disturbances, landscapes are in a dynamic equi-
librium (a–d) or are subjected to an irreversible change (f). Landscapes show stable phases and low 
variability in species composition when disturbances are relatively small and frequent (a, b, e.g. 
bioturbation in grasslands) or relatively large and rare (d, e.g. late frosts in temperate forests). 
Landscapes can also exhibit high variability if disturbances are relatively large and irregular (c, e.g. 
fire in boreal forests). Extreme sites like tidal zones are characterized by a high variability of envi-
ronmental conditions and at the same time a high stability in species composition (e). A threshold 
value (line between d and f) marks dynamics that lead to irreversible system changes and regime 
shift (f), such as overgrazing in combination with perennial droughts or volcanic eruptions. (Based 
on Turner et al. 1993)
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landscapes compared to cultural landscapes. If an ecosystem is homogenized (e.g. 
shortly after a disturbance or because of long undisturbed conditions), it will ini-
tially lose species and be less resistant to future displacements. Similarly, interrup-
tions of natural disturbance cycles can lead to changes in the abundance of many 
species.

A landscape in dynamic equilibrium includes disturbance regimes that allow the 
coexistence of many age stages and a wide range of species.

2.6  Disturbances and Niche Differentiation 
in Plant Communities

Disturbances generate spatial heterogeneity, initiate successions, and promote the 
emergence of biodiversity and diverse biotic communities (see Chap. 4). 
Disturbances generate selection pressure and evolutionary adaptations, which lead 
to niche differentiation in communities (Jentsch and White 2019). Such functional 
adaptations are subject to two mechanisms: (1) niche complementarity and (2) 
niche redundancy. On the one hand, after a disturbance, the species spectrum and 
the dominance pattern within the species community change according to the 
change in resources. On the other hand, disturbance often affects dominant species, 
which results in an increase of less dominant species. The less dominant species 
often have a higher tolerance to disturbances (complementarity), even if their func-
tional properties and contributions to the functional structure of ecosystems are 
similar to those of formerly dominant species (niche redundancy). Dominant and 
less dominant species change in abundance under changing environmental condi-
tions and thus contribute to functional stability. Thus, functional redundancy plays 
a major role in maintaining the continuity of ecosystem functions during changing 
environmental conditions and in ensuring resistance or functional resilience (see 
Chap. 5) against disturbances. Both mechanisms, complementarity and redundancy, 
contribute to ecosystem stability.

2.7  Intermediate Disturbance Hypothesis

The Intermediate Disturbance Hypothesis (IDH) states that the local species diver-
sity varies along gradients of disturbance frequency, disturbance recovery time, and 
disturbance area. The species diversity is greatest under intermediate disturbance 
(size and frequency), while systems with frequent and/or severe disturbances as 
well as those with rare and/or low severity disturbances show reduced diversity 
(Connell 1978). This pattern is based on two assumptions: (1) the existence of a 
hierarchical competition between species, and (2) the evolutionary development of 
the trade-off between competitive ability and disturbance tolerance. Here, 
disturbance- tolerant species are usually less competitive regarding the effective 
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uptake of limiting resources. Thus, niche partitioning is performed along the distur-
bance gradient, that is, there is an arrangement of the species with their different 
characteristics in different spatio-temporal niches (niche partitioning). Pioneer spe-
cies, which appear shortly after a disturbance, form the first part of the species pool, 
and other more competitive (with respect to uptake of limiting resources) species, 
which later become more abundant, form the second part of the pool. Under inter-
mediate conditions, species from both species pools can coexist and thus contribute 
to maximizing diversity. A further discussion of the IDH is given in Chap. 4.

2.8  Disturbances, Biodiversity, and Productivity

The effects of disturbances on biodiversity (see Chap. 4) are significantly modified 
by the productivity of the site. Based on the IDH (Connell 1978), Huston (1994) 
specified that it is only for sites of medium productivity that the highest species 
diversity occurs at intermediate disturbance rates. For sites of high productivity, the 
highest species diversity occurs at high disturbance rates, and for sites of low pro-
ductivity, the highest species diversity occurs at low disturbance rates (Fig. 2.8).

Fig. 2.8 The impact of the disturbance on biodiversity depends on the frequency of the distur-
bances and the productivity or growth rate of the site. Occasional disturbances lead to maximum 
biodiversity only at medium productivity. (Based on Huston 1994)
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Chapter 3
Disturbance Regimes and Climate 
Extremes of the Earth’s Vegetation Zones

Anke Jentsch  and Andreas von Heßberg

Abstract The vegetation zones of the Earth are characterized by different climatic 
influences as well as natural and anthropogenic disturbance regimes. Low tempera-
tures, short vegetation periods, climatically induced disturbances (such as cryotur-
bation and fire), as well as disturbances caused by insect outbreaks, large herbivores, 
and logging characterize the polar to boreal zones. From the temperate zone to the 
Mediterranean zone, and from the winter humid zone to the subtropical/tropical arid 
zone, thousands of years of anthropogenic land use have significantly changed the 
vegetation. While winter storms, frosts, and heavy rainfall are climatically decisive 
factors in the temperate zone, fire, grazing, and drought play a major role in the 
frost-free, warmer zones. In the semi-humid subtropics and tropics, heavy rain and 
storm events are the predominant disturbances.

Keywords Ecozones · Climate · Event regime · Vegetation · Limiting factor

3.1  Introduction

Natural and anthropogenic disturbances are omnipresent in the different vegetation 
zones of the Earth. They shape ecosystems, create and maintain the typical charac-
ter of the ecosystems with spatial heterogeneity and temporal dynamics, create free 
space again and again, turn back the clock of succession, provide free substrate, 
provide nutrients, modify biotic interactions, and are an important evolutionary 
force for the emergence and conservation of biodiversity (Walker 1999; White and 
Jentsch 2001; Jentsch and Beierkuhnlein 2011; Jentsch and White 2019). 
Disturbances account for both dynamic equilibrium in ecosystems and abrupt 
regime shift (Turner et al. 2020). Typical disturbances in different areas of the Earth 
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include fire, storms, insect outbreaks, avalanches, landslides, floods, droughts, 
mega-herbivores, soil burrowers, but also the whole spectrum of anthropogenic land 
use in cultural landscapes, such as logging in forests and harvesting on agricultural 
land (Richter 2001), and the interactions between the disturbances (Burton et al. 
2020). The occurrence of disturbances in all ecosystems, their occurrence across 
different temporal and spatial scales, and their evolutionary- selective role give them 
outstanding relevance with respect to the dynamics of all landscape areas on Earth 
(White and Jentsch 2001; Jentsch and White 2019).

This chapter provides an overview of the most important disturbance regimes of 
all major biomes of the Earth with their typical plant formations (Fig. 3.1). From the 
poles to the Equator we cover (1) the polar and subpolar zone; (2) the boreal zone; 
(3) the temperate zone; (4) the Mediterranean zone; (5) the subtropical and tropical 
arid zones; (6) the humid subtropics; (7) the summer humid tropics; and (8) the 
ever-humid tropics. In addition, we address disturbances in high mountains, coastal 
areas, and volcanic islands (see Boxes 3.1 and 3.2 ‘Permafrost’ and ‘Disturbances 
in Marine Ecosystems’).

Fig. 3.1 The vegetation zones of the Earth with the large mountain ranges (black) and the distur-
bance regimes that characterize them (grey pictograms). (Vegetation zone areas according to 
Richter 2001 and vegetation zone categories according to Schultz 2016)
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Box 3.1: Permafrost

Max Schuchardt
Bayreuth Center of Ecology and Environmental Research (BayCEER), 
University of Bayreuth, Bayreuth, Germany

Permafrost areas cover 22% of the land surface of the northern hemisphere in 
polar, subpolar, and alpine regions. Because of the vast extent of the perma-
frost, it has an important influence on climate and ecosystem dynamics, but 
melting of permafrost as a consequence of climate change also poses a threat 
to human infrastructure.

Global Climate Dynamics
Permafrost soils have accumulated and conserved organic carbon from 

dead plants and animals over thousands of years (Box Fig.  1). Because of 
accelerated climate warming at high latitudes, this sink function will likely 
change in the future (IPCC 2013). Higher temperatures do not only promote 
the thawing of deeper layers, whereby more organic-fixed carbon is mineral-
ized, but they also favour microbial decomposition at higher temperatures 
during longer vegetation periods. It is assumed that 1330–1580 Pg (1 Pg = 1 
gigaton = 1 × 1015 g) of terrestrial carbon is stored in permafrost (Schuur et al. 
2015; Celis et al. 2017; Box Fig. 2). This is almost twice as much carbon as is 
currently present in the Earth’s atmosphere. The large-scale thawing of per-
mafrost is likely to release as much carbon as global deforestation has already 
done. However, the effect on global warming could be 2.5 times stronger 
because of the contribution of methane (Schuur and Abbott 2011). Longer 
growing seasons, milder winters, and changes in the winter precipitation 
regime are likely to favour plant growth, especially of shrubs in the polar and 
subpolar zone (Elmendorf et al. 2012). Stronger plant growth will counteract 
soil CO2 emissions by storing more carbon (Sweet et al. 2015). However, the 
subpolar tundra areas are considered to have become a net carbon source 
(Celis et al. 2017).

Box Fig. 1 (a) Permafrost core showing ice wedges and preserved organic material from 
Abisko, Northern Sweden. (b) Steep mountain peaks interspersed with permafrost in the 
Mont Blanc massif. (Photos: M. & J. Schuchardt)

(continued)
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(continued)

Risk to People and Infrastructure
In alpine regions, permafrost acts like a kind of cement on both sediment 

and bedrock. Porewater and ice wedges in cracks and crevices in the rock glue 
it together and ensure slope stability, especially in vegetation-free zones with 
a slope inclination of more than 37° (Gruber and Haeberli 2007). Global 
warming changes the thermal regime of the frozen rock. Model calculations 
have shown that the annual mean temperature at the summit of the Zugspitze 
(2962 m, border of Germany and Austria) rose by 2.7 °C between 1915 and 
2015. The increase in ambient temperature has caused the permafrost to 
retreat 7 m on the south flank and 2 m on the north flank into the mountain 
core (Gallemann et al. 2017). The thawing of permafrost layers can destabi-
lize large rock massifs and lead to huge rockfalls and landslides. Such mass 

Box Fig. 2 Permafrost zones in the Northern Hemisphere. (Brown et al. 1997)

Box 3.1 (continued)
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(continued)

movements of over 1  million m3 have been observed, for example, in the 
Swiss Alps at the Dents du Midi and Dents Blanches in 2006 (Gruber and 
Haeberli 2007).

On a smaller scale, lower snow cover can have an effect on frost weather-
ing. Less snow means less insulation and therefore a smaller buffer layer, 
which means that the rock is exposed to more freeze–thaw cycles over a year. 
Rockfalls are thus likely to be more frequent (Kellerer-Pirklbauer 2017). In 
the Swiss Alps, where average temperatures in the hot summer of 2003 were 
3.0 °C higher than the long-term average, the number of rockfalls increased 
significantly, which was largely attributed to the thawing processes in the per-
manently frozen rock (Schiermeier 2003; Gruber et al. 2004).

In addition to the increased risk potential in alpine regions, permafrost 
thawing poses a risk to human infrastructure, such as roads, railroads, power 
lines, and oil- and gas pipelines. A prominent example of an important infra-
structure under threat is the Svalbard Global Seed Vault on Svalbard, in which 
seeds from all over the world are stored deep-frozen at a depth of up to 120 m 
in the permafrost rock massif (US Arctic Research Commission 2003).
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Box 3.2: Disturbances in Marine Ecosystems

Julian Gutt
Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research 
Bremerhaven Germany

In the oceans, as on land, both anthropogenic and natural disturbances occur 
(Kaiser et al. 2011). Anthropogenic disturbances are dominant in European 
waters whilst natural disturbances are particularly apparent in the tropics and 
polar regions. Often it is difficult to separate discrete disturbances from con-
tinuously developing stresses and specific environmental conditions in inde-
pendent habitats (IPCC 2019; United Nations 2017).

Natural Disturbances
Natural disturbances have an impact on the seas and coasts in Europe only 

at a regional scale, where most native organisms are environmentally tolerant 
and communities have a high self-repair capacity (resilience). However, the 
natural environmental drivers cannot always be clearly separated from anthro-
pogenic factors.

Ice winters impact the mudflats of the North Sea when temperatures are 
unusually low and, as a consequence, the sediment as well as the sea surface 
locally freeze. In such winters, sediment dwellers freeze to death and ice floes 
‘shave’ mussel beds. Such disturbances are more frequent in the Arctic Ocean, 
for example, along the rocky shores of Svalbard.

Submarine landslides (e.g. on the Norwegian continental shelf) are rare, 
but they can cover several tens of thousands of square kilometres and trigger 
tsunamis. Thus, they contribute to habitat fragmentation on the seafloor rather 
than to the short-term dynamics of seafloor communities.

(continued)
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(continued)

In cold vents, water with dissolved or gaseous methane and hydrogen sul-
phide leaks from the sediment. Chemotrophic microbes form the basis for 
unique communities similar to those found around hydrothermal vents. 
Common multicellular organisms in such habitats are tube worms and mus-
sels, which attract fish and other mobile organisms. If carbonate crusts 
develop, then sea anemones colonize an otherwise rare hard substratum. In 
the waters of Great Britain, there are over 173,000 such seeps, which are 
formed in the short term and disappear again in the long term.

In the case of marine volcanic eruptions, as on land, all life is primarily 
destroyed. Later, the lava serves as a special substratum for recolonization.

Harmful algal blooms develop when there is rapid growth of unicellular 
algae; the algae produce toxins that become dangerous for the ‘seafood’ con-
sumed by humans and directly for humans.

An example of diseases among marine endotherms is the spread of distem-
per virus in seals in northwestern Europe in 1988; this virus killed 60% of the 
harbour seals (Phoca vitulina L.) in the North Sea population. Another out-
break of the virus occurred in 2002.

Anthropogenic Disturbances
Fisheries significantly change natural food webs because key ecological 

species (food fishes, predators) are selectively removed from the ecosystem. 
This applies to pelagic species (e.g. herring and tuna) and bottom-dwelling 
fish (e.g. cod and flatfish). In addition, bottom trawling (towing the trawl net 
along the sea floor) destroys seabed habitats (e.g. cold coral reefs) (Box 
Fig.  3). Among other species, dolphins and albatrosses die worldwide in 
kilometre- long free-floating drift nets as by-catch.

In European waters, most non-native species have been introduced through 
the discharge of ballast water from ships and via the Suez Canal. Of approxi-
mately 1000 such species, only a few cause ecological damage. For example, 
the Pacific red king crab (Paralithodes camtschaticus Tilesius), originally 
from the Pacific Ocean and intentionally released in the 1960s into the Barents 
Sea (off the northern coasts of Norway and Russia), now dominates regionally 
the bottom fauna down to the Lofoten Islands. The introduction of the Indo- 
Pacific killer alga, Caulerpa taxifolia (M. Vahl) C. Agardh, from an aquarium 
into the Mediterranean Sea drastically damaged species-rich seagrass mead-
ows because this species is not grazed as it contains toxins and therefore it 
outcompetes native species.

Disturbances are overlaid by additional stressors (Pörtner et  al. 2021), 
including man-made climate change together with ocean acidification; pollu-
tion, including over-fertilization and noise; waste, also in the form of micro-
plastic and persistent organic pollutants (POPs); destruction of habitats by 
dredging of sediments; and creation of new habitats and artificial substrata 

Box 3.2 (continued)
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(e.g. in the form of pipelines or the underwater foundations of offshore wind 
turbines).

Disturbances in seas and oceans outside Europe also have significant eco-
logical effects: the El Niño climate phenomenon in the southeast Pacific; ice-
berg scouring in the Antarctic; hurricanes that devastate coral reefs; a variety 
of factors that cause the bleaching of corals (especially sea surface warming, 
turbidity, salinity decrease, overexposure to sunlight and exposure to air due 
to extreme low tides); storms that destroy kelp forests; explosive population 
growth of predators, such as the crown-of-thorns starfish (Acanthaster planci 
L.), which preys intensively on the coral polyps and, thus, damages reefs 
across large areas.

References

IPCC (2019) Summary for policymakers. In: Pörtner H-O, Roberts DC, Masson-Delmotte 
V, Zhai P, Tignor M, Poloczanska E, Mintenbeck K, Alegría A, Nicolai M, Okem A, 
Petzold J, Rama B, Weyer NM (eds) IPCC special report on the ocean and cryosphere 
in a changing climate. Intergovernmental Panel on Climate Change, Geneva, 35 p

Kaiser MJ, Attrill MJ, Jennings S, Thomas DN, Barnes DKA, Brierly AS, Graham NAJ, 
Hiddink JG, Howell K, Kaartokallio H (2011) Marine ecology: processes, systems, and 
impacts, 3rd edn. Oxford University Press, Oxford, 608 p

Box Fig.  3 Off the Irish coast at about 700  m water depth, a cold coral reef has been 
destroyed by fishing nets. The inset shows an intact colony of the coral species Desmophyllum 
pertusum L. (Photos: IFREMER)
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The Earth’s ecozones with their characteristic plant formations and life forms are 
mainly determined by two factors which vary particularly along longitudinal lines 
and elevation gradients: (1) the mean annual precipitation and (2) the mean annual 
biotemperature. These determine the climate zones. In turn, the ratio between pre-
cipitation and potential evaporation by radiation determines the climatic humidity 
provinces from hyper-arid to perhumid, which decisively shape the plant formations 
of the Earth (Fig. 3.2a, b).

3.2  Polar/Subpolar Zone

3.2.1  Characterization and Ecological Conditions

The polar zone includes the Arctic and Antarctic zones. Its current area is 14.8% of 
the total land area of the Earth; about 73% of this area is covered by ice (i.e. about 
10.8% of the total land area of the Earth) (Schultz 2016). The subpolar tundra zone 
covers 15–24% of the Earth’s surface (Bliss 1971; Tarnocai et al. 2009). Polar and 
subpolar regions have a polar climate, which is characterized by extreme physical 
environmental conditions with seasonally varying solar radiation. Depending on the 
latitude, polar regions experience several months with little or no light in winter. 
However, at midsummer, solar radiation has values of up to 70  ×  108  kJ/ha. 
Therefore, in many areas plant growth is barely, or not at all, possible since even in 
the short summers the monthly mean temperatures rarely increase above 0 °C (polar 
frost-debris areas) and the soils only thaw superficially (permafrost). Only a few 
organisms can survive in this vegetation zone. The minimum temperature for the 
growth of higher plants is generally ≥5 °C (Richter 2001). Because of the almost 
non-existent mineralization rate, these soils have accumulated large amounts of raw 
humus (approximately 1330–1580 gigatons carbon in the northern permafrost zone) 
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Fig. 3.2 The plant formations (a) and disturbance regimes (b) of the six major climate zones of 
the Earth as a function of mean annual temperature, annual precipitation, and evapotranspiration. 
(Plant formations according to Holdridge 1967)
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over thousands of years (Schuur et al. 2015). These carbon sinks could turn into a 
huge carbon source in the near future (Schuur and Abbott 2011; Ping et al. 2015). 
Despite low annual precipitation, polar and subpolar regions often have water- 
saturated soils because permafrost prevents percolation. The annual net primary 
production of the land is between 0 and 2 (rarely up to 4) tons/ha (Schultz 2016).

3.2.2  Typical Disturbance Regimes and Extreme 
Climatic Events

Typical disturbance regimes of the polar and subpolar zone include frost, storms, 
cryoturbation, bioturbation, and reindeer grazing.

Frost is ubiquitous in the polar and subpolar zone. Plants of these regions are 
adapted to frost during the vegetation period, in contrast to plants of the temperate 
zone, which cannot tolerate frost in summer. The storage of secondary compounds 
(glucose, polysaccharides, proteins) for frost stability of the cells consumes a lot of 
energy (see Chap. 6). Therefore, plants grow very slowly. Many years can pass from 
germination to the first flowering. Woody dwarf trees and dwarf shrubs grow pro-
tected underground and develop leaves and flowers just above the ground 
(Körner 2003).

Storms mobilize a lot of loose fine material from the mostly vegetation-poor 
soils, especially in the areas surrounding ice fields where fragmented soil material 
is exposed. Strong winds carry fine material and snow crystals, causing mechanical 
damage to plants. Close to large ice fields, seasonal storms occur as so-called cold 
katabatic winds, called ‘Piteraq’ in Greenland, (van As et al. 2014). These are strong 
winds in which high-density air from higher elevations move down slope under 
gravity. They are more common in winter. The plants react to this by developing, for 
example, a cushion-like growth with a relatively hard surface and small leaves. The 
lower the plants grow, the more they are covered by snow in winter (hemicrypto-
phytes) and the better they are protected against frost and abrasion (Pfadenhauer 
and Klötzli 2015).

Permafrost areas account for 23.9% of the total land surface (excluding glaciers 
and ice sheets) of the Northern Hemisphere (Zhang et  al. 2003). Cryoturbation 
causes the mixing of the water-saturated soil by thawing and freezing processes on 
about 31% of the permafrost area (Hugelius et al. 2014). This is associated with a 
size sorting of the topsoil material and an integration of organic carbon into deeper 
soil layers (Krab et al. 2018). Any movement, and thus disturbance of the soil struc-
ture, can also result in damage to the plants that grow in these areas (Fig.  3.3). 
Taproots or lignifying roots can be severely damaged. However, fine roots of grasses 
and herbaceous plants are better adapted to these restructuring processes (Goulet 
1995). At high turbulence intensity, plant growth can be completely inhibited (e.g. 
on frost pattern soils such as non-sorted circles) (Walker et al. 2008). On flat areas 
with a slope of ≥2°, cryoturbation results in the formation of ‘solifluction tongues’ 
as the result of different downhill flow rates of soil (Troll 1944).
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Fig. 3.3 Soil flow at the northernmost tree line in Alaska. (Photo: A. Jentsch)

Bioturbation occurs in the non-water-saturated tundra of the subpolar zone and 
is caused by a variety of burrowing rodents (lemmings, mice, picas, gophers, mar-
mots). The animals loosen the soil, transferring aboveground biomass to deeper soil 
horizons and promoting the mineralization of the peaty raw humus layer of the 
topsoil (Yu et  al. 2017). The burrowing activities also cause mechanical distur-
bances in the surrounding area. Raw soil areas are created where various species can 
establish themselves.

Seasonally migrating reindeer herds graze wide areas of the subpolar tundra. The 
herds are domesticated to varying degrees and graze the vegetation and thus contrib-
ute to nutrient shifting and fertilization in an otherwise highly nitrogen-limited 
biome. The sharp-edged hooves of a large number of animals in a passing herd 
result in disturbances of the topsoil and thus create new germination beds. In winter, 
the reindeer scratch with their hooves for lichens under the snow cover and can 
cause considerable damage to the vegetation. The grazing influence of reindeer on 
the vegetation can be large enough to cause a change from lichen-dominated to 
grass-dominated systems. However, this depends on the grazing intensity. On the 
other hand, the preferential grazing behaviour of reindeer herds can counteract the 
expansion of trees and bushes into the tundra as a result of climate change (Bernes 
et al. 2015).

Global warming in the polar and subpolar zone often occurs as a seasonal heat 
pulse. This is one of the defining factors of the far north. It intensifies the distur-
bance dynamics in this highly sensitive biome (see Chap. 16). The high latitudes 
have warmed up twice as much as the rest of the planet in recent decades (IPCC 
2013). Increased winter temperatures and higher amounts of snow change microbial 
degradation rates, but also promote the survival of frost-sensitive species as the 
vegetation period extends beyond that which has been experienced in the past 
(Saccone et al. 2017). An increased spring temperature predicted for large parts of 
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the subpolar zone will change the length of the vegetation period and thus the spe-
cies composition in the long term (Ernakovich et  al. 2014). Glacial retreat and 
increases in summer temperatures will initiate processes of primary succession. Ice 
deserts become frost-debris soils with polar plant communities. Initially, these pri-
mary areas have many disturbances caused by mass movements of coarse and fine 
material and aeolian deposits.

3.3  Boreal Zone

3.3.1  Characterization and Ecological Framework

The boreal zone covers 13% of the global land surface (Schultz 2016) and is limited 
to the Northern Hemisphere. It has a cold temperate climate with long, cold winters 
and short, moderately warm summers. The vegetation period of the boreal zone is 
usually 4–5 months. The northern border of the boreal zone corresponds almost 
exactly with the +10 °C July isotherm. The zone is divided into ‘cold-continental’ 
regions with low precipitation and ‘cold-oceanic’ regions with high precipitation. In 
the cold-continental regions, winter minimum values of <−60 °C and summer max-
imum values of +30 °C can be found [e.g. in Sakha (Yakutia), northeast Russia]. 
The cold-oceanic areas, on the other hand, are located near the coasts of the Atlantic 
and Pacific Oceans. The vegetation is mainly contiguous boreal coniferous forest 
(taiga), which is dominated by pines, spruces, and firs in the west, and larches in the 
east. The forests are interspersed with moors and mountainous tundra. In some 
northern areas, the coniferous forests even grow on permafrost soils, which, despite 
the low rainfall, provide an adequate water supply for the vegetation. On sandy, 
water-permeable soils, the permafrost often begins only at a depth of several metres, 
and larch forests with lichen-rich ground vegetation grow in these areas. In the more 
humid areas of the boreal zone, Pinus spp., Picea spp., Abies spp., Tsuga spp., and 
Pseudotsuga spp., as well as many Ericaceous dwarf shrubs, dominate the ground 
vegetation. During the last glacial maximum (~25,000–15,000  years ago), large 
parts of the boreal zone were covered by an ice sheet, which is why the soils across 
much of the zone are relatively young. Acidic, nutrient-poor soils predominate, 
which tend to podzolize because of the incomplete decomposition of the acidic 
needle and Vaccinium litter.

3.3.2  Typical Disturbance Regimes and Extreme 
Climatic Events

Typical disturbance regimes in the boreal zone include fire, insects, ice and snow 
breakage, logging, and changes in permafrost dynamics caused by soil warming. 
Avalanches are also important disturbances in the boreal mountains.
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Fires play a dominant role in all boreal forests (see Chap. 7), including on per-
mafrost soils. The occurrence of thunderstorms in combination with the availability 
of flammable material in the form of needle litter or lichen-dominated, summer-dry 
ground vegetation means that forest fires can start relatively easily. The frequency 
of fire events depends on the degree of continentality and ranges from 50 years in 
highly continental dry areas to 200  years in wetter coastal areas. The dominant 
coniferous tree species (Larix spp., Pinus spp.) adapt to the recurrent ground fires 
by forming a thick bark (see Chap. 6). The thicker bark chars on the outside and 
protects the inner, more sensitive layer. In a long-burning crown fire, however, the 
entire tree often burns, and the stand can then collapse over a large area. Because of 
the cold climate, such stands regenerate very slowly, depending on the water supply 
of the soil.

Because of the dominance of conifers in boreal forests, insect feeding on needles 
and under the bark contributes to large-scale dynamics within this vegetation zone. 
Mass outbreaks of single insect species (e.g. different bark beetles; see Chaps. 11 
and 12) are relatively common and known from the whole boreal zone (e.g. Heavilin 
et al. 2007). Often the beetles are attracted by chemical scent signals of injured trees 
caused by other disturbances like wind and snow breakage, drought, fire, or logging. 
The affected forest area can be completely infested and destroyed by the outbreaks. 
Forest regeneration takes place with pioneer forest species such as birch (Betula 
spp.), poplar (Populus spp.), willow (Salix spp.), as well as with the original species. 
As a result of climate change, the boreal habitat has become increasingly accessible 
to ‘pests’ (Price et al. 2013).

Snow and ice breakage occurs particularly in cold-oceanic areas of the boreal 
zone, where high humidity, mild winter temperatures, and rapid changes in weather 
conditions can cause precipitation to freeze on the branches and grow into thick 
layers of snow and ice. The resulting heavy load of snow and ice can lead to the 
breaking of branches, tops, and whole trunks. Depending on the species, damaged 
trees can recover from such disturbances at different rates, but their competitive 
strength remains reduced over a longer period.

Logging as an anthropogenic disturbance regime (see Chap. 14) characterizes the 
parts of the boreal zone where humans have established appropriate access. 
Especially on the northern permafrost soils, large-scale logging can create open 
areas that thaw superficially because of increased solar radiation and remain 
unwooded for a long time (Fig. 3.4).

Permafrost dynamics caused by soil warming occurs where forests become 
patchy as the result of disturbance. The permafrost table sinks because of the warm-
ing, and subsidence of the soil as the result of water loss is possible. Thermokarst 
lakes are formed which, due to the short vegetation period and the cool climate, 
quickly turn into peat bogs, with very low growth rates (<1 mm increase in height 
growth per year). In a later phase, the dense moor vegetation shields the soil from 
solar radiation so that the permafrost table rises, causing the water body to freeze; 
this leads to the formation of large hummocks (‘pingos’) across the entire landscape.

Peat exploitation is also practised in boreal peatlands and fens. Boreal peatlands 
contain a significant amount of terrestrially bonded carbon because of their 
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Fig. 3.4 Natural floodplain dynamics in the foreground and forest clearing areas in the back-
ground after fresh snowfall in British Columbia, Canada. (Photo: A. Jentsch)

enormous area size and low mineralization rates. It is estimated that 500 ± 100 Gt 
of carbon is stored in northern peatlands; for comparison, the atmosphere stores 
about 750 Gt of carbon (Yu 2012; Lees et al. 2018). In some countries (e.g. Ireland, 
Finland), peat has been extracted and burned to provide heat and electricity; how-
ever, the industrial use of peat for heat is being phased out. The draining of peat-
lands by humans, but also the desiccation of peatlands as a consequence of increased 
temperatures, has led to an increasing release of carbon into the atmosphere (IPCC 
Physical Science Basis 2013). Agriculture and grazing for subsistence play a subor-
dinate role.

In addition to the changes in permafrost dynamics, climate change will lead to 
other changes in the carbon cycle in the boreal zone. In particular, the frequency of 
thunderstorms, and therefore the frequency of fires, is expected to increase (see 
Chap. 16), which will increase carbon emissions. An increase of large forest fire 
areas in the boreal zone has been observed since the 1980s (Fauria and Johnson 
2008). In the cold-oceanic areas, more frequent cool-humid winters can be expected, 
which will result in increased ice and snow breakage. Because of a shift in precipita-
tion regimes, large insect outbreaks can quickly spread owing to the occurrence of 
uniform coniferous forests across large areas (see Chap. 12).

3.4  Temperate Zone

3.4.1  Characterization and Ecological Framework

The temperate zone can be split into humid and dry mid-latitudes. The humid mid- 
latitudes are between 35° and 60°, with the largest occurrences in the Northern 
Hemisphere being on the east and west sides of the North American and Eurasian 
land masses. Only small, but also coastal, areas are found in the Southern Hemisphere 
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in South America (coast of southern Chile), Australia (southeastern Australia and 
Tasmania), New Zealand (South Island), and on the subantarctic islands. All sub- 
areas are characterized by a maritime-influenced, temperate climate. The temperate 
zone covers 9.7% (14.5  million km2) of the Earth’s land area (Schultz 2016). 
Towards the poles, it borders on the boreal zone, and towards the Equator, it borders 
the winter humid zone on the western sides of the continents, and the ever-humid 
subtropics on the eastern sides of the continents.

The humid mid-latitudes show a seasonally differentiated annual temperature 
cycle and the associated remarkable aspect change of the vegetation with deciduous 
broadleaf and mixed forests, winter leaf fall, and the occurrence of spring geo-
phytes, that is, perennial plants that regenerate from underground buds or under-
ground storage organs such as bulbs, corms, rhizomes, or tubers. A temperate 
climate dominates, that is, the winters are cool, and the range of seasonally chang-
ing day lengths is less than in the boreal zone, but larger than in the equatorial zones. 
A relatively rapid decomposition cycle of about 4 years, short mineral cycles with 
high turnover rates, and an annual net primary production of about 8–13 tons/ha has 
led to the formation of the typical European cultural landscape with diverse anthro-
pogenic use and disturbance regimes (see Chap. 15).

In the Northern Hemisphere, the dry mid-latitudes in continental Eurasia and in 
the Midwest of America extend polewards to 55°N and in some areas directly bor-
der on the tropical/subtropical dry zones. They cover 11.1% (16.5 million km2) of 
the land area of the Earth (Schultz 2016). Because of the hot summers and cold 
winters, the vegetation period is thermally limited (especially by temperatures 
below freezing) in the north and limited by the precipitation regime and humidity in 
the south.

3.4.2  Typical Disturbance Regimes and Extreme 
Climatic Events

Typical disturbance regimes of the temperature zone include winter storms, winter 
heat pulses (often accompanied by late frost in spring and early frost in late sum-
mer), heavy rainfall events with floods, summer hot spells with droughts, as well as 
mowing, grazing, and agricultural and forest management.

Winter storms occur in the temperature zone as extratropical cyclones in the 
context of low-pressure systems, in the form of blizzards in North America or hur-
ricane winds in Europe; these weather systems can travel hundreds of kilometres 
(see Chap. 8) and can cause major damage (e.g. to managed forests and infrastruc-
ture). The maximum wind speeds vary between 150 and 250 km/h and decrease 
towards the edge of the storm systems. The risk of windbreakage tends to increase 
with the age of the trees/stocks and ranges from branch breakage, trunk breakage, 
and creation of gaps in stands, to complete windthrow of forest stands over large 
areas. Monocultures and homogeneous old stands show a higher risk of wind 
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damage than naturally grown forests (Odenthal-Kahabka 2004; Johnson and 
Miyanishi 2007). From a global perspective, winter storms in mid-latitudes are the 
second most cost-intensive natural hazard for the global insurance industry after 
tropical cyclones (Münchner Rück 1999, 2017).

In the Northern Hemisphere, winter heatwaves in the coldest season of the tem-
perature zone are caused by macro weather situations of the North Atlantic 
Oscillation (NAO) with temperatures far above 0 °C. Such heat pulses reduce the 
winter and frost hardiness of the plants and can lead to premature budding and leaf 
development. If the warm phase is followed by another cold period or if late frost 
occurs on phenologically widely developed leaf shoots, the plants can be severely 
damaged.

Frosts, especially late frosts, which can occur after the onset of leaf sprouting 
until mid-May in the Northern Hemisphere, reduce ecological fitness and often 
cause major economic damage in agriculture. Shrubs and trees, especially vines as 
well as fruit and nut trees, are most affected (Werner-Gnann et al. 2017; Chmielewski 
et al. 2018). Frost damage to these crop species leads to partial or complete loss of 
the annual harvest, but not to the death of the plants. Some deciduous tree species 
are particularly sensitive to late frost, for example, oaks (Quercus spp.), sycamore 
maple (Acer pseudoplatanus L.), and beech (Fagus sylvatica L.) (Fig. 3.5) (Kreyling 
et al. 2012), whereas other deciduous species tolerate very cold conditions in winter 
(see Chap. 6). It should be noted that there is a considerable within-species variation 
of late frost tolerance for some tree species. Frosts can damage or kill the reproduc-
tive organs (flowers), and also lead to the death of meristem tissues, which can delay 
annual longitudinal growth in affected species, thus reducing their competitiveness 
in comparison to other, non-damaged tree species, especially during regeneration 
(e.g. beech vs. oak).

Fig. 3.5 Late frost in May after leaf emergence in a beech forest. (Photo: A. Jentsch)
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Floods are caused by heavy rainfall events, which in a relatively short time lead 
to the water saturation of the soil. Since the plants cannot absorb the water so 
quickly, the water runs off the surface of the land, resulting in a rapid inflow to 
receiving streams, which leads to the water exceeding the normal capacity of the 
smaller streams and consequent inundation of the floodplains. The individual dis-
charge of local floods then combine in the larger rivers and can lead to extreme 
flooding, causing massive erosion damage and flooding of buildings and infrastruc-
ture. Heavy rainfall can occur in different areas at different times of the year. In 
winter, because of frozen soil, both soil infiltration and plant interception are often 
reduced. Also, in summer, after a long drought, soils can be too dry to absorb large 
amounts of precipitation. Wetland habitats are characterized and maintained by 
regular flooding.

Summer hot spells often last only a few days but are usually accompanied by 
longer periods of drought. Most of the vegetation in the temperature zone shows 
little response to heat and drought, but arable crops and meadows of the lowlands 
and forests of the low mountain ranges can be damaged. Droughts here lead to 
reduced capacity of photosynthesis and losses in harvest and growth or the death of 
aboveground biomass. In addition, droughts and hot spells can lead to outbreaks of 
insect pests.

Mowing, grazing, and agriculture are the formative, anthropogenic disturbance 
regimes of the temperate cultural landscapes (see Chap. 15). In agriculture, mechan-
ical soil disturbances occur regularly, which can lead to soil erosion in dry periods 
or during floods owing to a temporary lack of plant cover. Soil compaction, pesti-
cide use, and over-fertilization lead to species-poor agro-ecosystems. Grazing 
selects certain plant species in the pastures. Most of the aboveground biomass is 
harvested from meadows in high (intensive) or low (extensive) mowing rhythms. 
Nutrients are replenished by fertilization both on arable land and partially in perma-
nent grassland. In the steppes of the dry mid-latitudes, fields and grassland are often 
irrigated.

Climate change in the temperature zone is mainly associated with increasing 
water deficits in the arid mid-latitudes (Kovats et al. 2014). As a consequence, the 
boundaries of forest steppes, long grass steppes, short grass steppes, desert steppes, 
semi-deserts, and deserts may shift (Sala and Maestre 2014). These areas are almost 
entirely subject to agricultural use: long grass steppes through large-scale arable 
farming, and short grass and desert steppes through ranching (Schultz 2016). In the 
humid mid-latitudes, the probability of winter storms as well as winter heatwaves 
increases (Trenberth et al. 2007). In general, global warming leads to a higher cli-
matic variability, prolongation of the vegetation period, and an earlier onset of leaf 
emergence. Winter precipitation increasingly falls as rain rather than snow, and the 
greater variability of precipitation in summer brings droughts followed by heavy 
rainfall events (IPCC 2013).
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3.5  Mediterranean Zone

3.5.1  Characterization and Ecological Framework

The subtropical zone has a broad hygric differentiation from fully arid to summer 
humid to summer dry and always humid conditions (Richter 2001). The summer- 
dry subtropics are called the Mediterranean subtropics or Mediterranean zone. 
Mediterranean ecosystems are found in the Mediterranean Basin, in California, in 
southwest Australia, in the Cape region of South Africa, and in a small area of Chile. 
The Mediterranean climate is dominated by a seasonal alternation between cyclone 
passages with high winter precipitation and anticyclone periods with high-pressure 
areas during dry summers. Extended periods of low winter temperatures and heavy 
late frost events are rare.

The dominant tree species are evergreens with mostly scleromorphic leaves, 
such as oaks (Quercus ilex L., Q. suber L., Q. cerris L., Q. coccifera L.), olive (Olea 
europaea L.), laurel (Laurus spp.), eucalyptus (Eucalyptus spp.), and conifers such 
as pines (Pinus spp.) and sequoias (Sequoiadendron spp.). The anthropogenically 
dominated cultural landscape in the Mediterranean Basin is characterized by dense 
shrubbery, while succulent species, including prickly pears (Opuntia spp.) and aga-
ves (Agave spp.), thrive on semi-arid sites. In the Mediterranean zone there is a wide 
range of different habitats and therefore a very high biodiversity with a high propor-
tion of endemics (Rundel 1999). In areas where the summer drought lasts more than 
7 months and the annual rainfall is less than 300 mm, the climate is classified as 
subtropical/tropical dry towards the south.

3.5.2  Typical Disturbance Regimes and Extreme 
Climatic Events

Typical disturbance regimes of the summer-dry Mediterranean zone include fire, 
erosion, grazing, karst formation (badlands), and millennia of agricultural use.

Fires are part of the natural and formative dynamics of ecosystems in all 
Mediterranean areas. In the Mediterranean zone fires are often caused by summer 
thunderstorms. Because of the high winter productivity and thus rapid recovery of 
fuel load, fires in the Mediterranean zone have recurrence intervals of only a few 
decades (Buhk et  al. 2007). Dry litter from broadleaved and coniferous trees is 
highly flammable because of its high content of essential oils and resins and pro-
motes regular bush fires close to the ground (see Chap. 7). Crown fires occur when 
there is a long period between ground fires, which allows the accumulation of dead 
biomass and the build-up of large amounts of fuel. For this reason, active fire man-
agement is carried out today in many areas, especially in Australia and California. 
The vegetation in Mediterranean areas is adapted to fire, heat, and smoke in a vari-
ety of ways. Immediately after a bush fire, there is an abundance of light and 
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Fig. 3.6 Wet laurel forest (here on the island of La Palma, Canary Islands) is the original forest 
vegetation in the Mediterranean zone. (Photo: A. Jentsch)

mineralized nutrients, and consequently, perennial fire-adapted species can regener-
ate quickly. For some pyrophytic species with serotinous cones, seeds are only 
released after a fire (e.g. Pinus halepensis). After crown fires, a forest stand may 
collapse, which may lead to rapid degradation of the summer-dry soils and ulti-
mately soil erosion.

Erosion of topsoils can be caused by heavy summer thunderstorms or prolonged 
heavy winter rainfall and is most severe after a fire or on areas from which the pro-
tective vegetation has been cleared. Because of the anthropogenic overuse of the 
entire Mediterranean Basin, a large part of the tertiary-formed humus-rich soils has 
disappeared since antiquity. There are currently very few intact examples of the 
laurel and holm oak forests that were once widespread around the Mediterranean 
Basin (Rundel 1999). An example of a relict laurel forest on the Canary Islands is 
shown in Fig. 3.6.

Grazing with goats and sheep is relatively common across large areas of the 
Mediterranean Basin, but only to a small extent in the other four Mediterranean 
regions. During summer drought, overgrazing can cause severe damage and vegeta-
tion degradation. This can lead to the permanent loss of trees (scrub encroachment) 
or the loss of bushes (desertification) and eventually to soil erosion. In some areas 
of the Mediterranean Basin, transhumance is practised: that is, animals are grazed 
in the mountains in summer and are moved to the valleys in winter. This type of 
pastoralism enables the grazing pressure to be distributed across a wider area and 
reduce the likelihood of damage.

Karst formations can be exposed as the result of anthropogenic action (as well as 
through natural processes) and occur in Mediterranean areas where there has been 
heavy overgrazing on carbonate rocks. This process had already partially taken 
place in antiquity and led to the formation of ‘badlands’ (i.e. areas which are unsuit-
able for almost all plant species and further human use).
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Land-use change: In almost the entire Mediterranean Basin, demographic change 
with an accompanying intensification of agriculture has led to the displacement of 
transhumance into mountain regions or the complete abandonment of pastoralism 
(Oteros-Rozas et al. 2013; Sklavou et al. 2017). As a consequence of climate change 
increased summer temperatures and prolonged dry periods are predicted, which can 
represent an additional stressor, especially for agriculturally overused regions 
(IPCC 2013).

3.6  Subtropical and Tropical Arid Zones

3.6.1  Characterization and Ecological Framework

Tropical and subtropical arid zones account for about 21% of the total land area of 
the Earth (Schultz 2016). They include the deserts and semi-deserts, as well as sum-
mer humid xeric shrublands. These zones form transitional areas to the summer 
humid tropics and the ever-humid subtropics. The winter-moist grass and shrub 
steppes form transitional areas to the winter-moist subtropics.

The main characteristics of the subtropical and tropical dry zone are above all the 
aridity and the extremely high annual solar radiation (700–800 × 108 kJ/ha); together 
with the ever-humid tropics, this solar radiation is higher than the other ecological 
zones. At most 3 months of the year are humid. Deserts receive less than 250 mm of 
water per year.

3.6.2  Typical Disturbance Regimes and Extreme 
Climatic Events

Typical disturbance regimes of the subtropical and tropical dry zone include savan-
nah fires, outbreaks of insects, grazing degradation with erosion, droughts, and 
plagues of rodents with bioturbation.

Fires are regularly recurring disturbances in the subtropical and tropical dry 
zones, especially in the savannahs and steppes. Because of the high aridity, the 
grasses, trees, and shrubs that grow here are very dry. Fire is a natural disturbance 
in this zone that causes rejuvenation of the vegetation and a remineralization of 
nutrients. Thereby fire removes dead material and creates space and resources for 
the growing vegetation. Before the areas were inhabited by humans, savannah fires 
were started by lightning strikes, but currently, most savannah fires are deliberately 
started by humans. The reasons for starting the fires include pest control, nutrient 
cycling, and the maintenance of the grassland and savannah ecosystems (van der 
Werf et al. 2008).
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Fig. 3.7 Hardwood forests in Morocco degraded by drought-induced overgrazing. (Photo: 
A. Jentsch)

Insect outbreaks are among the most devastating natural disturbances for humans, 
as they periodically invade agro-ecosystems. Locusts, for example, can devour vast 
swathes of land in just a few days. There are more than 350 species of locusts world-
wide, which are usually solitary, but under certain circumstances, the locusts show 
gregarious behaviour and can form massive swarms that periodically cause distur-
bances to agro-ecosystems. An indigenous locust population becomes a plague 
especially when changes in land use lead to increased resource availability and thus 
allow an enormous locust population increase. In the case of invasive species, the 
absence of potential predators also plays a role (Cerritos 2011). Because of their 
high protein content, locusts are seen as a possible food source that could satisfy the 
growing demand for food by humans and mitigate the devastating agricultural 
impacts of locusts.

Pasture degradation with associated erosion is a major threat in the arid subtrop-
ics and tropics wherever grazing with cows or goats is practised (Fig.  3.7). If a 
livestock herd stays in a certain area for a longer period, overgrazing, trampling 
damage, erosion, and local loss of topsoil are the consequences. The vegetation is 
often not able to recover from such damage. As a consequence, there is an undesired 
selection favouring annual grasses over perennial grasses, followed by a significant 
decrease in biodiversity in the grass and herb layer. Further damage includes reduced 
fertility and reduced infiltration capacity, as well as reduced water storage capacity 
and reduced nutrient availability. This also leads to loss of biodiversity and species 
and may lead to changes in fire regimes (Deng et al. 2014).

Droughts are generally defined as periods of unusually dry weather that last long 
enough to cause severe hydrological imbalance (IPCC 2012). Natural causes of 
droughts are reduced precipitation, reduced water vapour in the air, fewer rising air 
masses, changes in the atmospheric and oceanic weather cycle, and changes in the 
global weather cycle caused by the El Niño–Southern Oscillation (ENSO). The El 
Niño–Southern Oscillation (ENSO) is an irregular periodic variation in the winds 
and sea surface temperatures over the tropical eastern Pacific Ocean. El Niño and La 
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Niña are the warm and cool phases of ENSO, respectively. ENSO disrupts the nor-
mal climate patterns of much of the tropics and subtropics (and beyond), causing 
intense storms in some places and droughts in other places. Anthropogenic causes 
of drought damage include changes in land use, agricultural depletion, deforesta-
tion, and irrigation with associated soil erosion. The Sahel region, which is located 
in the subtropical dry zone in Africa between the Sahara to the north and the 
Sudanian savannah to the south, stretching between the Atlantic Ocean and the Red 
Sea, has been the location of the most severe droughts of recent decades (Scheffer 
et al. 2001). In addition to the major droughts in the 1970s and 1980s, the Sahel 
region was again affected by severe droughts in 2005, 2008, 2010, and 2012, affect-
ing more than 18 million people (Oxfam International 2013). At the end of drought 
periods, subtropical and tropical dry zones often experience a massive increase in 
populations of burrowing rodents and the resulting significant bioturbation (Richter 
and Ise 2005).

The effects of climate change and land-use change in the subtropical and tropi-
cal arid zones are currently difficult to predict. In general, a spread of fire regimes is 
expected as well as a higher fire frequency. However, there are models that expect 
an increase in fire frequency in certain regions but predict a decrease in fire fre-
quency in other regions. Because of climate change, droughts are expected to 
increase in duration and intensity in many regions, leading to increased grazing 
degradation and migration of humans away from these areas (IPCC 2012).

3.7  Humid Subtropics

3.7.1  Characterization and Ecological Framework

The subtropical zone has a broad hygric differentiation from fully arid through sum-
mer humid to winter humid and ever-humid conditions. In this section, the ever- 
humid subtropics as well as the summer humid subtropics are addressed.

The ever-humid subtropics account for about 4% of the land area of the Earth and 
are located on the eastern side of the continents (Schultz 2016). Temperatures are 
warm temperate with cool winters and hot summers. As a result of the humid mari-
time trade winds, there is precipitation all year round with most precipitation occur-
ring in summer. These seasonal precipitation events are called monsoons. In winter, 
mainly cool and dry continental winds blow. Because of this humid subtropical 
climate, laurel forests and subtropical rainforests occur in this region.

The summer humid subtropics cover about 16.4% of the land area of the Earth 
(Schultz 2016). The dry and rainy seasons in this zone are caused by variation in the 
location of the intertropical convergence zone (ITCZ). ITCZ is an area near the 
Equator where the northeast trade winds and southeast trade winds converge in a 
permanent low-pressure zone; the heat and moisture result in convection of the air, 
which then leads to abundant precipitation. The summer humid subtropics zone is 
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Fig. 3.8 Mudslides following heavy rain and light earthquakes can cause devastating damage, 
Chiapas, southern Mexico. (Photo: A. Jentsch)

especially characterized by a strong variability in the amount of precipitation. The 
summer humid subtropics can be divided into wet savannah, dry savannah, xeric 
shrublands, subtropical dry forest, and monsoon forest. The dry season lasts between 
2.5 and 7.5 months, while the rainy season can last between 4.5 and 9.5 months. The 
farther a region is from the Equator, the lower the daily afternoon rainfall during the 
wet season and the longer the dry season.

3.7.2  Typical Disturbance Regimes and Extreme 
Climatic Events

Typical disturbance regimes of the summer humid and ever-humid subtropics 
include tropical cyclones (i.e. ‘hurricanes’, ‘typhoons’), tornadoes, and monsoons 
and the landslides, mudslides, and floods that these heavy rainfall events cause 
(Fig. 3.8). The most important causes of the landslides, mudslides, and floods in the 
humid subtropics are the monsoon rains. The term monsoon is applied generally to 
tropical and subtropical seasonal reversals in both the atmospheric circulation and 
associated precipitation (Trenberth et  al. 2000). During the summer monsoon, 
water-laden layers of air that form over the ocean move over large land masses and  
release the moisture as regular heavy rainfall over the land.

Flooding is common in the summer humid subtropics and is caused by heavy 
monsoon rains and other heavy rainfall events. About 80% of the annual precipita-
tion falls during the summer monsoon. The large volumes of precipitation can 
quickly exceed the capacity of river channels, leading to flooding over large areas 
within short periods. These events result in flooding of rice fields and other crops, 
destruction or damage to houses and other infrastructure, and contamination of 
drinking water, leading to the spread of various diseases and diarrhoea (Rasmussen 

A. Jentsch and A. von Heßberg



65

et al. 2015). On the other hand, the inundation of the floodplains is an important 
nutrient input for agriculture.

Mudslides and landslides can also be caused by monsoon rains. A landslide is 
the movement of a mass of rock, debris, or earth down a slope. Landslides can be 
initiated in slopes already on the verge of movement by rainfall, snowmelt, changes 
in water level, stream erosion, changes in groundwater, earthquakes, volcanic activ-
ity, disturbance by human activities, or any combination of these factors (USGS 
2021). Mudslides are a type of landslide that tend to flow in channels. One impor-
tant cause of landslides/mudslides is the monsoon rains. Because of the enormous 
amounts of rain, the soil quickly loses stability and is either washed away by the 
floods or detaches from the slope as a landslide or mudslide. The material trans-
ported in this way is usually deposited on valley bottoms, channels, or on the sides 
of the valley slopes. If the soil in these areas becomes water-saturated because of 
heavy rainfall, there is a risk that the deposited material will remobilize a mudslide 
with debris flow, thus posing a potential hazard in later monsoon periods (Collins 
and Jibson 2015).

Tropical cyclones (called ‘hurricanes’ in the Atlantic and northeast Pacific, 
‘typhoons’ in the northwest Pacific, and just ‘tropical cyclones’ or ‘cyclones’ else-
where) are tropical or sub-tropical large-scale low-pressure systems which generate 
winds reaching at least wind force 12 on the Beaufort scale (≥117 km/h; 32.5 m/s). 
Hurricanes are tropical storms that occur in the seas west and east of the American 
continents. Hurricanes of the same strength in the southern Pacific Ocean and the 
Indian Ocean are called ‘cyclones’. They form in the ITCZ where the trade winds 
converge and there is a water temperature of over 26.5 °C (Häckel 2012). The large 
area of warm water results in large areas of rising warm air laden with water vapour 
and the formation of huge cloud masses. This releases an enormous amount of latent 
energy, which heats the air inside the clouds. As a result, the air expands together 
with the remaining moisture that has not yet fallen as rain, leading to further rising 
of the air. Above the warm sea surface a negative pressure is created, to which 
moisture-saturated air from the surrounding area flows. The Coriolis force causes 
the air masses to rotate, creating a large-scale vortex. When a hurricane hits land, it 
is cut off from its supply of moist air and slowly loses strength. However, it carries 
an enormous mass of water and generates very strong winds, which cause devastat-
ing damage. The consequences of tropical cyclones are storm surges, windbreaks, 
coastal erosion, landslides, and floods (Kuttler 2013).

Tornadoes are smaller-scale low-pressure systems (often associated with thun-
derstorms) that result in rapidly rotating columns of air. Tornadoes occur all over the 
world (including the tropics and subtropics) but are most common in the central 
USA. They occur when large air masses of different temperatures and humidity col-
lide over a large flat plain. The high dynamic wind pressure and wind speeds of 
~430 km/h (~120 m/s) or more in the upper layers of the tornado are the main causes 
of the high destructive force. In spite of advances in technology, the occurrence of 
tornadoes is difficult to predict; early warning systems can provide advance warning 
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of between 8 and 13 min before a tornado develops. This, combined with the very 
high wind speeds, makes tornadoes a particularly dangerous weather system.

In the subtropics, climate change is expected to be associated with changes in 
monsoon intensity and changes in the areas affected by monsoons. Fluctuations in 
sea surface temperature will have an impact on the amount of moisture the monsoon 
can absorb and thus influence the amount of precipitation. Monsoon rains will reach 
new areas, on the one hand, but, on the other hand will occur less frequently in pre-
viously typical monsoon regions, potentially with enormous effects on vegetation 
and the human population (Schiermeier 2006). Climate change is also expected to 
lead to more frequent and more intense tropical cyclones. Indeed, the global occur-
rence of category 4 and 5 tropical cyclones has already doubled since 1970 (Lin 
et al. 2012). It is also expected that there will be a higher frequency of tornadoes and 
a larger tornado catchment area in the future. As a consequence, so-called ‘tornado 
outbreaks’ will become more frequent (Tippett and Cohen 2016).

3.8  Summer Humid Tropics

3.8.1  Characterization and Ecological Framework

The zone of the summer humid tropics includes large areas south and north of the 
Equator with pronounced seasonal differences between rainy and dry seasons. The 
rain seasonality (850–2000 mm per year) is caused by the seasonal oscillation of the 
ITCZ between the Tropic of Capricorn (~23.4°N) and the Tropic of Cancer 
(~23.4°S). In this zone, there are – similar to the humid subtropics – evergreen tropi-
cal monsoon forests as well as tropical dry forests, xeric shrublands, and wet and 
dry savannahs. The zone covers about 16% of the land surface of the Earth, although 
currently only a fifth of this area can be considered near-natural (Schultz 2016). 
Many plant species have developed special strategies to survive the 2.5 and 
7.5 months of the dry season. These plants include CAM plants1, bottle trees, and 
poikilohydric plants. The further away the areas are from the Equator, the longer the 
dry season lasts. The area is generally frost free, with frosts only occurring in 
regions furthest away from the Equator and in mountain areas. The savannah areas 
consist of tropical grasslands, in which the tree growth is possible under year-round 
warm conditions, in contrast to the steppes of the middle-latitudes, where growth is 
paused during the cold season. Large areas of this zone have been shaped by over-
use by humans for millennia.

1 Crassulacean Acid Metabolism (CAM) plants photosynthesize during the day but only exchange 
gases at night when the stomata are closed, thereby enabling plants to increase water-use efficiency.
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3.8.2  Typical Disturbance Regimes and Extreme 
Climatic Event

The typical disturbance regimes of the summer humid tropics include extreme 
rainfall events with soil erosion, droughts with fire, insect outbreaks, and mega- 
herbivory.

The extreme rainfall events (e.g. monsoon rains, tropical cyclones) are seasonal; 
the seasonality can be stronger, weaker, or occasionally completely absent (i.e. the 
rainfall is evenly distributed throughout the year). These events lead to severe soil 
erosion, especially in the savannahs and dry forests.

Fire is a natural disturbance factor in the tropics, especially in the dry seasons 
(even long before human influence). Many plant species are adapted to fire by 
sprouting more strongly directly after a fire (e.g. grasses) or seeds germinating after 
a fire (e.g. Eucalyptus spp.). Other species have developed thick bark (e.g. Acacia 
spp.) or survive fires by regrowing from vegetative organs that are present in the 
subsoil (e.g. some plants with tubers). Since the use of fire for hunting purposes, 
humans have significantly influenced the fire regime in these biomes (Walter and 
Breckle 1999). A ground fire usually only has a short-term effect on rapidly regen-
erating grasslands. In dry forests, on the other hand, ground fires can also pass 
through after several years of accumulation of dry litter (e.g. in eucalypt forests). If 
ground and bush fires have not occurred for some time and the amount of dry fuel 
has accumulated over the years, the danger of a crown fire increases. However, even 
this provides opportunities for the beginning of a new regeneration cycle and the 
establishment of new species.

There is an enormous diversity of insect species in the tropics. Many of them are 
leaf herbivores (locusts, butterflies, and moths) or suckers (cicadas, bugs). Flying 
insect species usually prefer dry weather conditions during their adult life. During 
the dry season, the reproduction and dispersion rates of herbivorous insects can also 
reach catastrophic proportions for humans (migratory locusts). In particular, many 
acacia species are well adapted to defend against herbivory, for example, through 
the presence of alkaloids in the leaves; or ant–plant mutualisms (Palmer et al. 2008).

The El Niño–Southern Oscillation (ENSO) causes disruption to the normal cli-
mate patterns, leading to irregular heavy rainfall events in some places (e.g. in the 
deserts and dry forests of the west coast of South America, Fig. 3.9) and droughts in 
other places. Because of the variable recurrence intervals of these events, some spe-
cies have adapted to the irregular dry and wet periods (e.g. by evolving seeds that 
can remain dormant on the desert floor for long periods). In an El Niño year, oceanic 
and atmospheric currents change strongly in partly opposite directions for several 
months, thus creating intensively vegetated savannahs from deserts. Such a strong 
change from dry to humid is not found in any seasonal climate. Thus, the El Niño 
events act as time-limited windows of development and invasion in a landscape with 
usually only minor changes (Holmgren and Scheffer 2001).

The vegetation of the arid regions of the Indian subcontinent is adapted to the 
annual monsoon rains with, for example, deciduous species and species with 
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specialized regeneration buds. In wide areas of the alternating humid tropics, there 
is a strong tendency towards succulent growth in order to survive the pronounced 
dry season – stem succulent cacti in South America, baobab (Adansonia digitata L.) 
in Africa, pawpaw (Carica papaya L.) in Australia, and leaf succulent Agave spp. 
and Opuntia spp. in Central America (Pfadenhauer and Klötzli 2015).

Mega-herbivory is an important factor in protecting savannahs from scrub 
encroachment and maintaining their ability to regenerate. The large savannah areas 
of the semi-humid tropics (eastern South America, East Africa, South Australia) are 
the migration areas of large herds of animals that follow the growth of grass at the 
beginning of the rainy season. Humans have influenced this regime by grazing farm 
animals.

Land-use change will manifest itself in the semi-humid tropics primarily through 
overgrazing by livestock, loss of savannah habitats owing to increasing large-scale 
cultivation of soybean, and loss of tree cover owing to excessive groundwater 
abstraction. Climate change is predicted to lead to a more pronounced rain–drought 
seasonality with increased fire frequency and an increase in monsoon and El Niño 
events (IPCC 2013; Cai et al. 2014).

Fig. 3.9 ENSO (El Niño–Southern Oscillation)-induced heavy rainfall events on the west coast of 
Peru and Argentina have led to the greening of extensive dry forests and the Sechura Desert. 
(Photo: A. Jentsch)
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3.9  Ever-Humid Tropics

3.9.1  Characterization and Ecological Framework

The ever-humid tropics occupy the land area around the ITCZ and account for about 
8% of the total land area of the Earth (Schultz 2016). This zone experiences 
extremely high annual solar radiation (700–800 × 108 kJ/ha) and very high precipi-
tation (up to 8000 mm/year) and a dry season that lasts less than 3 months. The only 
exceptions are areas in Southeast Asia, where there can be rare periods of up to 
6 months of drought in El Niño years.

Because of the steep angle of the sun, the ever-humid tropics are characterized 
by a ‘time of day climate’. The average daily temperature is 25–27 °C all year round 
and fluctuates only slightly during the year. The difference between day and night 
temperatures of 6–11 °C exceeds this annual amplitude (Kuttler 2013). There is no 
seasonal fluctuation of day length. The high availability of sunlight and water 
favours a high annual net primary production of 20–30 tons/ha.

The ever-humid tropics are covered almost everywhere by evergreen tropical 
rainforest; there are some tropical moorlands in upland areas of Africa, South 
America, Central America, North America, and New Guinea. The forests grow on 
relatively nutrient-poor, mostly strongly acidic topsoils with only a thin humus 
layer. Trees reach heights of up to 60 m and often a trunk diameter of 2 m. About 
75–90% of the biomass grows above ground; the nutrient cycle is very short. An 
exception is the evergreen rainforest growing on peat, where the nutrient cycle is 
longer (Richter 2001). Because of the dense vegetation, only about 1–3% of the 
sunlight reaches the ground. Also, a large part of the precipitation is captured by the 
vegetation as interception. These two factors lead to large microclimatic differences 
in the various vertical layers within a tree stand and favour a large number of epi-
phytes. Almost 95% of all epiphyte species on Earth grow in the tropics.

3.9.2  Typical Disturbance Regimes and Extreme 
Climatic Event

Typical disturbance regimes in the humid tropics include insect herbivory, heavy 
rainfall, storm events with nutrient leaching, and occasionally volcanic eruptions.

Because of the enormous net primary production in the ever-humid tropics, there 
are almost unlimited resources for herbivorous insects. Insect herbivory can affect 
the leaf mass, the seeds, as well as the wood and the roots. A well-known example 
are leaf-cutting ants, which harvest large quantities of leaves from trees. By harvest-
ing such quantities of leaves, the ants also play an important role in nutrient cycling 
and maintenance of soil fertility in tropical rainforests (e.g. Farji-Brener and 
Werenkraut 2017; Swanson et al. 2019). Most tropical plants react to leaf feeding by 
depositing secondary substances in the affected leaves, making them unattractive or 
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Fig. 3.10 Mudflows and flooding after heavy precipitation in Amazonia, Peru. (Photos: M. Richter)

toxic for further feeding. Other species perform a foliar flushing by quickly sprout-
ing again with new leaves. Almost all herbivores are closely embedded within the 
stratigraphy of the tropical rainforest, many of them feeding exclusively in the 
crown of the trees, such as insects and herbivorous mammals (e.g. some monkeys).

Heavy rainfall and storm events lead to nutrient leaching of the already humus- 
poor soils (Fig. 3.10). The great rivers from the evergreen rainforests transport large 
amounts of fine sediments. This continuous leaching leads to open nutrient cycles 
of, for example, phosphorus, nitrogen, and carbon. To compensate for the losses, all 
unused dead biomass is quickly reintroduced into the cycle of living biomass (van 
Schaik and Mirmanto 1985).

Tropical cyclones, which lose much of their energy when they pass from the sea 
over land, can lead to severe mechanical disturbances such as crown fracture and 
uprooting. In semi-natural tropical forests, many tree species can react very flexibly 
to such disturbance and quickly close gaps that have arisen. Such storms offer the 
possibility for advanced regeneration, waiting on ‘standby’ in the undergrowth, to 
grow up into the canopy. Such rainforest dynamics and ecological instabilities are 
seen as important evolutionary opportunities in the otherwise species- and niche- 
saturated zone (Johns 1990).

Volcanic activity (Central Africa, Indonesia, Philippines) and strong tectonic 
activities (southern Central America to Colombia, Java, Sumatra) are common in 
some areas of the ever-humid tropics. From a global point of view, these distur-
bance regimes occur only rarely and selectively but are often enormously destruc-
tive for the affected region. Volcanic eruptions cause a variety of massive 
landscape- shaping disturbances, including lava flows and pyroclastic flows. 
Eruptions can also cause earthquakes (and vice versa), and the mass collapse of 
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slopes caused by volcanic eruptions and earthquakes can cause tsunamis. 
Particularly in the tropical zone of Southeast Asia and Central/South America tec-
tonic subduction zones meet volcanically active regions (‘Ring of Fire’). The larg-
est eruptions in the last 200 years have occurred in Southeast Asia  – Krakatoa, 
Indonesia (1883); Pinatubo, Philippines (1991); Tambora, Indonesia (1815) 
(Schmincke 2013). Depending on their chemical composition, volcanic lavas and 
ashes are of great importance for nutrient input.

Land-use change represents the greatest current and future threat to the ever- 
humid tropics. At the moment, only about 50% of the areas in this zone can be 
described as semi-natural. For example, the annual rate of deforestation in the 
Brazilian Amazon was calculated as 14,835  km2 (±4706  km2) in the period 
2000–2015 (Silva Junior et al. 2020). Illegal logging and deforestation not only 
leads to a decrease in forest area, an increase in CO2 emissions (van der Werf 
et al. 2009), and loss of biodiversity (Solar et al. 2015), but it also opens up the 
area for even further development and deforestation (Fearnside 2005). These 
developments, including the provision of transport infrastructure, mean that 
commercial production of commodities such as beef, soy, and palm oil become 
profitable on the cleared land (Pfaff et al. 2013; Nepstad et al. 2014). From the 
cleared forest areas, large companies financed by Western and Asian investors 
expand further into the untouched rainforest (Fearnside and Figueiredo 2015). 
The production of genetically modified soybeans is only possible with heavy 
herbicide use (especially glyphosate). This in turn poses a long-term threat to the 
surrounding forest areas and the local population (Cerdeira et al. 2007; Almeida 
et al. 2017).
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Chapter 4
Disturbance and Biodiversity

Rupert Seidl , Jörg Müller , and Thomas Wohlgemuth 

Abstract Biodiversity describes the variety of living creatures and habitats within 
ecosystems. It is the basis for the functioning of ecosystems but is currently strongly 
influenced by human activities. Natural disturbances promote biodiversity by creat-
ing landscape heterogeneity, releasing resources, reducing the dominance of com-
petitive species, and increasing the diversity of niches. According to the intermediate 
disturbance hypothesis, the positive effect on biodiversity is at its peak at intermedi-
ate disturbance intensity, size, and frequency. In detail, however, the effect of distur-
bances on biodiversity depends on a multitude of factors that vary greatly with type 
of disturbance, ecosystem productivity, and spatial as well as trophic level of 
observation.
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4.1  Introduction

The term biodiversity, which is used as an abbreviation for ‘biological diversity’, 
refers to the diversity of all living creatures and habitats. Biodiversity includes 
genetic diversity within species, interspecies diversity, and diversity of ecosystems 
(UN 1992). From an anthropogenic point of view, biodiversity has intrinsic value 
because it describes the totality of the biological heritage on our planet. However, it 
also has functional value for humans: a wide array of ecosystem functions and ser-
vices, which contribute essentially to human well-being (see Chap. 18), are pro-
moted by biodiversity (Hassan et  al. 2005). Biodiversity is increasingly under 
pressure from land use, the exploitation of natural resources, and human-induced 
climate change (Butchart et al. 2010). The current rate of species loss exceeds the 
natural extinction rate by a factor of 100–1000, making the conservation of biodi-
versity a key challenge in the anthropogenic use of natural systems (Rockström 
et al. 2009). This chapter synthesizes the effects of disturbances on biodiversity. Not 
only do disturbances influence diversity, but diversity also affects disturbance 
(Hughes et  al. 2007). The latter aspect will not be discussed here but will be 
addressed in Chaps. 7, 8, 9, 10, 11, 12, 13, 14, and 15 because of the strong depen-
dence on the respective disturbance agent.

4.2  Disturbances Promote Biodiversity: But Not Always 
and Not Everywhere

Although disturbances cause the loss of live biomass and, in some extreme cases, 
even the local and temporary loss of species, they have a predominantly positive 
impact on biodiversity in general. This seemingly paradoxical relationship is inher-
ent in the nature of disturbances: because of the abrupt loss of living biomass, the 
local dominance of some species, such as beech (Fagus sylvatica L.) in Central 
European lowland forests, gets disrupted (Wohlgemuth et al. 2002a). As a result, 
resources become temporarily available, which then can be utilized by other spe-
cies. In addition, natural disturbances rarely lead to a total loss of live biomass in an 
ecosystem, which increases its structural heterogeneity and enhances the diversity 
of niches. In a global synthesis of publications on the effects of wind, fire, and bark 
beetle disturbances on diversity in temperate and boreal forest ecosystems, Thom 
and Seidl (2016) documented a predominantly positive effect of disturbances on 
biodiversity. Species richness responded positively to disturbances in 44.7% of the 
262 studies examined. If studies that did not detect any disturbance-related change 
in biodiversity are also taken into account, more than two-thirds of the cases inves-
tigated show neutral or positive effects of disturbance on species richness (Fig. 4.1). 
These results are largely independent of the type of disturbance – that is, whether 
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Fig. 4.1 The effect of disturbances on species richness in forest ecosystems (a) by biome and (b) 
disturbance agent based on a meta-analysis by Thom and Seidl (2016). Positive (dark grey), nega-
tive (hatched), and neutral effects (light grey) of disturbances on species richness are distinguished. 
The number of studies considered in each category is indicated by n

the disturbance was caused by wind, fire, or bark beetles  – and of the biome. 
According to this meta-analysis, the number of species after a severe disturbance 
increases by +35.6% on average, relative to an undisturbed system (Thom and 
Seidl 2016).

However, there are also a considerable number of studies that document negative 
effects of disturbances on diversity. For a better understanding of the range of 
impacts that disturbances have on biodiversity, there is a need for a more in-depth 
look at the affected species, their habitats, and their habitat requirements: after the 
outbreak of the European spruce bark beetle (Ips typographus L.; see Chap. 12) in 
the Bavarian Forest National Park, Beudert et  al. (2015) showed that especially 
those species that can take advantage of the resources freed up in the process (such 
as more light on the forest floor) benefitted from the disturbance. Lichens, for exam-
ple, profit from the conditions after bark beetle infestation, while wood- decomposing 
fungi decreased as a result of the disturbance (Fig. 4.2). Although the amount of 
deadwood increased strongly as a consequence of the bark beetle outbreak, the 
deadwood dried out quickly after losing the bark in the absence of a closed canopy, 
which reduced the habitat quality for fungi living on wood. Furthermore, the domi-
nance of one decomposer species (Fomitopsis pinicola) reduced diversity via com-
petition (Hagge et al. 2019). However, the effects of disturbances must always be 
assessed in the context of the landscape as a whole: species temporarily affected 
negatively by disturbances can usually persist in undisturbed parts of a landscape. 
In the remainder of the chapter, the complex relationship between disturbances and 
biodiversity will be further examined by looking at the role of disturbance severity, 
temporal dynamics, and spatial scales.
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Fig. 4.2 Effect of a bark beetle outbreak on different species groups. (After Beudert et al. 2015)

4.3  How Disturbance Activity Affects Biodiversity

Connell (1978) formulated the Intermediate Disturbance Hypothesis (IDH) on the 
relationship between disturbance activity and its effects on biodiversity. It states that 
the diversity of species is highest under intermediate disturbance (size and fre-
quency), while systems with frequent and/or severe disturbances as well as those 
with rare and/or low-severity disturbances show reduced diversity (Fig. 4.3). This 
hypothesis is based on the expectation that in systems with high disturbance activity 
primarily disturbance-adapted species (‘pioneer species’) prevail, whereas in less- 
disturbed systems, mainly climax species, that is, mostly long-lived and competitive 
species, dominate. Only intermediate levels of disturbance allow species from both 
groups to coexist.

Since its formulation four decades ago, the IDH has been intensively discussed 
and thoroughly tested in the ecological literature. Studies in different ecosystems 
have found results that support the IDH as well as results that contradict it (Mackey 
and Currie 2001; Molino and Sabatier 2001; Roxburgh et al. 2004; Shea et al. 2004; 
Zhang et  al. 2014). This lack of generality of the IDH and the ambiguity in its 
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Fig. 4.3 The intermediate disturbance hypothesis states that the diversity of a system is highest 
under moderate levels of disturbance. (After Connell 1978)

evaluation could be attributed to a number of factors in further investigations. In 
experiments with microbes, Hall et al. (2012), for example, were able to show that 
the form of the relationship between disturbance and diversity depends not only on 
the general strength of the disturbance but also on the interaction between central 
parameters of the disturbance regime, for example, disturbance frequency and 
strength (see Chap. 2). Besides the characteristics of the disturbance regime, eco-
system productivity is another factor that influences the relationship between distur-
bance and diversity. Productivity and disturbance have opposing effects on the 
competition between species and thus also on species composition and biodiversity 
of an ecosystem: high productivity generally promotes highly competitive species, 
while severe disturbances and a high frequency of disturbances favour less competi-
tive species that are, however, often responsive and fast growing. Consequently, low 
biodiversity is expected from combinations of either high productivity and low dis-
turbance or low productivity and high disturbance (Huston 1994). The productivity 
of a system influences the position of the diversity optimum predicted by the IDH: 
at high productivity, the biodiversity optimum is reached under greater levels of 
disturbance (i.e. further to the right in Fig.  4.3) than in less productive systems 
(Kondoh 2001).

Besides these processes modifying the pattern predicted by the IDH, the influ-
ence of the trophic level of investigation has been studied. Connell (1978) formu-
lated the IDH for tropical rainforests and coral reefs, and the rationale for a unimodal 
relationship between disturbance and diversity was based on species interactions 
within one trophic level (i.e. within species that are on the same level in the food 
web, e.g. primary producers, consumers, or decomposers). Wootton (1998) demon-
strated that part of the divergent observations regarding the IDH can be explained 
by the different trophic levels being considered. While the IDH is mostly accurate 
within a trophic level and especially holds for the basal levels of the trophic web 
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(primary producers), it loses most of its predictive power when biodiversity across 
several trophic levels is considered. Another reason why observations of the rela-
tionship between disturbance and biodiversity are not consistent is the multitude of 
different biodiversity indicators used (Svensson et al. 2012). Recently, in addition to 
these methodological difficulties in its evaluation, more fundamental questions have 
been raised about Connell’s IDH. The criticism goes beyond the above- mentioned 
lack of generality regarding predictions of the IDH and even suggests the hypothesis 
to be logically invalid (Fox 2012). Nevertheless, the IDH has proven to be a very 
fruitful hypothesis for disturbance ecology since in the course of its investigation 
the understanding of disturbance effects on ecosystems has progressed significantly. 
After an initial focus on a descriptive analysis of the diversity–disturbance relation-
ship, more recent work has increasingly focused on the underlying processes of the 
IDH (Shea et al. 2004; Miller et al. 2011), contributing to an improved mechanistic 
understanding of ecosystem dynamics.

4.4  Disturbances, Biodiversity, and Changes in Ecosystems 
Over Time

When considering the effects of disturbances on biodiversity, the temporal dynam-
ics of ecosystems play an important role. Ecosystems are subject to spatio-temporal 
fluctuations and can follow different development pathways. In forest ecosystems, 
for example, the natural sequence of species and communities over time is called 
succession, whereby each development stage is inherently diverse. Disturbances 
generally lead to a reset of vegetation development. Therefore, the effects of distur-
bance on diversity are affected by the system-dependent speed along such develop-
ment trajectories (Aichinger 1951; Johst and Huth 2005). In the past decade, the 
biodiversity value of early-seral stages (i.e. communities emerging shortly after a 
disturbance) has been explicitly emphasized (Swanson et al. 2011). While earlier 
studies generally assumed a local homogenization through disturbance, more recent 
studies have shown that ecosystems are often comparable to late successional sys-
tems in terms of their complexity after disturbance (Donato et al. 2012). Usually, 
however, conservation efforts focus on late seral stages such as old-growth forests 
since these systems and their associated taxa are largely absent in landscapes with a 
long history of intensive human land use, as is the case in Central Europe. This 
absence of late successional stages is particularly problematic in the case of slow- 
growing and long-lived ecosystems such as forests, as the complex structures of 
old-growth forests take several centuries to develop. In addition to human activity, 
natural disturbances represent a risk for the few remaining late successional ecosys-
tems and the species they contain. For example, a climate-induced increase in dis-
turbances (Seidl et al. 2014b; see also Chap. 16) can lead to a further reduction of 
such habitats (Senf et al. 2021), which could negatively impact associated special-
ized taxa. To counteract this potentially negative effect of disturbances, Frelich 
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(2002) underlines the importance of large, contiguous protected areas: while smaller 
protected areas have a lower risk of being affected by disturbances, they often com-
pletely lose their late successional character when a disturbance occurs. Larger pro-
tected areas, on the other hand, are statistically more often affected by disturbances, 
but a total loss of late successional stages is unlikely (Frelich 2002). This facilitates 
the persistence of species dependent on late successional phases in the landscape. 
The discussion about the optimal size of protected areas is known as the SLOSS 
debate (Single Large or Several Small), whereby arguments for a few large as well 
as for many small protected areas have both been put forward (Diamond 1975; 
Honnay et al. 1999). A larger number of species is preserved in several small pro-
tected areas because of the species–area relationship. However, from the perspec-
tive of connectivity between habitats, and in the interest of conserving natural 
dynamics including disturbance (which can affect extensive areas), a certain mini-
mum size of a protected area is warranted.

Disturbances are important catalysts of ecosystem dynamics and contribute to 
their continuous renewal (see Chap. 5). This role is of increasing importance since 
ecosystems are increasingly at disequilibrium with their environment because of 
global change. Disturbances can, for example, positively contribute to the adapta-
tion of tree species to climate change (Thom et al. 2017; Scherrer et al. 2021; see 
Chap. 16). However, they also represent a challenge to local biodiversity since spe-
cies from other ecosystems as well as introduced non-native species can often easily 
spread in disturbed stands (Zonneveld 1995). Burned areas in the insubric region of 
the south side of the Alps, for instance, are being invaded by various non-native 
plant species like the tree of heaven (Ailanthus altissima (Mill.) Swingle), black 
locust (Robinia pseudoacacia L.), and American pokeweed (Phytolacca americana 
L.) (Maringer et al. 2012). The introduction of alien species by humans can pose a 
threat to the naturally occurring biodiversity as non-native herbivores and diseases 
(see Chap. 10) often increase strongly because of missing antagonists, and thus can 
reduce or displace native species (Liebhold et al. 2017).

The temporal development of biodiversity after natural disturbances is often 
influenced by how people respond to these disturbances. A widespread example in 
Central Europe is the salvage logging of naturally disturbed forest areas (i.e. the 
removal of trees in areas affected by disturbance) (Lindenmayer et  al. 2008). 
Commercial forests are mainly salvage logged to reduce the economic damage to 
landowners. However, even in protected areas of Central Europe, naturally dis-
turbed areas are often cleared in order to prevent bark beetle outbreaks (see Chap. 
12) in forest areas adjacent the original to bark beetle outbreaks. Such human modi-
fication of natural disturbances also has significant effects on biodiversity. For 
example, the removal of deadwood significantly reduces the number of saproxylic 
species (i.e. species living on and in deadwood, such as lichens and beetle species) 
(Thorn et al. 2018). Other species groups that do not depend on deadwood (such as 
several insect families and pioneer plants) can, however, benefit from human inter-
ventions in naturally disturbed areas (Wermelinger et al. 2002; Wohlgemuth et al. 
2002b). As a consequence of widespread salvage logging, the biodiversity after dis-
turbance in Central Europe is strongly influenced by humans.
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4.5  Disturbances and Biodiversity in a Spatial Context

One aspect that allows many species to persist in the face of disturbance is the eco-
logical memory or biological legacy persisting after a disturbance. These biological 
legacies include all organic remains from the ecosystem pre-disturbance that are 
carried over into the post-disturbance state, such as surviving plants, resprouting 
plant organs, storage organs surviving underground, or enduring seeds in the soil. 
Disturbances in natural systems are rarely so severe that all living organisms are 
destroyed by the disturbance. Even in severe forest fires, individual trees or groups 
of trees survive in topographically sheltered areas (Romme et al. 2011). Other forms 
of biological legacies in forests are regenerating trees not affected by windthrow 
and bark beetle infestation of the canopy trees, standing and downed deadwood 
(Fig. 4.4) which serves as a substrate for tree regeneration (Macek et al. 2017), and 
seed banks in the soil. An example of the latter is the leafy goosefoot (Blitum virga-
tum L.), a pioneer species distributed in mountains around the Mediterranean and in 
Central Europe. Plants are found in fertile soils from where seeds are spread by, for 
example, goats or chamois. After a large stand-replacing fire in the Swiss Valais, 
individuals of this very rare species were observed much more commonly, indicat-
ing that its seeds had probably survived in the soil for centuries (Moser et al. 2006). 
In general, the term biological legacy summarizes all organisms, structures, and 
patterns of an ecosystem that persist through a disturbance (Franklin et al. 2000). 
Biological legacies fulfil a lifeboat function for a variety of disturbance- sensitive 
species by providing resources, food, protection, and habitat in the wake of a 

Fig. 4.4 Biological legacies after disturbance by windthrow and bark beetles in High Tatra 
National Park (Slovakia): surviving larches at the left margin of the picture, standing and downed 
deadwood, as well as tree regeneration established before the disturbance. (Photo: R. Seidl)
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disturbance (Lindenmayer and Franklin 2002). Biological legacies also make an 
important contribution to the recovery of ecosystems after disturbances (Seidl et al. 
2014a). In the context of recovery, it is not only the legacies on the area directly 
affected by disturbance that are important but also the vegetation on adjacent undis-
turbed areas, that is, the spatial context of a disturbance, contributes significantly to 
post-disturbance recovery (Johnstone et al. 2016). An example is the dispersal of 
seeds of trees from surrounding areas into a disturbed area, a phenomenon that 
occurs after forest fires (Romme et al. 2011; Maringer et al. 2020), as well as after 
windthrows (Kramer et al. 2014).

The effect of the increased heterogeneity arising as a result of disturbances – 
which in turn has a positive effect on biodiversity – is not only a small-scale, local 
phenomenon in individual stands, but is also found at the landscape scale. The irreg-
ular temporal and spatial occurrence of disturbances as well as the combination of 
different types of disturbance on the landscape contribute significantly to habitat 
heterogeneity and therefore promote biodiversity (Warren et al. 2007; Fescenko and 
Wohlgemuth 2017). Thus, disturbances not only foster diversity within stands 
(alpha diversity), but also increase the diversity between stands in a landscape (beta 
diversity; Silva Pedro et al. 2016) and thus ultimately affect the overall diversity of 
a landscape (gamma diversity; Fig. 4.5). This effect exists not only for natural dis-
turbances but is also observed for disturbances caused by human land use, such as 

Fig. 4.5 Effect of disturbance type (colours) and disturbance rate (x-axis: average disturbance 
percentage per year, related to growing stock) on local tree species diversity (i.e. within 100 × 
100 m stands, alpha diversity), as well as on tree species diversity between stands (beta diversity) 
of forest landscapes with a tree species pool of n = 2–6 species. The diversity response (y-axis) is 
given relative to undisturbed forest landscapes (value of 1). Values are based on 500-year simula-
tions under typical environmental conditions for lowland broadleaved forest communities in 
Central Europe. (Data from Silva Pedro et al. 2016)
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forest management (see Chaps. 14 and 15). Schall et al. (2018) showed, for exam-
ple, that harvesting trees with varying intensity and size at different spatial scales 
has a stronger positive effect on biodiversity in beech forests of Central Europe than 
the emulation of late developmental stages across the landscape in continuous cover 
management. A combination of different disturbance sizes and severities is more 
similar to the natural disturbance regime in Central European forests, and therefore 
best suited to promote biodiversity also in managed forest areas (Nagel et al. 2014) 
(Boxes 4.1 and 4.2).

Box 4.1: Disturbance and Species Community Assembly

Anke Jentsch 
Bayreuth Center of Ecology and Environmental Research (BayCEER), 
University of Bayreuth, Bayreuth, Germany

Disturbance influences the development of plant species communities and the 
coexistence of different species in many ways. Assembly rules have been 
developed to understand how plant communities are formed, particularly with 
respect to the competition of species for abiotic resources. There is the con-
cept of ‘succession after disturbance’ from vegetation ecology (Watt 1947; 
Pickett and Thompson 1978; Remmert 1991; van der Maarel 1993), as well as 
the concept of ‘community assembly’ from island biogeography and animal 
ecology (MacArthur and Wilson 1967; Diamond 1975). Succession processes 
in terrestrial ecosystems describe both the changes in species composition and 
the changes in the physical environment and resource availability – for exam-
ple, with respect to inland dunes, the increase in organic matter and plant-
available nitrogen as the dune succession progresses (Jentsch 2004). 
Succession is driven by the development of the biocoenosis, especially by the 
biomass growing after a disturbance, which then influences the temperature, 
humidity, light availability, production of organic detritus, and the allocation 
of soil resources between living organisms, organic material, and physical 
substrates. Consequently, the environment changes with the ongoing succes-
sion. Important aspects of species assembly and the formation of communi-
ties include the role of pioneer species for further successional processes. The 
type of disturbance determines how the initial resources are distributed after a 
disturbance event as well as which species can form a community and how 
species interact with each other.

Disturbance as a Filter
Many disturbance events act selectively on certain species, age groups, life 

stages, height growth, and other functional characteristics. To a large extent, 
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this selectivity acts as a disturbance filter (Díaz et al. 1999) and determines the 
species composition and subsequent successional processes of the commu-
nity. The prevailing environmental factors at a particular site are abiotic and 
disturbance filters. Similarly, the dispersal capabilities of species act as biotic 
filters. Biotic and abiotic filters determine which species reach the site, which 
species can tolerate the climate extremes, and which species can compete for 
resources. Disturbance filters in turn determine which species survive the 
dominant disturbance regimes, and therefore which species will be able to 
establish themselves and reproduce (Box Fig. 1).

Thus, disturbances take different roles (White and Jentsch 2004): (1) dis-
turbance events may modify abiotic filters, for example, by changing the 
availability of resources such as nitrogen release after a fire or changing the 
availability of soil water during drought; (2) disturbance events may modify 
biotic filters, for example, by creating bare substrate free of competition 
through bioturbation of ground- dwelling rodents; and (3) disturbance events 
may work as filters themselves, influencing the functional characteristics of 
species within the community. Here, disturbance intensity acts selectively on 
the survival of species, disturbance frequency determines the window of 

Box 4.1 (continued)

Box Fig. 1 The threefold role of disturbances in community assembly: (a) disturbances 
influence abiotic filters, e.g. nitrogen release after fire; (b) disturbances act directly as selec-
tive filters according to their properties, e.g. by mowing height, fire temperature, or wind 
energy; and (c) disturbances influence biotic interactions within a community, e.g. by selec-
tive feeding and shifting of competitive equilibria. (Modified after White and Jentsch 2004)

(continued)
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opportunity for the reproduction of species, and timing of disturbance deter-
mines the success of recruitment and colonization of species. If disturbances 
occur suddenly and abruptly, they promote species that can quickly colonize 
areas where the vegetation is sparse because of the ability of these species to 
disperse seeds or propagate through vegetative means (e.g. rhizomes). When 
disturbance events suddenly release resources, they promote species with fast 
colonization and high growth rates. Seasonal patterns of disturbances pro-
mote species that spread, grow, and reproduce at a certain time. The higher the 
variability of disturbance regimes in a landscape, the greater the biodiversity. 
Direct, functional adaptations to disturbance are discussed in Chap. 6. Already 
several decades ago the functional traits of plant species had been classified 
into categories relevant to disturbances. The ‘r–K continuum’ distinguishes 
between two species characteristics, namely, ‘r’ for species with high repro-
duction rates and ‘K’ for species with high survival rates with only a few 
offspring (MacArthur and Wilson 1967). The ‘CSR strategies’ divide plant 
species into three types, with the C-type for competitive species, the S-type 
for stress-tolerant species, and the R-type for pioneer and ruderal species 
(Grime 1979). Noble and Slatyer (1980) distinguish three vital attributes of 
species: (1) the type of persistence during and after colonization after a distur-
bance; (2) the growth characteristics in a biocoenosis; and (3) the length of 
time until important life cycles are reached. With regard to human distur-
bances, the effects on species can be distinguished as concordant (i.e. the life 
cycle of the plants is not so disrupted by the disturbance) or discordant (i.e. 
the life cycle of the plants is disrupted by the disturbance) (Pavlovic 1994). 
Finally, the concept of plant functional traits can be used to group plants in 
terms of their growth forms, phenology, and other characteristics (Díaz et al. 
1999, 2016). It is generally assumed that mutualism and facilitation are of 
great importance in a resource-limited or frequently disturbed environment, 
while inhibition and competition prevail in a favourable or rarely disturbed 
environment with abundant resources and favourable physical conditions. 
Because of the abiotic, biotic, and disturbance filters, the actual species num-
bers in plant communities are smaller than the species numbers of the local or 
regional species pool of a landscape. Thus, more stable communities can coex-
ist in landscapes that are frequently disturbed than in landscapes in which there 
are only relatively small and infrequent disturbances (White and Jentsch 2004). 
Disturbances can accelerate successional dynamics, slow them down, return 
them to a previous state, or have no effect at all (Wilson and Agnew 1992). 

Box 4.1 (continued)
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Acceleration of successional dynamics by disturbance usually happens 
through the elimination of inertia in species communities represented by long 
lifespans or imbalanced competitive interactions. Thus, disturbances act as 
catalysts of change.
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Box 4.2: A Unification of Many Diversity Hypotheses

Thomas Wohlgemuth 
Forest Dynamics Research Unit, Swiss Federal Research Institute WSL, 
Birmensdorf, Switzerland

Which factors determine the variation of biodiversity in ecosystems and com-
munities, or more simply, which factors determine the coexistence of species? 
This topic has been dealt with in thousands of publications in the last decades, 
and more than a hundred hypotheses have been formulated. Michael W. Palmer 
listed 120 hypotheses in a review and discussed different approaches to cate-
gorize them (Palmer 1994). These categories concern the influence of genet-
ics on the coexistence of species (Aarssen 1992), the aspect of scale (Auerbach 
and Shmida 1987), the focus on the difference between ecological balance 
and imbalance (Intermediate Disturbance Hypothesis; Connell 1978), or the 
relationship between resource availability and niche size (MacArthur 1965). 
This demonstrates the difficulty of classifying the significant hypotheses into 
a few categories to provide a clear overview of the topic. Therefore, in 
Palmer’s search for a synthesis of the diversity hypotheses, he chose a funda-
mentally different approach: he linked one of the most central organizational 
concepts in ecology, the Competitive Exclusion Principle (CEP) (Grinnell 
1904; Gause 1937; Begon et al. 1996), with the central principle of population 
ecology, the Hardy–Weinberg Equilibrium (HWE) (Hardy 1908), according 
to which geneticists explain why populations evolve, that is, why they geneti-
cally adapt to their environment. The HWE assumes that populations do not 
change if several conditions are simultaneously met, but as soon as one of the 
conditions does not apply, evolution takes place. This formulation was 
rephrased to meet the conditions for the CEP.

Amazingly, all conditions of the reformulated CEP are strongly bound to 
disturbances (Wohlgemuth et al. 2002):

 1. Sooner or later, disturbance disrupts a species community in which few 
species have increased in abundance and structurally excluded many other 
species, for example, by shade or root competition. A ‘reset’ of the few 
species prevents the local disappearance of subordinate species.

 2. This includes disturbance effects or increases in the temporal variation of 
environmental conditions.

 3. It also means that disturbance changes and generally enhances the spatial 
environmental variation.

 4. It follows that growth not only depends on one resource but rather on sev-
eral resources. For example, in a forest, growth depends on the factors 
light, warmth, and nutrients, which change rapidly after disturbances.

(continued)
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 5. In turn, as availability of resources fluctuates (Davis et  al. 2000) both 
abundant and rare species are affected disproportionally, in particular on a 
small scale to varying degrees, which promotes the coexistence of species.

 6. As an effect of disturbances, spaces emerge across various scales that are 
temporarily free of competition, where many species and especially pio-
neer species can spread. In this way, the number of species around dis-
turbed communities increases and will eventually decrease as a 
consequence of increasing competition.

 7. Finally, open areas created by disturbances are not only colonized by spe-
cies already in place, but also by new species, be it by wind-borne disper-
sal of plant seeds or by species attracted to the area as a result of a 
completely changing resource situation, for example, pyrophilous insects 
on fire-disturbed areas (Pradella et al. 2010) (Box Table 1).
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Box Table 1 A reformulation of the Competitive Exclusion Principle

Principle

Given a suite of species, interspecific competition will result in the exclusion of all but 
one species.
Conditions of the principle

(1) There has been sufficient time to allow exclusion.
(2) Environment is temporally constant.
(3) Environment has no spatial variation.
(4) Growth is limited by a single resource.
(5) Rarer species are not disproportionately favoured in terms of survivorship, 
reproduction, or growth.
(6) Species have the opportunity to compete.
(7) There is no immigration.
Corollary

The greater the degree to which these conditions are broken, the greater the number of 
species that can coexist.

4 Disturbance and Biodiversity



94

Davis MA, Grime JP, Thompson K (2000) Fluctuating resources in plant communities: a 
general theory of invasibility. J Ecol 88:528–534

Gause GF (1937) Experimental populations of microscopic organisms. Ecology 18:173–179
Grinnell GF (1904) The origin and distribution of the chestnut-backed chickadee. Auk 

21:364–382
Hardy GH (1908) Mendelian proportions in a mixed population. Science 28:49–50
MacArthur RH (1965) Patterns of species diversity. Biol Rev 40:510–533
Palmer MW (1994) Variation in species richness: towards a unification of hypotheses. Folia 

Geobot Phytotaxon 29:511–530
Pradella C, Wermelinger B, Obrist MK, Duelli P, Moretti, M (2010) On the occurrence of 

five pyrophilous beetle species in the Swiss Central Alps (Leuk, Canton Valais). Mitt 
Schweiz Entomol Ges 83:187–197

Wohlgemuth T, Bürgi M, Scheidegger C, Schütz M (2002) Dominance reduction of species 
through disturbance–a proposed management principle for central European forests. 
Forest Ecol Manag 166:1–15

Box 4.2 (continued)

References

Aichinger E (1951) Soziationen, Assoziationen und Waldentwicklungstypen. Angew 
Pflanezensoz 1:21–68

Beudert B, Bässler C, Thorn S, Noss R, Schröder B, Dieffenbach-Fries H, Foullois N, Müller J 
(2015) Bark beetles increase biodiversity while maintaining drinking water quality. Conserv 
Lett 8:272–281

Butchart SHM, Walpole M, Collen B, van Strien A, Scharlemann JPW, Almond REA, Baillie 
JEM, Bomhard B, Brown C, Bruno J, Carpenter KE, Carr GM, Chanson J, Chenery AM, 
Csirke J, Davidson NC, Dentener F, Foster M, Galli A, Galloway JN, Genovesi P, Gregory 
RD, Hockings M, Kapos V, Lamarque J-F, Leverington F, Loh J, McGeoch MA, McRae L, 
Minasyan A, Hernández Morcillo M, Oldfield TEE, Pauly D, Quader S, Revenga C, Sauer JR, 
Skolnik B, Spear D, Stanwell-Smith D, Stuart SN, Symes A, Tierney M, Tyrrell TD, Vié J-C, 
Watson R (2010) Global biodiversity: indicators of recent declines. Science 328:1164–1168

Connell JH (1978) Diversity in tropical rain forests and coral reefs: high diversity of trees and cor-
als is maintained only in a non-equilibrium state. Science 199:1302–1310

Diamond JM (1975) The island dilemma: lessons of modern biogeographic studies for the design 
of nature reserves. Biol Cons:129–146

Donato DC, Campbell JL, Franklin JF (2012) Multiple successional pathways and precocity in 
forest development: can some forests be born complex? J Veg Sci 23:576–584

Fescenko A, Wohlgemuth T (2017) Spatio-temporal analyses of local biodiversity hotspots reveal 
the importance of historical land-use dynamics. Biodivers Conserv 26:2401–2419

Fox JW (2012) The intermediate disturbance hypothesis should be abandoned. Trends Ecol 
Evol:1–7

Franklin JF, Lindenmayer D, MacMahon JA, McKee A, Magnuson J, Perry DA, Waide R, Foster 
D (2000) Threads of continuity. Conserv Pract 1:8–17

Frelich LE (2002) Forest dynamics and disturbance regimes. Studies from temperate evergreen – 
deciduous forests. Cambridge University Press, Cambridge, 266 p

Hagge J, Bässler C, Gruppe A, Hoppe B, Kellner H, Krah F-S, Müller J, Seibold S, Stengel E, 
Thorn S (2019) Bark coverage shifts assembly processes of microbial decomposer communi-
ties in dead wood. Proc R Soc B 286:1912

R. Seidl et al.



95

Hall AR, Miller AD, Leggett HC, Roxburgh SH, Buckling A, Shea K (2012) Diversity-disturbance 
relationships: frequency and intensity interact. Biol Lett 8:768–771

Hassan R, Scholes R, Ash N (2005) Millennium Ecosystem Assessment. In: Ecosystems and 
human well-being: current state and trends, vol 1. Island Press, Washington, 917 p

Honnay O, Hermy M, Coppin P (1999) Effects of area, age and diversity of forest patches in 
Belgium on plant species richness, and implications for conservation and reforestation. Biol 
Conserv 87:73–84

Hughes AR, Byrnes JE, Kimbro DL, Stachowicz JJ (2007) Reciprocal relationships and potential 
feedbacks between biodiversity and disturbance. Ecol Lett 10:849–864

Huston MA (1994) Biological diversity: the coexistence of species on changing landscapes. 
Cambridge University Press, Cambridge, 685 p

Johnstone JF, Allen CD, Franklin JF, Frelich LE, Harvey BJ, Higuera PE, Mack MC, Meentemeyer 
RK, Metz MR, Perry GLW, Schoennagel T, Turner MG (2016) Changing disturbance regimes, 
ecological memory, and forest resilience. Front Ecol Environ 14:369–378

Johst K, Huth A (2005) Testing the intermediate disturbance hypothesis: when will there be two 
peaks of diversity? Divers Distrib 11:111–120

Kondoh M (2001) Unifying the relationships of species richness to productivity and disturbance. 
Proc R Soc B-Biol Sci 268:269–271

Kramer K, Brang P, Bachofen H, Bugmann H, Wohlgemuth T (2014) Site factors are more impor-
tant than salvage logging for tree regeneration after wind disturbance in central European for-
ests. Forest Ecol Manag 331:116–128

Liebhold AM, Brockerhoff EG, Kalisz S, Nuñez MA, Wardle DA, Wingfield MJ (2017) Biological 
invasions in forest ecosystems. Biol Invasions 19:3437–3458

Lindenmayer DB, Franklin JF (2002) Conserving forest biodiversity: a comprehensive multiscaled 
approach. Island Press, Washington DC, 351 p

Lindenmayer DB, Burton PJ, Franklin JF (2008) Salvage logging and its ecological consequences. 
Island Press, Washington, 246 p

Macek M, Wild J, Kopecký M, Červenka J, Svoboda M, Zenáhlíková J, Brůna J, Mosandl R, 
Fischer A (2017) Life and death of Picea abies after bark-beetle outbreak: ecological processes 
driving seedling recruitment. Ecol Appl 27:156–167

Mackey RL, Currie DJ (2001) The diversity–disturbance relationship: is it generally strong and 
peaked? Ecology 82:3479

Maringer J, Wohlgemuth T, Neff C, Pezzatti GB, Conedera M (2012) Post-fire spread of alien plant 
species in a mixed broad-leaved forest of the Insubric region. Flora 207:19–29

Maringer J, Wohlgemuth T, Hacket-Pain A, Ascoli D, Conedera M (2020) Drivers of persistent 
post-fire recruitment in European beech forests. Sci Total Environ 699:134006

Miller AD, Roxburgh SH, Shea K (2011) How frequency and intensity shape diversity-disturbance 
relationships. Proc Natl Acad Sci USA 108:5643–5648

Molino J-F, Sabatier D (2001) Tree diversity in tropical rain forests: a validation of the intermedi-
ate disturbance hypothesis. Science 294:1702–1704

Moser B, Gimmi U, Wohlgemuth T (2006) Ausbreitung des Erdbeerspinats Blitum virgatum nach 
dem Waldbrand von Leuk. Wallis Bot Helv 116:179–183

Nagel TA, Svoboda M, Kobal M (2014) Disturbance, life history traits, and dynamics in an old- 
growth forest landscape of southeastern Europe. Ecol Appl 24:663–679

Rockström J, Steffen W, Noone K, Persson A, Chapin FS, Lambin EF, Lenton TM, Scheffer M, 
Folke C, Schellnhuber HJ, Nykvist B, de Wit CA, Hughes T, van der Leeuw S, Rodhe H, 
Sörlin S, Snyder PK, Costanza R, Svedin U, Falkenmark M, Karlberg L, Corell RW, Fabry VJ, 
Hansen J, Walker B, Liverman D, Richardson K, Crutzen P, Foley JA (2009) A safe operating 
space for humanity. Nature 461:472–475

Romme WH, Boyce MS, Gresswell R, Merrill EH, Minshall GW, Whitlock C, Turner MG (2011) 
Twenty years after the 1988 Yellowstone fires: lessons about disturbance and ecosystems. 
Ecosystems 14:1196–1215

Roxburgh SH, Shea K, Wilson JB (2004) The intermediate disturbance hypothesis: patch dynam-
ics and mechanisms of species coexistence. Ecology 85:359–371

4 Disturbance and Biodiversity



96

Schall P, Gossner MM, Heinrichs S, Fischer M, Boch S, Prati D, Jung K, Baumgartner V, Blaser S, 
Böhm S, Buscot F, Daniel R, Goldmann K, Kaiser K, Kahl T, Lange M, Müller J, Overmann J, 
Renner SC, Schulze E-D, Sikorski J, Tschapka M, Türke M, Weisser WW, Wemheuer B, Wubet 
T, Ammer C (2018) The impact of even-aged and uneven-aged forest management on regional 
biodiversity of multiple taxa in European beech forests. J Appl Ecol 55:267–278

Scherrer D, Ascoli D, Conedera M, Fischer C, Maringer J, Moser B, Nikolova PS, Rigling A, 
Wohglemuth T (2021) Canopy disturbances catalyse tree species shifts in Swiss forests. 
Ecosystems 25:199–214

Seidl R, Rammer W, Spies TA (2014a) Disturbance legacies increase the resilience of forest eco-
system structure, composition, and functioning. Ecol Appl 24:2063–2077

Seidl R, Schelhaas MJ, Rammer W, Verkerk PJ (2014b) Increasing forest disturbances in Europe 
and their impact on carbon storage. Nat Clim Chang 4:806–810

Senf C, Sebald J, Seidl R (2021) Increasing canopy mortality affects the future demographic struc-
ture of Europe’s forests. One Earth 4:1–7

Shea K, Roxburgh SH, Rauschert ESJ (2004) Moving from pattern to process: coexistence mecha-
nisms under intermediate disturbance regimes. Ecol Lett 7:491–508

Silva Pedro M, Rammer W, Seidl R (2016) A disturbance-induced increase in tree species diversity 
facilitates forest productivity. Landsc Ecol 31:989–1004

Svensson JR, Lindegarth M, Jonsson PR, Pavia H (2012) Disturbance-diversity models: what do 
they really predict and how are they tested? Proc R Soc B Biol Sci 279:2163–2170

Swanson ME, Franklin JF, Beschta RL, Crisafulli CM, Dellasala DA, Hutto RL, Lindenmayer DB, 
Swanson FJ (2011) The forgotten stage of forest succession: early-successional ecosystems on 
forest sites. Front Ecol Environ 9:117–125

Thom D, Seidl R (2016) Natural disturbance impacts on ecosystem services and biodiversity in 
temperate and boreal forests. Biol Rev 91:760–781

Thom D, Rammer W, Seidl R (2017) Disturbances catalyze the adaptation of forest ecosystems to 
changing climate conditions. Glob Chang Biol 23:269–282

Thorn S, Bässler C, Brandl R, Burton PJ, Cahall R, Campbell JL, Castro J, Choi CY, Cobb T, 
Donato DC, Durska E, Fontaine JB, Gautier S, Hebert C, Hothorn T, Hutto RL, Lee EJ, 
Leverkus A, Lindenmayer D, Obrist MK, Rost J, Seibold S, Seidl R, Thom D, Waldron K, 
Wermelinger B, Winter B, Zmihorski M, Müller J (2018) Impacts of salvage logging on biodi-
versity: a meta-analysis. J Appl Ecol 55:279–289

UN (1992) Convention on biological diversity, Rio de Janeiro, 30 p
Warren SD, Holbrook SW, Dale DA, Whelan NL, Elyn M, Grimm W, Jentsch A (2007) Biodiversity 

and the heterogeneous disturbance regime on military training lands. Restor Ecol 15:606–612
Wermelinger B, Duelli P, Obrist MK (2002) Dynamics of saproxylic beetles (Coleoptera) in 

windthrow areas in alpine spruce forests. Forest Snow Landsc Res 77:133–148
Wohlgemuth T, Bürgi M, Scheidegger C, Schütz M (2002a) Dominance reduction of species 

through disturbance – a proposed management principle for central European forests. Forest 
Ecol Manag 166:1–15

Wohlgemuth T, Kull P, Wütrich H (2002b) Disturbance of microsites and early tree regeneration 
after windthrow in Swiss mountain forests due to the winter storm Vivian 1990. Forest Snow 
Landsc Res 77:17–47

Wootton JT (1998) Effects of disturbance on species diversity: a multitrophic perspective. Am Nat 
152:803–825

Zhang Y, Chen HYH, Taylor A (2014) Multiple drivers of plant diversity in forest ecosystems. 
Glob Ecol Biogeogr 23:885–893

Zonneveld IS (1995) Vicinism and mass effect. J Veg Sci 6:441–444

R. Seidl et al.



97

Chapter 5
Disturbance Resilience

Rupert Seidl , Anke Jentsch , and Thomas Wohlgemuth 

Abstract Resilience is the capacity of ecosystems to recover from disturbance or 
to absorb disturbance without changing their structures and processes. While engi-
neering resilience focuses solely on recovery from disturbance, ecological resil-
ience also considers the possibility of a regime change after disturbance. A key 
element of resilience is the adaptive cycle in ecosystems, that is, the alternation of 
phases of growth, conservation, release, and renewal. Important mechanisms that 
make ecosystems resilient against disturbances are interactions over spatial and 
temporal scales, legacies of the pre-disturbance state, ecological stress memory, and 
the response diversity of plant communities.
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5.1  Introduction and Definitions

Disturbances are, by definition, discrete events in space and time which cause major 
changes in ecosystems, for example, in the form of plant mortality (see Chap. 2). 
Organisms, communities, and ecosystems are adapted to such changes and have a 
strong ability to recover from disturbances. This property is called resilience.

Resilience has received increasing attention in science in recent years, not least 
because of rapidly changing environmental conditions and new types of distur-
bances. The concept of resilience has become one of the most important research 
topics in the sustainability debate (Folke et  al. 2004; Rockström et  al. 2009). 
Fundamental research on mechanisms and limits of resilience is an active field that 
is developing rapidly. For example, achieving functional resilience is currently an 
important goal of risk research and experimental biodiversity research (Isbell et al. 
2015; Kreyling et al. 2017). Furthermore, the concept of resilience is increasingly 
used as a guideline and target for the management of ecosystems (Biggs et al. 2012; 
Seidl 2014; see also Chap. 17). The diverse usages of the concept of resilience have 
led to a wide range of definitions (Brand and Jax 2007), which is why it is especially 
important to specify the meaning of resilience for the respective context or applica-
tion (resilience of what? resilience to what? Carpenter et al. 2001). In general, the 
literature distinguishes three types of resilience: engineering resilience, ecological 
resilience, and social-ecological resilience (Nikinmaa et al. 2020).

5.1.1  Engineering Resilience

Engineering resilience focuses on the recovery after disturbance: the faster a system 
returns to its original state after a disturbance, the more resilient it is (Holling 1996). 
Engineering resilience assumes a predictable recovery path as well as constancy in 
the undisturbed state (ecological equilibrium; equilibrium assumption); systems, 
therefore, always recover along the same path and differ only in the speed of their 
recovery. As the name implies, this concept of resilience is often used in technical 
and engineering sciences, for example, to describe the development of material 
characteristics after stress. However, engineering resilience is also an important 
parameter in ecology: it can, for instance, be used to describe the recovery of tree 
growth after a drought period (Lloret et al. 2011; Zang et al. 2014). Tree growth is 
a narrowly defined indicator whose development has only one degree of freedom. 
The state of tree growth before a disturbance can be clearly defined, and therefore 
the requirements for the definition of engineering resilience are met in this example.
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5.1.2  Ecological Resilience

The behaviour of communities and ecosystems is much more complex than materi-
als, abiotic systems, or individual indicators such as tree rings. Many ecosystems 
are significantly affected by disturbance, but their characteristic functions remain 
intact despite disturbance or are restored relatively quickly after disturbance – thus, 
they are resilient. For example, after a fire, a forest stand will grow back into a forest 
stand, and after mowing a flowering mountain meadow will grow back into a flow-
ering mountain meadow. Nevertheless, there are also disturbances which lead to 
regime shifts, especially if degradation has already occurred or if environmental 
conditions and resources change relatively quickly. If the ecological resilience of a 
system is exceeded, the system will change, for example, after a severe forest fire, 
trees may not regenerate sufficiently and there can be a transition towards open 
land. The concept of ecological resilience (Holling 1973, 1996; Gunderson 2000) 
considers this dynamic of alternative stable states, which are characterized by dif-
ferent structures and processes. Ecological resilience is thus the capacity of a sys-
tem to absorb disturbances without changing the system’s typical structures and 
processes. It is important to note that the preservation of structures and processes 
does not necessarily mean a deterministic return of the system to the state before a 
disturbance. In European primaeval forests, for example, there are a multitude of 
developmental paths after a disturbance (Meigs et al. 2017). However, characteristic 
structures (e.g. a complex canopy structure) and processes (e.g. carbon uptake) are 
recovered (to varying degrees) in all these paths of natural ecosystem development 
after disturbance  – the system is thus ecologically resilient (Seidl et  al. 2014). 
Ecological resilience can be seen as a mechanism of dynamic stability (Turner et al. 
1993): disturbances and transient changes are an inherent part of many ecosystems, 
without fundamentally changing them (see Chap. 3).

If a disturbance exceeds the ecological resilience of a system, its regime and thus 
its structures and processes change fundamentally. In most cases, this regime change 
is not gradual but abrupt and occurs when a threshold is exceeded. For example, 
precipitation-induced boundaries between forest and savannah or temperature- 
induced boundaries between forest and tundra are not gradual but are rather 
expressed as relatively discrete tipping points of the biosphere (Hirota et al. 2011; 
Scheffer et al. 2012). An often-used metaphor to describe the concept of ecological 
resilience is the ‘ball and cup’ model, in which the ball describes the current system 
state and a landscape of valleys (i.e. stable system states, attractors of the system) 
and crests (i.e. unstable system states) describes the different possible states of the 
system (Fig. 5.1). A disturbance causes an impulse on the system and pushes it from 
its resting point in the current attractor. The deeper and narrower the valley, the 
faster the system returns to the centre of the attractor after the disturbance (and the 
greater its resilience). If the impulse from the disturbance is so strong that the ball 
is moved from one attractor to the next, the disturbance exceeds the resilience of the 
system and results in a regime shift. We note that the ‘attractor landscape’ of a sys-
tem (i.e. its valleys and crests in the ‘ball and cup’ model) is in most cases not static 

5 Disturbance Resilience



100

Fig. 5.1 Schematic representation of ecological resilience with different possible ecosystem states 
(valleys and crests) and the ball as an indicator of the current system state. (After Scheffer and 
Carpenter 2003; Scheffer et al. 2009, redrawn)

over time. Factors such as the extinction and immigration of species into a system 
or climatic changes may cause attractors (both in terms of strength and location) to 
change over time (Gunderson 2000; Seidl et al. 2016b). Different stable states of 
ecosystems are either alternating and thus reversible (e.g. the oligotrophic and 
eutrophic states of a lake) or they are largely irreversible (e.g. the nutrient enrich-
ment from atmospheric deposition of ecosystems). Ecological resilience (i.e. the 
ability of a system to remain in a stable system state despite disturbance) is a neutral 
characteristic that is not per se good or bad. However, with regard to environmental 
changes such as climate change, the preservation of a certain system state is often 
the goal – here resilience is a desired property of the system, which can be further 
promoted by management measures. In contrast, restoration ecology often aims at 
restoring a system to its former state, possibly using disturbances to overcome the 
resilience of the current system. Examples are the liming of acidified lakes or the 
removal of topsoil from nutrient-polluted former nutrient-poor meadows (Fig. 5.2).

R. Seidl et al.



101

Fig. 5.2 (a) Schematic representation of different attractors for resilient ecosystem states. 
Disturbances act as triggers and catalysts for regime change. (After Scheffer and Carpenter 2003.) 
(b) An example of the use of disturbances in nature conservation is the removal of nutrient-rich 
topsoil to restore resource-limited sand ecosystems on inland dunes in southern Germany in order 
to promote rare and endangered pioneer species that are weak competitors

5.1.3  Social-Ecological Resilience

Social-ecological resilience takes up the concept of ecological resilience and 
extends it from ecological systems to social-ecological systems (Folke 2006). 
Resilience here means the ability of these systems to maintain their structures and 
processes in the face of disturbance and, for example, provide ecosystem services to 
society in a sustainable manner despite disturbance (Folke et al. 2002; Brand and 
Jax 2007; Biggs et al. 2012). An important aspect is social adaptive capacity, that is, 
the ability to respond to external stressors and disturbances with social or political 
change (Adger 2000). This type of resilience will not be discussed further in this 
chapter. However, it is of importance in the context of disturbance management 
(Seidl et al. 2016b) and is addressed in Chap. 17.

5.1.4  Panarchy

Closely related to the idea of ecological resilience is the concept of panarchy, which 
was introduced by Holling and Gunderson (2002). It is a model that describes the 
dynamic organization of complex systems in space and time, and can be used for the 
characterization and quantification of resilience in ecosystems. The panarchy model 
distinguishes between different levels of a system, for example, in the context of a 
forest ecosystem – leaf, single tree, stand, and landscape. For each of these levels, 
the dynamics of the system can be described by an adaptive cycle through the phases 
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of growth, conservation, release, and reorganization (Fig. 5.3). From the growth to 
the conservation phase, the potential of the ecosystem increases; it accumulates 
biomass, energy, and other system components, such as species, growth forms, or 
functional groups. At the same time, the interconnectedness between the individual 
system components also increases, that is, system behaviour is increasingly deter-
mined by interactions such as competition or mutualism. In an old-growth forest, 
for example, the competition for light between trees determines the regeneration 
dynamics and species composition more than external factors. However, these 
strong system-internal interactions combined with a simultaneous increase in sys-
tem potential (e.g. accumulated biomass) also lead to the system becoming increas-
ingly inflexible and thus susceptible to disturbance. If a disturbance occurs (e.g. 
reduction of live biomass because of fire) the potential of the ecosystem is reduced 
in the release phase. In the subsequent phase of reorganization, the system compo-
nents recombine. This can either lead to a growth phase along the previous system 
trajectory or to a regime change and the beginning of a qualitatively different adap-
tive cycle (see Fig. 5.3; Scheffer and Carpenter 2003; Allen et al. 2014). The dura-
tion of individual phases of the adaptive cycle can vary considerably. While in a 
forest ecosystem the growth phase typically lasts several decades, depending on the 
location, the conservation phase can span many centuries. The release phase, on the 
other hand, often lasts only a few hours (windthrow), days (forest fire), or years 
(bark beetle outbreak), and the reorganization of the system usually takes a few 
years to a few decades. Panarchy is a hierarchically nested arrangement of adaptive 
cycles (Fig. 5.4). Key components of the panarchy model are the cross-scale con-
nections between the individual adaptive cycles. Thus, structures and processes on 
subordinate scales (e.g. individual trees on the landscape that survive a forest fire) 
contribute to the resilience of the system in the reorganization phase by acting as a 
systemic memory and promoting the reorganization towards the previous structures 
and processes (e.g. by seed dispersal). At the same time, if critical thresholds are 

Fig. 5.3 The adaptive cycle forms the basis of panarchy in dynamic systems. (Holling and 
Gunderson 2002, redrawn)
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Fig. 5.4 Panarchy – A hierarchical arrangement of connected adaptive cycles at different spatial 
and temporal scales. (Modified from Allen et al. 2014)

exceeded, disturbance processes can spread to higher levels in the release phase and 
thus lead to a regime shift. For example, large-scale bark beetle disturbances in 
forests result from individual infestation spots, that is, from small groups of infested 
trees (Peters et  al. 2004; see Chap. 12). These feedbacks and interactions across 
scales are an important mechanism of system resilience and will therefore be dis-
cussed in more detail in Sect. 5.2.

5.2  Mechanisms of Resilience

5.2.1  Feedbacks and Interactions Across Scales

Ecological resilience results from the interactions of different organizational levels. 
These include the direct stress response of individual organisms within short peri-
ods of time as well as acclimatization processes and adaptations at the population 
level throughout evolutionary periods. Feedbacks and interactions across temporal 
and spatial scales can contribute to resilience as well as lead to regime change 
(Jentsch et al. 2002). Because of the important role of different levels in the context 
of resilience, it is not sufficient to consider a system at a single scale to describe its 
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resilience. At least one level above and one level below the focal level of analysis 
should be considered (Walker et al. 2004). Processes at higher levels often have a 
preserving effect on ecosystems (Meyn et al. 2007), that is, they make an important 
contribution to their resilience. In forests, intensive disturbances at the stand level 
(1–10 ha) can lead to a massive loss of live plant biomass. However, at the landscape 
level (1000–100,000 ha), single individuals or individual stands usually survive 
even extreme events (Romme et al. 2011). As a consequence, these individuals or 
stands contribute to the recolonization and revegetation of the system after a distur-
bance via seed dispersal. Since the immediate vicinity of a disturbed area is often 
similar in its composition to the disturbed area before the disturbance event (e.g. see 
Palmer 2005), this feedback represents a systemic memory (Franklin et al. 2000) 
and gives the system ecological resilience. Many disturbances first develop locally 
before they spread to populations and entire landscapes. Examples are fires (which 
often develop from individual lightning strikes) and plant diseases. If individual 
thresholds are exceeded, the propagation rate of the disturbance changes non- 
linearly and amplification occurs at higher levels (Peters et al. 2004). Fires above a 
certain size are self-reinforcing by influencing their surrounding climate (e.g. 
increased wind development, pyrocumulus clouds) and drying out the combustible 
material on the ground via the heat that precedes the fire front. Tree mortality caused 
by bark beetle infestation increases disproportionately after a local threshold popu-
lation is reached as the defence mechanisms of trees, as well as the populations of 
antagonists, are overrun by the exponentially increasing beetle population (Raffa 
et al. 2008; see Chap. 12). Spatial connectivity in the landscape (e.g. between habi-
tat for bark beetles or combustible material for fire) plays an important role in reach-
ing critical thresholds (Meyn et al. 2007) and can contribute to a positive amplification 
across scales (Seidl et al. 2016a).

5.2.2  Legacies of the Pre-disturbance State

In most cases, disturbances do not result in the complete destruction of all organ-
isms inhabiting an area, but organic remains (biological legacies) of the ecosystem 
before the disturbance and undisturbed islands of intact vegetation persist in a 
matrix of disturbed areas (Franklin et al. 2000; White and Jentsch 2001). Organic 
remains after a disturbance include, for example, surviving organisms, seeds surviv-
ing in the soil (seed banks), microorganisms, fungi and insects, organic material 
such as humus and deadwood, and structural remains such as tree stumps or freshly 
exposed mineral soil. The amount and distribution of biological legacies signifi-
cantly influence the type and speed of recovery from a disturbance, and thus the 
resilience of the ecosystem. Examples of such legacies are surviving old trees after 
a forest fire and unmowed parts of a meadow. Even a small percentage of surviving 
individuals or stands can make a significant contribution to the resilience of the 
composition, structure, and functioning of a landscape. For example, in forests of 
the temperate zone, the survival of trees on only 12% of the landscape area increases 
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the carbon storage by 33.8% in the first 100 years after a disturbance (compared to 
forests with total loss of live trees). At the same time, these legacies of the system 
before disturbance triple the recolonization with late-successional species in the 
first century after disturbance (Seidl et al. 2014). Live tree legacies, therefore, con-
tribute significantly to ecological resilience. Further forms of legacy are seed banks 
and the ability of certain species to resprout. Plants that can sprout from dormant 
buds after the death of aboveground plant parts often recover quickly after distur-
bance, as water and nutrients can be utilized by the established root network. Such 
plants oftentimes even benefit from disturbances as their competitors have been 
eliminated by the disturbance and more resources are available for their develop-
ment (Buhk et al. 2007). In the Central Alps, aspen (Populus tremula L.) and downy 
oak (Quercus pubescens Willd.) are both able to resprout after fires, and thus benefit 
from fires in comparison with Scots pine (Pinus sylvestris L.), which is an obligate 
seeder (Wohlgemuth et al. 2018). Seeds can survive disturbances both in the soil 
(soil seed bank) and in tree crowns (canopy seed bank). The latter is called serotiny: 
seeds survive in closed, resinous cones in the canopy, which only open after the 
great heat produced by fire. This characteristic is an evolutionary adaptation to dis-
turbances (see Chap. 6). For example, serotiny is shown by several pine species 
(Pinus halepensis Mill., P. pinaster Ait.) in the Mediterranean region and by black 
spruce (Picea mariana (Mill.) Britt.) in Alaska.

Frequently, not all developmental stages of plants are affected equally by distur-
bance, which means that less susceptible stages can serve as a system legacy and 
accelerate system recovery. Shade-tolerant tree species can, for example, regenerate 
under closed canopies even at low light levels and remain in a ‘waiting position’ for 
several decades until resources become available. This advanced regeneration is not 
affected by disturbances such as bark beetles or wind because the cambial layer of 
the young trees is still too thin to serve as breeding material for bark beetles and the 
susceptibility to wind is small owing to the high elasticity of young plants and low 
leverage because of low tree height. Consequently, advanced regeneration can play 
an important role in the recovery of forests following these disturbances. In the 
Bohemian Forest, for example, where mortality from bark beetle outbreaks in the 
last 25 years was up to 99% of canopy trees, this advanced regeneration led to a 
rapid recolonization (76% coverage 10 years after disturbance) by Norway spruce 
(Picea abies L.), which was already dominant before the disturbance (Zeppenfeld 
et al. 2015). The system thus proved to be very resilient to disturbance, which was 
largely due to the already existing regeneration under the canopy (Fig. 5.5).

5.2.3  Ecological Stress Memory and Acclimatization

Repeated disturbances can push ecosystems beyond a threshold so that a previous 
dynamic equilibrium can no longer be achieved. The consequences can be substan-
tial changes in species composition and ecosystem services (see Chap. 18). However, 
some plant species have an individual ‘ecological stress memory’ and consequently 
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Fig. 5.5 Biological legacy after bark beetle infestation in the Bohemian Forest. Organic remains 
(here: standing and downed deadwood) as well as tree regeneration, some of which had already 
been established under the canopy before disturbance. (Photo: R. Seidl)

can react relatively quickly and efficiently to disturbances (Walter et al. 2011). Such 
a memory could be the mechanism by which ecological communities can remain 
stable even under extreme climatic conditions. Ecological stress memory is defined 
as a plant reaction which, after being exposed to stress, buffers the plant against the 
influence of future stress. This mechanism of individual resilience is observed, for 
example, as a consequence of drought, frost, or heat stress (see Chap. 6).

Ecological stress memory occurs either in the form of acclimatization processes 
or as damage as a result of stress. Acclimatization occurs, for example, when trees 
that are repeatedly exposed to dry periods invest a larger proportion of their assimi-
lates into root growth and are therefore better adapted to water limitation (Kozlowski 
and Pallardy 2002). However, if the frequency of disturbances is increased, plants 
may not be able to recover sufficiently between disturbance events. Because of the 
reduced assimilation capacity in periods of drought, trees are often forced to reduce 
their leaf area, which leads to lower radiation absorption and thus reduced photo-
synthesis in the following years (e.g. Allen et  al. 2015; Johnstone et  al. 2016). 
Whether trees acclimatize to stress or not also affects their reaction to new distur-
bance events: either disturbances can reduce resilience through accumulation of 
stress, resulting in an increased sensitivity to subsequent disturbance events 
(Scheffer et al. 2001), or acclimatization may persist after stress, resulting in reduced 
sensitivity or faster recovery to new stress events (Walter et al. 2011). Delayed or 
belated stress effects, which only become visible after a considerable time, can have 
negative effects on the resilience of plants to further disturbances. A delayed reac-
tion to past extreme events such as summer drought can be observed, for example, 
in trees, with increased mortality occuring several years after drought (Bigler et al. 
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2007). Late ground frosts can trigger increased mortality in dwarf shrubs in the 
vegetation periods following the frost (Kreyling et al. 2010). Such delayed responses 
to disturbances indicate significant carry-over effects in plant fitness; the responses 
may be barely noticeable immediately after a disturbance but explain part of the 
reduced resilience after repeated disturbances (Buma 2015).

5.2.4  Response Diversity and Trade-Offs Within 
Plant Communities

Many plant communities consist of species with complementary traits in terms of 
competitive strength and tolerance to disturbance (White and Jentsch 2001). The 
phenomenon of community resilience often arises from this diversity in traits. 
Often, species of a community complement each other with respect to their toler-
ances to disturbance (e.g. drought, plant diseases, and herbivory), resulting in sys-
tems that are resilient to different disturbances. In addition, a trade-off between 
disturbance tolerance and competitive capacity has often developed over the course 
of evolution: competitive species often show little resistance to disturbance, while 
less competitive species can benefit from disturbance and the resulting removal of 
superior competitors (dominance reduction; Wohlgemuth et al. 2002) and release of 
resources (Davis et  al. 2000; White and Jentsch 2001). As discussed above, the 
resilience of forests is determined, for example, by characteristics such as seed dis-
persal, serotiny, the ability to resprout, or shade tolerance, which vary between spe-
cies. In many cases, these properties are negatively correlated: seed dispersal over 
long distances is a typical property of early-successional species in forests, which 
are, however, very light-demanding species. Shade-tolerant climax species, on the 
other hand, often have heavy seeds and thus disperse only over short distances. 
Therefore, a key to the resilience of ecosystems is their diversity, that is, the coexis-
tence of species with different characteristics, niches, and life history strategies. 
While disturbances influence diversity (see Chap. 4), the opposite is also true: diver-
sity determines the resilience of ecosystems to disturbance.

A key element for resilience is response diversity, that is, the variability in the 
responses of species to fluctuations and disturbances (Mori et al. 2013). A landscape 
consisting of species with similar niches and characteristics has a lower response 
diversity than a landscape in which species with very different niches and strategies 
occur (e.g. a mixture of pioneer species and late-successional species). Silva Pedro 
et al. (2015), for example, showed that carbon uptake and storage in species-rich 
forest landscapes (European beech forests in Hainich National Park, Germany) are 
significantly more resilient to disturbances than species-poor systems. Further 
investigations of the same forest ecosystem showed that mixtures of species with 
different characteristics and strategies (i.e. early-successional, intermediate, and 
late-successional species) also show higher productivity and thus recover faster 
from disturbances (Silva Pedro et al. 2016). Beta diversity (i.e. mixtures of species 
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between stands) is at least as effective as alpha diversity (i.e. mixtures within a 
stand) for buffering disturbance impacts (Sebald et al. 2021).

In grasslands, the positive impact of high biodiversity on productivity and stabil-
ity is attributed to different mechanisms (see Chap. 15), including: (1) the degree of 
asynchronous behaviour of species in a plant community in the face of disturbances, 
(2) insurance effects through complementary plant strategies from fast-growing to 
stress-tolerant species, (3) overcompensation of individual species during distur-
bances by reducing competitive pressure, and (4) the likelihood that a particularly 
productive species will occur when a high number of species are present (Yachi and 
Loreau 1999; Lehman and Tilman 2000; Loreau and de Mazancourt 2008; Hautier 
et al. 2014).

We note that the mechanisms of resilience in ecosystems are still far from being 
fully understood and are a current topic of research. Therefore, the processes listed 
here should be seen as examples rather than as a comprehensive list.

5.3  Measuring and Describing Resilience

Despite the growing theoretical understanding of resilience and the steadily increas-
ing scientific literature on resilience in different systems, practical applications of 
the concept (e.g. in ecosystem management) are still rare. One of the reasons for the 
slow transdisciplinary spread of the concept is the difficulty in measuring and 
describing resilience and the multi-scaled nature of the concept, as described above 
(Seidl 2014). Therefore, many studies are currently dealing with the quantification 
of resilience (Isbell et al. 2015; Kreyling et al. 2017; Ingrisch and Bahn 2018). In 
this section, we address some important aspects in this regard.

5.3.1  Recovery After Disturbances

The recovery after a disturbance is an important indicator of the resilience of a sys-
tem. In the ‘ball and cup’ model, the faster the ball is at the bottom of the cup, the 
faster the system approaches the centre of the attractor, and the higher is its resil-
ience (Fig. 5.1). This property is probably the most directly measurable indicator of 
resilience. Frequently performed productivity measurements can be used in this 
context to gain insights into the resilience of a system (Isbell et al. 2015). For exam-
ple, the resilience of managed spruce forests (based on stand volume) decreases at 
the margins of the natural distribution of spruce in Central Europe, with stand age 
and stand structure also influencing resilience (Seidl et al. 2017). It should be noted, 
however, that the speed of recovery is in most cases an indicator of engineering 
resilience and therefore does not allow any inference about possible regime shifts.
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5.3.2  Position of the Attractor

Another resilience indicator besides the speed of recovery is the recovery pathway 
of the system towards the dominant attractor (Seidl et al. 2016b). This requires a 
precise knowledge of the location of possible attractors. However, the estimation of 
attractor positions (Fig. 5.1) is complicated by the above-mentioned multitude of 
possible development paths of a system after disturbance (Fig. 5.3). How do we 
know whether an observed development pathway leads back to the former attractor 
of the system – indicating resilience – or leads to an alternative regime? In order to 
answer this question, it is necessary to quantitatively describe the position of the 
attractors of a system. The Historical Range of Variability (HRV) is suitable for the 
quantitative description of system attractors (White and Jentsch 2001). The HRV 
quantifies possible system states and specifies probabilities (over time) or frequen-
cies (proportion of landscape) of system states for relevant variables (Keane et al. 
2009). HRV thus quantitatively describes the past attractors of the system. A com-
parison of the current state or current recovery trajectory with the HRV provides 
information about the ecological resilience of a system. Human disturbances have, 
for example, led to the situation where Mediterranean ecosystems in Europe are 
currently characterized by maquis shrubland systems over large areas (Fig.  5.6; 
Tinner et  al. 2009). Without human disturbances, these systems would approach 
their natural attractor again under the prevailing Mediterranean climate, that is, 
evergreen oak forests (Quercus ilex L.) would reappear (Henne et al. 2015). The 
HRV of a system can only be described for long periods of time because of the 
necessity to include the full variation inherent to the system. Since these periods of 
time are often not sufficiently covered by empirical data, simulation models are 
needed in many cases to describe the HRV quantitatively (Cyr et al. 2009; Seidl 
et al. 2013). However, the orientation on the HRV is increasingly criticized in the 
light of global change, as historical reference conditions can no longer be used as 
models for future conditions under changing environmental conditions (Seidl et al. 
2016b; Jentsch and White 2019). It should, therefore, be noted that the attractor 
landscape is not static and can change over time. When estimating the resilience 
under future climatic conditions, it is necessary to consider not only the historical 
but also the future variability of the system (Duncan et al. 2010; Seidl et al. 2016b; 
Jentsch and White 2019). Nevertheless, analyses of the past provide an important 
basis for the contextualization of current disturbance events (Janda et  al. 2017). 
Increasing availability of palaeo-data is providing better information about past 
climate-related changes in the attractor landscape (Tinner et  al. 2009; Henne 
et al. 2015).
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Fig. 5.6 Two alternative attractors of Mediterranean ecosystems in Southern Europe. (a) Open, 
shrubby maquis systems, which were created and are preserved by human disturbances. (Photo: 
M.  Schweiss, Wikimedia Commons.) (b) Forests of Mediterranean oaks (e.g. Quercus ilex L.; 
Photo: F. Geller-Grimm, Wikimedia Commons) as they would appear without human disturbance 
(Henne et al. 2015)
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5.3.3  Early-Warning Indicators

In applying the resilience concept, the question often arises of whether a regime 
shift is imminent or not. Many ecosystems recover relatively quickly after distur-
bance (high resilience), while others recover only over long periods of time (low 
resilience). In the case of ecosystems with low resilience, the question of a possible 
regime shift is increasingly being raised. If such a shift occurs, it can often have a 
large and long-lasting impact on ecosystems, which makes early-warning indicators 
of regime shifts particularly relevant.

The temporal autocorrelation of a system offers possible insights here. A system 
with high resilience (i.e. a deep valley in Fig. 5.1) quickly returns to the centre of the 
attractor after disturbance. The temporal autocorrelation of the system after distur-
bance (i.e. the temporal memory of a disturbance event) is low. At low resilience or 
near a tipping point, there are only weak gradients in the attractor landscape – the 
system returns only slowly to its starting point after disturbance. This slow return 
results in increasing temporal autocorrelation and is called ‘critical slowing down’; 
it is a possible early-warning indicator of a regime shift (Scheffer et al. 2009).

The spatial structure of ecosystems can also provide information about their 
resilience. For example, the further a disturbance radiates into a system, or the 
greater its spatial effect on surrounding areas, the lower the resilience of the system 
(Dai et al. 2013). This phenomenon is also expressed in increasing spatial autocor-
relation in systems near tipping points (Dakos et  al. 2010). Furthermore, an 
ecosystem- related regime change can often be first announced by changes in limited 
areas of the system, which recover only slowly, or not at all, from disturbances. 
Increasing spatial variability may therefore also indicate a regime change in some 
systems (Kéfi et al. 2014).
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Chapter 6
Adaptation to Disturbance

Georg Gratzer  and Anke Jentsch 

Abstract Plants began to colonize land more than 400 million years ago. Since 
then, they have been exposed to fire, wind, drought, frost, floods, herbivores, and 
other disturbances – sometimes simultaneously – and have developed a variety of 
strategies to reproduce despite their exposure to these disturbances. The length of 
the evolutionary period available for such adaptations has been long. Accordingly, 
the adaptations that have been developed are complex and diverse. On the other 
hand, recent studies have shown that plants can also adapt very quickly to new dis-
turbance regimes. The adaptation potentials of organisms and biotic communities 
available in ecosystems represent an important basis for their future development in 
times of global change.

Keywords Plant adaptation to disturbance · Disturbances as selection factors · 
Drought · Fire · Frost · Herbivory · Secondary metabolites

6.1  Complex Interactions of Selection Factors Form 
Plant Communities

Like all other organisms, plants perform several tasks simultaneously. Growth and 
reproduction requirements result in combinations of plant traits that perform certain 
functions (photosynthesis, growth, reproduction) from the individual cell to the 
structure of the entire plant. Natural selection acts on the ‘net result’ – the perfor-
mance of combinations of different plant characteristics rather than on individual 
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plant traits (Lachenbruch and McCulloh 2014). Disturbances have the potential to 
cause organisms to die before they can reproduce, and thus have a major impact on 
plant fitness. This is particularly important in long-lived individuals such as trees: 
these organisms have an evolutionarily stable strategy (i.e. a strategy that cannot be 
displaced by another, better strategy) called the ‘bang-bang strategy’ (Falster and 
Westoby 2003). This term (borrowed from control engineering in which a controller 
switches abruptly between two states) describes a strategy in which the plants (trees) 
first invest their resources exclusively in height growth (and thus in competitive 
strength) and allocate resources to sexual reproduction only after this initial period 
of height growth. However, this results in high demand for survival up to the point 
where the switch is made, which often occurs only after decades, and thus a high 
pressure to adapt to disturbance.

The long evolutionary history of land plants and the immensely varying environ-
mental conditions during this period have meant that the current shaping of plant 
traits in their respective environments is a combination of past selection pressures 
and also current adaptations (Reich et al. 2003).

6.1.1  Adaptation to Fire

‘Serotiny is the prolonged storage of seeds in closed cones or fruits held within the 
crown of woody plants’ (Lamont et al. 2020), and it is followed by the spreading of 
these seeds directly after a disturbance. This is a widespread strategy in fire-driven 
ecosystems. In Pinaceae, this strategy evolved about 90 million years ago (He et al. 
2012). At this time (the older Upper Cretaceous), the oxygen content in the atmo-
sphere and the temperature were high, and thus the fire frequency was also high; the 
Cretaceous is considered to be one of the periods with the highest fire frequency in 
the history of the Earth (He et al. 2012). Plants that display serotiny have a signifi-
cantly higher seedling survival rate because the seeds fall to the ground directly 
after the fire, germinate, and then grow without competition because the competing 
species have been burned and are temporarily absent (Causley et al. 2016).

6.1.2  Adaptation to Drought

Plants can also adapt to repeated drought events and stress caused by dehydration 
by investing in their drought tolerance (Walter et al. 2013). For this purpose, they 
use mechanisms such as the accumulation of dehydrins (DHN), a protein group that 
protects against dehydration during osmotic processes (Lambers et  al. 2008). 
Further adaptations are the enrichment of sugars (Walter et al. 2011) as well as a 
reduction of the photosynthetic apparatus or a specific incorporation of water- 
soluble organic compounds, so-called compatible solutes (small organic molecules 
that act as osmolytes and help organisms survive extreme osmotic stress) like 
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proline and betaines. Drought adaptations are generally accompanied by changes in 
the gene expression of the plant hormone abscisic acid (ABA) (Lambers et  al. 
2008). In addition to physiological changes, phenotypic and morphological adapta-
tions to drought stress can also occur, for example, increased root to shoot ratio or 
increased rooting of deeper soil horizons.

6.1.3  Adaptation to Frost

In regions where temperatures below zero are reached, persistent plants show the 
potential to adapt to frost and cold spells. A typical example is oaks (Quercus spp.) 
that are able to sprout a second time after being damaged by late frosts (the so-called 
Lammas shoots). Frost generally damages cells by forming intracellular ice crystals 
and the resulting dehydration caused by mechanical damage to cell membranes. 
Such apoplastic ice formations lead (like drought stress) to a lack of water in the 
cells. Therefore, plants often use the same mechanisms for both frost and drought 
stress, such as the accumulation of soluble sugars or the transcription of DHN and 
LEA-genes [late embryogenesis abundant proteins (LEA); Lambers et  al. 2008; 
Janská et al. 2010]. In order to maintain the fluidity of the cell membrane (mem-
brane fluid) under increased dehydration pressure, plants increasingly store unsatu-
rated fatty acids in their phospholipids as an adaptation to cold.

Plants can also synthesize so-called anti-frost proteins, especially as protection 
against dehydration as a result of frost. These proteins then prevent damage to the 
cell membrane. Frost adaptation is induced by low temperatures and a change in the 
photoperiod (Janská et al. 2010). While plants usually need several weeks to harden 
against cold spells, softening can take place within hours. For example, resistance 
to frost can disappear after a few hours if temperatures rise enough. The fact that 
adaptation to frost takes a long time and the loss of frost resistance happens rela-
tively quickly presents many plants with a problem (Fig. 6.1). They are particularly 
susceptible to frost damage during short periods of frost during the growing season 
or after warm periods in winter.

6.1.4  Adaptation to Heatwaves

The reactions of plants to heatwaves are quite well understood at the cellular level: 
after plants have been exposed to extremely high temperatures, the expression of 
housekeeping genes (i.e. genes that are always expressed, except under extreme 
conditions, to maintain cellular functions) is stopped and increased heat shock pro-
teins (HSPs; molecular chaperones in protein quality control) are synthesized. 
These protect other proteins from damage and repair already denatured proteins 
(Kotak et al. 2007). Furthermore, proteins can also be stabilized by compatible sol-
utes such as proline or betaines (Schulze et al. 2002).
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Fig. 6.1 Late frost damage to young beech (Fagus sylvatica L.) trees in May 2011, whose already 
sprouted leaves were no longer adapted to late cold spells. On a cloudless night, temperatures of 
around –11°C were reached in the early hours of the morning, which killed all spring shoots. 
(Photo: J. Kreyling)

6.1.5  Fitness Effectiveness of Disturbance Combinations

Usually, plants are exposed to different types of disturbance simultaneously, each of 
which exerts different selection pressures on plants. For example, predispersal seed 
predation and crown fire represent competing selection pressures for the lodgepole 
pine (Pinus contorta Douglas ex Loudon): seed predisposition by squirrels selects 
against perennial storage of seeds in a crown seed bank; therefore, only a small 
amount of serotiny is found in forests with high squirrel density (Talluto and 
Benkman 2013).

At the cellular level, multiple disturbances acting on a plant activate specific 
physiological responses that are different from responses to individual disturbance 
events. An increase in tolerance to one stressor can reduce susceptibility to another 
stressor or, in individual cases, increase it. Since heat, drought, and frost lead to 
dehydration of cells, the adaptation strategies are very similar. It is, therefore, pos-
sible that adaptation to a particular type of disturbance also protects against damage 
from other disturbances. This creates a multiple memory that leads to more diverse 
tolerance. For example, the frost tolerance of some populations is also associated 
with drought stress tolerance (Blodner et al. 2005). Specifically, the late frost toler-
ance and even the maximum frost resistivity of some plants increases if they have 
been exposed to extreme drought in the previous year (Kreyling et al. 2011, 2012a).

Another form of adaptation to combinations of disturbances is that after drought 
herbivore resistance increases. The reason for this is an increased production of 
carbon-based secondary metabolites and abiotic stress-induced growth inhibition. 
However, it is not entirely clear how long such a change in secondary compounds 
and metabolic processes will last. Agrawal (2002) showed that the offspring of 
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plants attacked by herbivores also have a higher induced resistance to herbivores. 
This implies that stress memories with induced defence against herbivores are heri-
table. This has been corroborated by recent findings that show that herbivory- 
induced changes in morphological and reproductive traits were retained in plants 
two generations after herbivory occurred (Kellenberger et al. 2018). However, it is 
still unknown whether this can also protect against damage caused by drought, heat, 
or frost.

Phenological and morphological adaptations of plant parts, which are preserved 
over a long period of time, are another possibility for resistance to disturbance. 
Changes in the ratio of root to shoot growth in response to drought or warming are 
obvious morphological reactions; they also make the plants more resistant to future 
disturbance events. Also, the specific leaf area (ratio of leaf area to leaf dry matter) 
can be reduced to minimize water losses in dry periods. In this way, the plant already 
creates a higher resistance to future drought events.

The reactions of plants to abiotic stress (drought, cold stress, salt stress) are 
largely controlled by ABA, which, for example, causes the stomata to close during 
dry periods. The defence against pathogens that need a living host, on the other 
hand, is usually triggered by salicylic acid (SA), while in the case of an attack by 
herbivores and pathogens that kill the host, jasmonic acid (JA) and ethylene (ET) 
dominate as primary signals for plant defence (Atkinson and Urwin 2012; Bruce 
2014). ABA acts antagonistically, but also synergistically, on the signal pathways 
triggered by biotic stress. Interactions of different stressors show a very specific 
signature in the plant reaction patterns. The signalling pathways against biotic dis-
turbance also interact, almost exclusively antagonistically. Plants that are infected 
by pathogens and trigger an SA signalling pathway suppress JA-dependent responses 
and vice versa (Ballaré 2011). However, this mutual suppression of the production 
and also the reception of plant hormones, each of which initiates the corresponding 
defence, can also be outsmarted: some generalist herbivores, such as Spodoptera 
spp., can trigger an SA signalling pathway in plants (Arabidopsis, Nicotiana) 
through an as yet unidentified mechanism during feeding, which reduces the her-
bivory defence responses of the host plant (Ballaré 2011). Similarly, substances in 
insect eggs of the cotton leafworm (Spodoptera littoralis (Boisduval)) trigger SA 
defence reactions and lead to better larval growth (Bruessow et al. 2010). Colorado 
beetles (Leptinotarsa decemlineata Say) ‘infect’ plants at their feeding sites with 
symbiotic bacteria that induce SA-induced defence, which in turn act antagonisti-
cally on the JA signalling pathways and reduce the defence against the Colorado 
beetle (Chung et al. 2013). Here, the insects have thus succeeded in outwitting the 
specific defence reactions of plants and inducing the ‘false’ defence. In any case, 
plants exposed to multiple types of disturbance show complex interaction patterns 
that differ from the reactions to an individual type of disturbance. This fact became 
obvious in agricultural breeding when, for example, manioc (Manihot esculenta 
Crantz) bred for resistance to the manioc mosaic virus became more susceptible to 
the silverleaf whitefly (Bemisia tabaci (Gennadius)) (Atkinson and Urwin 2012). In 
maize (Zea mays L.), on the other hand, cultivars with increased drought tolerance 
showed increased resistance to the hemiparasitic witchweed (Striga hermonthica 
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(Delile) Benth.) (Atkinson and Urwin 2012). Breeding for resistance to only one 
disturbance factor, as is commonly done in agriculture, can lead to undesirable 
results with respect to other disturbances.

Some types of disturbance only become a factor in determining fitness in combi-
nation with other types of disturbance. One example comes from the fir forests 
(Abies densa Griff.) in the Eastern Himalayas, which form closed, monospecific 
stands at the forest line (Fig. 6.2). This tree species has a broad-crowned tree archi-
tecture that is not adapted to heavy snowfall. As a result, in most winters strong 
crown breakage and branch breakage provide entry points for various wood- 
decomposing fungi, which eventually leads to rot in the majority of trees with trunks 
over 50 cm in diameter (Gratzer et al. 2002). However, the combination of distur-
bances caused by snow loading and pathogens does not have an effect on fitness 
because strong winds and storms are not frequent in these ecosystems. Trees affected 
by rot not only survive for centuries but also massively produce seeds, even at ages 
of more than 400 years. If there were a combination of snow breakage, pathogens, 
and storms in these regions, the reduced stability against stem breakage would rep-
resent a strong selection factor towards narrow crowning and thus reduced snow 
loading.

Plants have developed a number of different adaptations to the same disturbance, 
for example, thick bark and strong self-pruning (the shedding of dry and dead 
branches) and height against the influence of surface fires, but also the same adapta-
tions for different disturbance agents. An example is the resprouting from roots 

Fig. 6.2 The tree architecture of Abies densa in Bhutan is not adapted to snow loads because of its 
wide crowns with spreading branches. As a result, during snowfall, crowns and branches break off, 
allowing decay pathogens to enter the tree. However, because storms that would break such rotten 
trees are rare in these ecosystems, these trees can remain in the ecosystem for a long time and 
continue to produce seeds. This means that snow loads do not affect fitness and – if conditions 
remain the same – will not lead to adaptations like narrow tree crowns. (Photo: ©Mark Overgaard, 
Scots Valley, CA, USA)
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Fig. 6.3 Epicormic resprouting in a Canary Island pine (Pinus canariensis) stand after a fire on La 
Palma, Canary Islands. (Photo: A. Jentsch)

(root sprout) or from adventitious buds after the aboveground plant parts have died 
as a result of wind, fire, drought, insect herbivores, or pathogens. Unique among the 
pine species is the Canary Island pine (Pinus canariensis C. Sm.), which sprouts 
new needles on both branches and trunks after a fire, insect infestation, and wood 
harvesting (Pausas and Keeley 2017; Fig. 6.3). Therefore, it is not always possible 
to ascribe adaptations in plants to a specific disturbance agent or to a disturbance 
agent that is currently affecting the plant.

6.1.6  Adaptations Are Grouped Geographically

Especially the mentioned disturbances by a fire show that there are many different 
adaptations, but surprisingly these are geographically coherently combined: plants 
in ecosystems with frequent fires of low intensity often show thick insulating bark 
(Schwilk and Ackerly 2001; Cavender-Bares et al. 2004), as well as high flammabil-
ity of leaves (Engber and Varner III 2012) and self-pruning of the lower dead 
branches (Keeley et al. 2011). In ecosystems with destructive fires, however, plants 
often show thin bark, low investment in reserves for regrowth (Tng et al. 2012), and 
serotiny (Schwilk and Ackerly 2001). The disturbance regime (i.e. the sum of all 
disturbances acting on a site) is thus closely linked to certain plant traits, suggesting 
an evolutionary adaptation of plants to a disturbance regime (Pausas and 
Schwilk 2012).
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However, evidence of fitness alone is not sufficient to show that a certain plant 
trait was caused by disturbance. The trait must also be heritable and thus have a 
genetic basis. In this context, the heritability of serotiny and thick bark in the Aleppo 
pine (Pinus halepensis Mill.) has recently been investigated. The heritability was 
0.2 for serotiny and 0.15–0.24 for thick bark, that is, medium to relatively high heri-
tability for these traits (Pausas 2015). This also explains the divergence of these 
plant traits for populations living in regions with different disturbance regimes: 
serotiny is much more common in populations with crown fires (Hernández-Serrano 
et al. 2013).

Biotic disturbance also produces spatially located and delimited genetic patterns 
in plant populations. With the ‘favourite’ plant of plant genetics, the thale cress 
(Arabidopsis thaliana (L.) Heynh.), which is widely distributed in Europe, Züst 
et al. (2012) demonstrated that the genetic expression of chemical plant defence (by 
glucosinolates) varies geographically and correlates with the respective distribution 
of two aphid species. The differential selection by the two aphid species was dem-
onstrated in an experiment. An artificially mixed population of Arabidopsis from 
different regions of origin with the highest possible genetic variation in defence 
properties was exposed separately to the two aphid species. After only five genera-
tions, the same specific genetic differences in plant defence were found as in the 
different regions of origin of the plants. Plants that were not exposed to aphid infes-
tation produced only small amounts of glucosinolate (Züst et al. 2012). Thus, it was 
demonstrated that the different causes of biotic disturbance, although functionally 
very similar, produce geographical–genetic variation in plant populations. Such 
geographical–genetic differences could potentially be used in agriculture and for-
estry, especially in the context of the predicted increasing frequency and severity of 
extreme weather events in the near future, by growing disturbance-resistant variet-
ies of arable crops and provenances of forest trees (Fig. 6.4). With respect to the late 
frost tolerance of important forage grasses and tree species from different European 
countries, the tolerance is correlated with the May minimum temperatures of their 
regions of origin (Kreyling et al. 2012a, b, c).

6.1.7  Many Enemies, Much Resistance: Biotic Disturbance 
as a Driver of Adaptation and Diversity

The most diverse adaptations to disturbances in the plant kingdom are probably the 
defence strategies against herbivores. Herbivores have exerted a strong selection 
pressure on plants for over 400 million years. Of the total biomass produced by ter-
restrial plants, herbivores consume about 15%. Herbivores are one of the most 
important links between autotrophic plants and the rest of the food web. Plants have 
developed various strategies against this biotic disturbance: they increase their 
resistance by physical barriers (thorns, spines, trichomes, thickened cell walls, 
resin, latex) and chemical repellents and can compensate for lost biomass through 
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Fig. 6.4 European origins of the widespread common meadow-grass (Poa pratensis L.) from 
Germany, England, Croatia, Norway, Poland, Switzerland, and Hungary. The plants were culti-
vated from seeds in a north German research institution and were planted there. Depending on their 
origin, the grasses have different characteristics, which also lead to different sensitivity to late 
frost. (Photo: A. Jentsch)

compensatory growth and regrowth, that is, plants tolerate the effects of the biotic 
disturbance. Until recently, it was assumed that plants had either one or the other 
strategy – that is, resistance or tolerance – because these strategies would be func-
tionally redundant, and both would ultimately lead to an increase in fitness towards 
herbivory. However, empirical studies have shown that plants very often invest 
resources in both strategies at the same time (Pilson 2000). Herbivory experiments 
with two different leaf beetle species, a generalist (Epitrix parvula (Fabricius)) and 
a specialist (Lema daturaphila Kogan & Goeden), on thornapple (Datura stramo-
nium L.) showed that the two beetles each selected for different strategies, namely, 
resistance (the generalist) and tolerance (the specialist), and that a mixed strategy 
(both resistance and tolerance) resulted in the greatest gain in fitness for the plant 
(Carmona and Fornoni 2013). Given the large number of herbivores, it can be 
assumed that exclusivity in the interaction between plant and herbivore (i.e. only 
one herbivore species on one plant species at a time) occurs very rarely (if at all), 
and that mixed strategies of resistance and tolerance, therefore, represent a general 
adaptation pattern (Carmona and Fornoni 2013).
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6.1.8  The Role of Secondary Metabolites in Herbivore Defence

The chemical arsenal of plants is extremely diverse with over 100,000 secondary 
metabolites already identified (Kessler 2015). These plant substances perform a 
number of tasks such as pigmentation, UV protection, and structure for the plant, 
but are in any case central to the plant’s defence against herbivores. They have a 
direct toxic effect, such as protease inhibitors in pigeon pea (Cajanus cajan (L.) 
Huth) and its wild relatives that act against the cotton bollworm (Helicoverpa armi-
gera (Hübner)) – a pest that causes global losses in legume yields of over $320 
million per year (Parde et al. 2012), or indirectly by attracting natural enemies of 
herbivores (Bruce 2014). Some of these substances are constitutive, while others are 
induced by herbivory, that is, they are only formed when an attack by a herbi-
vore occurs.

Which type of defence occurs in plants and which factors are important for the 
evolution of strategies is only slowly being better understood through the applica-
tion of molecular methods. Kessler (2015) summarizes the functional hypotheses 
that explain the evolution of herbivory-induced secondary metabolites as follows: 
(1) the optimal defence hypothesis, (2) the moving target hypothesis, and (3) the 
information transfer hypothesis. The first hypothesis states that secondary metabo-
lites are only formed when they are needed, that is, when the plant is eaten or eggs 
are laid. It is based on the assumption that constitutive defence results in higher 
costs for the plant than induced defence. In fact, the costs of constitutive defence are 
high and the plant can invest assimilates either in defence or in growth and propaga-
tion. Accordingly, in the absence of herbivores, the fitness of those plants that have 
a high level of constitutive defence in the form of secondary metabolites is reduced 
(Agrawal 2007; Ballaré 2011; Kessler 2015) – an allocation compromise called the 
‘dilemma of plants: to grow or defend’ (Herms and Mattson 1992). However, is 
induced defence ‘cheaper’? To answer this question, it is necessary to consider the 
costs of the signalling pathways that lead to the formation of plant substances. 
Results of recent molecular genetic studies suggest that the maintenance of endog-
enous signalling pathways results in costs to plants comparable to those of constitu-
tive defence (Kessler 2015) – a basic assumption of the first hypothesis, therefore, 
does not seem to apply here. However, the assumption of equal costs of these two 
defence strategies applies to the hypothesis of the mobile target, the second hypoth-
esis. This hypothesis states that the change in the phenotype of plants, which is 
associated with metabolic changes and resulting differences in food quality for her-
bivores, increases the fitness of plants because it makes adaptations of herbivores 
more difficult. This would be the case if the costs of defence were not too high, if 
herbivore rates varied, and if the success of plant phenotype defence varied between 
herbivores (Adler and Karban 1994; Kessler 2015). Finally, the information transfer 
hypothesis (the third hypothesis) states that plants exchange information with the 
environment through induced defence. The plants thus ‘orchestrate’ interactions 
with the recipients of this information. These can be neighbouring plants, other 
herbivores, and natural enemies of herbivores (such as parasitic wasps), which are 
attracted by this information and can greatly reduce the infestation of herbivores.
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6.1.9  Herbivore-Induced Communication Between Plants

How do plants communicate with their environment? They release volatile organic 
compounds during attacks by herbivores or pathogens as well as during abiotic 
stress. These compounds initiate defence reactions in plant organs of the same plant, 
but also in neighbouring plants, which may not even have been in direct contact with 
the herbivores or pathogens. These volatile organic compounds, most of which are 
terpenes, are semiochemicals (i.e. messenger substances used by insects to find food 
or conspecifics). Another group of substances is plant fragrances, so-called green 
leaf volatiles (GLVs): C6 compounds, mainly aldehydes, alcohols, and esters 
(Fig.  6.5). They are probably among the first weapons available to plants after 
attacks and abiotic stress; only a few seconds are needed for their formation (Scala 
et al. 2013). They are antimicrobial, influence the production of plant hormones, and 
thus induce defence or preparation for defence within the plant and neighbouring 
plants. On the one hand, GLVs can be used by plants to directly fend off herbivores, 
and, on the other hand, they can also be used by herbivores as an attractant that leads 
them to the forage plant. Predators of insect herbivores also use them to find their 
prey (Scala et al. 2013). Such predators are other insects (e.g. ichneumon wasps). 

Fig. 6.5 Green leaf volatiles (GLVs) are emitted by plants during herbivory, pathogen infection, 
and abiotic stress. The GLVs have a variety of effects: (1) they are antimicrobial; (2) they influence 
phytohormonal networks; (3) they are involved in plant-to-plant communication; (4) they trigger 
defence reactions in unattacked leaves of the same plant; (5) they induce defence preparation in 
neighbouring plants; (6) some carnivores, e.g. Geocoris spp., show a preference for plants that 
produce GLVs – an example of indirect defence. GLVs can also (7) attract herbivorous insects, 
such as the tobacco flea beetle (Epitrix hirtipennis Melsheimer) or (8) repel herbivorous insects, 
e.g. the caterpillars of the tobacco hornworm Manduca sexta (L.) or the closely related tomato 
hornworm Manduca quinquemaculata (Haworth). (From Scala et al. 2013, redrawn)
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Recent research has also shown that birds such as the great tit (Parus major L.)  
can also use purely olfactory stimuli to find insect caterpillars (Amo et al. 2013); 
previously it had been thought that these birds located their prey using visual stimuli 
only. It has also been proven recently that the indirect defence by the release of plant 
scents increases the fitness of plants. Wild tobacco (Nicotiana attenuata Torr. ex 
S.Watson) plants that released such volatile compounds had twice as many buds and 
flowers (as a measure of fitness) as genetically modified plants in which the ability 
to release these volatile compounds had been disabled; however, this effect only 
occurred when the tobacco hornworm (Manduca sexta L.), whose larvae feed on the 
leaves of wild tobacco, was reduced to half by predatory bugs of the genus Geocoris 
attracted by GLVs (Schuman et  al. 2012). Thus, the fitness- enhancing effect is 
indeed caused by the indirect defence, that is, the attraction of the predatory bug.

Plants also use other communication pathways to obtain information about pos-
sible impending attacks. For example, plant hormones that prepare the plant defence 
are transferred from plant to plant by mycorrhizal networks (Babikova et al. 2013).

All these communication channels are used to exchange information across indi-
vidual and species boundaries, which activates certain defence patterns in plants. 
The evolutionary significance of these sender–receiver relationships probably lies in 
the fact that the communication receivers ‘eavesdrop’ on their neighbouring plants 
and prepare their own defences when disturbance becomes likely. The benefit for 
the sender individuals lies in the fact that more distant plant parts can prepare the 
defence faster than would be possible through communication via the vessels 
(Heil 2014).

6.1.10  Herbivorous Insects Respond to Plant Defence

How do insects react to the arsenal of defence mechanisms developed evolutionarily 
by plants? Insects have a nervous system and the capacity to learn (Bruce 2014). 
They are able to adapt to new food plants by processing olfactory stimuli differen-
tially and learning their scent (Riffell et al. 2013).

Another adaptation to plant defence is, for example, the ability of herbivores to 
digest toxic substances. Selection in plants is in turn directed towards the formation 
of new defence mechanisms or the intensification of existing defence mechanisms, 
that is, an increase in toxic substances. This is called escalation of the defence power 
(Agrawal 2007). The evolution of new defence mechanisms in plants in turn drives 
evolutionary diversification and the development of new species. This could be 
shown by the example of the defence mechanisms of herbivores on (tree) plants 
through latex, where latex-producing clades are more species-rich than sibling 
clades without latex (Agrawal 2007).

Evolution can be a very fast process: new studies have observed evolution in 
‘real time’, for example, in plants of the common evening-primrose (Oenothera 
biennis L.), which were protected from herbivory. After several plant generations, 
this protection from herbivory led to a decrease in herbivore resistance and an 
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increase in competitiveness. The genetic structure of the plant population had 
changed already after 5 years (Agrawal et al. 2012). In Arabidopsis thaliana, studies 
have shown that the immune response to pathogen infestation not only led to an 
increased resistance against the pathogens, but that this response was also geneti-
cally detectable in the next plant generation that had not been exposed to any patho-
gen (Luna et al. 2012). Thus, the plants ‘remember’ stress and biotic disorders in 
previous generations.

For such adaptations to occur, it is essential that sufficient intra-species genetic 
variation is present in plant populations. Here, a direct connection to the reproduc-
tive system of plants can be seen. In populations of self-pollinated species that are 
exposed to high herbivory pressure, the adaptive evolution of defence may therefore 
be limited as they often exhibit less genetic variation than outcrossing species 
(Campbell 2015). This example illustrates that reproduction and defence, which 
serves the maintenance of reproductive capacity, are coupled with each other and 
evolve in mutual dependence (Campbell 2015).

6.1.11  Adaptations at Community Level: Herbivores, Biomass 
Production, and Biodiversity

There are two main hypotheses that describe the interactions between herbivores 
and primary producers: the bottom-up hypothesis and the top-down hypothesis 
(Turkington 2009). The bottom-up hypothesis (Hunter and Price 1992) assumes that 
resources are made accessible by primary producers and gradually become avail-
able for higher trophic levels. Thus, plant biomass limits the herbivore biomass, 
which in turn limits the predator biomass. In contrast to the model of regulation by 
primary production, the top-down hypothesis postulates regulation by trophic inter-
actions (Hairston et al. 1960; Menge and Sutherland 1976). This hypothesis assumes 
that consumers of higher trophic levels (e.g. herbivores) deterministically influence 
the organisms of lower trophic levels (e.g. plants) consumed by them. It is assumed 
that both bottom-up and top-down processes occur simultaneously, and also that 
there are interactions between the processes. By reducing herbivory, a short-term 
increase in stock biomass is achieved. However, the more decisive influence on the 
composition of species communities occurs through changes in the competitive 
relationships between the individuals and species concerned. When herbivores feed 
selectively, they impair their forage plants and thus reduce the competitive power of 
one plant species to the advantage of another; consequently, the relative abundance 
of the different plant species changes. In some cases, some plant species may disap-
pear completely from a site as a result of selective herbivory (see Chap. 13).

In a study on Tenerife (Canary Islands), Cubas et  al. (2017) reported on the 
impact of herbivores on two dominant endemic shrub species. While the legume 
Spartocytisus supranubius Christ ex G. Kunkel was heavily browsed by the non- 
native European rabbit (Oryctolagus cuniculus L.) and declined, the honeysuckle 
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Pterocephalus lasiospermus Link ex Buch was less affected and benefited from the 
dominance reduction of S. supranubius. A consequence of low herbivory, for exam-
ple, on islands, is that plants grow larger because of the lack of feeding pressure and 
thus also demand more nutrients from the soil. An increasing number of herbivores, 
in contrast, cause an overall reduction of biomass. Among other things, this can 
result in a decrease in the number of herbaceous plants, which can affect endemic 
species on islands. Ultimately, it is a combination of herbivore pressure and soil 
resources that jointly control the vegetation. Herbivores with a broad range of food 
sources tend to influence the entire plant community, whereas specialized herbi-
vores often only affect the abundance of singular species, impacting the overall 
diversity. Specialized herbivores and pathogens often regulate dominant plant spe-
cies and thus in some cases lead to higher diversity. This phenomenon, first observed 
in tropical forests, is known as the Janzen–Connell effect (Connell 1971; Janzen 
1970) and has been observed in other ecosystems, for example, temperate grass-
lands (Petermann et al. 2008).

6.1.12  Adaptation to Disturbance: Increasing Survival 
Probabilities of Affected Plants or Their Offspring

In terms of their function, the evolutionary adaptations of plants to disturbances can 
be divided into two major groups:

 1. Probability of survival: Those adaptations that increase the survival of the plant 
under the influence of disturbances.

 2. Propagation strategy: Those adaptations that promote the establishment of off-
spring of the plant under the influence of disturbances (Table 6.1)

An example of the first group of adaptations is the formation of mechanical and 
chemical defences against herbivores. The already described ‘serotiny’ (see Sect. 
6.1.1) is an example of the second group of adaptations.

6.2  Disturbance as a Selection Factor for Plant 
Characteristics in Communities

6.2.1  Niche Partitioning in Habitats with High Levels 
of Disturbance

Functional approaches characterizing adaptations of different species to distur-
bances suggest that the functional properties and abundance of species are signifi-
cantly adapted to the intensity, extent, duration, and frequency of disturbance 
(Grime 1979; Collins and Glenn 1988; Díaz et al. 2016). The resilience of plant 
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Table 6.1 Types of plant adaptation to abiotic disturbances

Increasing survival probability
Adaptation Disturbance agent Selected literature

Affected plant characteristic
Bark thickness Ground fire, 

rockfall, drought
Schwilk and Ackerly (2001), 
Cavender-Bares et al. (2004), and 
Lawes et al. (2011)

Sprouting ability Ground and crown 
fires, wind, 
herbivory, 
avalanches

Bellingham and Sparrow (2000), 
Bond and Midgley (2001), 
Ellenberg and Leuschner (2010), 
and Vesk and Westoby (2004)

Large plant height Ground fire Cavender-Bares et al. (2004), He 
et al. (2012), Pausas and Schwilk 
(2012), and Dantas and Pausas 
(2013)

Self-pruning Ground fire Pausas et al. (2004) and Pausas 
(2015)

Plant architecture Wind Telewski (1995, 2012), Gardiner 
et al. (2013, 2016), and Hamant 
(2013)

Small plant height Wind Gardiner et al. (2016)
Reduction of exposed surface area 
through deflection of leaves, 
branches, and trunks (reconfiguration 
and streamlining)

Wind Telewski (2012), Lopez et al. 
(2014), and Butler et al. (2011)

Reduction of exposed surface area 
through breakage of branches and 
leaves/needles

Wind Telewski (2012)

Spiral grain in trees Wind Telewski (1995)
Small leaves with flexible petioles Wind Gardiner et al. (2016)
High flexibility of trunks and 
branches enables aerodynamic 
attenuation of oscillations

Wind Hamant (2013), Lopez et al. 
(2014) and Gardiner et al. (2016)

Bending stiffness Avalanches and 
landslides; wind

Gardiner et al. (2016)

Root adaptations (allocation pattern 
and root morphology, anchorage)

Wind Nicoll and Ray (1996)

Allocation patterns for trunks and 
branches

Wind Gardiner et al. (2016)

Reaction wood Wind Coutand et al. (2014)
Adaptations to flooding (lenticels, 
aerenchyma, adventitious roots, thin 
cuticle, chloroplasts in or close to 
epidermis)

Flooding Glenz et al. (2006) and Catford 
and Jansson (2014)

Streamlined (elliptic) leaves floods Ellenberg (1996)
Elasticity of wood and predetermined 
breaking points

Flooding Ellenberg and Leuschner (2010)

(continued)
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Table 6.1 (continued)

Offspring
Early reproduction, fast life cycle Crown fires, 

avalanches, floods
Blom (1999), Ellenberg and 
Leuschner (2010), Keeley et al. 
(2011), Pausas and Schwilk 
(2012), and Reich (2014)

Large investment in seeds Flooding Blom (1999), Ellenberg and 
Leuschner (2010), and Catford 
and Jansson (2014)

Germination triggered by 
disturbances

Crown fires; 
generally seeds in 
soil diaspore banks

Thompson et al. (1997), Chiwocha 
et al. (2009), Nelson et al. (2012), 
and Long et al. (2015)

High flammability of plants and litter Crown fires Schwilk and Ackerly (2001), 
Schwilk (2003), Bond and Keeley 
(2005), and Crisp et al. (2011)

Serotiny Crown fires Schwilk and Ackerly (2001) and 
Causley et al. (2016)

Floating ability of seeds, high 
numbers of seeds

Flooding Johansson et al. (1996), Gurnell et al. 
(2008), Ellenberg and Leuschner 
(2010), Nilsson et al. (2010), and 
Catford and Jansson (2014)

communities to disturbance is also characterized by the acquisition of ecological 
niches (see the resilience hypothesis, Walker et al. 1999; and the insurance hypoth-
esis, Main 1982; Walker 1995; Naeem and Li 1997). In the case of disturbance, for 
example, less dominant species can contribute to the resilience of the system. These 
can replace the dominant species completely or partially to maintain ecosystem 
functions when the dominant species decline as a result of disturbance. Here, distur-
bances act as an evolutionary force to promote redundancy of certain ecosystem 
characteristics (such as the production of aboveground biomass) and at the same 
time to promote complementarity in other properties of species in the same com-
munity (such as tolerance to mowing and grazing).

Ecosystems respond differently to disturbances depending on whether the distur-
bances have been affecting the ecosystem for a long time or whether the distur-
bances are novel. If previous disturbances occur within an ecological timescale, 
species that have adapted to this disturbance may survive and thus participate in the 
response to a subsequent disturbance. Seen on an evolutionary timescale, the distur-
bance history of a habitat is decisive for the range of existing strategy types and the 
niche distribution between more or less adapted species (White and Jentsch 2001). 
Physiological tolerances, adaptation mechanisms, and genetic variations determine 
whether species and communities adapt to disturbances within an evolutionary tim-
escale. Thus, it makes sense to measure the frequency, spatial extent, and intensity 
of disturbance events relative to the lifespan, regeneration time, and resource avail-
ability of the affected ecosystem. A gap in a tropical rainforest is closed much faster 
by regrowing individuals, because of higher growth rates, than a gap of the same 
size in a boreal forest. The number of species or functional groups available for 
regeneration also differs greatly between megadiverse tropical and relatively 
species- poor boreal forest ecosystems (Box 6.1).
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(continued)

Box 6.1: Disturbances as a Selection Factor: An Old Story

Georg Gratzer 
Institute of Forest Ecology, Department of Forest and Soil Sciences, 
University of Natural Resources and Life Sciences BOKU, Vienna, Austria

Conditions in the Ordovician period (~485–444 million years ago) were 
extreme, and yet they contributed to one of the most significant evolutionary 
events on our planet: high temperatures caused by an atmospheric CO2 con-
tent 18 times higher than today favoured the development of photosyntheti-
cally active microorganisms.

Before the Ordovician, tectonic events and sedimentation had created 
extensive shallow water areas, and on land during the Ordovician, acid rain 
accelerated rock weathering. This set the stage for plants to colonize the land. 
The photosynthetic activity of phytoplankton and microorganisms on land 
had finally reduced the strong greenhouse effect, and early soil formations 
provided sufficient nutrients for the great evolutionary step of plants leaving 
the water and colonizing land. Nevertheless, it took several evolutionary 
adaptations before plants could grow completely on land. A little more than 
400 million years ago, plants began for the first time to spread quickly on land 
(Graham et al. 2000, Willis & McElwain 2014; Box Fig. 1). However, at that 
time, the land was already populated by microorganisms that had formed bio-
films, exposing early land plants to biotic and abiotic disturbances from the 
beginning of their development: microbial attacks and the resulting mortality 
from such attacks may have been among the few biotic disturbances that 
affected the first land plants. Also, early terrestrial herbivores were present: 
small arthropods that sucked on the stems and consumed spores and sporan-
gia more than 400 million years ago (Labandeira 2013a, Labandeira 2013b). 
It ‘only’ took a few million years for these early forms of herbivory to develop. 
Since then, herbivory has driven the co-evolution between plants and herbi-
vores – plants have developed an arsenal of defence strategies and herbivores 
have developed strategies to overcome them.

When plants moved ashore, away from the permanently flooded shelf area, 
drought was a powerful driver of adaptation processes, affecting the develop-
ment of drought-resistant spores and even the protection of sporophytes and 
gametophytes. In fossil records there are also traces of fire dating back over 
400 million years (Glasspool et al. 2004, Bowman et al. 2009, He & Lamont 
2017), illustrating the early exposure of plants to this disturbance agent ‘soon’ 
after the colonization of land. Hard coal from the Permian (299–252 million 
years ago) often shows high charcoal contents and indicates high fire fre-
quency in an atmosphere with an oxygen content of over 30% (Berner 
et al. 2003).
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Wind-induced dynamic pressure on plant crowns increases exponentially 
with plant height. Therefore, land plants and especially trees, from the early 
hydrostatic cylinders with a height of some centimetres (Willis & McElwain 
2014) to today’s coastal redwoods with a height of more than 110 m, have 
been confronted with increasing stability requirements and wind as a distur-
bance agent in their evolutionary race for race for height and sunlight (sensu 
Falster & Westoby 2003).

In summary, disturbances have affected plants since their colonization of 
land and have probably also (partly) shaped their fitness (He & Lamont 2017). 
Protective mechanisms against herbivory, drought, fire, and windthrow are 
still part of the defence strategies of plants today.
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Chapter 7
Fire in Forest Ecosystems: Processes 
and Management Strategies

Daniel Kraus , Thomas Wohlgemuth , Marc Castellnou , 
and Marco Conedera 

Abstract There have been fires on this planet for 420 million years – especially 
since (a) the oxygen content of the atmosphere has exceeded 13% and (b) land 
plants have been available for combustion, with lightning strikes acting as the igni-
tion source. Since then, vegetation fires have been the most frequent disturbance 
factor in terrestrial ecosystems worldwide. The long-term effect of fire thus became 
an evolutionary factor for many species. Where natural fires are frequent, species 
have developed characteristic traits of fire adaptation. Humans have greatly changed 
the geography of fire by burning vegetation to clear or fertilize the land; suppressing 
fires; and also land use and ecosystem fragmentation. A fire event depends not only 
on climatic and biological factors but also on cultural history. A thorough and sys-
temic knowledge of fire and their medium- to long-term effects on the biosphere is 
a prerequisite for the appropriate management of vegetation fires.
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7.1  History and Geography of Vegetation Fires

With the beginning of photosynthesis 2.3 billion years ago, oxygen entered the 
atmosphere for the first time. The oxygen content in the atmosphere rose sharply 
with the evolution of land plants, especially vascular plants, about 440  million 
years ago. Around 420 million years ago, the oxygen content in the Earth’s atmo-
sphere exceeded 13%, and lightning strikes could now cause the ignition of fuel in 
the form of standing or accumulated biomass. It is assumed that vegetation fires 
have occurred in most of the Earth’s ecoregions since that time, although with large 
differences in frequency and fire characteristics (Krawchuk et al. 2009). From a 
physical point of view, fire activity basically depends on two mutually influencing 
factors: (i) the availability of fuel and (ii) the moisture content of the fuel. Both site 
productivity and desiccation of the accumulated biomass (i.e. the fuel) are influ-
enced by climatic conditions (Krawchuk and Moritz 2011). Therefore, fire hardly 
ever occurs in arid and hot biomes (e.g. deserts), where dry weather conditions 
favourable for fire prevail but too little combustible biomass is present. On the 
other hand, fires hardly ever occur in tropical rainforests, because the abundant 
combustible material is almost constantly moist and difficult to ignite because of 
the constantly moist climatic conditions. Therefore, the highest degree of combus-
tibility and corresponding fire susceptibility is found in biomes and ecosystems 
that are between the extremes with distinct wet and dry seasons (e.g. monsoon 
climate) and that produce sufficient biomass (Archibald et al. 2009; Pausas and 
Ribeiro 2017). The intermediate fire–productivity hypothesis thus serves as a 
model of global fire distribution (Kravchuk and Moritz 2011; Fig. 7.1). Worldwide, 
more than half of the land area covered by vegetation is potentially prone to burn-
ing (Fig. 7.2).

In prehistoric Europe, fire was a key factor in the dynamics of many ecosystems. 
In particular, the post-glacial climate warming played a key role in the global devel-
opment of fire occurrences since the last ice age (Marlon et al. 2013). Corresponding 
to the climatic fluctuations during the Holocene, the conditions for vegetation fires 
varied. Paleoecological studies have shown that during dry-warm climate phases 
(e.g. the Allerød and Preboreal phases), lightning events and vegetation fires 
occurred more frequently (Granström 1993; Vázquez and Moreno 1998; Tinner 
et al. 1999). Studies from Mediterranean climates in other parts of the world suggest 
that fire has also strongly influenced the species composition of the vegetation in the 
Mediterranean Basin (Dodson 2001; Keeley and Fotheringham 2001; Atahan 
et al. 2004).

At least 500,000 years ago, humans began to control fire and use vegetation. 
Since then, the presence of humans has become an additional important factor 
affecting the occurrence of fire events in space and time. Depending on cultural and 
socio-economic development, human societies have used or suppressed fire. They 
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Fig. 7.1 Estimated long-term probability of vegetation fires or fire activity as a function of glob-
ally available resources, here net primary production (NPP, thick line). Fire is caused by the con-
currence of fuel, drought, and ignition energy. The three components vary in space and time. Soil 
moisture (M) and weather anomaly (ANOM) were defined as indicators for the amount of fuel and 
its moisture content, with positive or negative relationships (arrows) to fire activity (y-axis) along 
a global gradient of available resources (x-axis). Soil moisture is differentiated between the current 
situation (Soil-MC), the month just before (Soil-MN, 1–2 months before; N = near-time conditions), 
or the month with the highest fire activity (Soil-MA, 4–8 months before; A = antecedent condi-
tions). The position of arrows is approximate; dotted arrows indicate additional drivers of fire 
activity. (Redrawn from Krawchuk and Moritz 2011)

Fig. 7.2 Worldwide overview of ecosystems with different fire regimes
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have changed the structure, composition, quantity, and continuity of the 
combustible vegetation through clearing, grazing, and other agricultural or indus-
trial activities. Natural fire regimes have thus been prevented, weakened, or strength-
ened, and new regimes introduced (Table 7.1; Bowman et al. 2011).

The exact causes of the prehistoric fires cannot be determined accurately; how-
ever, charcoal particles and plant pollen in lake sediments indicate that during the 
post-glacial early warm period around 8000 BC (the Boreal stage), a moderate but 
regular charcoal accumulation took place, suggesting periodically recurring fires in 
both Central Europe and the Mediterranean region (Clark et al. 1989; Vázquez and 
Moreno 1998). After a brief decline, fire activity in the Mediterranean area increased 
again from about 4000 BC onwards (Carrión 2002; Franco-Múgica et al. 2005). In 
Central Europe, an increase in fire activity around 3700 BC is associated with 
Neolithic slash-and-burn activity (Clark et al. 1989), with another increase around 
700 BC corresponding with the Iron Age settlement activity (Fig. 7.3; Tinner et al. 

Table 7.1 Direct and indirect influence of human activity on fire activity

Fire regime attributes
 Parameters

  Impact of human activity Time scale
Fire frequency
 Fire ignition

  Legislation Short- / medium-term
    Agricultural and silvicultural activity; socio-economic 

structure
Medium-term

    Road networks, in particular agricultural and logging 
roads

Medium-term

  Population density and education Medium-term
Fire intensity
 Fuel amount and composition

  Preventing controlled burning Short-term
  Grazing Medium- / long-term
  Silviculture Medium- / long-term
  Land-use and landscape planning Long-term
Fire spread
 Fuel continuity

  Firefighting by counterfires Medium-term
  Fire barriers, e.g. roads, fuel breaks Medium-term
  Landscape architecture/land use Medium-term
 Speed of fire front

  Organization of the fire service and operational readiness Short- / medium-term
  Fire suppression system, e.g. emergency water ponds Medium-term
  Quality of airborne firefighting systems Medium-term
  Weather extremes due to climate change Long-term

Adapted from Bowman et al. (2011)
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Fig. 7.3 Charcoal sedimentation rate in sediments at the Lobsigensee in the northern Alps and 
Lago d’Origlio in the southern Alps. (Adapted from Tinner et al. 2005)

2005; Colombaroli et al. 2007; Tinner et al. 2009; Conedera et al. 2017). While in 
the cooler and wetter climate of the Subatlantic (since 450 BC until today) natural 
fires were rather rare in Central Europe, they were clearly overlaid by anthropogenic 
fire activity in the Mediterranean area. Nevertheless, there are clear indications of 
natural fire regimes in large parts of Europe (Zackrisson 1977; Pausas and Fernándes- 
Muñoz 2012). In this context, it is interesting to note that early settlements on the 
Iberian Peninsula are very often located in areas where the wind-driven fire regimes 
are still associated with natural lightning fires. Actually, people preferred to settle 
precisely in areas where fire has created open forest landscapes (Castellnou 1996; 
Carrión 2002). Boreal forests in Scandinavia also developed under the influence of 
a regime of regularly recurring fires until the beginning of modern forestry 
(Zackrisson 1977; Niklasson and Granström 2000; Carcaillet et al. 2007). Tree ring 
analyses of conifers with multiple burn scars in the Białowieża forest in Poland 
indicate that fire events were probably more frequent even in some Central European 
forests, at least in the more continental regions, than would be expected from the 
written historical accounts of fires alone (Niklasson et al. 2010; Zin 2016).
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Ever since the Neolithic, fire has been used in various ways to shape the environ-
ment and specifically for the purpose of clearing land (Clark et al. 1989). Where 
permanent farming was not possible for climatic and edaphic reasons, slash-and- 
burn/swidden agriculture was practised (Heikinheimo 1915; Kapp 1984). Fire has 
been used over a long period to remove plant waste or dead plant material, to 
improve pastures, and to preserve open land (Lázaro 2010). The influence of fire 
application on the formation and persistence of the large heathlands of northwestern 
Europe has been described, mainly for Great Britain, the Netherlands, Denmark, 
and Norway (Holst-Jørgensen 1993; Diemont 1996; Webb 1998).

The widespread traditional use of fire, which can be described as European fire 
culture, has been largely lost, at least in Western Europe, with the intensive rural 
exodus and growing urban development since the middle of the last century. Fire is 
therefore generally no longer perceived as a land management tool (Lázaro and 
Montiel 2010). In addition, climate change is contributing to longer and more fre-
quent periods of drought and heat, which are changing fire regimes in some areas. 
This could increasingly lead to a shift in the natural fire regimes in Europe, which is 
indicated, for example, by the more frequent lightning fires in various European 
mountain regions (Conedera et al. 2006).

7.2  Ecological Role of Fire in Ecosystems

7.2.1  Fire Regime and Fire Ecology

Fire has an important regulatory and selective function in ecosystems. The selection 
pressure of fire on the survival of species strongly depends on the fire intensity, fire 
frequency, and time during the season when the fire occurs – in short the fire regime 
and its characteristics and processes (Table 7.2). The most important characteristics 
of fire regimes are fire intensity as a measurable variable of fire behaviour, fire fre-
quency (Fig. 7.4), and fire type (Fig. 7.5).

Table 7.2 Characteristics of fire regimes and processes

Characteristics Description

Regime
   Fire type Ground (peat), surface, and crown fire
   Frequency Mean fire return interval for a given location
   Fire behaviour Fire intensity and rate of spread
   Severity Effect of fire on organisms and ecosystems
   Seasonality Differential susceptibility of organisms to fire damage due to time of year
   Size Area burned per time period or fire event
Process
   Combustion type Complete/incomplete combustion, with or without visible flames
   Heat transfer Radiation, conduction, and convection
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Fig. 7.4 Cross section through a 400-year-old pine trunk (near Haverö in Västernorrland, Sweden). 
The tree had survived eleven different fire events since 1378, which left clear marks in its burn scar 
as occluded charcoal inclusions. The mean return interval of the fire events was 47 years. (Dating: 
T. Rydkvist) (Photo: D. Kraus)

Fig. 7.5 Examples of different forms of fire type: (i) surface fire of low to medium intensity; (ii) 
passive crown fire, in which only single individuals completely burn up to the crowns (torching); 
(iii) active crown fire, in which the whole stand burns up to the crowns. (Adapted from Simard 
et al. 2011)

Organisms that are repeatedly exposed to fire have generally developed adapta-
tions and survival strategies. In particular, plant species influence the development 
of fire regimes (Bond and van Wilgen 1996; Pausas and Paula 2012).

Research on fire-specific interactions and relationships is now a separate branch 
of ecology: fire ecology.
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7.2.2  Fire Interactions with Other Disturbances

Although fire is often referred to as an abiotic disturbance, it clearly differs from 
other abiotic disturbances such as windthrows, avalanches, or late frosts. In fact, fire 
consumes biomass and is thus more comparable to herbivory, strongly resembling 
biotic disturbances in its effects (Bond and Keeley 2005). However, in contrast to 
herbivores, fire has a non-selective and broader ‘food base’ and can mineralize both 
dead and living plant parts and protein-rich as well as indigestible plant parts. 
Furthermore, fire metabolism has a neutralizing effect on various toxins accumu-
lated in the soil, which can produce a negative feedback on species composition in 
ecosystems (Mazzoleni 1993).

Special interest has been paid – for a longer time – to the interactions between 
fire and other disturbances, as forest fires as well as windstorms and insect calami-
ties are among the major drivers of landscape change. In particular, whether and 
how these disturbances influence each other in their effects is an important subject 
(see Chap. 17). It is often assumed that fire risk increases after large-scale bark 
beetle calamities because of the large amounts of deadwood produced. In the area 
of the devastating Yellowstone fires in 1988 (USA), the interplay between the infes-
tation by the mountain pine beetle (Dendroctonus ponderosae Hopk.; see also Box 
12.1 in Chap. 12 and forest fires has been investigated in detail. Bark beetle infesta-
tion initially occurs on a smaller scale than forest fires (Turner 2010; Simard et al. 
2011). This results in a very heterogeneous infestation pattern (Fig.  7.6) with a 
mosaic of larger and smaller islands in different stages of decay: reddened crowns 

Fig. 7.6 Dependence of fire intensity/fire type on decay stages after bark beetle infestation in the 
Yellowstone National Park, USA. (After Simard et al. 2011)
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after fresh infestation represent an increased fire hazard for 1–2 years owing to an 
increased supply of fine fuels for active crown fires (‘red phase’), whereas after the 
needles fell off, there was only a small amount of fuel remaining in the crown (‘grey 
phase’) and thus only rather low-intensity surface fires can develop. It was only after 
herbs, shrubs, and trees have established (‘silver phase’) that more intensive fires, in 
the form of passive crown fires, could happen again. Bark beetle infestation can 
therefore affect the intensity of forest fires over a large area. Both fire weather and 
the consistency of available fuels, especially in the red phase, are the most important 
driving factors of natural fires (Harvey et al. 2013). Fire ecologists are aware that 
forest fires in the Yellowstone National Park did not represent an ecological disaster, 
because previous bark beetle outbreaks created such a heterogeneous mosaic of for-
est stands that a recolonization of the burned areas by the main tree species was 
possible in high densities and within a short time. For the European spruce bark 
beetle (Ips typographus L.), such interactions have not yet been sufficiently con-
firmed, but the processes appear to be transferable. With the pine processionary 
moth (Thaumetopoea pityocampa Denis and Schiffermüller) in northern Catalonia 
(Spain), on the other hand, similar effects to those observed in the Yellowstone 
National Park can be observed: after intensive infestation, an increased fire hazard 
can occur in the treetops at short notice, especially in dense stands of black pine 
(Pinus nigra J.F. Arnold) or Aleppo pine (P. halepensis Mill.). However, the defolia-
tion after caterpillar feeding in spring results in a significantly reduced risk of forest 
fire in summer.

7.2.3  Mechanisms of Fire Adaptation

There is much evidence that plant species in fire-prone environments have devel-
oped adaptations to survive fire by selective pressure. Some of these are simply 
general disturbance adaptations, such as resprouting from stem and root, while oth-
ers are so specific that species cannot survive or reproduce without the influence of 
fire. In general, fire adaptations may consist of passive strategies that affect the 
survival of individuals (resistance) and active strategies that are necessary for the 
emergence of a new generation (resilience). The passive resistance strategies of 
plant species consist of protecting living tissue, whereas the usually mobile animals 
tend to escape the fire front.

In woody species, a typical passive fire defence mechanism at the individual 
level is the formation of a thick bark to protect the cambium from high temperatures 
and flames, as is the case with larch (Larix decidua Mill.) and many oaks (Quercus 
spp.) and pines (Pinus spp.). Similarly, the rapid loss of dead branches in the lower 
crown can be interpreted as a passive avoidance strategy to prevent potential vertical 
fire bridges. However, when shaped by the fire regime itself, stand structure can also 
be considered as a survival strategy in this context. Regularly recurring fires of low 
intensity reduce the undergrowth, thus preventing the spatial continuity of the fuels 
up to the crown layer and preventing lethal heat transfer to the renewal organs and 
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meristems. Under such circumstances, fire-resistant structures at the stand level can 
develop, which in the sense of Holling (Holling and Gunderson 2002) persist despite 
massive changes (disturbances) of the system (Fig. 7.7). Holling describes the abil-
ity of resilience in his adaptive cycle through phases of release, reorganization, 
growth/exploitation, and conservation. Intensive, stand-replacing fires in advanced 
succession are often referred to as representing resilience of forest stands to fire 
disturbances. A fire initiates the regeneration and reorganization of forests. This is 
followed by a long growth phase that can bind all available resources and nutrients 
of the ecosystem for a long time until the next fire event releases resources again. 
Examples are the Pacific coastal rainforests of North America (Agee 1993) or the 
Araucaria–Nothofagus forests of southern Chile (González et  al. 2009). Single 
phases, however, often occur simultaneously in small patches, as clearly shown in 
the example of a black pine regeneration process dependent on low-intensity fire 
with intermediate return intervals (approximately 30–40 years) in Ports de Beseit, 
Catalonia (Fig. 7.8).

The regeneration processes after a fire event are called active defence strategies. 
On the one hand, this concerns the establishment of a new generation by vegetative 
propagation (‘bud bank’) and on the other hand reproduction via the formation of 
diaspores after the fire event or via germination from surviving seeds (‘seed bank’; 
Table 7.3 and Fig. 7.9). Some fire adaptations of plant species are mistaken for ‘exap-
tations’ rather than true adaptive traits (Bradshaw et al. 2011). This is true, for exam-
ple, for the vegetative propagation of plant species in non-fire-dominated habitats. In 
contrast, Keeley et  al. (2011) describe adaptation mechanisms such as serotiny or 
fire-stimulated flowering and germination as highly fire-specific, since without these 
characteristics the regeneration process could not occur. An extreme fire adaptation in 
this sense is flammability. Some plants have developed characteristics that make them 
more susceptible to fire: they accumulate a lot of dead material – either as litter around 
the plant or as leaves that are kept on the branches – and store easily flammable oil 

Fig. 7.7 Adaptation cycle and resilience in terms of the four ecosystem functions: growth (r), 
conservation (K), release (Ω), and renewal (α). (Redrawn after Holling and Gunderson 2002)
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Fig. 7.8 Regeneration dynamics in black pine stands at Ports de Beseit, Catalonia (Spain), under 
the influence of fire: in a structurally rich, closed black pine (Pinus nigra J.F. Arnold) stand with 
sparse undergrowth of natural regeneration, holm oaks (Quercus ilex L.) and Mediterranean shrubs 
(Cistus albidus L., Rosmarinus officinalis L.), (i) a lightning strike leads to a low-intensity fire 
event (ii), in which individual trees of the lower and intermediate layer die and the entire under-
growth is removed. Under the new light conditions and owing to the released nutrients, black pine 
regenerates optimally, while other, more light-demanding pine species are shaded out. Holm oak 
regenerates by resprouting, which leads to a reorganization of the regeneration layer, followed by 
an undisturbed growth phase of the old stand. After a further fire event, the crown bases are pushed 
upwards (iii) by thermal (fire-induced) branching. By this process, most of the regeneration and 
undergrowth are reset, except for a few pre-growing black pines. Those pines that were able to 
escape the fire trap have a good chance to grow into the upper stand layer. (Photo: D. Kraus)

components in their leaves. During a fire event, these properties lead to increased 
mortality of their neighbours, creating space for seed germination and establishment, 
i.e. for their own offspring (the ‘kill your neighbour’ hypothesis).
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Table 7.3 Strategies for active fire resistance

Strategy and process Examples

Resprouting
 Root suckers

    Resprouting from belowground structures like lignotubers, bulbs, 
etc.

Populus tremula L.
Cornus spp. L.

 Epicormic Shoots

    Resprouting from dormant or adventitious vegetative buds 
protected by bark tissue from fire

Castanea sativa Mill.
Quercus spp. L.
Pinus canariensis 
C.Sm.
Pinus banksiana Lamb.
Sequoia sempervirens 
Endl.
Eucalyptus spp. L’Her.

Flowering
 Fire-stimulated flowering

    Mast-flowering triggered by fire events creates ideal conditions 
for seed production and germination.

Watsonia pyramidata 
(Andrews) Stapf
Cyrtanthus contractus 
N.E.Br.

Germination
 Smoke-induced germination
    Germination of seeds is triggered by combustion chemicals in 

smoke compounds
Proteaceae

 Heat-induced germination

  Germination of seeds is triggered by heat-shock Calluna vulgaris (L.) 
Hull
Cistus spp. L.
Acacia spp. Mill.

Serotiny
 Heat-induced seed release

    Seeds are stored in a canopy seed bank, which can be released by 
fire. Normally fruits or cone scales are sealed by a resin that 
melts when heated

Pinus spp. L.
Sequoia sempervirens 
Endl.
Banksia spp. L.F.
Eucalyptus ssp. L’Her.

Flammability
 Improving conditions for recruitment

    Plant traits that increase flammability to free up space for 
recruitment by killing off less-competitive neighbours with lower 
resilience against fire events

Pinus canariensis 
C.Sm.
Pinus contorta Dougl. 
ex Loud.
Anthropogoneae 
Dumort.
Eucalyptus spp. L’Her.
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Fig. 7.9 In the 
Mediterranean area, 
serotinous cones of Aleppo 
pines (Pinus halepensis Mill.) 
remain closed until a fire 
event occurs. Stimulated by 
heat, they open, causing the 
seeds to fall onto the burned 
ground where they find 
optimal conditions for 
germination. (Photo: 
D. Kraus)

7.2.4  Pyrophilous Species, Fire-Dependent Species, 
and Fire Profiteers

Fires create new habitat conditions and substrates, which serve as ecological niches 
for specialized species. These include insects and fungi that prefer freshly burned 
areas, burned plant tissue, or charcoal. When flame temperatures exceed 300 °C, 
pyrolysis changes the chemical properties of wood (lignin content, evaporation of 
resins). This also changes decomposition processes, which give some species an 
advantage in colonizing deadwood. Fire also alters the competitive situation by 
destroying the pre-fire species communities, which enables new species to quickly 
establish. Other species benefit more from the changed environmental conditions 
after a fire, e.g. when deadwood is directly exposed to the sun and low humidity in 
contrast to pre-fire conditions (Wohlgemuth et al. 2010; Stokland and Siitonen 2012).

Fire-dependent and pyrophilous species are often found among the process- 
limited species (Jonsson and Siitonen 2013), i.e. species that occur predominantly 
or exclusively in certain stages of succession, which are created and maintained by 
disturbances such as fire. For example, some sac fungi (ascomycetes) colonize ash 
or charred wood residues immediately after fire (Fig. 7.10). In particular, species of 
fire-adapted coal fungi (Daldinia spp.) can remain invisible for decades but thrive 
abundantly after fire. Daldinia loculata (Lév.) Sacc. is a well-known specialist in 
this respect, which grows in Northern Europe and can also be found sporadically in 
Central Europe. It colonizes birches and beeches killed by fire (Conedera et  al. 
2007). In a study from central Sweden, a strong correlation was found between fire- 
dependent insects and birches (Betula pendula Roth) colonized by D. loculata 
(Wikars 2002). Details of this interaction are not yet sufficiently understood, but it 
has been found that many pyrophilous insects live in the fruiting bodies of the fungi, 
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Fig. 7.10 In the temperate zones of Europe and North America, the dwarf acorn cup (Geopyxis 
carbonaria (Alb. & Schwein.) Sacc.), a sac fungus, appears immediately after fires. Together with 
the dwarf acorn cup, also morels (Morchella spp.) can appear in great abundance in summer after 
a fire (Greene et al. 2010). (Photo: M. Moretti)

indicating a close connection. Other known fungal species that only colonize fire- 
created deadwood substrates are Gloeophyllum carbonarium (Berk. & M.A. Curtis) 
Ryvarden and Phanerochaete raduloides J.  Erikss. & Ryvarden, as well as the 
lichen species Hypocenomyce anthracophila (Nyl.) Bendiksby & Timdal.

Another example of fire-adapted species is insects laying their eggs in trees 
killed by fire instantly after the flames have died down. Some of these insect species 
depend on burned areas to such an extent that they have developed infrared sensors 
to locate forest fires. A classic example is the black jewel beetle (Melanophila acu-
minata DeGeer) which has infrared receptors along each side of its body which 
allow the beetles to detect forest fires; the female beetles lay their eggs under the 
bark of freshly burned trees, and the larvae use the burned wood as food (Schmitz 
et al. 2009). Other species, such as flat bugs of the genus Aradus, colonize fire sites 
as soon as the fire is extinguished. These fire-dependent species often exhibit 
remarkable dispersal capabilities for colonizing forest fire sites. Thus, even tiny 
quantities of guaiacol (a phenolic compound formed when the lignin in wood is 
burned) and similar phenolic derivatives of smoke in the air are sufficient to attract 
many individuals of the rare pine jewel beetles over distances of several kilometres 
(Schütz et al. 1999). Resource-limited species can also benefit from fire events, as 
forest fires provide suitable substrates, e.g. in the form of deadwood. In forests with 
frequently recurring fires, Scots pine (Pinus sylvestris L.) trees may be subject to 
increased resin accumulation (impregnation) resulting from infection defence, 
which can lead to the death of woody tissue and ultimately the whole tree. The death 
of the trees can be slow and a lot of resin can accumulate in the wood. Consequently 
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the decay of the wood is slow, and the dead trees can persist in forest stands for 
centuries. In Finland, these old dead trees are called ‘kelo’ trees; such trees were 
historically widespread in the lowland pine forests of Northern and Central Europe 
but are now among the rarest types of deadwood (Fig. 7.11). Today, they are found 

Fig. 7.11 So-called ‘kelo’ trees are dry and bark-less dead pine trees, which had been stimulated 
to produce resin by frequently recurring fires and have developed into particularly durable dead-
wood structures in forests owing to this resin impregnation. As an outstanding example of a fire- 
specific substrate and as a representative of highly fire-affected pine forests, they are a special and 
now rare deadwood substrate for specialized species. (Photo: D. Kraus)
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Fig. 7.12 Burn scar on an 
old pine tree in Hede 
Urskog, Härjedalen, 
Sweden. (Photo: D. Kraus)

on a larger scale only in remote boreal areas (e.g. Karelia) and in a few lowland 
locations such as the Białowieża Forest (Niemelä et al. 2002).

Distinct burn scars on pine (Pinus spp.), larch (Larix spp.), and occasionally oak 
(Quercus spp.) species represent another important microhabitat for pyrophilous 
species (Kraus et  al. 2016; Fig.  7.12). Only a few specialists like the beetles 
Stephanopachys linearis Kugelann or Nothorhina punctata Fabricius can tolerate 
the hostile conditions of a fresh burn scar, under which they are exposed to the 
defence mechanisms of the tree (Wikars 2002; Rydkvist and Kraus 2010).

Other species use the temporary vegetation-free conditions after fire events for 
predatory activities, e.g. the ground beetles Sericoda quadripunctata DeGeer 
(Moretti and Conedera 2003) and Pterostichus quadrifoveolatus Letzner (Pradella 
et al. 2010). A fire event temporarily creates competition-free habitats with a con-
siderable nutrient supply. Arriving seeds or spores from adjacent undisturbed habi-
tats germinate in large numbers if moisture conditions are suitable, which is why 
species diversity increases rapidly under such conditions (e.g. Wohlgemuth et al. 
2002; Pausas and Ribeiro 2017). As a characteristic fire profiteer, we mention the 
common cord moss (Funaria hygrometrica Hedw.). After a fire in the Valais 
(Switzerland), this species was found everywhere 2 years after the event, and in one 
third of the 300 ha fire area, it even dominated (Wohlgemuth et al. 2010).
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7.2.5  Fire Adaptations of Ecosystems

Depending on the frequency and intensity of the burns, fire-adapted species are part 
of the ecosystems (Moretti et al. 2010; Pausas and Paula 2012). These ecosystems 
can be divided into the following three categories (Hardesty et al. 2005; Kraus and 
Goldammer 2007):

 (a) Fire-Independent Ecosystems
In fire-independent ecosystems, fire usually plays only a small role or is absent. 

Such ecosystems are either too cold, too humid, or too dry (fire is often rare in dry 
ecosystems because of a lack of vegetation) to burn. Examples are some high moun-
tains, tundra, humid tropical forests, swamps and mires, as well as deserts and 
semi-deserts.

 (b) Fire-Sensitive Ecosystems
Ecosystems that are sensitive to fire have not developed with fire as a significant 

and recurring process. Species in these ecosystems show few adaptations to the 
occurrence of fire. Even at low fire intensities, mortality of affected species can be 
high. Both the vegetation structure and species composition and traits tend to inhibit 
ignition and fire spread. In other words, such ecosystems are not very prone to fire. 
Under natural, unaffected conditions, fire can be such a rare event that these ecosys-
tems can be considered to be almost like fire-independent ecosystems. Land use in 
these ecosystems leads to fragmentation, to changes in fuel load, or to increases in 
ignition sources. Together with the increase of climatic extremes, these features can 
result in fire becoming a problem. If fire events become more common, the ecosys-
tem shifts towards a more fire-prone vegetation. Species composition often changes 
in tropical rain and cloud forests under these conditions, but it is still unknown how 
deciduous forests in the cool temperate zones will react to increasing fire frequency.

 (c) Fire-Dependent Ecosystems
If fire returns at regular intervals in an ecosystem, species adapt in such a way 

that fire is a precondition for their existence and in particular may be necessary for 
reproduction and seed dispersal. Accordingly, ecosystems with such species are 
flammable and susceptible to fire. Therefore, they are often called fire-adapted or 
fire-maintained ecosystems. If fire is excluded or if the fire regime is changed from 
its natural variability, the ecosystem also changes, resulting in a loss of habitats and 
species. Examples of natural fire-dependent systems are the boreal coniferous for-
ests of the western taiga and many Mediterranean pine forest communities. Atlantic 
heathlands in Europe and Mediterranean bush formations (e.g. maquis, garrigue) 
are also fire dependent, although they have developed under human influence 
(Mazzoleni 1993; Miles 1993).
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7.3  Management of Vegetation Fires

7.3.1  Use of Fire in Silviculture and Ecosystem Restoration

Natural disturbance emulation (NDE) is often regarded as a basic principle for eco-
logically sustainable forest management (Bergeron et al. 2002; Kuuluvainen 2002; 
Kuuluvainen 2012). The idea was developed in Europe already in the nineteenth 
century to consider natural forest structures and development patterns as a model 
for sustainable forest management. In his essay Das Bodenfeuer als Freund des 
Forstmannes (“The surface fire as a friend of the forester”), Conrad (1925) described 
experiences and hypotheses on the role of fire in inducing natural regeneration of 
pine and spruce. On a trip to the primeval forests of the Rhodopes, Müller (1929) 
coined the term ‘fire thinning’ (German, Branddurchforstung) after he had observed 
the positive effect of low-intensity surface fires on the structure of uniform 
pine stands.

Current approaches in forest management emphasize the preservation of ecosys-
tem integrity, resilience, and biodiversity by adherence to ecological principles 
(Drever et al. 2006). NDE strategically aims at implementing silvicultural practices 
that reproduce and maintain stand structures and processes of forests with natural 
disturbance regimes. Essentially, it develops and applies silvicultural practices that 
are based on the fundamental ecological effects of disturbance. This assumes that in 
the long run, the majority of forest processes become more stable by imitating 
disturbance- induced forest structures than in forests that are conventionally man-
aged. So far, only a few explicit guidelines have been developed to include distur-
bance dynamics in forest management. Examples for the consideration of fire 
disturbances in silviculture are the ASIO model (Angelstam 1998) and the Multi- 
cohort model (Bergeron et al. 2002; Fig. 7.13).

NDE models have often served as a basis for large-scale clear-cutting in boreal 
forests, as the heterogeneity of boreal fire regimes was strongly underestimated. 
However, recent studies have shown that even small to medium fire events are typi-
cal for boreal fire regimes, which is why forest models that imitate gap dynamics by 
low-intensity fires are also considered (Kuuluvainen 2002).

Worldwide, the restoration of forest ecosystems is seen as an important instru-
ment to maintain ecosystem services and to reduce the loss of biodiversity. The 
main focus is on restoring original habitats as far as possible, thereby allowing natu-
ral processes to take place and former ecosystem functioning to be restored. One 
promising way of achieving such targets for the conversion of structurally poor, 
uniform stands into diverse forest habitats is to allow or reintroduce disturbances 
that naturally trigger the formation of diverse habitats (Arno and Fiedler 2005). Fire 
is one of the most important structural factors in many forests, e.g. in the boreal 
areas of Northern Europe. In historical times, forest utilization there led to an 
increase in fire frequency. With the introduction of modern forestry, fire incidents 
have greatly decreased. In particular, the naturally occurring fires are now sup-
pressed, so that only a small proportion of the boreal forests in Finland and Sweden 
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Fig. 7.13 (a) ASIO model after Angelstam (1998) and (b) Multi-cohort model after Bergeron 
et al. (1999)

are still affected by fire. The use of controlled fire is one of the most effective means 
of restoring and increasing the diversity of boreal forest communities (Rydkvist and 
Kraus 2010). Forest stands suitable for the application of controlled fire are burned 
between May and the end of August, with suitable burning conditions only on a few 
days a year (Similä and Junninen 2012). Natural forest fires are rarely so intense in 
these forest ecosystems that entire stands burn down by crown fires creating open 
habitats with large amounts of deadwood (Pitkänen and Huttunen 1999). Usually, in 
the frame of low-intensity surface fires, only a few trees are killed. Nevertheless, 
they change the stand structure in the long term, as tree growth after a fire event 
clearly changes. Controlled fires (Fig. 7.14) are used to imitate these properties and 
to exploit the positive effects of natural fires. Depending on the objective, 25–75% 
of the tree population should be kept alive. To create a high niche density, a mosaic 
of burned and unburned areas within the burn perimeter is achieved.
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Fig. 7.14 Flow chart of a controlled fire in an open pine–spruce stand. (a) Along a natural barrier 
(course of a river, exposed rock, wet spots in the terrain), a backing fire is set, the spread of which 
is limited on the flanks by control lines (exposed mineral soil, forest roads). In the direction of 
propagation (against the wind), point fires are set to support and direct fire intensity; the number of 
point fires is adapted to the terrain and the rate of spread. (b) The fire intensity, which varies over 
a small area, leads to a varied fire mosaic in which some small trees under canopy die, though 
deadwood and undergrowth are preserved in other places. (Photo: D. Kraus)
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7.3.2  Global Change and Forest Fires in Europe

In Southern Europe in particular, the land use change in the second half of the twen-
tieth century led to an increase in the frequency and intensity of forest fires (Valese 
et al. 2014). Today, forest fires in this region are predominantly classified as destruc-
tive and harmful, regardless of their actual size and impact. According to the statis-
tics of the Joint Research Centre (JRC) of the European Union, the number of forest 
fires in the EU increased significantly between 1980 and 2006. Every year, an aver-
age area of about 600,000 ha of forest is affected by fire (San-Miguel-Ayanz and 
Camia 2009; Rego et  al. 2010). On average, more than 50,000 forest fires are 
counted annually, with most fires occurring in Southern Europe, the eastern part of 
Central Europe, and Scandinavia (Fig. 7.15; San-Miguel-Ayanz and Camia 2009).

Most of these fires are caused by humans and they usually affect small areas. 
JRC (2007) reported that in the EU area in 2006, forest fires exceeding 50 ha were 
less frequent (only 2.6% of the total number of fires) but that these fires accounted 
for 75% of the total burned area.

The response to ever new generations of forest fires in Europe (see Table 7.4) has 
been for countries to increase their firefighting resources and fire-suppression 
efforts, with the result that small- and medium-sized fires have been suppressed 
with great success. However, despite the high investments in fire suppression mea-
sures, the size, rate of spread, and intensity of large forest fires are still increasing, 
with often uncontrollable consequences. This phenomenon is known as the ‘fire 

Fig. 7.15 Average annual number of fires in administrative units of European countries in the 
period 1998–2007. (Sources: San-Miguel-Ayanz and Camia 2009; Schuck et al. 2010)
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Table 7.4 Generations of forest fires in Euro-Mediterranean landscapes since the 1950s

Description Fire type Response

1950s–1960s

Continuity of vegetation cover 
leads to large fire perimeters, 
hardly interrupted by 
agricultural land

Between 1000 and 5000 ha, 
predominantly high- 
intensity surface fires, 
wind-driven

Local resources reinforced by 
seasonal firefighters, creation of 
linear infrastructure, water 
points and better access to 
remote areas

1970s–1980s

Rate of spread. Fuel 
accumulation allows for fires 
that spread with high intensity 
and speed

Between 5000 and 
10,000 ha, both wind and 
topography driven

Increase of water-based 
resources and aerial means for 
more forceful attack

1990s

Fire intensity. Fuel 
accumulation reaches vertical 
fuel continuity. Crown fires and 
high convective potential are the 
consequence. Few opportunities 
for fire control

Crown fires with large 
distance spotting. Between 
10,000 and 20,000 ha, 
extreme heat waves 
reinforce high-intensity 
fires

Risk modelling and fire analysis 
become more important, 
reintroduction of fire as a 
management tool, reinforcing 
aerial attack

Since 2000 (a)

Wildland–urban interface fires 
with high intensities

Fires threatening residential 
areas larger than 1000 ha

New defensive situations need 
GIS and GPS applications to 
track resources in real time. Fire 
analysis becomes the most 
important tool

Since 2000 (b)

Megafires. Simultaneous large 
fires in high-risk areas with 
extremely rapid, virulent fire 
behaviour

Simultaneous crown fires 
crossing urban and 
peri-urban areas

Necessity of cooperation and 
exchange of resources, 
information, and experiences. 
Coordination between regions. 
Continuous learning and 
exchange platforms

After Costa et al. (2010)

paradox’. According to this paradox, the suppression of small- and medium-sized 
forest fires led to the major fires of the last decades, which is why firefighting is 
equivalent to a negative selection of forest fire events (Costa et al. 2010; Curt and 
Frejaville 2018). Depending on the intensity of the forest fires, the effects vary con-
siderably, with long-term consequences. While low- to medium-intensity fires can 
create a largely fire-resistant forest structure, high-intensity forest fires destroy all 
structures. Furthermore, the subsequent establishment of shrub vegetation makes 
such completely burned areas more vulnerable to further fires that return at shorter 
intervals (Costa et al. 2010).

The increase in catastrophic large fires in recent decades – so-called mega-fire 
events, such as those that occurred in Portugal in 2003 and 2017, in Spain in 2006, 
in Greece in 2009, and in Italy in 2017  – is a cause for major concern. These 
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devastating and almost uncontrollable fires represent a new generation of forest fires 
unknown in European fire history until recently (Table 7.4).

Experiences from other parts of the world show that the origin of the mega-fire 
phenomenon in the Mediterranean region can only partly be explained by climate 
change, in particular by altered precipitation regimes. The main reason for the 
increase in the number of large fires has been a profound change in the landscape, 
which has resulted in continuous and steadily growing fuel loads in the context of a 
rural exodus and the related land abandonment. An increase in average temperatures 
and dry periods only intensifies the symptoms of a phenomenon with a much longer 
incubation period, which has its origin in extensive landscape changes that have 
been occurring since the early twentieth century (Castellnou and Miralles 2009).

7.3.3  A Solution to the Problem: Integrated Fire Management

In the Mediterranean area, traditional fire use came to an end after many forms of 
land use were abandoned and an exodus from the countryside to urban environ-
ments took place. An increasingly urban society was soon no longer able to recog-
nize the role of fire in the landscape. As a result, the rapid and effective suppression 
of all fires became a high priority in the affected countries. The establishment of 
powerful firefighting structures and airborne resources was also pushed forward. In 
line with the ‘fire paradox’, this development increased the risk of fire. New and 
innovative concepts were needed to counter this development. In order to reduce fire 
risk, modern concepts must take into account landscape planning and targeted silvi-
cultural measures. This preventive approach is also described by the term integrated 
fire management (IFM) (Fig. 7.16). It mainly focusses on target-oriented landscape 
planning and silvicultural measures with the aim of significantly reducing the fuel 
load, i.e. the accumulated combustible biomass (Piñol et al. 2007; Costa et al. 2010).

The basic principles of IFM are briefly explained below (Silva et al. 2010):

 – IFM: a concept for the planning and implementation of fire application with the 
aim of minimizing damage through the intensive use of fire, taking into account 
social, economic, cultural, and ecological aspects. IFM combines prevention and 
control strategies or techniques and regulates their application by qualified per-
sonnel as well as by traditional fire use.

 – Traditional fire use: fire use in rural areas for land and resource management, 
based on traditional knowledge. Appropriate applications follow legal regula-
tions and are subject to good practice.

 – Prescribed burning: application of fire under environmental conditions that allow 
the fire to be used within a limited, selected area to achieve planned management 
objectives. This reduces the fuel load outside the fire season or controls the dif-
ferentiation of stand structures.

 – Suppression fire (Fig. 7.16): the use of fire as a tool for fighting forest fires. In 
general, a distinction is made between the removal of fuel in front of the fire front 
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Fig. 7.16 Schematic illustration of backfiring: to prevent fire from further spreading, a counterfire 
is set from a safe line against the wind direction and the approaching fire front

by burning (burning out) and suppression fire, where the approaching fire front 
is opposed by a backfiring from a safe line. The time of ignition must be adjusted 
in such a way that the suppression fire is attracted by the developing convection 
(suction effect) at the fire front, thus making further fire spread impossible.

The goal of IFM is the combination of traditional and modern fire applications 
and the beneficial adoption of fire regimes of low- to medium-intensity disturbance 
to restore landscapes and make them largely resistant to intense fires (Fig. 7.17).

A comprehensive implementation with appropriate measures is difficult to real-
ize, but decisive innovations in this direction are already being tested in various 
European countries. This includes the application of analytical methods to identify 
strategically important locations in the terrain (Castellnou and Miralles 2009; Costa 
et al. 2010; Molina et al. 2010), from where targeted measures such as controlled 
fire can start and where landscape planning measures may be taken to prevent the 
spread of fires. Additionally, methods and techniques of backfire application have 
been developed to decelerate and contain catastrophic fires with extreme fire behav-
iour (Castellnou et al. 2010; Miralles et al. 2010). In both cases, the focus is on the 
beneficial application of fire to solve the fire paradox.
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Fig. 7.17 Integrated fire management as a combination of prevention and control strategies with 
fire application as a central element. (Sources: Schuck et al. 2010; Silva et al. 2010)
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Chapter 8
Wind Disturbances

Thomas Wohlgemuth , Marc Hanewinkel , and Rupert Seidl 

Abstract Depending on wind speed and wind field, storms generate small- to 
large-scale disturbances, which affect forests more than other ecosystems because 
of the height and extent of forests. Wind is the most significant disturbance agent for 
forests. In Europe, western, central, and northern areas have the greatest storm dam-
age in terms of growing stock affected. In Central Europe, coniferous trees – in 
particular Norway spruce – are more vulnerable to winter storms than broadleaved 
deciduous trees, which have shed their leaves. Stem breakage and uprooting also 
depend on factors regarding species identity, site conditions, and stand structure. 
Another important effect of recurring wind loads – e.g. at forest edges – is that trees 
adapt by forming compression wood, making them more robust. With respect to 
regeneration and regrowth after windthrow, trees regrow faster at low than at high 
elevations. Also, studies have shown that forest regeneration occurs at a similar rate 
in no-intervention and cleared areas. In the context of climate change, forest distur-
bance from winter storms is likely to increase.
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8.1  Cause and Development of Winds

Worldwide, winds cause both the largest number of damaging events and the great-
est financial loss compared with other types of natural disturbances. Focusing on 
forests, wind ranks third at the global scale regarding financial loss, behind forest 
fires and pests. Most damage is caused by storms, i.e. winds with a Beaufort number 
of 12 or more (corresponding to a wind speed of ≥117 km/h; 32.5 m/s). Large areas 
of wind disturbance occur when peak wind speeds exceed 35 m/s (126 km/h). Such 
strong winds can have different causes. Quine and Gardiner (2007) list five types of 
strong winds: tropical cyclones (hurricanes), extratropical cyclones (e.g. European 
winter storms), thunderstorms, tornadoes, and orographically generated winds (e.g. 
foehn winds). In Europe, the following wind event types are the most important 
causes of disturbance:

 (a) Cyclonic Storms
Cyclonic storms occur as a result of large-scale weather conditions and within 

the framework of low-pressure systems that move over hundreds or thousands of 
kilometres in the form of hurricanes or cyclones. In the tropics and subtropics, these 
storms are often several hundred kilometres wide (Fig. 8.1) and are called hurri-
canes, typhoons, cyclones, or tropical storms when they occur in summer. In the 
mid-latitudes, the extratropical cyclones are called blizzards or ‘Nor’easters’ in 
North America and winter storms in Europe as their main occurrence is in the winter 
season. The maximum wind speeds vary between 40 and 71 m/s (150 and 250 km/h) 
and decrease towards the edge of the storm system. Areas along the coasts are most 
severely affected by these storms.

Fig. 8.1 Profile of storm winds and critical wind speed (From Quine and Gardiner 2007, redrawn)
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 (b) (Summer) Thunderstorms
Thunderstorms develop within the framework of large vertical temperature 

decreases in the atmosphere and unstable air stratification. For Central Europe, this 
includes the local thunderstorms that almost always occur during the vegetation 
period (summer) and are caused by strong solar radiation and considerable evapo-
transpiration (evaporation and transpiration, i.e. release of water from plant sto-
mata) or by large temperature differences in the atmosphere as a weather front 
passes over an area. They can produce large local wind peaks (gusts) and lead to 
small-scale damage to forests and settlements. Tornadoes are another type of strong 
wind that can form in association with summer thunderstorms. Tornadoes are 
destructive vortices of violently rotating winds having the appearance of a funnel- 
shaped cloud and advancing beneath large storm systems. Their radius of action is 
even smaller than that of thunderstorms, but their destruction power is greater 
because wind peaks of up to 140 m/s (500 km/h) can occur. Although most common 
in the Midwest of the USA, tornadoes also occur in other regions of the world 
including Europe.

 (c) Warm Downslope Winds (Foehn Storms)
A foehn results from the ascent of moist air up the windward slopes; as this air 

climbs, it expands and cools until it becomes saturated with water vapour, after 
which it cools more slowly because the moisture in the air condenses as rain or 
snow, releasing latent heat. By the time it reaches the peaks and stops climbing, the 
air is quite dry. The ridges of the mountains are usually obscured by a bank of 
clouds known as a foehn wall, which marks the upper limit of precipitation on the 
windward slopes. As the air makes its leeward descent, it is compressed and warms 
rapidly all the way downslope because there is little water left to evaporate and 
absorb heat; thus, the air is warmer and drier when it reaches the foot of the leeward 
slope than when it began its windward ascent (www.britannica.com). The resulting 
winds, known as foehn winds, can reach high wind speeds and cause considerable 
damage. For instance, the damage caused by the foehn storm Uschi in the province 
of Salzburg, Austria, on 14–17 November 2002 totalled at least €100  million 
(Salzburger Nachrichten [Salzburg News], 4 October 2012). Corresponding to the 
different wind conditions, the south foehn occurs on the northern side of the Alps 
and the north foehn on the southern side. Foehn phenomena are also found in the 
Spanish Pyrenees (‘Fogony’), in the Scandes in Norway (‘fønvind’), on the east side 
of the Rocky Mountains (‘Chinook’), as well as along the Andes (‘Puelche’ in 
Chile, ‘Zonda’ in Argentina).

 (d) Cold Downslope Winds (Bora, Mistral)
Cold air masses form over large cold areas such as glaciers, mountains, or high 

plateaus. The denser cold air sweeps downhill as a cold wind (driven by the air pres-
sure gradient) towards the low-pressure system located over the sea (katabatic, flow-
ing down). The strongest katabatic winds are in Antarctica and Greenland (‘Piteraq’) 
where they can reach speeds of over 83 m/s (300 km/h). In Europe they are called 
‘bora’ on the Adriatic coast and ‘mistral’ in the French Mediterranean region, and 
they can cause significant damage to vegetation. For example, the bora wind on 19 
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November 2004 destroyed 12,600 ha (2.6 million m3) of coniferous forest on the 
southern slopes of the High Tatra Mountains, Slovakia (Jonášová et al. 2010).

8.2  Direct Effects on Vegetation

In comparison to other vegetation types, forests are usually affected more by strong 
winds and hurricanes because they are taller and have a larger crown surface. 
Individual trees, entire tree populations, or even large forest areas can be disturbed 
over very short time periods. Tornadoes can also impact meadows and pastures, 
while gusts, heavy rain, or hail during summer thunderstorms is able to flatten grain 
fields. Such effects, however, mainly impact annual crops, many of which recover 
quickly after exposure to wind. In contrast, hurricane winds leave distinct patterns 
in forest stands in the form of flattened patches or corridors, which modify structure 
and species composition for several decades or even centuries (e.g. Čada et al. 2016; 
Kulakowski et al. 2017). Which are the factors that lead to even healthy trees or 
entire forest areas breaking or being uprooted in strong winds? Various factors are 
described and briefly discussed below and depicted in Fig.  8.2. There is a wide 
range of scientific papers which can serve as further literature on the topic of wind 
influence on ecosystems (e.g. Everham and Brokaw 1996; Johnson and Miyanishi 
2007; Gardiner et al. 2010; Fischer et al. 2013).

Fig. 8.2 Components of tree stability. (From Quine and Gardiner 2007, modified)
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8.2.1  Stem Breakage or Uprooting

Whether a tree breaks along the stem when the wind load is too high (stem break-
age) or is torn from its anchorage with the entire root plate (uprooting) depends on 
various factors. The most important factor here is the anchoring of a tree in the 
ground. Species-specific differences affect root growth under given soil conditions. 
In particular, soil moisture, groundwater levels, and nutrient conditions limit root 
and stem growth. Shallow-rooted tree species, such as many spruce species (Picea 
spp.) and Douglas fir (Pseudotsuga menziesii (Mirbel) Franco), are less well 
anchored in the soil and tend to uproot more easily; important factors include the 
ratio of the size of the root plate to that of the stem including crown (leverage effect) 
and the weight of the tree (counterforce). Tree pulling experiments have shown that 
shallow roots are less resistant to tension than deep roots (Peltola and Kellomäki 
1993; Peltola et al. 2000). When soils are frozen, shallow-rooted tree species are 
better anchored than in unfrozen soil, but the trees are then more prone to stem 
breakage (Peltola et al. 2000). European winter storms are large-scale weather situ-
ations in which temperatures rise over several days before the storm event. Frozen 
soils may thus thaw, making uprooting of trees during storms more likely (Usbeck 
et al. 2010a). In winter, broadleaved deciduous trees are generally less susceptible 
to damage than Norway spruce (Picea abies (L.) H. Karst.) because of the lack of 
foliage and the correspondingly smaller area of exposure (Dobbertin et al. 2002). 
During summer thunderstorms with strong gusts, deep-rooted broadleaved decidu-
ous trees are broken more often than they are uprooted.

Good nutrient and light conditions promote rapid growth, which result in wider 
tree rings and tend to make stems more susceptible to breakage (Meyer et al. 2008). 
Other studies point to an inverse relationship between stem uprooting and base satu-
ration in soil (Braun et al. 2003; Mayer et al. 2005). High nitrogen inputs not only 
promote acidification but also lead to (i) a reduction of fine root biomass; (ii) the 
promotion of Phytophthora root disease and root rot (Heterobasidion annosum); 
and (iii) reduced storage of carbohydrates in roots. All these factors lead to a weak-
ening of the roots on eutrophic and acidified soils. Braun et al. (2003) found large 
proportions of uprooted Norway spruce and European beech (Fagus sylvatica L.) on 
acidic soils, a result confirmed by an extensive sample of windthrow damage in 
Germany, France, and Switzerland (Mayer et al. 2005).

8.2.2  Non-lethal Damage and Adaptation to Wind

As long as wind forces do not lead to stem breakage or uprooting, tree individuals 
can adapt through growth, a process that has been addressed generally as thigmo-
morphogenesis, i.e. the effect of motion on growth (Jaffe 1973; Telewski 2006). 
Plants tune their height and slenderness biologically as a response to the mechano-
sensing of wind (de Langre 2008). A known characteristic of wind-exposed trees is 
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that they are shorter than individuals sheltered from wind. In cases of recurring 
wind loads, exposed tree crowns align themselves in such a way that a smaller 
crown surface area is created (Vollsinger et al. 2005). In response to frequent pres-
sure from snow or wind, conifers form so-called compression wood with a higher 
lignin content and stronger cell walls. Broadleaved deciduous trees, on the other 
hand, form tensile wood as a reaction to tensile stress. Compression and tension 
wood stabilizes tree stems against external stresses (Fournier et  al. 1994). Roots 
experience wind pressures as compression and tension movements. Roots also react 
to these forces by forming compression wood, which leads to the formation of but-
tress roots with I- or 8-shaped cross sections (with profiles comparable to those of 
I-beams) (Matthek and Breloer 1995).

During storms, a tree first loses its weakest parts, i.e. needles/leaves and branches, 
which reduces the surface area exposed to wind and the risk of stem breakage (Spatz 
and Bruechert 2000). Likewise, roots are damaged by storm-induced vibrations of 
the tree. Therefore, trees that survive a storm experience a loss of growth in the first 
years after the event and use part of the assimilated carbon to restore the damaged 
plant parts. These reductions in growth are well documented for the first 3 to 5 years 
following a storm event and can be detected at both the individual tree and the land-
scape levels (Busby et al. 2008; Seidl and Blennow 2012).

8.3  Economic Damage to Forests

Over 50% of all forest damage in Europe is attributed to winds, occurring mostly in 
the form of winter storms (Schelhaas et al. 2003). In Europe, these storms first hit 
the countries facing the Atlantic, and they then travel several hundred to thousand 
kilometres inland (Fig. 8.3). Depending on the size of the winter storm, the dis-
turbed area can be substantial (Fig. 8.3 and Table 8.1). The damage to forests, and 
also to infrastructure and buildings, causes widespread concern among the general 
public, which often leads to state support for particularly badly affected areas (Baur 
et al. 2003).

The simultaneous clearing of many wind-damaged areas leads to a temporary 
drop in timber prices (Fig. 8.4 for price dynamics in Germany). In Switzerland after 
storm Lothar (26 December 1999), there was around 15 million m3 of damaged 
timber. By 2001, prices for spruce and fir logs had fallen to around 70% of the price 
before the storm. Prices then slowly recovered but declined again with the arrival of 
more wood salvaged from the bark beetle infestations during the drought of 2003. It 
was not until 2007 that timber prices returned to the pre-storm level of 1999.
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Fig. 8.3 (a) Paths of low-pressure systems (storms) in the winter months from 1961 to 2010. (b) 
Estimated areas affected by storms in the winter months from 1961 to 2010. (From Gardiner et al. 
2010, modified)
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Table 8.1 The ‘most expensive’ storms in Europe during the period 1980–2016. Country 
abbreviations according to ISO 3166-1

Date Storm Affected countries
Total losses in 
billion €a

26 December 1999 Lothar AT, BE, CH, DE, FR 10.4
18–20 January 2007 Cyril AT, BE, DE, DK, FR, NL, UK 9.0
25–26 January 1990 Daria BE, DE, DK, FR, IE, LU, NL, 

PL, UK
6.2

26–28 February 2010 Xynthia (storm tide) BE, CH, DE, ES, FR, LU, 
NL, PT

5.5

7–9 January 2005 Erwin (Gudrun) DE, DK, EE, FI, LV, NO, SE, 
UK

5.4

15–16 October 1987 Not named IT, FR, NO, UK 4.8
24–27 January2009 Klaus ES, FR, IT 4.6
27 December 99 Martin ES, CH, FR 3.7
25–27 February 1990 Vivian/Wiebke AT, BE, CH, DE, FR, IT, NL, 

UK
2.8

3–4 December 1999 Anatol DE, DK, LT, LV, RU, PL, SE, 
UK

2.8

27–30 October 2013 Christian BE, DE, DK, FR, NL, SE 2.2

Source: Munich RE, http://natcatservice.munichre.com
aExchange rate June 2014: $1 = €0.9

Fig. 8.4 Development of the wood price for spruce long logs (B quality) in Germany (index: 
100% = 2010). Sources: Wood: [German] Federal Statistical Office: total damage caused by winter 
storms, in millions of DM/€: (Münchener Rück 1999; https://de.wikipedia.org/wiki/Liste_von_
Wetterereignissen_in_Europa; 31.1.2017)
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8.4  Influence on Ecosystem Dynamics

8.4.1  Root Plates and Root Pits

Frequently described and investigated phenomena in windthrown forest ecosystems 
are uprooted trees, with root plates often reaching several metres into the air, and the 
corresponding pits, which can vary in moisture depending on soil condition and 
slope. Shortly after a windthrow event, this pit-and-mound topography (Ulanova 
2000) with exposed mineral soil offers favourable germination conditions for a 
number of species, and in particular European larch (Larix decidua Mill.) but also 
silver fir (Abies alba Mill.) and Norway spruce. In comparison, germination for 
these species in undisturbed stands with dense vegetation cover is often more diffi-
cult (Wohlgemuth et al. 2002). Root plates and mounds weather over time, with 
exposed roots drying out quickly and losing their function and the exposed soil 
being colonized by plants (herbs, tree seedlings). Regeneration of trees in these 
microsites is quite variable (Ulanova 2000). For mosses, the newly created microto-
pology offers many new locations, which has a positive effect on species diversity 
(Jonsson and Esseen 1990).

8.4.2  Succession After Windthrow

Since windthrows do not occur regularly but episodically, studies of the succession 
process are also often one-time efforts that are limited with respect to space or 
sample size. Another complicating factor is the long observation period necessary 
to make inferences on succession. In Central Europe, the high frequency of wind 
disturbances towards the end of the last century led to broadly discussed questions 
about the treatment of wind-disturbed areas, with three main topics: (i) the effects 
on bark beetle development (Bouget and Duelli 2004; Müller et al. 2008); (ii) the 
quantity and quality of natural reforestation; and (iii) the effect on biodiversity 
(Chap. 4, Biodiversity; see reviews by Thom and Seidl 2016; Thorn et al. 2018). In 
the Alps, the storm Vivian (1990) started a debate on the maintenance of avalanche 
and rockfall protection in windthrown mountain forests (Schönenberger et al. 2002), 
investigating effects of clearing vs. no intervention. While in North America the 
effects of windthrow and forest fires on natural regeneration had already been inves-
tigated in the 1980s and discussed in various textbooks and review articles (Chap. 2, 
Definitions; White 1979; Pickett and White 1985; Attiwill 1994; White and Jentsch 
2001), such reviews followed much later for the boreal forests of Northern Europe 
(Kuuluvainen 1994; Kuuluvainen and Aakala 2011) and for the temperate forests of 
Central and Eastern Europe (Ulanova 2000; Fischer et al. 2013).
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8.4.3  Natural Regeneration in Central Europe

In a study of 90 windthrow areas in Switzerland, Kramer et al. (2014) determined 
the regeneration densities and tree heights 10 years after the storm Lothar (1999) 
and 20 years after the storm Vivian (1990). The sample sites ranged from the low-
lands (370 m a.s.l.) north of the Alps to higher-elevation sites in the Northern and 
Central Alps, where windthrow areas up to 1800 m a.s.l. were considered. Overall, 
the patterns of recovery were very heterogeneous; this is shown by the large differ-
ences in densities of beech regeneration with minimum densities of 1000 stems/ha 
(stems >20 cm height) and maximum densities of almost 80,000 stems/ha) (Fig. 8.5). 
In the higher-elevation Vivian windthrow areas, average densities of 2600 and 
4600 stems/ha were found in no-intervention and cleared areas, respectively. Higher 
densities were found in the areas disturbed by storm Lothar, with averages of 7600 
and 10,800 stems/ha in no-intervention and cleared 10-year-old areas, respectively. 
As the monitoring of Vivian and Lothar areas showed, higher stem density can 
result in slower colonization dynamics at high- elevation sites as a result of light 
limitation and shorter vegetation periods (Brang et al. 2015). At lower elevations, 
the larger trees in an area recovering from windthrow reach a height of around 6 m 
after 10 years, whereas at higher elevations a period twice as long is required for 
trees to grow to this size. The proportion of regeneration that was already present 
before the windthrow event was smaller at higher elevations (approximately 10%), 
as fewer shade-tolerant tree species are able to survive in closed stands and as com-
peting tall herbs in more open subalpine forests hamper the establishment of trees. 
In contrast, at lower elevations an average of 30% of the regeneration present 

Fig. 8.5 Natural regeneration in windthrow areas in Switzerland. (Data from Kramer et al. 2014), 
10 years after storm Lothar (circles) and 20 years after storm Vivian (triangles). Filled symbols 
represent no-intervention areas and open circles represent cleared areas. Regression lines for 
Vivian and Lothar areas show the differences between lower- and higher-elevation windthrow 
areas. However, for both groups, the relationship between elevation and regeneration density is not 
significant
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10 years after a storm event germinated before the windthrow. This is especially true 
for shade-tolerant beech and sycamore (Acer pseudoplatanus L.; Wohlgemuth and 
Kramer 2015).

8.4.4  Limiting Factors of Regeneration

Kramer et al. (2014) cite elevation, competing vegetation, and acidity of the sub-
strate as the most important factors limiting regeneration in windthrow areas. At 
higher elevations, not only is there less time for growth because of the short vegeta-
tion periods, but also fewer tree species are present. Tall herbs, reed grasses 
(Calamagrostis spp.), and raspberries (Rubus idaeus L.) can prevent tree regenera-
tion over a long period of time. Conifers that grow slowly in the first 10 years after 
establishment (e.g. fir and spruce) can, if germinated after the storm, initially grow 
in the shade of pioneers or avoid tall herbs by establishing on decaying deadwood 
(‘nurse logs’). Especially at higher elevations, an already existing regeneration 
shortens recovery times. Also at low elevations, rapidly emerging herbs, shrubs, or 
grasses can prevent tree regeneration. Thus, on about one-third of the investigated 
10-year-old Lothar areas below 800 m a.s.l., regeneration did not reach a density of 
4000  stems/ha. On such sites blackberry (Rubus fruticosus aggr. L.) is the most 
important competitor of young trees. On acidic soils, bracken (Pteridium aquilinum 
(L.) Kuhn) can also prevent tree regeneration (Brang et al. 2015). The higher the pH 
of the mineral soil, the greater the regeneration density in windthrow areas. Further, 
the number of tree species on carbonate-rich substrate is greater than on carbonate- 
poor or acidic substrates (Kramer et  al. 2014). Van Couwenberghe et  al. (2010) 
found a similar correlation in windthrow areas in Lorraine, France. The resource 
situation improves temporarily with the sudden opening of the forest. On barren 
sites in the limestone Alps, for example, accelerated decomposition dynamics of 
organic matter in the soil were observed after disturbance by wind. This effect was 
caused by higher soil temperatures and lower litter input (Mayer et al. 2014); these 
factors can have a long-term influence on forest development after windthrow. A 
recent study in France found evidence in windthrow gaps for forest adaptation to 
global warming due to a loss of cold-adapted species and a gain of warm-adapted 
species (Dietz et al. 2020).

The regeneration densities in Vivian and Lothar windthrow areas in Switzerland 
did not differ significantly between cleared and no-intervention areas. Although 
existing regeneration of small- and medium-sized trees may be destroyed during 
clearing, the disturbed soils of cleared areas provide favourable conditions for the 
germination and growth of many tree species, which is why stem densities can be 
high a few years after the intervention. In contrast, in no-intervention areas, optimal 
places for seed germination are restricted to root plates and pits, where vegetation is 
temporarily absent. These results from storms Vivian and Lothar contrast with vari-
ous case studies that highlight the importance of microhabitats for the development 
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of natural structures and forest biodiversity in uncleared windthrow areas (Fischer 
and Fischer 2012; Michalová et al. 2017).

Various studies have investigated regeneration as a function of distance to the 
intact forest and thus to potential seed sources. In a large sample in Lorraine, France, 
the frequency of small beech, hornbeam (Carpinus betulus L.), and oak (Quercus 
robur L., Q. petraea (Matt.) Liebl.) decreased in the first 20 m from the edge of the 
forest 5  years after the storm, whereas larger specimens of the same species 
increased in density with increasing distance from the edge (Van Couwenberghe 
et al. 2010). Although there are clear limits to the dispersal of heavier seeds, young 
trees that germinated before the disturbance generally grow better in open areas in 
comparison to close to the edge of an intact forest canopy (White and Jentsch 2001). 
In lowland forests in Switzerland, Kramer et al. (2014) found a negative correlation 
between regeneration density and distance to the forest edge for the first 80  m 
10 years after windthrow events. This was mainly explained by the predominance of 
beech on these stands and the limited dispersal distance of beech seeds (heavy 
weight). In forests at higher elevations, distances to the forest edge of 20–80 m were 
not found to influence regeneration density. This may be related to the much higher 
seed dispersal distance of Norway spruce, the most common tree species in European 
mountain forests. On the other hand, in a windthrow area at 1200  m a.s.l. in 
Schwanden, Canton Glarus (Switzerland), 30% of the seed rain occurred within a 
distance of 60 m from the edge and only 10% at distances ≥80 m from the forest 
edge (Lässig et al. 1995).

8.4.5  Regeneration on Downed Deadwood

Competitive exclusion by herbaceous vegetation is a major reason why forest regen-
eration in disturbed areas is often slow, especially in high-elevation forests where 
the vegetation period is short (Brang et al. 2015; Wohlgemuth and Kramer 2015). 
Consequently, downed deadwood is an important substrate for tree regeneration in 
the mountain forests of Central Europe (Imbeck and Ott 1987; Svoboda and Pouska 
2008) and Scandinavia (Hofgaard 1993). The importance of slowly decaying dead-
wood for regeneration (i.e. so-called nurse logs) was demonstrated, for instance, in 
a study of windthrow areas in Switzerland (Wohlgemuth and Kramer 2015): 
20 years after the windthrow, the regeneration density on deadwood was equal to 
that on the forest floor. In areas where the regeneration of conifers on bare soil is 
impeded by the rapid emergence and vigorous growth of tall herbs and grasses 
(often reed grass, i.e. species of the genus Calamagrostis), slowly decaying wood 
remains an alternative substrate where conifers, in particular Norway spruce, can 
establish without serious competition (Kramer et al. 2014). In these high-elevation 
forests, where regeneration is generally less dense than in the lowlands (Wohlgemuth 
et  al. 2017) and competition from forest floor vegetation prevents or delays tree 
regeneration, establishment on nurse logs is an important plant strategy for distur-
bance recovery (Imbeck and Ott 1987; Priewasser et  al. 2013). In addition, the 
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growing season on the deadwood substrate is extended as deadwood is free of snow 
earlier in spring than the adjacent forest floor. In contrast to the prominent role of 
deadwood at elevations with shorter vegetation season and lower temperatures, 
nurse logs are relatively less important in lowland forests because of the rapid 
decomposition of deadwood, in particular of broadleaved tree species such as 
European beech (Kahl et al. 2017).

8.5  Forest Management Strategies to Minimize 
Storm Damage

How can the damage caused by strong winds be reduced? This question has con-
cerned forestry for more than a century (e.g. Wagner 1923). Annual data on the loss 
of timber by windthrow are available for the canton of Zurich, Switzerland, for 
instance, extending over an area of 1729  km2 and spanning a period of almost 
120 years. The variation in timber loss can be explained surprisingly well with only 
two variables (Usbeck et al. 2010b): (i) the wind gust peaks measured in Zurich and 
(ii) the growing stock. Both variables are both strongly positively correlated with 
the timber damaged in winter storms (Fig. 8.6).

A storm is a physical factor that affects both individual trees and forest stands. 
From a process-oriented perspective, the physical variables of relevance for wind 
breakage and uprooting are the intensity of the storm and parameters of tree or stand 

Fig. 8.6 Observed and predicted timber damage of 22 windthrow years from 1891 to 2014 in the 
canton of Zurich, based on various sources, with growing stock and gust wind peaks measured in 
Zurich as explanatory variables. (Data source: Usbeck et al. 2010b)
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stability, which are discussed in more detail below. Wind gusts, which act over a 
longer period of time (wind force) with values of 35 m/s (126 km/h) or more, can be 
destructive for stands regardless of their susceptibility and prior silvicultural treat-
ment. However, as the wind field within a storm is heterogeneous, winds do not 
affect all locations within a forest landscape with the same force. Consequently, 
there are a number of other factors that are important for determination of the level 
of wind damage at the stand level. Many of these drivers were analysed regarding 
their comparative effect on windthrow damage (Hanewinkel et al. 2015). The short 
summary that follows is largely based on this work.

8.5.1  Species Identity

The different susceptibilities of species to windthrow are, among other things, 
related to the greater air resistance of the crowns of evergreen conifers to winter 
storms as compared to the crowns of broadleaved deciduous species (see Fig. 8.7). 
Broadleaved deciduous trees are much less at risk than, for example, Norway 
spruce, as shown by several studies in Switzerland (Dobbertin et al. 2002), Germany 
(Hanewinkel et al. 2008), Austria (Thom et al. 2013), and Central Europe (Mayer 
et  al. 2005). In Baden-Württemberg (Germany), Norway spruce was the species 
most severely affected by storm Lothar, followed by Douglas fir, Scots pine (Pinus 
sylvestris L.), and European beech (Fig. 8.7). Based on new analyses, Douglas fir, 
together with Norway spruce, is assigned as being at the greatest risk of storm- 
throw in Central Europe (Albrecht et al. 2013, 2015). The smaller windthrow sus-
ceptibility of silver fir in comparison to Norway spruce relates to different root 
structures, with silver fir developing a deep rooting system in contrast to Norway 
spruce which has a shallower root system (Stokes et al. 2007).

Fig. 8.7 The probability of stem breakage or uprooting as a result of storm Lothar (1999) in 
Baden-Württemberg as a function of tree height, separated by tree species (according to Schmidt 
et al. 2010). The shaded areas indicate the (95%) confidence intervals. Because of a lack of data, 
individual tree species (e.g. Douglas fir and fir) were grouped together. (From Schmidt et al. 2010, 
redrawn)
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8.5.2  Tree Height and Stem Taper

In general, the storm susceptibility of trees in Europe increases with tree height 
(Dobbertin et al. 2002), with the increase varying from sigmoidal (Norway spruce) 
to near linear (European beech) depending on species (Fig. 8.7). Parameters such as 
stem diameter, average stand height, and stand age are closely correlated to tree 
height and are also often used as alternative explanatory variables of windthrow risk.

According to many studies, stem taper (i.e. h/d ratio; the ratio of tree height to 
tree diameter at breast height) is positively correlated with susceptibility to storm 
damage, because of the lower mechanical stability of thin and tall stems. Yet, trees 
with a lower h/d ratio often have larger crowns, which in turn results in a larger 
surface area exposed to wind. At the same time, however, such trees also have a 
larger root volume, which in turn suggests better anchoring. Stem taper should 
therefore be used with caution in the context of wind susceptibility. As a general 
rule, a meaningful interpretation of stem taper requires a joint assessment with stand 
or tree height (Albrecht et al. 2012).

8.5.3  Silvicultural Interventions and Management History

Shortly after a thinning intervention, older stands in particular have a temporarily 
elevated risk of windthrow because the forest canopy has been disrupted, thereby 
exposing the trees to increased wind. Silvicultural interventions were the third most 
important variable (after tree species identity and tree/stand height) explaining dam-
age from storm Lothar (1999) in Baden-Württemberg (Albrecht et  al. 2012). In 
particular, damage was greater where more dominant trees had been removed from 
the stands (thinning from above).

In areas with clear-cutting as silvicultural strategy, the newly exposed stand 
edges are particularly vulnerable to windthrows, because the trees that were previ-
ously sheltered within the stand are suddenly exposed to wind and are not adapted 
to this exposure. Such effects can be reduced if the newly created stand edges are 
not oriented facing the main wind direction (Blennow and Olofsson 2008). The risk 
of storm damage at these stand edges can also be reduced by retaining individual 
trees or groups of trees on the clear-cut areas. However, the latter trees are particu-
larly vulnerable to storm events.

In Germany, large-scale Norway spruce plantations following the intensive tim-
ber extraction during the first half of the twentieth century resulted in uniform, 
single- layer pure stands often dominated by Norway spruce. Towards the end of the 
twentieth century, these stands became increasingly vulnerable to storms. Part of 
the large-scale storm damage in Germany since the 1980s (Table 8.1) can be attrib-
uted to this particular management history. This example shows that changes in 
forest structure and composition can have a long-term effect on the susceptibility to 
wind disturbance.
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8.5.4  Soil Conditions

Various studies have shown that forest stands on wet soils are particularly suscep-
tible to windthrow (Hanewinkel et  al. 2008; Schmidt et  al. 2010; Albrecht et  al. 
2012). The Europe-wide increase in storm damage in recent decades has also been 
associated with the increased cultivation of Norway spruce on such soils in the first 
half of the twentieth century (Schelhaas et al. 2003). In the Swiss Central Plateau, 
major windthrow damage has occurred in winter when the soil was not frozen but 
wet (Usbeck et al. 2010a), leading to a higher probability of uprooting. This may be 
linked to the fact that winter storms in Europe are usually weather events lasting 
several days, during which temperature first increases considerably, followed by the 
periods with high wind speeds. Higher temperatures under climate change are likely 
to exacerbate this situation. For the Lothar (1999) storm damage in Switzerland, 
France, and Germany, also a statistically significant negative relationship with soil 
acidity was found, i.e. greater damage occurred on acidic soils (Mayer et al. 2005). 
Likewise, in the Black Forest (Germany), major Lothar damage was found on 
waterlogged/wet soils (Hanewinkel et al. 2008).

8.5.5  Topographic Exposure

Storm Lothar, which had a dominant wind direction of west or northwest and was 
thus typical for cyclonic winter storms in Europe, hit forests most severely in 
exposed west-facing areas as well as in west–east oriented valleys (Mayer et  al. 
2005; Schmoeckel and Kottmeier 2008; Stadelmann et  al. 2014). This occurred 
despite the fact that trees develop wind-adapted growth forms in  locations with 
frequent exposure to strong winds and can thus withstand stronger storms than trees 
on less exposed sites (Hanewinkel et al. 2015). Such behaviour has been demon-
strated in particular for trees on mountain sites with frequent wind events (Bräcker 
and Baumann 2006). However, even such adaptations cannot prevent damage to 
forest stands in the case of very strong wind peaks, such as storm Lothar.

8.5.6  Stand and Landscape Structure

Air flows are attenuated in more structured stands by dissipating the energy into 
smaller vortices (Hanewinkel et al. 2015). In poorly structured stands, the energy of 
gusts strikes with no dampening effect. This effect has led to the hypothesis that 
uneven-aged forests and selection cutting systems (plenter forests) are particularly 
resistant to windthrow. According to Hanewinkel et al. (2015), however, this hypoth-
esis cannot be unequivocally substantiated because different drivers interact in such 
forests. Nonetheless, Hanewinkel et  al. (2014) were able to show a weak, albeit 
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significant, negative effect of increasing structural diversity on the susceptibility to 
storm damage. Differences in susceptibility in structurally diverse stands can, how-
ever, be the result of differences in species composition (e.g. more shade-tolerant 
trees such as silver fir, which also have a deep rooting system) or differences in tree 
height (as forests managed under a selection cutting system have many smaller trees 
that are generally less susceptible to wind). Since these effects are difficult to sepa-
rate in practice, process-oriented simulation models can be used for further analysis 
of explanatory variables. For example, Seidl et  al. (2014a) demonstrated that 
neglecting structural and spatial heterogeneity, even in forests with a relatively uni-
form age class distribution, leads to an underestimation of windthrow damage. 
While the susceptibility of structurally complex stands to wind is not yet fully 
resolved, it is largely undisputed that the recovery after a windthrow progresses 
more rapidly in structured stands because of the presence of young trees under the 
shelter of old trees. Even 10–20 years after a wind disturbance, the trees that were 
already present before the disturbance still have the highest top heights in windthrow 
areas, indicating a lasting advantage compared to trees regenerating only after the 
disturbance (Kramer et al. 2014). Therefore, the resilience of uneven-aged forest 
stands to storms may indeed be greater than that of even-aged forest stands.

In areas with clear-cutting as a silvicultural strategy, the size and distance to the 
nearest stand edge in the prevailing wind direction can be a significant factor influ-
encing the susceptibility to windthrow. In Central Europe, attempts were made 
already more than 100 years ago to minimize storm damage by optimizing the ‘spa-
tial order’ of forest stands (i.e. the spatial configuration of stands in terms of age and 
height in a landscape; Hanewinkel et al. 2010). The success of these measures is, 
however, relatively modest particularly in high-intensity wind events.

8.6  More Storms Under Climate Change?

The increasing frequency of winter storms in Europe towards the end of the twenti-
eth century (Gardiner et al. 2010; Donat et al. 2011) led to major forest damage, a 
considerable part of which is attributable to the development trajectory of Europe’s 
forests after World War II and the resulting increase in timber stocks (Schelhaas 
et al. 2003; Usbeck et al. 2010a). In most European countries, timber stocks have 
increased over the last century as a result of declining reduction in the use of wood 
as fuel and building material. A study of trends in disturbance damage in European 
forests showed that the observed increase in wind damage (+2.6% per year on aver-
age between 1958 and 2001) is in roughly equal proportions the result of changes in 
forests (growing stock, age, and tree species composition) and climate (wind speeds, 
ground frost, and other factors) (Seidl et al. 2011). Assuming that storm frequencies 
remain high or even increase, forest damage caused by storms will increase signifi-
cantly compared to current levels, especially in Central European countries (Seidl 
et al. 2014b). On the other hand, a comprehensive modelling study, in which large 
temperature differences in the stratosphere were considered as the main factors 
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driving strong winds, pointed to a slight decrease in wind peaks in winter in the 
twenty-first century (Bengtsson et al. 2009). The authors of this study also discuss 
the gradual shift of extratropical storms towards the North. However, storm frequen-
cies are still extremely difficult to predict. This fact is reflected in the 
Intergovernmental Panel on Climate Change (IPCC) Technical Report on Climate 
Change 2013, which points to a tendency for cyclone tracks to shift towards the 
poles but does not infer any future decrease in winter storms in Europe (Stocker 
et al. 2013). In summary, it can be concluded that intensive winter storms are likely 
to continue to occur in Central Europe and that forest stocked with vulnerable spe-
cies such as Norway spruce with tall trees must be considered to be particularly at 
risk from such future storms (Jakoby et al. 2016) (Box 8.1).

Box 8.1: Wind Force and Damage to Trees

Thomas Wohlgemuth 
Forest Dynamics Research Unit, Swiss Federal Research Institute WSL, 
Birmensdorf, Switzerland

One might think that wind measurement is simple, given that information on 
wind speed is part of daily weather forecasts. However, storms do not occur 
in strictly ordered paths, but instead are spatially strongly heterogeneous, 
interspersed with vortices, and interact with the topography and vegetation of 
an area. To calculate gust peaks for larger regions, models based on wind 
measurements at meteorological stations are used. However, the authors of 
such models point out that caution is required when comparing modelled val-
ues with observed storm effects on forests (e.g. Etienne et  al. 2013). 
Furthermore, wind events are not only spatially heterogeneous but also show 
considerable temporal variation. Therefore, average wind speeds over longer 
periods of time (hours to days) are less relevant for effects on vegetation than 
short-term wind peaks, which can last from a few seconds to a few minutes. 
Based on the correspondence of observed wind effects and local measurement 
series, it is assumed that wind speeds of at least 28 m/s (100 km/h), corre-
sponding to a wind force on the Beaufort scale of 10 or more, must prevail 
over several seconds to cause uprooting or stem breakage, the two most con-
spicuous effects on trees. Films of hurricanes show that healthy trees incline 
up to 45° and only break or uproot after long and strong wind exposure. 
Hurricane-like storms with wind peaks above 35 m/s (126 km/h) can devas-
tate both old and young stands and cause damage over large areas.
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Chapter 9
Avalanches and Other Snow Movements

Peter Bebi , Perry Bartelt, and Christian Rixen 

Abstract Together with rockfall, landslides, and debris flows, snow avalanches are 
among the most important gravitational natural hazards in mountain regions. On the 
one hand, forests perform important protective functions against these natural haz-
ards, and on the other hand, ecosystems are also strongly influenced by these distur-
bances. In this chapter we give an overview of the important interactions between 
gravitational natural events and mountain ecosystems using the example of ava-
lanches and other snow movements. We also discuss the interactions with other 
natural disturbances and human land use.

Keywords Avalanche protection · Disturbance interaction · Forest management · 
Mountain forests · Snow avalanches · Snow gliding

9.1  Cause and Immediate Effect of Snow Movements

Wherever there is snow, there are also snow movements. Snow changes continu-
ously, mostly in relation to the temperature and humidity of the snow cover. There 
are different types of snow movement, depending on the type of snow, the topo-
graphical conditions, and the weather.
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9.1.1  Snow Settlement

Even on flat terrain, there are transformations in the snow cover, which lead to the 
settling of the snow cover. After a snowfall, the fresh snow crystals become more 
rounded; this results in more connections between the crystals being formed. This 
reduces the volume, which causes the snow cover to collapse or settle. This binds 
the layer of fresh snow. In the deeper snow layers, the weight of the new snow 
causes greater subsidence. Smaller trees and bushes can be pressed down and bro-
ken or split by snow settling, but if they do not break, then they usually straighten 
up again after the snow falls off (Frey 1977).

9.1.2  Snow Creeping

Snow creeping occurs during the settling of snow on a slope with a rough ground 
surface. In such cases, the snow movements are greatest in the uppermost layers of 
the snow cover, while the snow in the lowermost layer in contact with the ground 
does not move. Thus, the snow forces act like a lever on young trees and lead to 
characteristic changes in tree shape (Fig. 9.1). In addition to the sabre-shaped defor-
mation of the trunk base, this also includes the increased occurrence of multiple 
stems and low-growing forms of growth (Schönenberger 1978).

9.1.3  Snow Gliding

Snow gliding is the movement of the total snow cover on an inclined ground surface 
in the trajectory of the fall line (In der Gand 1968, Höller et al. 2009). The creep 
movement is supplemented by a slow sliding of the snowpack on smooth and moist 
ground surfaces. Thus, the entire snowpack is usually sliding slowly, with glide 
rates of approximately less than 5 mm per day (according to Höller et al. 2009). This 
often happens on long grass or on low-lying dwarf shrubs (Newesly et al. 2000). 
Larger dwarf shrubs and trees act as obstacles, stabilizing the snow cover already to 
such an extent that the glide rates decrease significantly (Newesly et al. 2000). Snow 
gliding can also lead to the breaking and uprooting of young trees, whereby forces 
of about 1 kN are sufficient to uproot smaller or less flexible trees (Höller et al. 
2009). Repeated snow gliding also leads to the typical sabre growth form and the 
distinct formation of compression wood (Fig. 9.1).
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Fig. 9.1 Schematic representation of snow gliding and snow creeping. Snow movements cause 
the formation of compression wood (reinforced annual rings on the underside of the tree trunk) and 
adaptations in the growth form (sabre growth)

9.1.4  Avalanches

Avalanches are masses of snow that move down the slope relatively quickly. In 
addition to snow, avalanches can also contain rocks, soil, vegetation, and ice 
(Schweizer et al. 2003). Depending on the conditions under which they occur, ava-
lanches are referred to as slab avalanches, loose-snow avalanches, or glide-snow 
avalanches (Harvey et al. 2012):

 – Slab avalanches occur when a break occurs in a weak snow layer on a steep slope 
with a layered snowpack. The interconnected layers above the weak layer then 
slide off in compact form as a snow slab.

 – Loose-snow avalanches start from a point and fan outwards. The moving snow 
then pulls more and more snow, creating a cone-shaped avalanche. Loose-snow 
avalanches occur either in dry and low-cohesion snow in steep terrain or in high 
solar radiation and wet snow.

 – Glide-snow avalanches occur as a result of snow gliding when glide cracks open 
more and more, and the entire snow cover then quickly slides off the ground. 
This type of avalanche occurs on smooth and damp ground.

9 Avalanches and Other Snow Movements
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The flow behaviour of an avalanche, and thus its effect on vegetation, is signifi-
cantly influenced by snow temperatures and snow moisture. The movement of dry, 
cold snow leads to the formation of dust avalanches or mixed flow and dust ava-
lanches. These avalanches can reach very high speeds (>80 km/h) and consist of a 
core of snow particles surrounded by a powder cloud of ice and dust. The core of the 
avalanche follows the terrain, while the powder cloud can independently extend far 
beyond the core of the avalanche. Because of the air pressure of dust avalanches, 
trees with a large crown or impact area can be broken relatively easily (Feistl et al. 
2015). In contrast, ground or base avalanches often form in wet and less cold condi-
tions. These avalanches consist of a dense and granular core and move much more 
slowly than dust avalanches. Despite the significantly slower velocities, wet ground 
avalanches may have long runout distances and cause pressures that lead to the 
breaking and uprooting of mature trees (see Fig. 9.2).

Because of the specific conditions regarding topography and snow cover, the 
potential occurrence of avalanches can be predicted relatively well in space and 
time compared to other natural disturbances. Large avalanche events, therefore, 
often recur repeatedly from the same starting areas and, under extreme snow and 

Fig. 9.2 Wet snow avalanche released slightly above the timberline. (Photo: T. Feistl, WSL/SLF)
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weather conditions, often occur synchronously at least regionally (Schneebeli 
et al. 1997).

9.2  Influence of Avalanches on Ecosystems

Avalanches that start above the timberline are ecosystem-defining processes of 
mountain ecosystems. At high intensities or frequencies, avalanches define the com-
position and growth of the underlying plants and thus the ecosystem. Avalanches 
that strike far above the timberline usually generate such high pressures that they 
break even large adult trees (Fig. 9.2; Bartelt and Stöckli 2001; Feistl et al. 2015) 
and form characteristic avalanche tracks (Fig. 9.3). In the influence zone of larger 
avalanches, trees usually remain small and have a low and flexible growth. Typical 
representatives of such growth forms are the scrub mountain pine (Pinus mugo 
Turra subsp. mugo), green alder (Alnus viridis (Chaix) D.C.) (Rudolf-Miklau and 
Sauermoser 2011; Boscutti et al. 2014), and downy birch (Betula pubescens Ehrh.) 
in Scandinavia (Arbellay et al. 2013). Also, prostrate forms of beech (Fagus syl-
vatica L.) adapted to snow movements are known on exposed sites (Fanta 1981). 
With decreasing intensity and frequency of avalanche events, the survival of larger 
and more upright trees becomes possible. With the change in growth forms, both the 

Fig. 9.3 Typical tracks, which were created by avalanches above the forest line (Dischma Valley, 
Davos). Where the avalanche disturbance is most severe for topographical reasons and in the 
absence of intensive grazing, a mosaic of different vegetation types with patches of green alder 
shrubs, young trees, and subalpine grassland is formed. Avalanche activity on the right has been 
suppressed 20 years before the picture was taken by snow supporting structures in the release area. 
(Photo: M. Schmidlin WSL/SLF)

9 Avalanches and Other Snow Movements



200

importance of competition between trees and the influence of climatic factors on 
tree growth increase (Kulakowski et al. 2006).

Different avalanche regimes lead to characteristic forest structures and species 
compositions. In forests that are frequently disturbed by avalanches, trees typically 
have smaller diameters and shorter trunks than in undisturbed forests. The propor-
tion of pioneer tree species is higher, and the proportion of shade-tolerant species is 
lower in such forests (Bebi et al. 2009; Rudolf-Miklau and Sauermoser 2011). The 
stem number in avalanche tracks is often low, but the density of small trees (diam-
eter < ca. 10 cm) can also be significantly higher than in undisturbed areas, as ava-
lanches regularly limit the size and growth of trees. These smaller trees are then also 
less at risk from subsequent avalanche events (Bebi et al. 2009; Rudolf-Miklau and 
Sauermoser 2011). Forest development after avalanche disturbances does not pri-
marily take place in the sense of establishing tree regeneration but mainly in the 
form of a reorganization of surviving vegetation. Trees that survive an avalanche 
develop new leading shoots (Schönenberger 1978). When avalanches slide directly 
on the ground and thus expose mineral soil, tree regeneration via seed germination 
can follow (Kajimoto et al. 2004).

One of the most important ecological effects of avalanches is the increase in 
structural diversity (Kapayev 1978; Ellenberg 1988; Veblen et al. 1994). Where the 
forest is not influenced by avalanches, large areas of relatively poorly structured and 
species-poor coniferous forests often dominate in snow-rich mountainous areas. 
Early successional vegetation types characterized by small and light-demanding 
species would be much less frequent without avalanches or could only exist tempo-
rarily after other disturbance events. Where avalanches create open habitats in oth-
erwise dense forests, they thus contribute significantly to the heterogeneity and 
diversity of the vegetation mosaic (Patten and Knight 1994; Rixen et al. 2007). For 
example, avalanche tracks are preferred habitats for brown bear (Ursus arctos 
subsp. horribilis Ord), caribou (Rangifer tarandus L.), and wolverine (Gulo gulo 
L.) in North America (Mace et al. 1996; Krajick 1998) and for chamois (Rupicapra 
pyrenaica Bonaparte) in Europe (Garcia-Gonzalez and Cuartas 1996). Various bird 
species, such as the hazel grouse (Bonasa bonasia L.) and the black grouse (Lyrurus 
tetrix L.), also live in open or semi-open avalanche tracks for feeding and breeding 
(Klaus et al. 1990; Schäublin and Bollmann 2011).

The structure and diversity of vegetation in avalanche tracks depend strongly on 
the avalanche frequency (Fig.  9.4). ‘Active’ avalanche tracks in the Swiss Alps, 
which are regularly influenced by avalanches, have a higher structural diversity than 
avalanche tracks which are suppressed by avalanche barriers (Kulakowski et  al. 
2006). The preservation of structure by regularly descending avalanches also has a 
positive effect on the diversity of plant and vegetation types (Rixen et al. 2007). The 
number of flowering plant species is larger in the centre of avalanche tracks, where 
disturbance frequency and intensity are higher and smaller in the peripheral areas 
(Brugger 2002).
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Fig. 9.4 Number of plant 
species in avalanche tracks 
with different return 
periods of avalanches. 
(Source: Rixen and 
Brugger 2004)

Fig. 9.5 Snow cover formation in the transition zone from an open field to coniferous forest 
(modified from Imbeck 1987). In the open field, the snow cover shows regular layers. In the forest, 
the snow depth is reduced due to interception, and the stratification is more structured than in the 
open field due to falling lumps of frozen snow

9.3  Avalanche Protection Function of Forests

Forests protect against avalanches because hardly any avalanches occur in suffi-
ciently dense forest and because smaller avalanches may be slowed down in the 
forest (Bebi et al. 2009; Feistl et al. 2015). The effect of avalanche protection is not 
only influenced by forest structure but also by topographical factors and the struc-
ture and thickness of the snow cover (Fig. 9.5). Critical thresholds for the spontane-
ous release of avalanches may vary with changing forest cover. For example, 
avalanches in forested areas normally only occur on slopes with a gradient of more 
than 30° (Schneebeli and Bebi 2004), whereas in open areas they also occur in less 
steep terrain (McClung and Schaerer 2006). The surface roughness of the terrain is 
also a very important factor, at least as long as the snow cover thickness in the forest 
does not exceed the effective height of the dominant objects (de Quervain 1978; 
Leitinger et al. 2008).
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9.3.1  Prevention of Avalanches in Forests

There are essentially four physical processes that contribute to the stabilization of 
the snow cover in the forest (Schneebeli and Bebi 2004):

 1. Interception of falling snow: the proportion of the total snow quantity that is 
stopped by interception on branches and sublimated back into the atmosphere 
depends on the forest structure, tree species, and meteorological conditions dur-
ing snowfall events; this proportion is usually in the range 5–60% (Moeser et al. 
2015). Intercepted snow, which is not sublimated, enters the snowpack in the 
form of snow lumps or meltwater (Bründl et al. 1999). The snow cover in forest 
stands thus becomes more structured and less thick than that in open terrain, 
resulting in the formation of weak snow layers that are less continuous. Larch 
(Larix spp.) and deciduous broadleaved trees retain less snow in their crowns 
than evergreen trees, particularly when snowflakes are relatively small or when 
temperatures are cold during snowfall (Miller 1964; Pfister and Schneebeli 1999).

 2. Balanced radiation regime: the duration of solar radiation as well as the long- 
wave radiation during the night is reduced in the forest compared to that in the 
open land (Leonard and Eschner 1968; Tribeck et al. 2006) The formation of 
surface hoar, which can contribute significantly to the formation of weak snow 
layers in areas outside of the forest, is therefore rare within the forest (Höller 
1998; McClung and Schaerer 2006). In addition, temperature differences within 
the snow cover in the forest are smaller, which counteracts the formation of 
unstable floating snow in layers close to the ground.

 3. Reduced wind speeds: within the forest, near-surface wind speeds are lower than 
that on open land (Miller 1964). Large accumulations of drifting snow, which 
often create the conditions for avalanche formation, therefore occur less fre-
quently with increasing stand density in the forest.

 4. Direct mechanical support: the supporting effect of tree trunks, root plates, and 
lying logs helps to stabilize the snow cover and increase the surface roughness of 
the ground. However, the mechanical supporting effect of standing tree stems 
alone does normally not sufficiently control the snowpack. According to Salm 
(1978) at least 1000 trees per hectare would be necessary on a 40° steep slope if 
the avalanche protection function consisted solely of the mechanical effect of 
standing tree stems.

Because of these processes, the most important forest characteristics for the pre-
vention of avalanche releases are canopy coverage, gap sizes, tree species, and ter-
rain roughness (Schneebeli and Bebi 2004; Bebi et al. 2009). Critical thresholds that 
determine whether or not avalanches can occur in the forest can be derived from 
past events but must also be assessed in relation to topographical factors and snow 
properties (Bebi et al. 2009). The minimum gap width, which is sufficient for the 
formation of avalanches, is significantly smaller in deciduous broadleaved forests 
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Fig. 9.6 Critical gap 
widths depending on forest 
type: 1 = deciduous forests, 
2 = deciduous–coniferous 
mixed forests, 
3 = evergreen coniferous 
forests, 4 = larch or larch–
spruce forests. (Data from 
Meyer-Grass and 
Schneebeli 1992)

(approximately 5–10 m) than in evergreen forests (approximately 15–20 m), with 
considerable variation depending on steepness, ground roughness, and snow condi-
tions (see Fig. 9.6). Critical lengths of forest gaps vertical to the slope are usually 
given in the range of 25–60 m, depending on the slope inclination (see Frehner et al. 
2005), and are also relevant for whether a small forest avalanche may actually 
develop into a larger avalanche.

9.3.2  Braking Effect of the Forest

Smaller avalanches, which start in the forest or just above the timberline, may come 
to a halt again depending on the forest structure, topography, and snow characteris-
tics in the forest. The braking effect of the forest is a consequence of various interac-
tions between terrain, forest, snow, and avalanche characteristics. A more recent 
approach to quantifying the braking effect is based on the fact that avalanche snow 
is deposited behind trees and groups of trees, thus removing mass and the impulse 
from the avalanche (Feistl et  al. 2014). This removal of avalanche snow mass is 
called ‘detrainment’. By estimating this detrainment as a function of forest type and 
forest structure, the braking effect of the forest can be quantified (Teich et al. 2014). 
This allows prediction of runout distances for given avalanche incipient sizes, snow 
conditions, and forest structure parameters and for verification of the predictions 
with well-documented avalanche events (Fig. 9.7).
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Fig. 9.7 Simulation of maximum flow heights of an avalanche in a forest area in comparison with 
the observed avalanche (red line) for two different avalanche release areas (hatched area). The 
runout distance, which was calculated taking into account the forest in the release area (B), corre-
sponds well with the observed runout zone. (Simulation: N. Brozova, WSL/SLF)

9.4  Interaction Between Avalanches and Other 
Natural Disturbances

There are various interactions between avalanches and other natural disturbances in 
mountain forests. On the one hand, openings caused by natural disturbances in the 
forest can potentially create new avalanche starting zones and may suddenly reduce 
the protective function of the forest (Bebi et al. 2015; Wohlgemuth et al. 2017). On 
the other hand, avalanches can change a forest landscape to such an extent that the 
probability of occurrence and the potential extent of other natural disturbances are 
reduced.

Natural disturbances such as windthrow, snow breakage, fire, or insect outbreaks 
may open up the forest to such an extent that new avalanche starting zones are cre-
ated or that the braking effect of the forest is reduced compared to smaller ava-
lanches. This is particularly serious when an intense fire destroys not only the 
treetops but also the upper soil layer. Such an intensive fire would thus reduce not 
only the direct interception effect of the canopy but also the ground roughness and 
germination capacity, so that the protective function is reduced for a long time. 
Other natural disturbances usually leave a higher residual effect on living and dead 
biomass. The effect of this residual effect on avalanches depends not only on the 
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intensity of the disturbance but also on the resilience of the original forest. Resilience 
is understood in this context as the ability of the forest to regenerate and adapt to 
changes so that its protection effect against avalanches or other gravitational natural 
hazards is sustained (Bebi et al. 2016). Existing (advance) regeneration and residual 
effects of the remaining stand (including lying deadwood and root plates) contribute 
thus to an increased resilience. Investigations on former windthrow areas have 
shown that a time window with insufficient protection may develop as a result of a 
continuous decrease of the remaining stock in the case of unfavourable regeneration 
situations (lack of advance regeneration) (Wohlgemuth et al. 2017). Nevertheless, 
observations of avalanche events on uncleared windthrow areas are very rare (Bebi 
et al. 2015). This indicates that the effect of increased surface roughness on dis-
turbed forest areas is likely to be more important for avalanche protection than 
previously assumed.

Distinct avalanche tracks can stop the expansion of other disturbances at their 
edge. For example, avalanche tracks can potentially serve as ‘fire-breaks’ (Malanson 
and Butler 1984; Veblen et al. 1994). Even more complex are interactions between 
bark beetle outbreaks and avalanches (see Fig. 9.8). On the one hand, avalanche 
tracks reduce connectivity between vulnerable pure Norway spruce (Picea abies 
(L.) H.Karst) stands. On the other hand, deadwood may accumulate directly after 
avalanche events, which in turn may create new breeding material for bark beetles 
(Forster and Meier 2010). Overall, interactions between avalanches and other 

Fig. 9.8 Interactions between avalanches and bark beetle outbreaks in the Polish Carpathians. 
Avalanche tracks can reduce the spread of bark beetle outbreaks. However, bark beetle calamities 
and other large-scale disturbances may also lead to the formation of new avalanche starting zones. 
(Photo: A. Casteller WSL/SLF)
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natural disturbances and their effects on natural hazard protection are difficult to 
predict; however, they should at least be taken into account to a greater extent as 
scenarios in future natural hazard assessments.

9.5  Avalanches and Forest Management

Interactions between forests and avalanches have been strongly influenced by 
humans for thousands of years. Slash-and-burn and deforestation of entire forests 
have created new avalanche zones, some with irreversible consequences for the for-
est (Küttel 1990). The importance of the forest as a protection against avalanches 
was also recognized early on. For example, various protective forests in Alpine 
regions were already protected in the fourteenth century by strict preservation regu-
lations (Schuler 1988). However, until the first half of the nineteenth century, pov-
erty and energy demand led to a further overuse of protective forests, resulting in a 
reduction of natural avalanche protection (Landolt 1860). In the second half of the 
nineteenth century, the reconstruction of the protective function began, which was 
initiated by stricter forest legislation, promoted by active reforestation, and favoured 
by passive re-growth of areas formerly used for agriculture (Bebi et al. 2017).

Simultaneously with the growth of avalanche protection forests in the Alps, 
structural avalanche protection measures have also been established to protect 
growing settlements and traffic routes. Above the forest line, permanent steel struc-
tures have been used since the 1950s. In contrast, temporary supporting structures 
and glide-snow protection measures made of wood in combination with reforesta-
tion are also used in the forest area (Margreth 2007). Compared to natural protection 
forests, the construction and maintenance of such technical structures are expensive 
(>€1 million per hectare for permanent structures). In addition, such structures may 
also affect the ecosystems in and below the area of the protected forest. In particular, 
the prevention of avalanches reduces positive effects on habitat structure and biodi-
versity (Rixen et al. 2007).

In recent decades, the conditions for protective forest management have changed 
significantly. Extensification in forestry and agriculture has greatly increased the 
area of avalanche protection forests in the Alps and elsewhere. However, the forests 
have also become denser and darker, which in turn have made sustainable forest 
regeneration more difficult. In addition, since the 1960s, the use of wood from steep 
mountain forests has become less and less profitable, so that the objectives of pro-
tection forest management have increasingly moved away from afforestation and 
thinning towards increasing resilience in recent decades (Bebi et al. 2016). Thereby, 
active management interventions bring enough light back into dense mountain for-
ests, so that the sustainability of the protective effect is more likely to be guaranteed 
even in cases of disturbance events (Fig. 9.9a). Since resulting openings after man-
agement interventions should also not create new avalanche release areas, the man-
agement of steep avalanche protection forests is a challenging optimization task 
(Frehner et al. 2005). Artificial reforestation of avalanche starting zones is carried 
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Fig. 9.9 Avalanche protection forest management: (a) management intervention by cable crane 
technology to initiate regeneration (Photo: P. Bebi), (b) preservation of the avalanche protection 
function by a combination of remaining deadwood and supporting group afforestation in a 
windthrow area in Pfäfers, Switzerland. (Photo: R. Schwitter)

out less extensively today than in the past and is increasingly concentrated on group 
plantings (Fig. 9.9b; Schönenberger 2001).

9.6  Avalanches and Avalanche Protection 
in a Warmer Climate

Interactions between snow movements and ecosystems are not only influenced by 
land use and other natural disturbances but also by climate. A changing climate has 
a direct impact on the snow situation. In the future, the time period with critical 
snow thickness for avalanche events is likely to be shorter and the proportion of wet 
snow situations higher (Castebrunet et  al. 2014). Climate-induced changes also 
have a long-term effect on the species composition and structure of mountain 
ecosystems.

In forests, avalanche releases occur mainly in snow depths of at least 50  cm 
(Teich et al. 2012). According to snow cover model calculations in various areas of 
the Alps, the mean residence time of such snow thickness at elevations of approxi-
mately 1000–1600 m a.s.l. will be massively reduced to a few days per year by the 
end of the twenty-first century (Schmucki et al. 2017). The influence of higher tem-
peratures on the snow cover cannot be compensated by an increase in winter pre-
cipitation. Based on such models, we can assume that avalanches that break above 
the current timberline will continue to be relevant into the twenty-second century 
but that their significance will decrease in the longer term compared to other distur-
bance regimes and gravitational natural hazards (Bebi et al. 2016).

Among the most important climate-induced forest changes that are expected to 
affect snow movements are (i) an increased frequency and intensity of natural 
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disturbances, (ii) forest expansions near cold-limited treelines, and (iii) changes in 
species composition (Bebi et al. 2016). Climate change will, together with land use- 
related changes, contribute to treeline shifts in many places. However, such shifts 
may be delayed by various other factors, including snow movements and avalanche 
releases above the treeline (Kulakowski et al. 2016). Changes in tree species com-
position may have a major impact on snow movements, especially when changing 
from evergreen to deciduous broadleaved tree species. As long as such ecosystem 
changes are not initiated on a large scale, direct climatic influences on the snow 
cover will likely have a greater effect on avalanche–forest interactions.
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Chapter 10
Tree Diseases

Marco Pautasso 

Abstract Tree diseases are important agents of ecological disturbance in wooded 
ecosystems. Native tree diseases create forest gaps, thus diversifying forest struc-
ture and creating habitat for many organisms. Tree diseases are also part of biodi-
versity, but they have seldom been considered from a conservation biology 
perspective. More diverse forests are generally less susceptible to tree disease epi-
demics. Tree diseases can in turn modify the resilience of forests against other 
stresses. Because of increased plant trade and other global change drivers, exotic 
tree diseases are becoming more frequent. Interactions between tree diseases and 
other ecological disturbances need more public awareness and integration into for-
est simulation models.

Keywords Deadwood · Disease triangle · Ecosystem engineers · Emerging tree 
diseases · Forest health · Forest pathology · Interacting disturbances · Tree 
diversity · Tree fungal pathogens · Tree health

10.1  Introduction: Characterization of the System

Disturbances caused by tree diseases are variable in their extent, similarly to other 
types of disturbance – e.g. forest fires (Chap. 7), windthrow (Chap. 8), and human 
activity (Chaps. 14 and 15). Tree diseases can be caused by bacteria, fungi, parasitic 
plants (e.g. mistletoes), nematodes, oomycetes, phytoplasmas, viroids, viruses, and 
the combined action of these organisms (Tainter and Baker 1996). Traces of tree 
diseases are preserved in fossils, which document the long co-evolution between 
host trees and their pathogens (Labandeira and Prevec 2014). Some organisms, e.g. 
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endophytes, are normally beneficial or neutral to trees, but they can cause disease 
under stressful environmental conditions (Sieber 2007). Tree disease symptoms 
may occur on the tree’s foliage, flowers, fruits, branches, stems, and roots (Jarosz 
and Davelos 1995). Since microorganisms are often difficult to distinguish from 
each other under the microscope and the disease symptoms can resemble those of 
abiotic stress factors (such as drought), molecular methods are often necessary to 
reliably identify pathogens (Cooke et al. 2007). Trees of any age are often already 
infected (and can infect other trees) before symptoms become visible. Normally, 
most plant diseases have no substantial impact on the survival and fitness of their 
hosts (Roy et al. 2000). Given that ecological disturbances are defined as discrete 
events perturbing ecosystems, most tree diseases would thus not be classified as 
disturbance agents. Tree diseases become disturbance agents when they overcome 
the defence mechanisms of their host, eventually leading to their death.

Tree diseases act as agents of ecological disturbance at local to regional scales 
(Holdenrieder et al. 2004; Pautasso et al. 2015). On the one hand, native tree dis-
eases typically create small gaps in forests, thus opening the canopy and leading to 
increased diversity in forest structure, safeguarding the habitat for a variety of 
organisms (Ostry and Laflamme 2008; Kõrkjas et  al. 2021). On the other hand, 
exotic tree diseases may result in widespread forest disturbance, sometimes partly 
removing their naïve hosts from the landscape (Cobb et al. 2012; Brunet et al. 2014; 
Budde et al. 2016). When tree diseases result in the loss of a common and wide-
spread tree species, fundamental ecosystem processes are disrupted, from decom-
position rates to carbon sequestration and energy flows (Ellison et al. 2005; Loo 
2009; Paseka et al. 2020). The distinct effects on ecosystems of native vs. exotic tree 
disease are a consequence of the adaptation of host trees to diseases with which they 
have co-evolved and the lack of defences against newly introduced tree diseases 
(Hansen 2008; Desprez-Loustau et al. 2016; Müller et al. 2016).

These differences in the extent of damage between native and exotic pathogens 
may dwindle as a result of environmental changes: when climatic conditions move 
outside of the range to which host trees are adapted, the ensuing tree stress can lead 
to increased incidence of native pathogens (Costanza et al. 2020). Conversely, inva-
sive exotic tree diseases can sometimes result in increasing mortality rates of their 
host(s) without changing host abundance and the community composition (e.g. 
beech bark disease; Garnas et al. 2011). Shifts in climate can lead to natural range 
expansion of tree pathogens to new areas (Brodde et al. 2019). When tree species 
are planted outside of their native range, local and imported pathogens can affect 
them leading to new pathosystems (Schmid et  al. 2014). Moreover, a long-term 
view of tree diseases as ecological disturbance might lead to reconsideration of the 
native–exotic disease dichotomy, as both native and exotic tree diseases undergo 
long-term cycles in abundance and virulence due to shifts in host availability, envi-
ronmental conditions, and natural enemies. Such processes have also been docu-
mented, for example, for insect defoliators (Ferrenberg 2016, Chap. 11).

Naturally occurring tree pathogens typically create slowly expanding openings 
in the canopy of forests. Because of this mortality – which is often independent of 
tree vitality  – pathogens are an important cause of disturbance during stand 
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development, i.e. in the period between large-scale disturbances such as forest fires 
and clear-cuts. In the Swiss National Park, for example, fungal infections by 
Armillaria ostoyae and sometimes common root rot (Heterobasidion annosum) are 
the main causes of openings in the canopy in mountain pine (Pinus mugo L.) forests 
(Bendel et al. 2006a). The slow expansion of individual fungi can ultimately cover 
hundreds of hectares of forests (Ferguson et al. 2003). The distribution of common 
root rot extends from Europe to Russia; this naturally occurring tree disease leads to 
small- scale openings in the canopy of coniferous stands of larch (Larix decidua L.), 
Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies L.), Italian stone pine 
(Pinus pinea L.), Sitka spruce (Picea sitchensis (Bong.) Carr.), and Douglas fir 
(Pseudotsuga menziesii (Mirb.) Franco) (Asiegbu et  al. 2005; Garbelotto and 
Gonthier 2013). Its occurrence is promoted by thinnings (Rizzo et  al. 2000). In 
addition, Armillaria spp. and bracket fungi (e.g. Fomes fomentarius on beech, 
Phellinus hartigii on silver fir (Abies alba L.) and Climacocystis borealis on spruce) 
are important for the dynamics of unmanaged forests in Central Europe. Other natu-
rally occurring pathogens with an impact on forest dynamics in Central Europe 
include snow moulds (Phacidium infestans, Herpotrichia juniperi, and Gremmeniella 
abietina, the causative agent of scleroderris canker). These fungi are an obstacle to 
the regeneration of spruce and stone pine (Pinus cembra L.) in Alpine forests and 
afforestation at high elevations (Senn 1999; Barbeito et al. 2013).

An exotic tree disease causing widespread mortality of European ash (Fraxinus 
excelsior L.) trees throughout Europe is ash dieback. This emerging disease is 
caused by an introduced ascomycete, Hymenoscyphus fraxineus, which causes 
brown leaf spots, necrotic lesions along leaflet veins, rachises, stems, branches, and 
root collars, wilting of single shoots, and crown dieback. The fungus originates 
from East Asia and was introduced to Poland from where it started spreading at the 
beginning of the 1990s, through both wind-blown spores and trade of infected ash 
saplings (Gross et al. 2014). In the meantime, the disease has reached most of the 
distribution area of European ash (Pautasso et al. 2013). The pathogen has affected 
and killed European ash trees of all ages, but some mature trees tend to be able to 
survive for longer than younger trees (McKinney et al. 2014; Fig. 10.1). The disease 
is not just a threat to European ash but also for the associated biodiversity (Needham 
et al. 2016; Hultberg et al. 2020). Given the lack of co-evolution of host and patho-
gen, the observed tolerance of some ash tree individuals to the disease is an example 
of exaptation, i.e. the harnessing of a trait in a context for which it did not originally 
evolve (Landolt et al. 2016; Bartholomé et al. 2020).

Various factors affect epidemic development both for native and exotic tree dis-
eases (Meentemeyer et al. 2012). These factors act at different levels: from indi-
vidual trees (disease resistance, species identity, and tree size) to the community 
(microclimate, host tree density, and tree species richness) up to regions (landscape 
connectivity and seasonality) and over long distances (e.g. climate gradients along 
latitude and longitude and the long-distance spread of pathogens with the help of 
humans) (Dillon et al. 2014; Jules et al. 2014; Haas et al. 2016). At each spatial 
scale, these factors affect the three-way relationship between host, pathogen, and 
environment, the three aspects of the disease triangle (Fig. 10.2). For example, for 
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Fig. 10.1 Ash (Fraxinus excelsior L.) dieback as a consequence of infection by Hymenoscyphus 
fraxineus in Copenhagen, Denmark (Photo: M. Pautasso). Tree species diversity is also an insur-
ance against emerging tree diseases in urban forests

Fig. 10.2 The scale dependence of climate effects on the disease triangle of different tree diseases. 
The disease triangle describes the interplay between the host, pathogen, and environment. Its area 
is proportional to the severity of a disease. (From Jeger and Pautasso, 2008, redrawn)
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tree diseases spreading along water courses (e.g. Phytophthora alni), the connectiv-
ity of the river networks is a key environmental factor (Romportl et al. 2016). Long- 
distance movement of susceptible plants for planting can lead to efficient dispersal 
of pathogens that normally require the presence of water courses for dispersal (Jung 
and Blaschke 2004). In addition, the genetic diversity of the tree population also 
determines whether a disease leads to ecological disturbance or not, as it causes 
local differences in the susceptibility to disease of individual stands or tree individu-
als (Nguyen et al. 2016).

10.2  Is Tree Diversity a Forest Adaptation to Tree Diseases?

Tree diseases have an impact on forest tree diversity, by reducing the abundance of 
potentially dominating tree species, thereby creating opportunities for rare tree spe-
cies to coexist in the forest (Hansen 1999; Gilbert 2002; Mordecai 2011; Bever et al. 
2015). The diversity-promoting effect of tree diseases is observed when tree mortal-
ity risk increases with increasing density of neighbouring trees of the same species, 
which promotes the activity of host-specific tree diseases (Janzen–Connell hypoth-
esis) (Das et al. 2008).

In turn, the impact of tree diseases as ecological disturbance is mediated by for-
est tree diversity (Pautasso et al. 2005). More diverse forests are expected to reduce 
the incidence and impact of tree diseases through various mechanisms (Felton et al. 
2016). Compared with tree monocultures, in diverse forests the individuals of each 
tree species grow at a lower population density, thus reducing host availability for 
inoculum production of specialized pathogens (Hantsch et  al. 2013). Moreover, 
single individuals of different tree species tend to be separated from each other by 
tree individuals of other species, thus reducing the chances of dispersal of pathogen 
propagules (Gerlach et al. 1997; Hantsch et al. 2014). Forest trees often have con-
siderable genetic diversity both within and among populations, thus increasing the 
ability of tree species to adapt to new environmental challenges, including exotic 
tree diseases (Elvira-Recuenco et al. 2014). Reduced diversity leads to increased 
habitat connectivity for pathogens, which in combination with stress increases the 
likelihood of disease-related tree mortality (Laćan and McBride 2008). Increased 
host diversity within the landscape, on the other hand, increases the threshold at 
which epidemics can develop (Papaïx et  al. 2014; Rodewald and Arcese 2016). 
There is evidence that dilution effects can provide protection not just against host- 
specific tree diseases but also against generalist pathogens (e.g. Phytophthora ramo-
rum) (Haas et al. 2011; Fig. 10.3). Tree diversity could thus be considered as an 
adaptation at the forest community level to keep tree diseases in check.

The insurance hypothesis of tree diversity as a protection against tree diseases 
still considers tree diseases as something a forest should be protected from. However, 
tree diseases are part of biodiversity (Pusz and Urbaniak 2017). They play an impor-
tant ecological role in forest ecosystems, and they therefore deserve to be consid-
ered by conservation biologists (Ingram 1999, 2002). As a rule, more diverse 
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Fig. 10.3 Tanoak (Notholithocarpus densiflorus (Hook. & Arn.) Manos, Cannon & S.H.Oh) mor-
tality caused by the oomycete Phytophthora ramorum in Sonoma County, California, USA. (Source: 
Wikimedia Commons)

ecosystems also tend to harbour more diseases (as has been shown in grasslands by 
Rottstock et  al. 2014). If every tree species in the world harboured ten species- 
specific pathogens, the diversity of tree pathogens would be an order of magnitude 
higher than that of trees. Many important tree diseases are not host-specific, e.g. 
Erwinia amylovora, the bacterium causing fire blight (Schroth et  al. 1974); 
Phytophthora cinnamomi, the oomycete causing the jarrah forest dieback in south-
ern Western Australia (Podger 1972); the rust fungus Puccinia psidii on a variety of 
species of the Myrtaceae family (Morin et al. 2012); and Armillaria root disease on 
many conifer and broadleaved tree species (Prospero et al. 2003; Edmonds 2013). 
However, there are also many tree diseases specific to a certain host, e.g. foliar dis-
eases of broadleaved trees (Kowalski 2013). Nearly 60% of the tree fungal patho-
gens reported in French forests were found to affect one or two host taxa only 
(Vacher et al. 2008). In various cases, pathogens previously believed to be general-
ists were then recognized using molecular techniques to be a complex of different 
species, each specialized on a single or a limited group of host tree species, e.g. 
Heterobasidion root rot (Garbelotto and Gonthier 2013). This is a reminder of the 
still evolving knowledge about tree pathogens and that many cryptic pathogens are 
not yet identified. Answering the question of whether a plant serves as a host or not 
is also crucial for the development of plant protection strategies. For example, it was 
long believed that Cronartium ribicola completed its life cycle on two main hosts – 
(i) five-needled pines (aecial host) and (ii) currants (Ribes spp.) (telial host) – but 
various other plant species were then shown to be additional telial hosts of C. ribi-
cola (Hamelin 2013).

M. Pautasso



219

Biogeographical research on environmental gradients in the richness of tree fun-
gal pathogens is still in its infancy (Fukasawa and Matsuoka 2015; Khaliq et al. 
2021; Meyer et al. 2021; Prada-Salcedo et al. 2021). Indeed, most biodiversity con-
servation research has focused on high-profile, yet relatively species-poor groups 
such as vertebrates, plants, and some groups of insects, often neglecting fungi 
(Lonsdale et al. 2008; Heilmann-Clausen et al. 2015). Even the fungal conservation 
biology literature is more concerned with saproxylic fungi than with tree fungal 
pathogens, although tree diseases are an important provider of deadwood (Jönsson 
et al. 2017). A forest without a sufficient amount of tree diseases is thus today rec-
ognized as not entirely healthy (Ostry and Laflamme 2008; Holdenrieder and 
Pautasso 2014; Szwagrzyk 2020).

10.3  Tree Diseases and Biodiversity

As with human and animal diseases, tree death is not the inevitable outcome of tree 
diseases. Only a few tree diseases cause major harm to tree health (Boyd et  al. 
2013). Trees have developed a variety of ways to cope with many pathogens, e.g. by 
compartmentalizing stem infection, building new shoots after dieback, replacing 
lost leaves, and developing resistance over several generations. When there is little 
host resistance to tree diseases (whether they are exotic or not), they can lead to 
reduction in ecosystem service provision because of the mortality of a high propor-
tion of the individuals of the susceptible tree species (e.g. white pine blister rust, 
Tomback et al. 2016; Dutch elm disease, Freer-Smith and Webber 2017; Fig. 10.4). 
In some cases, the human reaction to tree diseases causes more damage than the 
disease itself (Pezzi et  al. 2011). Pesticides are no longer used in the forests of 
Central Europe for ecological and economic reasons. Because of the development 
of resistance of the pathogens and the side effects on other organisms, such use is 
not justifiable.

Traditionally, tree diseases have been negatively regarded by foresters because 
they lead to a reduction in the forest resources available for human needs (Anderson 
2003; Manion 2003). Even recently, it was possible to read that “root diseases kill 
trees, decay wood, slow tree growth, predispose trees to other mortality agents, and 
cause trees to fail or fall over. In this manner, these diseases reduce timber volume, 
alter forest composition and structure, impair ecosystem function, and decrease car-
bon sequestration” (Lockman and Kearns 2016). This is a rather one-sided view of 
the role of tree diseases in forest ecosystems (Laflamme 2010). Similar to the role 
of top-down predators in food chains, tree diseases can be effective tools for diver-
sification of uniform forests (Castello et al. 1995). Timber volume of tree planta-
tions might be slightly reduced in the short term, but increased structural and genetic 
diversity caused by tree disease outbreaks can actually make (planted) forests more 
resilient against other stresses, e.g. environmental change (Kuparinen et al. 2010; 
Martin et al. 2015). Resilience and biodiversity – in addition to timber production – 
are frequently among the goals of forest management today. There is increasing 
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Fig. 10.4 Dutch elm disease as a consequence of infection by Ophiostoma novo-ulmi in Assisi, 
Italy (Photo: M. Pautasso). Elms have largely disappeared from European landscapes because of 
elm dieback; this has consequences for biodiversity and ecosystem services

recognition that tree death caused by tree diseases is an important ecological pro-
cess that is a fundamental part of healthy and biodiverse forest ecosystems (Franklin 
et al. 1987; Haack and Byler 1993; Harmon 2001). Moreover, more diverse forests 
have been repeatedly shown to be more productive (Paquette and Messier 2011; 
Dymond et  al. 2014), which also has a positive effect on the provision of forest 
services.

Tree diseases are ecosystem engineers, i.e. they modify their environment and 
create habitat for a variety of other organisms (Steeger and Hitchcock 1998). 
Together with storms and outbreaks of insects, tree diseases increase the amount of 
coarse and fine woody debris in managed forest ecosystems (Lundquist 2007). The 
deadwood provision of tree diseases has been demonstrated, for example, in unman-
aged stands of the mountain pine (Pinus mugo Turra) in the Swiss National Park 
(Bendel et al. 2006b). Host-specific tree diseases differ from abiotic forest distur-
bances inasmuch as they selectively affect a single tree component of the forest – 
e.g. ash (Fraxinus excelsior) in the case of ash dieback (Broome et al. 2019), sweet 
chestnut (Castanea sativa Mill.) in the case of chestnut blight (causal organism 
Cryphonectria parasitica) (Rigling and Prospero 2018), and oriental plane (Platanus 
orientalis L.) in the case of plane wilt (causal organism Ceratocystis platani) 
(Tsopelas et al. 2017). Also forest fires (Chap. 7) and storms (Chap. 8) can have 
differing impacts on different tree species, but their consequences are not as species- 
specific as is the case for host-specific tree diseases. It follows that host-specific tree 
diseases, on their own, are not an ideal tool for deadwood provision, because they 
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will tend to provide deadwood only of the particular species they affect. For dead-
wood to provide habitat to the diversity of organisms dependent on it, there needs to 
be spatial and temporal continuity in the availability of deadwood of a diversity of 
tree species (Lassauce et al. 2011). Therefore, to increase deadwood resources in 
forests, naturally occurring generalists, such as root pathogens of the genus 
Armillaria, are more suitable, as they cover a broad host range. Tree diseases are 
thus just one tool for deadwood restoration in managed forests, which needs to be 
combined with other strategies, i.e. leaving deadwood in the forest after fires, log-
ging, and storms (Hekkala et al. 2016).

10.4  Drivers of Emerging Tree Diseases

The risk of introducing exotic tree pathogens is on the rise, because of the increased 
trade in plant material between regions and continents, shifts in climate, and other 
global change drivers (Ayres and Lombardero 2000; Pautasso et al. 2010; Santini 
et al. 2013). Key pathways leading to introduction of exotic tree pathogens include 
wood, packing materials made from wood, soil and growing media, as well as plants 
for planting (Brasier 2008; Tobin 2015; Fig. 10.5). If plants for planting, wood, and 
wood packaging material were exclusively sourced locally, as proposed by the 
Montesclaros Declaration (Klapwijk et al. 2016; Ayres and Lombardero 2018), the 
risk of inadvertently introducing new tree diseases would be considerably reduced 
(Liebhold et al. 2012; Hantula et al. 2014). The trend over recent decades has been 

Fig. 10.5 Trees for planting are one key pathway for introduction of emerging tree diseases. This 
photo shows trees recently planted in Copenhagen, Denmark. (Photo: M. Pautasso)
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to obtain apparently cheaper material from faraway regions, with higher costs in the 
long term owing to the reduction in ecosystem services and the cost of eradication 
and containment activities following outbreaks of new tree diseases (Dehnen- 
Schmutz et al. 2010; Stenlid et al. 2011; Luvisi et al. 2017; Zadoks 2017).

The increase in new introductions of tree pathogens is caused not just by 
increased trade volumes and distances but also by changes in the structure of trade 
networks (Moslonka-Lefebvre et al. 2011). Research has shown that epidemics are 
more likely in the presence of hubs, i.e. trade players with many more connections 
than the average plant nursery or garden centre (Sutrave et al. 2012). Moreover, as 
plant trade connectivity is inherently directed (i.e. from nurseries to wholesalers, 
garden centres, and consumers), the risk of epidemics is magnified in the presence 
of hubs with a high number of both incoming and outgoing connections (Shaw and 
Pautasso 2014). The structure of plant trade networks is poorly characterized, owing 
to low availability of data because of commercial sensitivity (Eschen et al. 2015a, 
b). In the future, an improvement of the availability of plant trade data could con-
tribute to reducing the introduction of pathogens despite the increasing trade vol-
ume (Pautasso and Jeger 2014). Such prevention is difficult when infestation levels 
are high. For instance, about 90% of over 700 surveyed European plant nurseries 
were found to harbour at least one species of Phytophthora (Jung et al. 2016), and 
new Phytophthora species are regularly discovered in nursery surveys (Bregant 
et al. 2021).

It is commonly assumed that introduced tree pathogens are limited to similar 
climatic conditions as in their areas of origin (Venette and Cohen 2006; Ireland et al. 
2013). This may be a rather conservative assumption as it does not consider the 
evolutionary potential of microorganisms (La Porta et  al. 2008; Santini and 
Ghelardini 2015; Lion and Gandon 2016). Indeed, it has been shown that introduced 
alien species can also thrive under climates not found in their home range (Camenen 
et al. 2016; Boiffin et al. 2017). This increases the uncertainty when assessing the 
risk posed by introduced tree diseases under current climates. An even more chal-
lenging task is to predict how known and potential forest pathosystems will develop 
under rapidly shifting climate conditions (Shaw and Osborne 2011; Sturrock 2012; 
Bebber 2015).

10.5  Climate Change and Tree Diseases

Climate is an essential factor shaping the distribution, abundance, and severity of 
tree diseases across forest ecosystems. Each tree disease requires a certain combina-
tion of humidity and temperature conditions to be able to infect their host tree(s). At 
the same time, each host tree is adapted to a certain range in climatic conditions. 
Stress caused by novel climatic conditions can lead to increased host susceptibility 
to tree diseases (Ghelardini et al. 2016). Because tree pathogens are able to adapt to 
novel climatic conditions more rapidly than their hosts, the overall expectation is for 
an increase in the incidence and severity of tree diseases under shifting climatic 
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conditions (Sturrock et  al. 2011). Many tree pathogens of temperate and boreal 
forests are currently limited by low winter temperatures (Desprez-Loustau et  al. 
2007). Climate warming could thus lead to a range expansion of tree pathogens into 
as yet unaffected areas (Haughian et al. 2012; Fig. 10.6).

Given the complex array of interactions between environmental factors, host sus-
ceptibility, and disease expression, it is often difficult to prove that observed climate 
shifts have caused a certain tree disease outbreak (Hennon et al. 2020). Long-term, 
standardized, regional data about tree disease incidence are thus needed (Jeger and 
Pautasso 2008; Barrett and Pattison 2017). Recent climate change has been shown 
to have facilitated increased outbreaks of Diplodia shoot blight on pine trees in 
France, a disease favoured by summer rain and mild winter temperatures (Fabre 
et  al. 2011). Similarly, the recent increase in the severity of Dothistroma needle 
blight and its expansion into new areas have been linked to the warmer and wetter 
weather conditions associated with El Niño–Southern Oscillation (ENSO) events 
(Woods et al. 2016).

Predictions about the effects of future climate change on tree pathosystems are 
complicated by the still considerable uncertainty about how precipitation patterns 
will shift in particular regions (Thompson et al. 2014). For the many tree pathogens 
whose life cycle necessitates moist conditions, rates of reproduction, spread, and 
infection tend to be greater when conditions are moist rather than dry (Kolb et al. 
2016). Yet, secondary tree diseases can be favoured by drought, when this makes 
trees more susceptible to insects and pathogens (Desprez-Loustau et  al. 2006). 

Fig. 10.6 Background mean temperature ranges of Europe (colours; 1961–1990) and location of 
cities in places that have their predicted temperature patterns for the end of the twenty-first century 
according to two climate models in an ‘A2’ global warming scenario (Source: West et al. 2012). 
The black dots on the map show the ‘analogue cities’ of some well-known European cities. An 
‘analogue’ to a city A is a city B whose climate for the period 1961–1990 represents A’s simulated 
future climate. (Kopf et al. 2008)
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Weather extremes such as heavy rainfall and flooding can also influence the occur-
rence and severity of tree diseases (Jung 2009; Hubbart et al. 2016).

Regardless of future changes to the average climate and the frequency and degree 
of extreme events, most tree diseases only occur in part of their potential distribu-
tion. For example, Burgess et al. (2017) found that Phytophthora cinnamomi is only 
found in part of the area to which it is climatically suited. Given the observed and 
expected trends in plant trade and climate change across the world, it can be reason-
ably expected that many tree pathogens will be introduced into new areas over the 
coming decades (Ramsfield et al. 2016).

10.6  Interactions of Tree Diseases with Other 
Forest Disturbances

The combination of climate change and long-distance trade of live plants (including 
bonsai), wood, and other plant products poses a much more substantial threat to 
forest health through tree diseases than either of these two global change drivers by 
themselves (Stenlid and Oliva 2016). In addition, tree diseases interact with other 
forest disturbances, further complicating prediction and management (Keča et al. 
2016; Cobb and Metz 2017).

In 1995, Castello et al. mentioned that the interaction between tree diseases and 
abiotic disturbances in the context of forest succession had received minimal atten-
tion. Yet, it has long been clear that tree diseases do not act in a vacuum and that tree 
health is the outcome of a complicated array of interactions between factors that 
may lead to trees succumbing to diseases or that may prevent tree death (Manion 
1981; Pronos et al. 1999; Jönsson 2006; Fig. 10.7). It is thus important to consider 
feedback loops when studying tree diseases as ecological disturbances. For exam-
ple, tree diseases can predispose trees to damage arising from drought, but drought 
can also make trees more susceptible to tree diseases (Oliva et al. 2014).

Similarly, tree diseases can also lead to the occurrence of other forest distur-
bances, e.g. increased availability of flammable material following tree and shrub 
mortality can lead to more frequent fires, as shown for Sudden Oak Death (Metz 
et  al. 2011; Forrestel et  al. 2015; Cobb et  al. 2016). Forest fire can also induce 
pathogen infection and insect attack (Parker et al. 2006). Silviculture is an addi-
tional issue to be considered (see Chap. 14): in silver fir (Abies alba Mill.) stands in 
the central-western Spanish Pyrenees, it has been suggested that the retention of 
slow-growing trees might have made the forest more vulnerable to drought and 
fungal pathogens (Sangüesa-Barreda et al. 2015).

There are relatively few studies considering the relative contribution of tree dis-
eases and of other forest disturbances to tree mortality rates (Jules et  al. 2016; 
Kirschbaum et  al. 2016; Kautz et  al. 2017). In old-growth mountain forests in 
California’s Sierra Nevada, insects and pathogens were the most important cause of 
mortality, particularly for large trees (Das et al. 2016). Often, given the interactions 
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Fig. 10.7 Tree decline predisposing, inciting, and contributing factors. Pathogens rarely act alone 
but often interact in complex ways in combination with other disruptive factors. (Source: Manion 
1981, redrawn)

between disturbances, it is difficult to attribute tree mortality to a single cause 
(Mulvey and Bisbing 2016). In Valais, Switzerland, blue-stain fungi contribute to 
pine decline, but this is primarily a consequence of drought in combination with 
stand competition and mistletoe, nematode, and insect infestations (Heiniger et al. 
2011). Also, the role of various environmental factors interacting with a certain tree 
disease may vary among regions. Oak death, for example, is often attributed to a 
complex disease, with regional differences in the effect of individual factors of the 
complex (Thomas et al. 2002; Lynch et al. 2014).
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10.7  Societal Aspects

Tree diseases are subtle but powerful agents of disturbance in forest ecosystems 
throughout the world. Once exotic tree diseases have been introduced and become 
established and widespread, there is often little we can do to avoid or reduce their 
impacts – although in some cases breeding for resistance and biological control can 
be effective (Pautasso 2013; Ganley and Bulman 2016; Oliva et al. 2016). Trees take 
a long time to grow, but new diseases can kill them rapidly. Just as for human and 
animal diseases, prevention is better than cure (Hepting and Cowling 1977; Howard 
1996; Pautasso 2020). But how can new outbreaks of exotic tree diseases be pre-
vented if people are generally not aware of them (Fuller et al. 2016) and do not 
realize that the long-distance trade of plant commodities is increasing the risk of 
new tree health problems (Fig. 10.8)? It is striking that even among tree profession-
als in various European countries, there is a relatively low self-reported awareness 
of a number of tree diseases (Marzano et al. 2016).

Information campaigns, for example, involving garden centres, could help raise 
awareness and educate consumers about the problems caused by paradoxically 
cheap, plant material from other regions and continents. Information availability is 
indeed a key condition for public acceptance of deadwood in forests (Gundersen 
et al. 2016; Thorn et al. 2020). Such initiatives would probably be more effective 
than strengthening phytosanitary regulations, given that these mostly target already 

Fig. 10.8 Tree health in a changing world will be the outcome of the effects of climate change and 
emerging tree diseases on tree health, but it will also be influenced by how people will react to both 
climate change and emerging tree diseases. Socio-economic considerations must therefore be 
taken into account in the modelling and risk assessment of tree diseases. (Modified from Pautasso 
and Jeger 2014)
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known threats, whereas the main danger is posed by unknown pathogens described 
only after their introduction (Roy et al. 2014). This is not to dismiss the importance 
of phytosanitary laws (Lovett et al. 2016). For example, the current EU regulations 
were estimated to reduce exposure of European oaks (Quercus spp.) to Ceratocystis 
fagacearum (a destructive pathogen which could be potentially introduced from 
North America through the wood trade) by a factor of 30,000 compared with a sce-
nario without regulation (Robinet et al. 2016). Further use of pathway models to 
assess the effectiveness of control measures to reduce the risk posed by different 
pathways of entry for quarantine tree pathogens (Douma et al. 2016) needs to be 
accompanied by information campaigns to increase public awareness of such risks 
(Marzano et al. 2015).

An issue which requires attention by both phytosanitary regulators and the public 
is the need to maintain quarantine regulations also for exotic tree pathogens which 
are already widespread in the introduced range. This is because further introduc-
tions of strains of those pathogens likely increase their genetic diversity in the intro-
duced range, thus potentially leading to enhanced virulence (Landolt et al. 2016). 
One problem with phytosanitary regulation is that administrative boundaries are 
often arbitrary and do not correspond to meaningful boundaries from an epidemio-
logical point of view (Thompson et al. 2016). There is a need for cooperation across 
national borders, because early control measures are more effective than those that 
are delayed (Cunniffe et al. 2016; Evans et al. 2020).

10.8  Conclusions

Tree diseases are important, yet relatively neglected, agents of disturbance in forest 
ecosystems (Dinoor and Eshed 1984; Dobson and Crawley 1994; Alexander and 
Holt 1998). Naturally occurring tree diseases contribute to forest biodiversity by 
constantly generating deadwood and thus promoting variability in forest structures 
and habitat creation. Novel tree diseases can become problematic for entire ecosys-
tems due to the lack of co-evolution of host and parasite (Heiniger 2003). Tree 
diversity (from the genetic to the community level) can in some cases also provide 
an insurance against exotic tree pathogens. The differences in impact between native 
and exotic tree pathogens are becoming increasingly blurred owing to ongoing cli-
mate change. In both cases, prediction and management of future tree pathosystems 
are made difficult by the interactions of tree diseases, other disturbances, and global 
change drivers.

Tree diversity experiments and surveys have delivered useful insights on the 
interconnectedness of forest diversity and tree diseases (Setiawan et  al. 2014; 
Verheyen et al. 2016; von Gadow et al. 2016). A similarly fruitful approach is likely 
to be the use of botanic gardens as sentinel networks for early warning of potentially 
threatening exotic tree diseases (Sieber 2014; Vettraino et  al. 2017, Noar et  al. 
2021). The increasing knowledge available on exotic tree diseases should be peri-
odically synthesized by systematic reviews and made available for research and 
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practice. Models of future forest development have become more realistic over the 
last decades, but the interactions of global change drivers, public awareness, and 
tree diseases are still rarely included in such endeavours (Whyte et al. 2016; Tonini 
et al. 2018; Honkaniemi et al. 2021). Together with the integration of evolutionary 
ecology considerations in the study and management of tree diseases (Jarosz and 
Davelos 1995; Alexander 2010; Burdon et al. 2013; Desprez-Loustau et al. 2016; 
Landolt et al. 2016), the modelling and communication of tree diseases as ecologi-
cal disturbances are an important field of research for the future.
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Chapter 11
Insect Defoliators

Christa Schafellner  and Katrin Möller

Abstract The US Department of Agriculture considers insect outbreaks as the 
most expensive type of natural disturbance. Outbreaks of phyllophagous and 
xylophagous forest pests have significant ecological and economic impacts. Severe 
defoliation in combination with specific weather conditions is able to induce wide-
spread forest dieback. Since most insect pests that undergo regular outbreaks are 
thermophilic, the frequency and magnitude of outbreaks are likely to increase with 
the predicted climate changes, specifically with rising temperatures. Thus, reliable 
monitoring and forecast tools as well as containment strategies for insect pests are 
urgently needed in order to maintain the multi-functionality of our forests in 
the future.

Keywords Broadleaved forests · Climate change · Coniferous forests · Host plants ·  
Insect population dynamics · Natural enemies · Pest management · Predisposition ·  
Tree mortality

11.1  Population Dynamics and Outbreaks

In ecology, a disturbance is a discrete event limited in space and time that disrupts 
the function of an ecosystem either by loss of living biomass or changes in avail-
ability of resources in biotic communities (see Chap. 2). Tree mortality resulting 
from phyllophagous (i.e. leaf and needle feeding) insects is one type of 
disturbance.
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Worldwide, insects consume annually about 3–10% of the plant biomass in for-
est ecosystems. However, in years with high population densities, pest-induced bio-
mass loss on a local or regional scale can be substantially higher. Single or multiple 
defoliation events may trigger large-scale tree mortality with both ecological conse-
quences (e.g. water balance, erosion, CO2 storage capacity) and economic losses 
(e.g. timber production, tourism) (Niesar et al. 2015).

It is only when the adverse effects of insect outbreaks intersect unfavourably 
with resources valued by humans that such insects are considered as pests. In 
German-speaking countries, the term Schädlinge [English, ‘pest’] was first used in 
1880 for the grapevine phylloxera (Viteus vitifoliae Fitch) (Jansen 2003), an aphid- 
like pest of commercial grapevines worldwide. Originally native to eastern North 
America, this insect was accidentally introduced to Europe in the mid-nineteenth 
century. Typically, the insect forest pests that result in tree mortality or loss of tim-
ber value are found in a number of insect orders, particularly in the beetles 
(Coleoptera), moths (Lepidoptera), and sawflies (Hymenoptera). While beetles (e.g. 
the European spruce bark beetle, Ips typographus L.) and sawflies (e.g. the common 
pine sawfly, Diprion pini (L.)) are important forest pests, the most important defo-
liators of forest trees in Europe belong to the order Lepidoptera. However, these 
insects only become pests at certain times or under special environmental condi-
tions that allow them to realize their incredibly high reproductive potential. Insect 
outbreaks consist of several qualitatively different phases (Fig. 11.1): progradation 
(building phase, i.e. increase of population density), culmination (peak, i.e. highest 
population density), retrogradation (collapse, i.e. decline of population density), 
and latent phase (i.e. non-outbreak, low population density) (Schwerdtfeger 1981).

Insect outbreaks result from a complex interplay between host plant, phytopha-
gous insect, and the natural enemies (i.e. predators, parasites, pathogens). Insect 
populations explode because of the coincidence of several factors and collapse 

Fig. 11.1 Phases of insect outbreak cycles
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Table 11.1 Factors 
influencing insect population 
dynamics

Abiotic Biotic

Temperature Offspring number
Precipitation Vitality
Photoperiod Intra- and interspecific 

competition
Fire Pathogens
Storm Parasitoids
Snow Predators
Flooding Food quantity
Drought Food quality

because of other factors (Table 11.1). These factors may be density independent 
(e.g. site and weather conditions or suitable host plants) or density dependent (e.g. 
quantity and quality of food resources or presence/absence of natural enemies). 
Insect population dynamics is one of the fundamental research areas of ecology that 
addresses temporal patterns of insect abundance and factors causing or regulating 
fluctuations in populations (Dettner and Peters 2003).

Favourable weather, especially during the early stages of development (e.g. 
newly hatched larvae), and abundance of high-quality food usually shorten develop-
ment times, increase insect survival, and promote fecundity. Insect populations 
grow when progeny production exceeds mortality rates, eventually reaching out-
break levels if conditions remain beneficial for a prolonged period. Outbreaks col-
lapse as a consequence of one or several of the following factors: destruction of 
resources, food depletion, host resistance (Benz 1974; Schultz and Baldwin 1982; 
Schopf 1986; Clancy et al. 1988; Quiring and McKinnon 1999; Mumm and Hilker 
2006), natural enemies (Murray and Elkinton 1989; Elkinton et al. 2004; Moreau 
and Lucarotti 2007; Hilker and McNeil 2008; Möller and Bemmann 2009; Mirchev 
et  al. 2013), or adverse weather (Pernek et  al. 2008; Netherer and Schopf 2010; 
Möller et al. 2017; Hentschel et al. 2018). Population dynamics of important forest 
pests are discussed in detail in Berryman (1988).

The first and most obvious kind of outbreak occurs when the environment 
changes in some way to favour the pest or to disadvantage its natural enemies. For 
example, extensive monocultures of host plants provide a huge amount of highly 
susceptible food for insects that feed on these plants. This is especially true of boreal 
forests, but even more so of the intensively managed, and often even-aged and 
single- species secondary/plantation forests. A high impact and degree of human 
interventions on forest ecosystems (hemeroby) are seen as a major reason for pest 
problems, not only because of a low(er) level of biodiversity but also because of 
missing structures and functions of the forest ecosystems, lack of resilience to dis-
turbances, and impaired regeneration processes. The trees either adapt to periodi-
cally occurring insect outbreaks and defoliation, or they become locally extinct. 
Today, forest management strategies often aim to create a dynamic forest structure 
consisting of stands with unevenly aged trees and species composition close to the 
natural vegetation that tolerate defoliation episodes without high tree mortality and 
still have adequate timber production.

11 Insect Defoliators
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11.2  Forest Insect Defoliators

Both spatial and temporal fluctuations in the population density of insects are com-
mon in nature (Schwenke 1978). Forest Macrolepidoptera such as larch budmoth 
(Zeiraphera griseana Hübner) (Esper et al. 2007), gypsy moth (Lymantria dispar 
L.) (Pernek et al. 2008; Bjørnstad et al. 2010), or autumnal moth (Epirrita autum-
nata Borkhausen) (Ruohomäki et al. 2000) undergo regular (cyclic) population fluc-
tuations. The time intervals from the latent phase to culmination (peak) and back to 
the latent phase remain fairly constant for a given species within specific geographic 
areas and in similar climate conditions. Larch budmoth populations, for example, 
can grow by a factor of more than 10,000 within four to five generations (prograda-
tion); the phase of population decline (retrogradation) lasts just as long, resulting in 
cycles of 8–9 years (Wermelinger et al. 2018).

Outbreaks of other forest Lepidoptera, such as pine-tree lappet moth (Dendrolimus 
pini L.), pine beauty moth (Panolis flammea Denis and Schiffermüller), or pine 
hawk-moth (Sphinx pinastri L.), are more irregular. These species exhibit population 
fluctuations with extreme oscillations between lower and upper boundaries. Their 
populations remain in latent phase for years or even decades (Varley 1949); however, 
at irregular and (mostly) unpredictable intervals, the insect density increases dra-
matically within a few generations (progradation). These outbreaks sometimes affect 
hundreds of square kilometres of forests and may last for several years, inducing tree 
mortality as the consequence of repeated defoliation or even forest dieback, espe-
cially in managed forests with certain dominant tree species (monocultures). Even 
without human intervention, the resulting openings in the canopy (small-scale gaps, 
large-scale patches) are rapidly (re)colonized by numerous plants, microbes, and 
animals; new communities emerge, and after various stages of succession, the forest 
ecosystem will arrive eventually at a climax community.

In the remaining sections of this chapter, some phyllophagous moths that are 
strongly affected by weather are discussed as representative examples of insect 
defoliators in broadleaved and coniferous forests with significant implications for 
the ecology and economy of temperate forest ecosystems in Central Europe.

11.2.1  Oak Forests

The gypsy moth and the oak processionary moth (Thaumetopoea processionea L.) 
are serious forest pests in Europe that are capable of causing total defoliation of 
broadleaved trees in deciduous forests (Delb and Block 1999; Roques 2015). The 
polyphagous gypsy moth larvae prefer foliage of oaks (Quercus spp.), hornbeam 
(Carpinus betulus L.), and beech (Fagus sylvatica L.). The monophagous oak pro-
cessionary moth, on the other hand, feeds exclusively on oak leaves. Within Europe, 
these thermophilic moths have their core distribution area in the south, where out-
breaks occur frequently and regularly. In temperate regions, high population densi-
ties occur only at warm and xeric sites (Table  11.2). Gypsy moth and pine 

C. Schafellner and K. Möller



243

Table 11.2 Pest species profiles: gypsy moth and oak processionary moth

Gypsy moth Oak processionary moth

Defoliation of oak Lymantria dispar L. Thaumetopoea processionea L.

Classification Order Lepidoptera, family Erebidae Order Lepidoptera, family 
Notodontidae

Distribution Native to Europe, northern Africa, 
central (Siberia) and eastern Asia, 
and Japan; in Europe, main 
distribution in southern and 
southeastern areas; rapid spread 
across the northeastern USA after its 
introduction 150 years ago

Native to Europe, main distribution 
in Central and southern Europe, 
significant range expansion 
northwards, possibly as a result of 
global warming

Habitat Warm and dry regions with pure oak 
and mixed oak forests, parks, 
orchards

Sunny, open oak forests, sunlit 
forest edges, avenues, single oaks 
in urban areas

Hosts Polyphagous:
In Central Europe, mainly sessile 
oak (Quercus petraea Liebl.) and 
English oak (Quercus robur L.), 
hornbeam (Carpinus betulus L.), 
European beech (Fagus sylvatica L.), 
also apple (Malus domestica Borkh.) 
and plum (Prunus domestica L.)
In southern Europe, cork oak 
(Quercus suber L.).
In the Balkans, pubescent oak 
(Quercus pubescens Willd.); during 
outbreaks as result of food shortage 
other tree species, e.g. poplar 
(Populus spp.), willow (Salix spp.), 
larch (Larix decidua Mill.)

Monophagous (oak leaves):
In Central Europe, mainly sessile 
oak (Quercus petraea Liebl.) and 
English oak (Quercus robur L.)
In southern Europe, cork oak 
(Quercus suber L.) and pubescent 
oak (Quercus pubescens Willd.)

Life cycle One generation per year One generation per year
Adult moths July–September July–August
Larvae April/May–June March/April–June

(continued)
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Table 11.2 (continued)

Gypsy moth Oak processionary moth

Overwintering Eggs in egg masses in tree bark 
crevices on stems and lower 
branches

Eggs in flat batches on twigs and 
small branches in the upper canopy

Natural enemies Egg parasitoids (chalcidid wasps), 
larval parasitoids (braconid and 
ichneumonid wasps, tachinids), 
pupal parasitoids (chalcidid wasps, 
ichneumonid wasps), predatory 
beetles, birds, bats, mice, shrews, 
pathogens (viruses, bacteria, 
microsporidia, entomopathogenic 
fungi)

Egg parasitoids (chalcidid wasps), 
larval and pupal parasitoids 
(braconid and ichneumonid wasps, 
tachinids), wood ants, predatory 
beetles, bats, some birds, 
pathogens (viruses, bacteria, 
microsporidia, entomopathogenic 
fungi)

Population 
dynamics

Cyclic (8–12 years or longer), time 
intervals between successive 
outbreaks longer in western Europe, 
shorter in eastern Europe; mainly in 
oak and mixed oak forests in 
Hungary, Slovakia, Croatia, Serbia, 
Rumania, Bulgaria, France, 
Germany, Switzerland, Austria; Asia; 
USA after introduction; population 
collapse after 1–3 years

Non-cyclic, mainly in oak forests 
in southern Europe
Since the early 1990s rapid spread 
and new outbreaks in Germany, the 
Netherlands, Belgium, France, and 
the UK

Outbreak factors Warm and dry springtime, close 
coincidence of budburst and larval 
hatch, high food quality of preferred 
host plant (oaks), conditions leading 
to absence of predators and 
parasitoids (e.g. dry soils, poor 
vegetation cover, low diversity of 
flora and fauna)

Warm and dry springtime, highly 
predisposed oaks, conditions 
leading to absence of predators and 
parasitoids (e.g. lack of habitats 
suitable for alternative hosts of the 
predators and parasitoids)

Population collapse Food shortage, low food quality 
(lack of preferred host plant), 
susceptibility of larvae to diseases 
(viral, fungal, bacterial), low 
fecundity (small egg numbers), late 
frost events following larval hatch, 
increasing densities of parasitoids

Natural enemies (predators and 
parasitoids), especially increasing 
densities of parasitoids, long and 
heavy rainfall during early larval 
development

Photos: K. Möller (left, right), B. Wermelinger (centre)

processionary moth are important representatives for a vast number of early-season 
defoliators that essentially increase the vulnerability of oaks to other factors that 
contribute to the overall oak decline syndrome (Patočka et al. 1999).

In Central Europe, the frequency and magnitude of gypsy moth and oak proces-
sionary moth outbreaks have increased in recent decades. Dry and warm weather, 
especially in spring and early summer, promotes insect population growth (Schröder 
et al. 2016) and the probability of heavy defoliation. During severe outbreaks, the 
hungry larvae completely defoliate the tree crown by the end of May or mid-June. 
Typically, oaks compensate for leaf loss by reflushing (producing new leaves and 
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Fig. 11.2 Remnants of an oak forest near Genthin (Saxony-Anhalt, Germany) after repeated oak 
processionary moth defoliation. The surviving trees show severe symptoms of decline. (Photo: 
K. Möller)

so-called Lammas shoots) later in the season. However, if the new foliage is 
destroyed again by insects, powdery mildew, or drought, tree health declines fast 
(Fig. 11.2). Tree mortality, individual, in groups, or extended, usually increases with 
more defoliation events due to outbreaks of gypsy moths and oak processionary 
moths (Block et al. 1995; Delb and Block 1999; Lobinger 2006; Strasser et al. 2013; 
Niesar et al. 2015).

In Europe, oaks are major components of temperate and Mediterranean forest 
ecosystems. Of all native tree species, oaks are associated with a greater number of 
insect species than any other trees; Bussler (2014) reported that more than 500 
wood-inhabiting (xylobiont) beetles (Coleoptera) and almost 180 butterfly species 
(Macrolepidoptera) were found on sessile oak (Q. petraea) with many of them 
being monophagous (i.e. feeding only on oaks). Thus, canopy defoliation is not 
limited to the short-term adverse effects caused by the removal of leaves for the 
individual trees affected by the defoliation, but there may also be long-term conse-
quences associated with tree death (e.g. food and habitat loss) for the many species 
associated with oaks.

The specific wood anatomy and physiology of oaks predispose them to drought- 
or defoliation-induced dieback. One factor contributing to this predisposition is that 
oaks form ring-porous wood (Matyssek et  al. 2010), meaning that water is effi-
ciently transported in the wide, current-year earlywood xylem vessels; however, 
these vessels normally become dysfunctional within 1  year. The effects of total 
defoliation shortly after bud opening in spring can be dramatic because the tree is 
growing rapidly and food reserves in the shoots and roots are at their lowest. With 
such low food supplies, the tree cannot support all its branches and roots until new 
leaves are formed; the tree must use its stored reserves for the new flush. How badly 
the reserves are depleted depends on how quickly new leaves are formed 
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(regeneration shoots) and the amount of carbohydrates they produce until the end of 
the vegetation period. Partial or total defoliation over 2–3 consecutive years eventu-
ally results in a pronounced depletion of reserves (sugar, starch) and formation of 
xylem vessels with narrow diameters (Blank 1997). Thus, less water is transported 
in small diameter vessels, and fewer fine roots are produced, which in turn reduces 
water and mineral absorption from the soil. Such changes in earlywood-vessel sizes 
are reliable indicators of repeated defoliation events (Bréda and Granier 1996; 
Hansen 1999).

Throughout Europe, oak forests have regularly undergone declines resulting 
from complex interacting factors, both biotic and abiotic. Although causal factors 
may differ among the oak species and the regions affected, repeated early-season 
defoliation by insects in combination with weather extremes (late frost, drought) is 
a predisposing, inciting, or contributing factor of the most recent oak decline 
[German, Eichensterben] in Central Europe since the early 1990s (Führer 1998; 
Gaertig et  al. 2005; Lobinger 2006). Once the decline has been initiated, trees 
undergo a continuous loss of vigour, making them more vulnerable to attack by 
secondary pests such as jewel beetles (Buprestidae, e.g. Agrilus spp. and Coraebus 
spp.) and wood-decaying fungi (e.g. Armillaria spp. and Phytophthora spp.), which 
accelerate the death of the weakened trees (Delb 2012; Kätzel et al. 2013). Small or 
large openings in the canopy resulting from individual or small-group tree mortality 
change the habitat characteristics (e.g. light, water regime) considerably for current 
plant and animal assemblages, with sometimes harmful effects on rare or endan-
gered species. Species that prefer open habitats generally benefit from gaps and 
patches, while species adapted to closed canopies become less competitive.

11.2.2  Coniferous Forests

In general, Central European forests are dominated by broadleaved deciduous tree 
species; however, conifers form an essential part of the forest composition under 
certain edaphic (sandy, poor-nutrient soils) and environmental conditions (low pre-
cipitation) or at higher elevations and latitudes (short vegetation period, snow cover, 
low temperatures). Firs (Abies spp.), spruces (Picea spp.), pines (Pinus spp.), and 
larches (Larix spp.) are able to grow in almost every habitat that supports broad-
leaved trees, but these conifers can only dominate when protected from competition 
from broadleaved species. Because conifers grow quickly and with straight stems, 
they reach timber age quickly and have high timber yields and are considerably 
more productive in broadleaved forest habitats than in natural conifer communities. 
Thus, they have been widely planted both in the lowlands and on mountain ranges. 
However, these pure and often single-species coniferous forests are highly suscep-
tible to insect herbivore attacks from bark beetles (see Chap. 12) and defoliators 
including several Macrolepidoptera (Lymantria monacha L., Panolis flammea Den. 
& Schiff., Bupalus piniaria L., Dendrolimus pini L.) and sawfly species (Diprion 
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pini L., Gilpinia hercyniae Hartig, Pachynematus montanus Zadd., Pristiphora abi-
etina Christ, Cephalcia abietis L.) (Altenkirch et al. 2002).

Pest populations in secondary coniferous forests and conifer plantations in 
Central European lowlands specifically benefit from favourable stand and climate 
conditions and rich food resources, especially when the pest insect is monophagous. 
Conditions for their natural enemies, however, are often unfavourable (Jäkel and 
Roth 2004). For example, many parasitic ichneumonid and chalcidid wasps depend 
on alternative hosts at times when the main host (the pest insect) is scarce (latent 
phase) or not available in the suitable stage (e.g. for overwintering). Additionally, 
monoculture coniferous forests do not have rich understories that provide food (e.g. 
nectar, pollen, honeydew) and shelter for adult parasitoids.

However, even coniferous forests at middle and high elevations suffer from 
recurrent insect defoliations. Pure larch and mixed larch–stone pine forests in the 
subalpine area across the arc of the European Alps are affected by outbreaks of the 
larch budmoth (Zeiraphera griseana Hübner) (Nola et  al. 2006). The European 
larch (Larix decidua Mill.) and the Swiss stone pine (Pinus cembra L.) form the 
uppermost subalpine forest communities in the Alps; these mountain forests play a 
crucial role in stabilizing slopes, thus providing protection for people (e.g. settle-
ments, infrastructure) against natural hazards (e.g. rockfall, snow avalanches, land-
slides, soil erosion). The importance of the protective function has even increased in 
recent decades because remote mountain regions that were not accessible in the past 
are now used year-round for tourism (Wehrli et al. 2007).

We selected two lepidopteran species as representatives of the vast number of 
foliage-feeding insects on conifers with distinctive outbreaks in Europe: the pine- 
tree lappet moth (Dendrolimus pini L.) and the larch budmoth (Zeiraphera griseana 
Hübner). The factsheets presented in Table 11.3 provide information on their biol-
ogy and ecology.

The pine-tree lappet moth is one of the most important insect pests of pines 
across Europe. Outbreaks of this insect sometimes occur over large geographical 
areas and, if left uncontrolled, may result in widespread tree death caused by severe 
defoliation. After hatching in late summer, the early instar larvae feed on needles 
until November when they descend from the canopy to the forest floor to hibernate 
in the needle litter or topsoil. As the temperatures rise in spring, the larvae become 
active again, crawl back up to the canopy, and continue feeding throughout early 
summer until they pupate. A single larva eats 600–1000 needles, and female larvae 
are up to 8 cm long when fully grown (Björkman et al. 2013). During outbreaks, the 
larvae consume both old and young needles, buds, and even the bark of young 
shoots. In cases of food shortage, mature larvae feed on the needle stumps and 
destroy the needle base (sheath). Since needles cannot regrow without a sheath, the 
tree develops small needle rosettes by mobilizing reserves (Weckwerth 1952). 
However, the new shoots often do not produce enough photosynthates to meet the 
energy demand of the tree. Depending on local weather conditions and the degree 
of defoliation, pine mortality is 50–60%, but can reach 100% in totally defoliated 
trees (Wenk and Möller 2013). Drought periods after defoliation increase tree mor-
tality rates markedly (Fig. 11.3), but individual trees with few needles left can still 
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Table 11.3 Pest species profiles: pine-tree lappet moth and larch budmoth

Pine-tree lappet moth Larch budmoth

Defoliation of 
larch

Dendrolimus pini L. Zeiraphera griseana Hübner

Classification Order Lepidoptera, family Lasiocampidae Order Lepidoptera, family 
Tortricidae

Distribution Eurasia, serious pest in Europe; from 
Spain to Russia and from Scandinavia to 
Romania

Palearctic; pest in Siberia and in 
the European Alps; in the Alps, 
genetically and morphologically 
distinct, host-associated biotypes 
on European larch and stone pine

Habitat Pure pine stands on warm, xeric, 
well-drained, sandy sites

In Europe: subalpine conifer 
forests (1700–2000 m), outbreaks 
mainly on south-facing slopes

Hosts Monophagous on pine, primary host plant 
Scots pine (Pinus sylvestris L.), during 
outbreaks also on Douglas fir 
(Pseudotsuga menziesii (Mirb.) Franco) 
and Norway spruce (Picea abies (L.) 
H. Karst.)

Exclusively conifers, host plants 
vary with region
In the Alps, mainly European larch 
(Larix decidua Mill.), stone pine 
(Pinus cembra L.)
In the Ore Mountains, Giant 
Mountains, and Tatra Mountains, 
Norway spruce (Picea abies (L.) 
H. Karst.), less frequently 
mountain pine (Pinus mugo Turra)

Life cycle One, partly 2-year life cycle One generation per year
Adult moths July–(August), active at dawn Depending on elevation mid-June 

to early October, active at dawn
Larvae August–November (December), 

overwintering, (February) March–June
Depending on elevation (end of 
March) April–August

Overwintering Larvae in leaf litter or upper surface soil 
layers at tree base

Eggs, under lichen or scales of 
cones or bark

Natural 
enemies

Parasitoids (eggs: platygastroid wasps; 
larvae and pupae: ichneumonid and 
braconid wasps, tachinids), predators 
(wood ants, birds, bats; during 
overwintering wild boars, mice), 
pathogens (viruses, bacteria, 
entomopathogenic fungi)

Parasitoids (chalcidid, 
ichneumonid and braconid wasps, 
tachinids), predators (mites, true 
bugs, wood ants, birds), pathogens 
(viruses)

(continued)
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Table 11.3 (continued)

Pine-tree lappet moth Larch budmoth

Population 
dynamics

Monoculture pine stands in warm and 
xeric areas with low precipitation (<650 
mm), non-cyclic, 2–3 years in 
progradation, followed by mostly 2 years 
in culmination

Pure and mixed larch stands, 
regular cycles (8–10 years)
In central Alps, favoured by warm, 
dry spring (coincidence hatching/
budburst in larch)
Irregular in larch plantations 
(Pyrenees, England, Japan)
Extended outbreaks in central 
Siberia; population collapse after 
2–3 years

Outbreak 
factors

Warm, dry late summer, improved food 
quality due to changes in stand properties

High-quality needles, constant 
local climate conditions, close 
coincidence of larch budburst and 
larval hatch

Population 
collapse

Food shortage, natural enemies, 
specifically nuclear polyhedrosis viruses, 
tachinids as larval and pupal parasitoids, 
egg parasitoids

Food competition and food 
shortage, low food plant quality, 
low larval vitality, predisposition 
to viruses, reduced female 
fecundity, increasing abundance of 
parasitoids and predators

Photos: K. Möller (centre), B. Wermelinger (left, right)

Fig. 11.3 Dead pine stand in Brandenburg (Germany). The trees were defoliated by the pine-tree 
lappet moth in 2005 and died after the extensive summer drought of 2006. Living pines in the 
background had been sprayed with insecticides. (Photo: K. Möller)
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survive under favourable weather conditions (adequate water supply, moderate tem-
peratures) (Möller 2014).

In recent years, a significant dieback of pine forests associated with outbreaks of 
the pine-tree lappet moth has been observed in the lowlands of Germany (Möller 
2015; Habermann 2017) and Poland (Sierpinska 1988), sometimes associated with 
previous attack by the nun moth (Lymantria monacha L.) (Wenk 2016). When the 
tree is completely defoliated, the hungry larvae migrate to the forest understorey 
and feed on pine seedlings and saplings. Consequently, pine regeneration mortality 
in outbreak areas is very high (Menge and Pastowski 2016).

Defoliation reduces tree vitality and vigour and facilitates attack by secondary 
pests such as bark beetles and wood-boring insects, which ultimately accelerate tree 
death. During an outbreak of the pine-tree lappet moth in Brandenburg, the trees 
were also infested by the six-toothed bark beetle (Ips sexdentatus Boerner), result-
ing in a considerably higher forest dieback than expected from either of the two 
insects alone (Fig. 11.4). Thus, tree mortality leads to ecological (e.g. habitat loss), 
economic (e.g. timber loss), and social (e.g. recreation, tourism) impacts and 
increases the risk of fire as the dead material dries. To evaluate a disturbance event 
from a scientific perspective, it is necessary to consider the time it takes the ecosys-
tem to recover or adapt to new conditions and also to calculate economic loss or 
ecological consequences. Plant and animal communities under dead or dying trees 
change, specifically as more light is able to reach the soil. For example, plant and 
arthropod assemblages typical of pine forests disappear in favour of thermophilic 
and xerophilic species that prefer open habitats (Möller 2002). The magnitude of 
change depends, among other things, on how fast various grass species invade 
the area.

Fig. 11.4 Dead pine trees in south Brandenburg (Germany). The trees were defoliated by the nun 
moth in 2013 and by the pine-tree lappet moth in 2014, followed by bark beetle attack, mainly the 
six-toothed bark beetle. For nature conservation reasons, no plant protection measures were imple-
mented. (Photo: K. Möller)
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The larch budmoth finds optimal conditions for growth and reproduction in the 
subalpine conifer forests of the central Alps. At elevations of 1600 to 2200 m, peri-
odic outbreaks of the insect occur at regular intervals of 8–10 years, with defoliation 
levels ranging from visible needle loss on individual trees up to full defoliation of 
larch and pine stands (Baltensweiler et al. 2008). On larch, defoliation is character-
ized by a colour change of the tree crown from green to reddish brown in early 
summer and yellow brown later in the season. Accordingly, outbreak waves, which 
move along the Alpine arc from west to east at about 200 km per year, can be fol-
lowed visually through the discoloration of the larch needles (Bjørnstad et al. 2002). 
Larch budmoth population sizes can fluctuate by four to five orders of magnitude at 
the highest and lowest densities, respectively. During heavy outbreaks up to 30,000 
larvae feed on a single tree. By contrast, budmoth density fluctuations on stone pine 
are less pronounced (Wermelinger et al. 2018).

Periodic outbreaks of the larch budmoth in the subalpine areas of the European 
Alps are driven by several factors. Host plant quality seems to play a significant role 
in the population dynamics of the insect since needle quality declines after defolia-
tion. The trees usually produce a second flush of needles following early-season 
defoliation, but these cannot compensate for the loss of foliage. Thus, the lower 
photosynthetic capacity results in significantly reduced radial growth and xylem 
cell wall development so that larch budmoth outbreaks leave distinct signatures in 
tree rings (Fig. 11.5). In the following spring, budbreak is delayed, and the needles 
remain short and contain fewer nutrients (e.g. nitrogen) but more indigestible (e.g. 
fibre) or toxic compounds (e.g. resins). The newly emerged budmoth larvae com-
pete for a now quantitatively and qualitatively poorer food which in turn affects 
larval survival and female fecundity, resulting in fewer offspring (negative feed-
back). Concomitantly, a growing number of natural enemies (i.e. parasitoids, patho-
gens, predators) decimate the larch budmoth population. Lower survival and 
fecundity of the budmoths after defoliation are drivers of the population cycles. 
Female moths exhibit an increased flight activity in years of heavy defoliation and 
prefer to oviposit on green foliage rather than defoliated trees. Hence populations 
are redistributed to less attacked areas (migration effects), producing the typical 
outbreak waves that move from valley to valley. In the population growth phase 
(progradation), high survival and fecundity allow a ten-fold increase from one gen-
eration to the next, until the number of insects reaches defoliation threshold densi-
ties, and the cycle starts all over again (Benz 1974; Wermelinger et al. 2018).

Fig. 11.5 Larch budmoth outbreak years (numbers above tree rings) occur as narrow tree ring 
widths in larch stems. (Photo: W. Oberhuber; in Oberhuber 2009). Dendrochronological recon-
structions of wood core samples revealed regular larch budmoth outbreaks since 800 AD. (Esper 
et al. 2007)
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Temporarily, excessive feeding during larch budmoth outbreaks results in a more 
open canopy, sunlight reaches the forest floor, and the soil warms up. Additionally, 
a fertilizing effect has been observed from the accumulation of frass excreted by 
larvae. This source of extra nutrients (nitrogen) becomes easily accessible for the 
tree roots. It takes 2–7 years for the larch to recover from defoliation and produce 
high-quality needles (Benz 1974).

Healthy larches usually survive total defoliation. Even during heavy outbreaks, 
less than 1% of the trees die. However, tree mortality has been observed in combina-
tion with harmful weather conditions, such as summer drought (Esper et al. 2007). 
Often, defoliation results in growth reductions and narrow tree rings for up to 
3 years following outbreaks. Individual trees with low vitality are predisposed to 
attack from secondary pests such as bark and longhorn beetles. Compared to larch, 
pines are generally more sensitive to defoliation; their chances of survival are low 
when needle loss exceeds 60% (Baltensweiler and Fischlin 1988).

Interestingly, the subalpine mixed larch–stone pine forests are not endangered by 
regular, intensive outbreaks of the larch budmoth. In fact, quite the opposite is true 
with the population cycles of the larch budmoth being of great ecological impor-
tance for the inner-Alpine larch forests. Historical outbreaks reconstructed from tree 
ring analyses back to 800 AD confirmed the long-lasting, successful coexistence of 
larch and larch budmoth in these forests (Esper et al. 2007). Larch trees are highly 
dominant in mountain areas today because of human activities in the past. Pine and 
spruce trees were deliberately and selectively removed to use the wood. The remain-
ing open spaces turned into wood pastures; larch was favoured for livestock herding 
because its light canopy permitted suitable forage plants to grow beneath the can-
opy. Positive selection of larch was achieved by cutting down the competing tree 
species. In a natural forest succession, the shade-tolerant pines and spruces would 
outcompete larch and – with no other disturbances occurring – ultimately form the 
climax forest. Recurrent outbreaks of the larch budmoth, however, counteract the 
dominance of pine and spruce. While larch recovers from defoliation, pines can do 
so only to a very limited extent; thus, when they lose their needles, parts of the 
crown die. Defoliated pines often suffer from subsequent attack by weevils, bark 
beetles, and mealybugs, leading to poor growth or even tree death. The larch trees, 
on the other hand, may even take advantage of the fertilization effect from the larval 
faeces that accelerate soil carbon and nitrogen turnover following insect feeding. As 
such, the subalpine larch–stone pine forest with its regular budmoth outbreaks has 
developed into a surprisingly stable ecosystem, from which both larch and larch 
budmoth mutually benefit (Holtmeier 2002).

11.3  Insect Disturbances and Society

Insects have formed plagues since prehistory. There are reports of terrible insect 
plagues devastating crops, contributing to famines, and inducing human migrations 
from the ancient civilizations of Egypt and China. Also in Central Europe, locust 
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invasions were a serious threat to agriculture and even forestry until the mid- 
eighteenth century. Successful oviposition and development of locusts generally 
depend on specific landscape structures and habitat conditions. These include suit-
able vegetation cover, optimal soil temperature, moisture, and water sources. Most 
outbreaks started in the deltas of rivers (e.g. Danube) flowing into the Black and 
Caspian seas. When the large European waterways were regulated in the past 
100–150 years, locust outbreaks became rare, most likely because their breeding 
grounds were destroyed (Herrmann 2014).

In the nineteenth and twentieth centuries, crop and livestock production in 
Europe increased enormously, as innovative technologies were developed by farm-
ers (e.g. novel crops, fertilization methods, rotation patterns, selective breeding, 
drainage, irrigation). Intensive farming and industrial agriculture, however, have 
had and continue to have significant negative effects on the environment, including 
recurrent insect disturbances in agricultural and forest ecosystems, favoured by the 
introduction of non-indigenous species via global trade. As mentioned in the first 
section of this chapter, the grapevine phylloxera, an aphid-like insect pest feeding 
on vine roots, was accidentally introduced to France with American grapevines in 
the mid-nineteenth century. Eurasian grapevine species have evolved in the absence 
of this aphid, and phylloxera quickly spread through much of the European wine- 
growing areas, leaving some areas devastated within a few decades (Goode 2005). 
Another example is the gypsy moth that was introduced in the mid-nineteenth cen-
tury from Europe to North America as a potential silk producer, but which subse-
quently escaped and became established. To date this polyphagous species has 
defoliated more than 34 million ha of oak forests, with the largest outbreaks occur-
ring from 1980 to 1983 covering over 11 million ha (Tobin and Blackburn 2007).

European forests experienced some of the largest and most severe insect out-
breaks in the twentieth century (Table 11.4). The economic and ecological impacts 
of such vast disturbances are manifold and affect forest owners, the wood- processing 
industry, and tourism, as well as forest biodiversity and the carbon storage capacity 
of forest ecosystems (Radermacher 2011; Schulze et  al. 2021). While until the 
1970s tree-feeding insects were controlled using highly toxic substances such as 
mercury and arsenic compounds or DDT (dichloro-diphenyl-trichloroethane), 
today’s concept of control is integrated pest management, including biological (e.g. 
Bacillus thuringiensis-based insecticides) and chemical control agents such as 
tebufenozide that triggers the moulting process in larvae (e.g. Mimic®). Both chemi-
cal and biological insecticides are applied to protect mature, high-value forest stands 
or to slow the spread of invasive species across the landscape and thus mitigate the 
economic and ecological impacts. In cases where no effective chemical or biologi-
cal controls are applied or possible, devastating losses of forest ecosystems may 
occur (see Fig. 11.4).

Although the ecotoxicological risks associated with most forest-use insecticides 
are quite unlike those of historic compounds, the potential for negative effects still 
exists. Such risks often dominate the public and political debate associated with the 
use of pesticides as a forest management practice, as well as with forest certification 
schemes. In relation to agricultural pesticide use, the few insecticides employed in 
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Table 11.4 Major forest defoliations by lepidopteran pests in Central Europe from 1920 to 2020

Insect Country Years Infested area (ha)

Pine beauty moth (Panolis flammea) Germany 1922–1924 200,000
Gypsy moth (Lymantria dispar) Bulgaria 1953–1960 1,023,000
Nun moth (Lymantria monacha) Poland 1978–1984 3,000,000
Nun moth Germany 1978–1984 500,000
Gypsy moth Romania 1987–1989 700,000
Gypsy moth Bulgaria 1989–2000 985,000
Gypsy moth France 1992–1994 104,000
Gypsy moth Germany 1992–1994 129,000
Pine-tree lappet moth (Dendrolimus pini) Poland 1992–1994 58,000
Pine-tree lappet moth Germany 1993–1998 259,000
Gypsy moth Austria 1993 4000
Gypsy moth Serbia 1997 500,000
Gypsy moth Slovakia 2002–2006 42,000
Gypsy moth South- Tyrol 2003 2000
Oak processionary moth (Thaumetopoea 
processionea)

Germany 2009–2018 46,000

Pine-tree lappet moth Poland 2012–2014 131,000
Pine-tree lappet moth Germany 2013–2014 25,000
Gypsy moth Bavaria 2018–2019 10,000
Gypsy moth Austria 2018 4000

forest management, their relatively low application frequency, the minor proportion 
of total forest land treated, and the resulting lower environmental impact, public 
concern raised over forest-use pesticides seems disproportionately high. Decisions 
about forest protection measures are usually based on solid forest monitoring data, 
which consider the degree of infestation, susceptibility to the pest, and esti-
mated costs.

All things considered, the divergent ideas about nature conservation mean that 
there is a huge potential of conflicts between different stakeholder groups at all 
levels. Many countries have adopted specific laws that strictly prohibit human inter-
vention in protected areas (e.g. national park core areas, wilderness areas). 
Ecosystems are dynamic, vary across space and time, and are modulated by distur-
bances (e.g. storms, fires, flooding, insect pest outbreaks) that may change the habi-
tat conditions dramatically in chaotic and unforeseen ways. A disturbance event 
allows space and resources to be used by new individuals or species. The result, 
however, often does not correspond to our ideas of ‘forest’ or ‘nature’. For example, 
large-scale disturbances may result in a landscape-scale extinction of a tree species 
or create long-term open spaces without trees. In this concept of ‘nature conserva-
tion’, dynamic processes are willingly accepted and considered as key factors to 
achieve – sooner or later – the highest possible degree of naturalness of an ecosys-
tem (i.e. the presumed natural state before it was affected by man). The other impor-
tant concept of nature conservation was developed initially in terms of species 
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preservation; later the concept of ‘habitat’ has been adopted as a more powerful tool 
integrating functionality, the species within the habitat, their mutual relationships, 
and interactions with the environment. Here, the goal is to preserve specific stages 
of development with their respective biodiversity (habitats, organisms) by means of 
management measures (conservative nature conservation). The preference of one or 
the other depends on how we define ‘nature’ (Scherzinger 1996).

11.3.1  Monitoring and Control

Tree-feeding insects are ubiquitous in forest ecosystems. While relatively few spe-
cies cause widespread mortality, insect outbreaks are important ecological distur-
bances that can have devastating economic effects. To develop a good pest control 
strategy, identification of the pest is essential; it allows determination of basic infor-
mation about the insect life cycle and the time when it is most susceptible to being 
controlled. Insect outbreaks have been studied in the context of forest disturbances 
for a long time. However, the interest of forest managers and policy makers seems 
to change in cycles that follow the population dynamics of the insect itself, although 
the area affected by outbreaks is often much greater than that destroyed by fire or 
logging. Thus, to reduce the impact of outbreaks in forest ecosystems, a great focus 
nowadays is put on the insect species during the endemic (latent) phase (long-term 
monitoring) when forest management decisions have a strong effect on future out-
break severity. Additionally, modelling approaches that link outbreak intensity with 
forest conditions are increasingly used (forecasting). Decision support systems are 
useful during outbreaks to calculate the potential damage with or without interven-
tions (e.g. pesticide applications, salvage cutting, adaptation in harvest schedule) to 
minimize negative short-term and long-term consequences. In contrast to other 
land-use types such as agriculture, fruit, and viniculture, significantly higher dam-
age thresholds (i.e. stand-level dieback) apply to the use of insecticides in forest 
ecosystems. Even though forest insect outbreaks can cause widespread economic 
loss, they can also be seen as natural processes.

In Europe, oaks are major components of temperate and Mediterranean forests 
with significant ecological, economic, and cultural importance. All oak species are 
long-lived trees, and as such they are exposed to varying environmental conditions 
throughout their lifetime. During the past centuries, mature oak forests have under-
gone several declines (Wulf and Kehr 1996). Chronic oak decline results from com-
plex interactions of various damaging abiotic (e.g. drought, frost) and biotic factors 
(e.g. insects, fungi) that occur either simultaneously or sequentially and bring about 
a serious, long-term decline in tree health and condition. Phyllophagous insects play 
an essential role in this syndrome, and they are the only factor that can be influenced 
in the short term. Insect defoliation has been identified as a specific risk factor for 
oak, with repeated defoliation in spring causing a shortage of carbohydrates and 
reduced earlywood production resulting in failure of latewood formation (Blank 
1997). Once the decline has been initiated (e.g. by repeated defoliation), oaks 
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undergo a loss of vigour resulting in an increased susceptibility to secondary pests 
and pathogens. Contributing factors (e.g. drought, heat, pathogens) exacerbate the 
deleterious effects that may ultimately kill the tree.

A key element of any forest pest management programme is a careful evaluation 
of the forest stand to determine whether pest population levels indicate that inter-
vention is appropriate. For example, the economic threshold level for insecticide 
application in oak stands is the forecast of repeated defoliation by early-feeding 
Lepidoptera, including gypsy moth, oak processionary moth (Fig. 11.6), green oak 
leaf roller (Tortrix viridana L.), winter moth (Operophtera brumata L.), and mottled 
umber moth (Erannis defoliaria Clerck). On the other hand, insecticide use to com-
bat oak processionary moth infestations in non-outbreak areas where people are 
living, working, or recreating is justified because of the poisonous hairs (setae) of 
the larvae that pose a serious risk to human and animal health (Lamy 1990; 
Maier 2013).

Gypsy moth population densities vary by several orders of magnitude. Commonly, 
populations persist for many years at densities that are so low that it may be difficult 
to detect egg masses or larvae at all. Occasionally, and often for unknown reasons, 
populations grow, and when reaching epidemic (outbreak) levels within a few gen-
erations, they have spectacular effects on their habitat (i.e. total defoliation of the 
host trees). The two most commonly used survey practices of gypsy moth densities 
are counts of male moths in pheromone traps and pre-season counts of overwinter-
ing egg masses on trunks or branches (Delb 2016). In the oak processionary moth, 
risk analysis and forecasting infestation levels have proven difficult. Monitoring 
relies on the labour-intensive, time-consuming counting of egg clutches on 1- to 
2-year-old twigs in the tree crown or resting/pupation nests on trunks and larger 
branches or visual assessment of leaf biomass loss (Gößwein and Lobinger 2014).

In the USA, after decades of unsuccessful attempts to eradicate the gypsy moth, 
an integrated pest management programme was launched to slow the spread of the 

Fig. 11.6 Oak defoliation by larvae of the oak processionary moth. (Photo: A. Reichling)
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insect (Liebhold et al. 2007). The programme focuses on early detection and sup-
pression of low-level populations along the advancing front, disrupting population 
build-up and spread through trapping, removal of egg masses, and applying insecti-
cides (i.a. Bacillus thuringiensis ‘Kurstaki’). Since implementation of the national 
programme, the average rate of natural spread of the gypsy moth has been reduced 
from 21 km per year (average during the period from 1966 to 1989) to well below 
10  km per year (average in the period following implementation of the national 
programme in 1999).

A new means to control the gypsy moth, the entomopathogenic fungus 
Entomophaga maimaiga (Humber, Shimazu & R.S.  Soper), appeared in the last 
decades. Native to east Asia, the fungus has become ubiquitous in gypsy moth pop-
ulations in the northeastern USA, closely following the spread of gypsy moth popu-
lations and causing widespread epizootics, eventually yielding mortalities of gypsy 
moth caterpillars of up to 99%. In 1999, fungal spores were imported from the USA 
and released in Bulgaria and Serbia (Mirchev et  al. 2013). The fungus quickly 
spread throughout the Balkan Peninsula to Central Europe and is expected to spread 
further in the coming years, favoured by trade, tourism, and suitable weather condi-
tions (Zúbrik et al. 2016). Different to viral and bacterial-induced infections, larval 
mortality caused by the fungus is largely density independent (i.e. occurring both at 
high and low host densities), but fungal infection rates relate strongly to spring 
moisture. Rainfall, soil moisture, and air humidity promote fungal infections, while 
cool and dry weather conditions decrease fungal infections. Although E. maimaiga 
is probably the most effective natural mortality agent leading to suppression of out-
break populations, as yet it is unclear how the gypsy moth and the fungus will 
interact under altered weather conditions as the climate changes.

Increased surveillance of forest stands increases the costs of forest protection 
measures. For example, monitoring of growing populations of the pine-tree lappet 
moth is achieved through collecting overwintering larvae from litter and mineral 
soil. In spring, sticky bands on tree trunks are used to capture the larvae migrating 
from soil to the tree crown. These control methods allow prediction of the upcoming 
feeding damage in infested areas (Möller et al. 2007). Near real-time pest incidence 
data coupled with remote sensing (e.g. satellite) and geographic information system 
(GIS) tools facilitate early warning of impending population build-up and assess-
ment of defoliation levels from a temporal and spatial perspective (Fig. 11.7). The 
information is used as a decision support tool to determine where the use of insecti-
cides is needed, as well as for assessment of plant protection measures in retrospect 
and restoration/regeneration of infested stands after defoliation (Marx et al. 2015; 
Möller and Heinitz 2016).

After World War II, the newly developed pesticides were such successful poisons 
against virtually every insect pest that their use became a common procedure in just 
about every agricultural crop and, subsequently, in urban and recreational areas as 
well. During the post-war years, DDT was applied to control the spectacular larch 
budmoth outbreaks in the Engadin valley in southeastern Switzerland and so to 
counteract the expected negative consequences of defoliated (‘dead’) forests on 
tourism (Meyer 1946). Today, owing to the detrimental environmental effects and 
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Fig. 11.7 Satellite grid damage map showing defoliation levels of pine forests in Brandenburg, 
Germany (green, 0–25%; yellow, >25–50%; red, >50–70%; blue, >70–100%; black, no pine). 
Pixel size is 5 m × 5 m (RapidEye). The black area in the centre (pixel no. 8065, designated as open 
space) is the dead pine stand in Fig. 11.4. Total defoliation by the pine-tree lappet moth had been 
predicted; however, for conservation reasons no pesticide treatment was applied. Data: Black 
Bridge®, Landesbetrieb Forst Brandenburg

health hazards of DDT, the insecticide is banned for use in agriculture and forestry 
in almost all countries around the world. For larch budmoth outbreaks, there is con-
sensus that no direct control measures are required, and no pesticides are applied in 
mountain forests in the European Alps.

11.3.2  Carbon Cycles

Forests represent a prominent part of the global carbon cycle, both storing and 
releasing carbon dioxide (CO2) in a dynamic process of growth, decay, disturbance, 
and renewal. Trees act both as carbon sinks and carbon sources. Natural distur-
bances may change the forest structure rapidly, causing fast changes in the magni-
tude and direction of carbon fluxes (i.e. transfers between carbon pools, including 
those in the ecosystem and the atmosphere) and carbon stocks (i.e. carbon reservoirs 
in trees and soil). Wildfires, outbreaks of insects, diseases, and windstorms are 
among the major natural disturbances in the northern hemisphere that have pro-
found effects on forest carbon cycling. During outbreaks, defoliators consume the 
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carbon from leaves and needles and release nitrogen, carbon, and other nutrients 
into the ecosystem through leaf fragments, frass, and exuviae (the remains of insect 
exoskeletons and related structures after moulting). For example, carbon fluxes to 
the soil and carbon to nitrogen ratios in frass increased significantly within only a 
few months in pine forests that were heavily attacked by the pine-tree lappet moth 
(le Mellec et al. 2010).

Insect outbreaks have the capacity to reduce productivity or even kill trees across 
extensive areas, and thus they have a large influence on the carbon budget of forests. 
The most common effects of tree defoliation are reduced gross primary production 
(i.e. total amount of atmospheric carbon fixed by plants), growth reductions, or even 
mortality after repeated, severe defoliation, resulting in the reallocation of carbon. 
Dead trees generate a large amount of dead organic matter, which begins to decay 
instantly. Soil organisms release much of the stored carbon to the atmosphere (i.e. 
CO2 from heterotrophic respiration) during mineralization in the humus layer and 
mineral soil. Additionally, carbon from easily degradable structures (such as fallen 
leaves and needles) is released to the atmosphere, while the decomposition of nee-
dles that remain on dead coniferous trees for 1 or 2 years is delayed. As a result, 
carbon release through decomposition following disturbances occurs over an 
extended period.

Moderate to severe outbreaks may change some of the functional characteristics 
of the ecosystem (e.g. light regime, water availability, nutrient cycling) in a way that 
affects the rate of succession and recovery. Severe outbreaks that modify soil mois-
ture and nutrients, for example, alter tree density or species composition so that 
long-term carbon storage or the rate of carbon cycling is affected. The amount of 
change of individual carbon fluxes and, therefore, of the net carbon flux is deter-
mined by the intensity of the disturbance on stands. For severe outbreaks, the mag-
nitude of the effect may be large enough to transform a forest from a carbon sink to 
a carbon source.

Following outbreaks, stand productivity can increase if growth of surviving trees 
or understorey accelerates after release from competition. However, recovery rates 
depend critically on the number of surviving trees, severity of outbreak, and seed-
ling establishment. Accordingly, several factors are responsible for the variability in 
carbon cycle, including the type of insect, the time since disturbance, the number of 
trees affected, and the capacity of the remaining vegetation to increase growth rates 
following outbreaks. Because of the long time it takes a stand to develop a closed 
canopy, substantial carbon removal from the atmosphere (CO2 uptake through pho-
tosynthesis) can only be expected after some decades following the disturbance 
event (Fig. 11.8).

Insects are strongly influenced by climate and weather, and future warming will 
likely increase the severity and extent of outbreaks, at least in some species. 
Alterations in forest composition and structure and, therefore, carbon sequestration 
have implications for atmospheric CO2 concentrations and thus for future climates.
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Fig. 11.8 Carbon fluxes and storage in forest ecosystems following disturbance. (After 
Körner, 2003)

11.4  Outbreaks of Forest-Defoliating Insects 
and Forest Resilience

Primary (i.e. undisturbed by man) and (most) semi-natural forests are forests where 
the natural structure, composition, and function have been shaped by natural dynam-
ics (succession) with no or little human interventions over a long time. These forests 
are characterized by a mosaic of different stages of succession (e.g. open areas with 
pioneer tree species, dense areas with dominant tree species, areas with dying or 
dead trees), which coexist and usually have a high diversity of species. Forest suc-
cession is a continual process, and the forest ecosystem is thus in a constant state of 
flux. Natural disturbances like storms, fires, and insect attacks will clear an area, 
often combined with an increase in structural diversity, and the successional process 
will start all over again.

The capacity of forests to maintain a high level of stability, resilience (i.e. recover 
from or cope with disturbances), and biodiversity is measured by their naturalness 
which relates to the natural (‘original’) state of the forest. Near-natural forests with 
a species composition that corresponds to (or is close to) the natural forest commu-
nity are a prerequisite for ecosystems that are stable over a longer period. Mixed 
species stands based on the native tree species composition largely offer favourable 
conditions for the natural enemies of phyllophagous insect defoliators. For exam-
ple, the number of secondary hosts for parasitic wasps or food plants for adult wasps 
increases with plant diversity in the overstorey (i.e. trees) and understorey (i.e. 
shrubs, herbs) layers of the forest (Hawkins 1994; Kratochwil and Schwabe 2001). 
In general, species richness and diversity increase the complexity of the ecosystem 
and thus the number of ecological niches.

In Central Europe, outbreaks of forest-defoliating insects (e.g. gypsy moth, pine- 
tree lappet moth, larch budmoth) collapse after a few years owing to local ecological 
and environmental factors (e.g. weather, natural enemies, food shortage). Collapse 
of gypsy moth outbreaks, for example, is mainly driven by some species of parasitic 
flies (tachinids) and a specific nucleopolyhedrosis virus that is persistent within the 
population but tends to spread widely at high population densities (Schwenke 1978). 
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A tiny wasp (Telenomus laeviusculus Ratzeburg) that parasitizes the eggs causes 
outbreak populations of the pine-tree lappet moth to collapse naturally (Möller and 
Bemmann 2009). The cyclic behaviour of the larch budmoth has been attributed to 
foliage quality, with the amplitude of the outbreak cycle set by the insect–plant 
relationship (Benz 1974). Reductions in larch needle quality (lower nitrogen, higher 
fibre content) after heavy defoliation induce a dramatic decline in female fecundity. 
The delayed recovery in foliage quality explains the continued decline in insect 
numbers and vitality that is realized in subsequent generations and is typical for 
phytophagous forest insect populations undergoing multi-annual cycles and 
outbreaks.

11.5  Disturbance Interactions

Over the past decades, ecologists have increasingly focused not only on understand-
ing individual disturbance agents but also on understanding how multiple distur-
bances interact. Much research is done by looking at how the occurrence of one 
disturbance affects the occurrence of subsequent disturbances, at how the occur-
rence of two or more disturbances in short succession cumulatively affects forest 
ecosystems, and at how the magnitude of disturbances determines interactive 
effects.

Abiotic factors can clearly promote insect population build-up to outbreak levels 
within a short time. Thus, warm and dry weather favours development of thermo-
philic butterflies and moths. Abiotic disturbances such as windthrow, snow break, 
ice damage, and avalanches produce an abundance of downed trees or trees physi-
ologically weakened by drought. These trees are highly suitable hosts for successful 
brood production of bark beetles. In addition, abiotic disturbances also affect the 
extent and impact of insect outbreaks. For example, defoliation followed by drought 
events reduces the regenerative capacity of trees dramatically (see Sect. 11.2.2, 
Fig. 11.3). Interacting disturbance effects have been observed for the six-toothed 
bark beetle and the pine-tree lappet moth. Pine trees, which were first defoliated by 
moth larvae and subsequently infested by bark beetles, experienced significantly 
higher mortality rates than defoliated trees alone (see Fig. 11.4).

In continuous canopies, the crowns may shelter each other from wind, frost, or 
heat, but mortality of individual trees creates gaps in the canopy that predispose the 
stand to greater risk of damage (Kallweit and Mayer 2008). Usually, biotic agents 
(e.g. bark beetles, defoliators, fungal diseases) initiate the formation of gaps, while 
windthrows are important agents of gap expansion (Fig. 11.9; see Chaps. 8 and 14). 
Insect disturbances affecting long-lived, dominant trees may be sporadic, but their 
impacts can produce long-term and complex changes in forest structure and species 
composition.
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Fig. 11.9 Effects of winter storm Kyrill (2007) on a pine stand in Schorfheide, Brandenburg 
(Germany). Tree mortality in the thinned stand, which had been defoliated by nun moth larvae 
2 years earlier, was significantly higher than in a non-attacked stand nearby. (Photo: E. Hafemann)

11.6  Outbreaks of Forest-Defoliating Insects 
and Climate Change

In Europe, the projected increase in weather extremes (e.g. heat waves, storms, 
heavy precipitation) anticipated by the Intergovernmental Panel on Climate Change 
(IPCC) in the upcoming decades will have significant consequences for forest eco-
systems (Kovats et al. 2014). Extreme events such as drought, heavy rainfall, frost, 
or hail generally influence the course and effect of so-called complex forest disor-
ders, which result from a combination of primary adverse stress factors and attack 
by secondary organisms. For example, oak dieback is clearly associated with recur-
rent drought spells in Central Europe (Thomas et al. 2002).

In terms of insect outbreaks, climate change will influence population dynamics 
by modifying insect reproduction, survival, and ranges. Changes can also be 
expected between host plants, insect pests, and the natural enemies (predators, para-
sitoids, pathogens) of the pests. Warm weather usually favours survival and rapid 
development of larvae, thus accelerating pest population growth and eventually 
intensifying outbreak severity (Hentschel et al. 2018). To compensate for loss of 
foliage from insect feeding, host trees activate or develop defence mechanisms (e.g. 
tough leaves/needles, and resin or tannin production) and allocate carbon from 
stored reserves for regrowth. These depletion of reserves and consumption of extra 
energy often make the trees more vulnerable to other stressors (e.g. drought) than 
non-defoliated trees. Thus, the different stress levels and stand conditions need to be 
considered in future risk assessments (Möller 2015).
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Given the significantly shorter generation cycles and usually higher mobility of 
phytophagous insects compared to their host plants, we can expect that the insects 
will adapt quickly to any changes in their environment. Polyphagous insects like 
gypsy moth or nun moth larvae compensate for poor nutritional food qualities by 
consuming more of the poor-quality food or by switching to suitable alternative 
plants (Hättenschwiler and Schafellner 1999, 2004). Temperature-related transi-
tions from 2-year (or more) life cycles to 1-year life cycles have been observed in 
some insects. For example, spruce sawflies with extended life cycles as a conse-
quence of slow growth and repeated or long periods of dormancy shorten their 
development significantly as ambient temperatures increase (Battisti 2004; 
Antonitsch and Schafellner 2017). In a similar way, warm and dry weather in early 
summer induces the common pine sawfly (Diprion pini) to switch from a univoltine 
(one generation per year) to a bivoltine (two generations per year) cycle (Möller 
et al. 2017). With the increase in temperatures in the past decades, range shifts and 
outbreaks beyond traditional limits have been observed in several insect species 
such as oak processionary moth, pine processionary moth (Thaumetopoea pityo-
campa Denis and Schiffermüller) (Roques 2015), gypsy moth, nun moth, or pine- 
tree lappet moth (Vanhanen et al. 2007; Ray et al. 2016).

Long-term observation data on population dynamics and damage levels under 
changing environments and climate conditions are limited to only a few pest species 
(Netherer and Schopf 2010; Hentschel et al. 2018). From 1990 to 2005, large gypsy 
moth outbreaks were recorded in Central Europe, specifically in the lowland areas 
of Germany, Switzerland, Austria, Hungary, the Czech Republic, and Slovakia. 
Gypsy moth population levels increased even in countries with less favourable 
weather conditions like England. Although the causes for the outbreaks are not fully 
understood, the strongest population eruptions correlated with years with high 
spring temperatures and little rainfall (Wulf and Graser 1996; Bub 2006; Csóka 
et al. 2015; Hlásny et al. 2016). In recent years, beech forests at higher elevations in 
Hungary and Croatia have increasingly been subjected to defoliation, which is also 
seen as an effect of the changing climate (Pernek et al. 2008; Csóka et al. 2015).

Similarly, the rapid increase in population densities of the oak processionary 
moth and the corresponding damage levels coincide with early spring onset and 
well above-average temperatures. Such weather conditions induce early budburst in 
oaks and promote high survival of newly emerged larvae (Wagenhoff et al. 2014; 
Schröder et al. 2016). Recently, the span between two outbreak cycles of the pine- 
tree lappet moth has shortened in northeast Germany (Gräber et al. 2012), with high 
temperatures and little rainfall as reliable indicators of impending outbreaks (Ray 
et al. 2016). In particular, ‘favourable climate windows’ during certain life stages 
promote population growth, and specifically, warm and dry weather enhances feed-
ing and growth of old larvae in May; moth flight, dispersal, and oviposition in late 
summer; survival of newly hatched larvae in September; and fitness of the overwin-
tering larvae in October (Hentschel et al. 2018). Also, warm and dry weather inten-
sifies large-scale defoliation caused by pine sawflies (e.g. Diprion pini) and spruce 
sawflies (e.g. Pristiphora abietina Christ, Pachynematus montanus Zadd.) 
(Fig.  11.10). In all cases, reliable predictions of population dynamics require 
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Fig. 11.10 Large-scale defoliation of pines in the northeast lowlands of South Brandenburg 
(Germany) by the common pine sawfly (Diprion pini) in 2016. A second sawfly generation devel-
oped in the same year, increasing feeding damage and tree mortality. (Photo: M. Kopka)

appropriate input data, including climate/weather parameters, stand conditions, and 
temperature- based insect phenology data. Complexity and difficulty for modelling 
arise from the fact that the input data must be determined for each insect species and 
location (Schafellner and Schopf 2014; Möller et al. 2017; Hentschel et al. 2018).

Climate change, however, does not always promote insect population growth. 
For example, the occurrence of the Alpine-wide spectacular outbreaks of the larch 
budmoth at elevations between 1600 and 2000 m ceased after 1990 (Iyengar et al. 
2016). This period coincides with the global increase in temperature observed in 
recent decades, but the temperature rise in the European Alps was almost twice the 
global average. Mild winters seem to be a main driver for the disruption of larch 
budmoth outbreaks. Higher temperatures lead to increased egg mortality during the 
winter diapause (because energy reserves are exhausted), a time lag between larval 
and leaf development in spring (phenological mismatch), and a warming-induced 
upward shift to higher elevations where sufficient food resources are lacking. As a 
result, populations remain at sub-outbreak levels, and defoliation capacity of the 
larvae remains low (Wermelinger et al. 2018).

It is likely that temperate forests will be more affected by insect pests in the 
future than has been the case in the past, both due to climate change and inadequate 
forest management practices. In the case of severe ecosystem disturbances, such as 
a landscape-level forest dieback, carbon that has entered the forests over decades or 
centuries is rapidly released into the atmosphere (‘slow in, fast out’; Körner 2003). 
This loss of carbon sinks in terrestrial ecosystems, in turn, amplifies climate change.
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Chapter 12
Bark Beetles

Beat Wermelinger  and Oliver Jakoby 

Abstract Bark beetles are important components of the natural dynamics of conif-
erous forests. In Europe, the European spruce bark beetle (Ips typographus) in par-
ticular has the potential to cause extensive infestations and thus can act as an 
ecological disturbance. After disturbances such as windthrow or drought, this beetle 
can increase its population density to such an extent that it is able to successfully 
colonize vigorous trees. The further development of mass infestations of living trees 
mainly depends on temperature and the susceptibility of the host trees. From an 
ecological viewpoint, bark beetles contribute to the natural dynamics of forest eco-
systems and create valuable new habitats for many organisms. Socio-economically, 
however, bark beetle outbreaks often lead to extensive damage.

Keywords Climate change · Damage · Dynamics · Ecological significance · 
European spruce bark beetle · Host tree · Infestation · Mountain pine beetle · 
Outbreak · Scolytinae

12.1  Distribution and Ecology

Mass outbreaks of bark beetles (Curculionidae: Scolytinae) are natural events in the 
long-term dynamics particularly of coniferous forests. European spruce forests and 
North American pine forests are among the most frequently and most severely 
affected ecosystems. In European forests, 8% of all forest damage is caused by bark 
beetles (Schelhaas et al. 2003). Due to their economic significance, such outbreaks 
are mainly perceived as an economic damage and less as natural disturbances. 
However, of the more than 250 European bark beetle species, only a few bark 
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breeding specialists are able to mass propagate on vigorous trees – under specific 
conditions – and to cause extensive disturbances. The most important species of 
these pest species belong to the genera Ips and Dendroctonus. In Europe, these are 
mainly the European spruce bark beetle (Ips typographus [L.]) and the pine bark 
beetle (I. acuminatus [Gyll.]), as well as, to a lesser extent, the six-toothed spruce 
bark beetle (Pityogenes chalcographus [L.]) and Scolytus and Tomicus species 
(Grégoire and Evans 2004; Wermelinger 2004). In North America, the mountain 
pine beetle (Dendroctonus ponderosae Hopk.) and other species of the genera 
Dendroctonus and Ips play a major role (Kleinman et al. 2012; Six and Bracewell 
2015). Most of these species attack adult conifers and are monophagous, i.e. 
restricted to a single tree genus. A comprehensive overview of the general biology 
and ecology of bark beetles is given by Raffa et al. (2015b).

Although the lifestyles of bark beetles can be very different, the above- mentioned 
species share some common features. The most important and therefore best studied 
bark beetle in Europe is the European spruce bark beetle (I. typographus). It is used 
here as an example to discuss the general biology of bark beetles. The so-called 
pioneer males look for Norway spruce (Picea abies [L.] H.Karst.) hosts that are 
suitable for colonization. They are mainly guided by visual cues and host-tree spe-
cific volatiles (Byers 2004; Saint-Germain et al. 2007). After boring into the bark, 
they release aggregation pheromones consisting of monoterpenoids (Blomquist 
et al. 2010) that attract other conspecifics. The beetles mate under the bark and the 
females then deposit their eggs in the maternal galleries. The hatched larvae develop 
in the nutrient-rich phloem and pupate at the end of their larval galleries. This leads 
to the characteristic breeding pattern of this species (Fig. 12.1). It takes the European 
spruce bark beetle 2–3 months to complete its development, including the matura-
tion feeding of the young beetles at the place of their development. Subsequently, 
the beetles take flight or overwinter underneath the bark. Since the development 
time of bark beetles is largely controlled by temperature (Wermelinger and Seifert 
1998), the number of annual generations also depends on elevation (see Sect. 12.7). 
In the lowlands of Central Europe, there are usually two generations per year, while 
at elevations above about 1500 m above sea level, the populations are usually uni-
voltine (one generation per year).

Volatiles play an important role not only in attracting conspecifics but also in 
regulating the population density. If beetle density in a tree becomes too high, the 
breeding beetles emit an anti-aggregation pheromone. This pheromone has a repel-
lent effect on conspecifics and thus prevents a too high colonization density leading 
to intraspecific competition with negative effects (Lindgren and Miller 2002).

Among the most important natural enemies of bark beetles are predatory beetles 
and flies, parasitic wasps, and woodpeckers (Wegensteiner et al. 2015).
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Fig. 12.1 Galleries of the 
European spruce bark 
beetle (Ips typographus). 
The parental beetles are 
visible in the maternal 
galleries running parallel 
to the tree stem axis. The 
larvae develop in the larval 
galleries branching off 
perpendicularly to the 
maternal galleries. 
High-density larval feeding 
interrupts the sap flow in 
the phloem, causing the 
tree to die. (Photo: 
B. Wermelinger)

12.2  Colonization Strategies

Conifers can defend against invading insects or fungi by producing resin; this can 
protect the tree both physically by ‘pitching out’ the intruders and chemically 
through the toxic terpenoids in the resin (Franceschi et al. 2005; Krokene 2015). 
The resistance against the aggressors is composed of the preformed constitutive 
defence and the induced defence triggered by the infestation (Phillips and Croteau 
1999; Lieutier 2004; Krokene 2015). Depending on the tree species, the constitutive 
resin is stored in different places in the wood and released when something pene-
trates the bark. The induced defence consists of a hypersensitive reaction and a 
delayed resistance: the infested tissue is impregnated with resin and becomes 
necrotic. This reaction is found both in the phloem and the xylem and precedes the 
spatial spread of the individual infested zones. The dying tissue and the toxic terpe-
noids and phenols impair or prevent the development of the bark beetle brood. In the 
medium term, after a repelled attack, a tree can increase its resistance, e.g. by pro-
ducing additional ‘traumatic resin ducts’ around the infested zones. A successful 
colonization of trees by bark beetles therefore depends not only on the density of 
attacking beetles but also on the characteristics of these defence mechanisms. 
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During colonization, the beetles are also assisted by symbiotic fungi, which help to 
overcome the resin defence and to kill off the infested trees (Paine et al. 1997).

The bark beetle species with the most pronounced potential for disturbance 
(I. typographus, D. ponderosae) have a plastic host selection that depends on their 
population size (Raffa et al. 2015b): in endemic phases with low population densi-
ties (latency phase), the beetles live saprophagously on newly dead or severely 
weakened trees with no defence or only weak defence. Although this ‘low-risk’ 
strategy allows the beetles to colonize these trees relatively easily, it has several 
disadvantages: under normal conditions such trees are relatively rare and randomly 
distributed in the landscape, the food quality of their degrading phloem is low, and 
the developing beetle brood has to compete with other saprophagous beetle species 
(Fig. 12.2). In combination this leads to a low reproductive rate (Raffa et al. 2008).

However, if a beetle population reaches epidemic density (outbreak phase) after 
extrinsic disturbances such as storms or drought (see Sect. 12.3), it can switch to a 
‘high-risk’ strategy: the many beetles attacking the tree simultaneously can now 
overcome the resin defence of living, vigorous trees. While their colonization is still 
risky because of their pronounced resin production, the beetle population – in case 
of successful establishment – benefits from a higher reproductive rate: potential host 
trees are abundant, their high phloem quality ensures a favourable food supply, and 
the developing brood has virtually no competitors, since other beetle species are 
neither attracted nor can they overcome the intact defence mechanisms of the trees. 
In the case of the mountain pine beetle, it has been shown that in the epidemic 
phase, this bark beetle even prefers more vigorous, resin-rich trees over trees pro-
ducing less resin (Fig. 12.3; Boone et al. 2011). However, this high-risk strategy is 
only successful at high population levels. The more vigorous a host tree, the higher 
the minimum number of beetles is required that simultaneously attack the tree 
(Fig. 12.4; Mulock and Christiansen 1986; Nelson and Lewis 2008). An estimated 

Fig. 12.2 At low population densities in the endemic latency phase, bark beetles (here Ips sexden-
tatus Börner) have to share the resources in weakened host trees with competitors such as jewel 
beetles (larvae with widened head). The bark beetles are exposed to a high predation pressure (pink 
and cream-coloured predatory beetle larvae). (Photo: B. Wermelinger)
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Fig. 12.3 Constitutive resin content (mean ± SE) of lodgepole pine trees (Pinus contorta Dougl. 
ex Loud.) with successful (‘Entered’) or unsuccessful (‘Not entered’) colonization by the mountain 
pine beetle (Dendroctonus ponderosae) in different population phases (endemic, incipient, erup-
tive). At endemic densities, beetles colonize mostly low-resin trees, whereas in the epidemic phase, 
they prefer trees with high resin content. (Redrawn from Boone et al. 2011 with permission of the 
authors)

Fig. 12.4 Threshold (T) for the minimum population size that is required to successfully colonize 
a host tree depending on its vigour. In a ‘normal’ situation, beetles at endemic population size P0 
are not able to overcome the defence of a host tree with ‘normal’ vigour VN. Therefore, the beetle 
population remains in the endemic phase. If tree vigour – due to stress such as drought – decreases 
to a lower-level VS, the same population density P0 of bark beetles is sufficient for a successful 
colonization of the weakened trees. As a consequence, bark beetles can reach epidemic densities, 
which usually leads to the death of many infested trees. (Adapted from Mulock and 
Christiansen 1986)
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minimum of 200 spruce bark beetles are required to successfully colonize a healthy 
spruce tree (Fahse and Heurich 2011). For the mountain pine beetle, a threshold of 
around 60–90 beetles per square metre pine bark area has been reported (Berryman 
et al. 1985).

12.3  Outbreak Triggers

Mass outbreaks of almost all bark beetle species are not cyclical but are mostly trig-
gered by stochastic external disturbances. The most common triggers are climatic 
disturbances (Six and Bracewell 2015). In addition, foliage-eating insects can 
weaken trees and predispose them to subsequent infestation by bark beetles. 
Improper forest management can also lead to the proliferation of bark beetles. 
Intensive thinning, clear-cutting, and harvesting of trees in already weakened or 
unstable stands are often the starting point for bark beetle outbreaks, especially 
when population densities are already high (Six and Bracewell 2015). Outbreaks are 
often triggered by combinations of abiotic and biotic/anthropogenic disturbances. 
Irrespective of the trigger type, the conditions for mass infestations are most favour-
able if large, connected forest areas are concerned, with uniform, mature to over- 
mature stands with a single dominant tree species (often spruce or pine).

Abiotic Triggers
In Europe, windthrows were most often the main trigger for outbreaks of the 
European spruce bark beetle (Table 12.1; Wermelinger 2004; Eriksson et al. 2005). 
The newly windthrown stems serve the bark beetles as a low-resistance, but still 
high-quality, substrate in which they can build up their populations to such an extent 
that mass infestation of more vigorous spruce trees becomes possible (Fig. 12.5). 
Since a storm usually also weakens the remaining stands (gaps, root damage; Chap. 
8), these trees are susceptible to subsequent colonization by bark beetles (Seidl and 
Blennow 2012).

Another important trigger is drought, usually coupled with high temperatures. 
The trees’ increased need for transpiration can no longer be met, which puts them 
under stress and makes them susceptible to attack. In Europe, for example, the silver 
fir bark beetles (Pityokteines spp.; Meier et al. 2004), but also the spruce bark bee-
tles (Meier et al. 2004; Rouault et al. 2006; Hlásny et al. 2021), react to longer warm 
and dry periods. In North America this is known from D. brevicomis LeConte and 
D. rufipennis Kirby (Six and Bracewell 2015). Severe drought stresses forests 
abruptly and over large areas, so that outbreaks triggered this way often occur 
simultaneously at the landscape level (Raffa et al. 2015b, Seidl et al. 2016). Elevated 
temperatures and drought effects were also the dominant factor in the gigantic mass 
outbreak of the mountain pine beetle in North America (see Box 12.1).

Occasionally, anthropogenic or natural forest fires (see Chap. 7) can also act as 
abiotic triggers of bark beetle outbreaks. From North America, mass infestations of 
D. pseudotsugae Hopk. are known after fire (Six and Bracewell 2015). Also snow 
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Table 12.1 Major mass outbreaks of the European spruce bark beetle (Ips typographus) in Central 
and northern Europe. For comparison, information on the historic outbreak of the mountain pine 
beetle (Dendroctonus ponderosae) in North America is also provided

Region Period Trigger

Infested 
timber 
(million m3)

Infested 
area (km2) Source

Ips typographus L.
Central  
Europe

1942–1951 Heat, drought, storms, 
snow breakage, war 
effects, clear-cuts

25a Wellenstein 
(1954)

Southern 
Norway

1971–1981 Storm, drought 5 Bakke (1989)

Sweden 1990–1996 Storm, drought 4.5 Kärvemo and 
Schroeder 
(2010)

NP Bavarian 
Forest 
(Germany)

1988–2010 Thunderstorms, 
drought

58 Lausch et al. 
(2013)

Switzerland 1990–1996 Storms Vivian/Wiebke 2 Stadelmann 
et al. (2014b)

Europe 1990–2001 Various storms 31.6 Grégoire and 
Evans (2004)

Austria 1992–1999 Storms Vivian/Wiebke 10.7b Hoch et al. 
(2016)

Germany 1999–2005 Storm Lothar, drought 14.5 R. John 
(unpubl.)

Switzerland 2000–2007 Storm Lothar, drought 8 Stadelmann 
et al. (2014b)

France 2001–2008 Various storms 3.6 Nageleisen 
(2009)

Austria 2003–2012 Foehn storm, storm 
Kyrill

21.6b Hoch et al. 
(2016)

Sweden 2006–2011 Storm Gudrun 3.2 Kärvemo and 
Schroeder 
(2010)

Germany 2009–2015 Storm Kyrill 9 R. John 
(unpubl.)

Czech 
Republic

2015–>2019 Heat, drought >48 Hlásny et al. 
(2021)

Dendroctonus ponderosae Hopk.
British 
Columbia 
(Canada)

1990–2015 Drought 700 183,000 Corbett et al. 
(2016)

aTotal of bark beetles on spruce and fir
bIncluding Pityogenes chalcographus
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Fig. 12.5 In the overthrown trees in a windthrow, the European spruce bark beetle (Ips typogra-
phus) can build up sufficiently high population levels to subsequently colonize living trees. (Photo: 
I. Brauer)

breakage (tree crown fractures) and avalanches can, similar to storm events, provide 
breeding material as a starting point for outbreaks, but to a more limited spa-
tial extent.

Biotic Triggers
Compared to abiotic factors, biotic stressors are much less often a starting point for 
bark beetle outbreaks in Europe. They are mostly small scale and therefore tend to 
trigger local infestations. Most often it is intensive caterpillar feeding that can lead 
to weakened host trees and subsequent infestation by bark beetles. In Finland, for 
example, infestations by Tomicus bark beetles occurred only on Scots pine trees 
(Pinus sylvestris L.) that were virtually completely defoliated by the sawfly Diprion 
pini (L.). This bark beetle attack, however, did not result in large outbreaks (Annila 
et al. 1999). Larger infestations of bark beetles after defoliation occurred in North 
America. There, the feeding of moth or sawfly caterpillars on various coniferous 
tree species has led to subsequent infestations of Dendroctonus species (Negrón 
et al. 2011; Goodsman et al. 2015).

12.4  Infestation Dynamics

The development of an outbreak is characterized by the infestation strategies of the 
bark beetles. Fresh windthrown logs or trees weakened by drought or other stressors 
allow the small populations of bark beetles during the endemic latency period to 
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increase above the outbreak threshold (Raffa et al. 2008). In the case of the European 
spruce bark beetle, this occurs in windthrows of spruce (Fig. 12.5); this phloem is 
still fresh and rich in nutrients. However, depending on elevation, exposure, tem-
perature, bark thickness, and root contact, the logs desiccate after 1–3 years and are 
no longer suitable for the development of further beetle generations. Therefore, the 
masses of beetles emerging from the logs head for the adjacent forest edges. These 
trees are still weakened by the storm, and their stems, having been suddenly exposed 
to direct sunlight, are stressed by the intense solar radiation.

At the same time, further infestations may develop around single fallen and 
weakened trees inside the stand, resulting in the formation of infestation spots 
(groups of a few dozen infested trees). The local population size then exceeds the 
threshold necessary for the colonization of vigorous trees (Fig. 12.4) and, pursuing 
the high-risk strategy, reaches a self-sustaining dynamic with a positive feedback: 
the larger the population, the more vigorous trees are colonized, and the more suc-
cessful the reproduction of the beetles is. More than 90% of new infestations occur 
within 500 m and 66% even within 100 m of the previous year’s infestation, inde-
pendent of the triggering agent and any control measures that have been carried out 
(Kautz et al. 2011; Stadelmann et al. 2014a; Fig. 12.6). Almost identical distances 
apply to the first infestations of living trees in stands adjacent to windthrow areas. 
The radii around uncleared windthrows are significantly smaller (200 m) than those 
around cleared areas (Havašová et al. 2017). Over time, the infestation spots can 
merge into one large area, and the infestations may then expand as a front. Usually 
an outbreak of the European spruce bark beetle lasts several years. In the case of the 
two largest Central European mass outbreaks of the last decades in the German 
Bavarian Forest National Park, the infestations  – without human intervention  – 
lasted about 10 years. This was favoured by dry and hot summers, recurring minor 
disturbances such as snow breakage in winter and additional storm events, as well 

Fig. 12.6 Frequency of new infestation spots of the European spruce bark beetle (Ips typogra-
phus) at different distances to infestations from previous years. (Data from Kautz et al. 2011)

12 Bark Beetles



280

as by the weakening of the host trees by quickly succeeding years of intensive fruit-
ing (‘masts’) (Nüsslein et al. 2000; Heurich et al. 2001).

The factors determining the trajectory of an outbreak are primarily related to 
weather, i.e. temperature and drought (Marini et  al. 2017). In an analysis of the 
European spruce bark beetle outbreaks in Switzerland after the storm Lothar in 
1999, the total volume of infested spruce trees depended most on temperature, more 
so than on windthrown timber volume, precipitation, previous year’s infestations, or 
the proportion of spruce (Stadelmann et  al. 2013b). Also for North American 
Dendroctonus and Ips species, changes in temperature and precipitation correlated 
with the beetle population growth rates (Raffa et al. 2008). The decrease in beetle 
density and thus the decline in infestations can have several reasons: increasing 
resistance of host trees (mainly due to sufficient precipitation), cooler weather con-
ditions, intraspecific competition, the regulatory effect of natural enemies, decreas-
ing supply of host trees, or a combination of these adverse influences (e.g. Marini 
et al. 2017). If, as a consequence, beetle populations fall below the critical threshold 
for the infestation of vigorous trees, the outbreak comes to an end. In managed for-
ests, control measures (cutting and removing infested trees) also play an important 
role (Stadelmann et al. 2013a).

The type of the trigger also influences the trajectory and extent of a bark beetle 
outbreak following the disturbance. Forest fire and windthrow are spatially and tem-
porally limited and thus weaken the trees in the adjacent intact forest only once, 
predominantly in the immediate vicinity of the disturbance. Therefore, the subse-
quent outbreak is usually limited to a few years, if no further disturbances occur. In 
contrast, elevated temperatures and drought are often a spatially or temporally 
extended event, which leads to a greater supply of weakened trees over a certain 
period (DeRose and Long 2012). This means that bark beetle populations can build 
up over large areas and remain at epidemic densities for a long time. In general, 
mass outbreaks decline when the triggering factor is no longer present, and no new 
disturbances occur.

12.5  Interactions with Other Disturbances

Bark beetles can interact with other disturbances in various ways. As mentioned 
above, mass infestations are triggered by preceding other disturbance events (Sect. 
12.3), and conversely, bark beetle outbreaks can also be the cause for subsequent 
disturbances. Large-scale infestation often leads to new even-aged stands consisting 
of only one or a few tree species over larger areas (Coleman et al. 2008). At a certain 
age, the risk of bark beetle infestation, fire, and windthrow increases again.

Especially in North America, the risk of forest fires in bark beetle-created dead-
wood stands has been intensively discussed (Hicke et al. 2012; Black et al. 2013; 
Dhar et  al. 2016). Shortly after the death of the trees, the dead needles pose an 
increased risk for forest fires due to the intense emission of highly inflammable 
terpenoids. However, most studies have shown that bark beetle mass outbreaks did 
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not significantly increase the risk of crown fires in pine and spruce stands, as this 
depends primarily on drought and rather less on stand structure (Black et al. 2013). 
An example of the complex interactions between bark beetle infestation and other 
disturbances in the Yellowstone National Park is shown in Fig. 12.7.

12.6  Significance

Ecological Significance
From the perspective of a forest ecosystem, bark beetles have various ecological 
functions. They are so-called pioneer insects that are first to colonize weakened liv-
ing or freshly dead coniferous trees, loosen their bark, and thus start the 

Fig. 12.7 Example for complex interactions of disturbances from the North American Yellowstone 
National Park. The North American whitebark pine (Pinus albicaulis Engelm.) is a keystone spe-
cies of the high elevation ecosystems in this park. In the avalanche path from the Avalanche Peak 
(photo position, 2009) down to the valley green, whitebark pine regeneration is visible. It origi-
nates from seeds from the surrounding pine forests, which were still intact at the time of the ava-
lanche. The seeds were carried by the Clark’s nutcracker (Nucifraga columbiana Wilson) into the 
avalanche path. The stand on the slope in the background fell victim to the huge forest fires of 
1988, and almost 20 years later, the whitebark pine trees on the slope to the right were killed by the 
mountain pine beetle (Dendroctonus ponderosae). The dark green strip of forest in the photo mid-
dle ground consists of spruce (Picea) and fir (Abies) species which are not attacked by this bark 
beetle. In the whole catchment, mature whitebark pine trees are missing, which could serve as seed 
trees until the regeneration in the avalanche path becomes reproductive. If another avalanche were 
to precede this, the whitebark pine could disappear from this valley for decades, as the Clark’s 
nutcracker, which depends on the whitebark pine seeds, has disappeared from the area. In addition, 
potential regeneration of whitebark pine is threatened by the introduced blister rust fungus 
Cronartium ribicola (Campbell and Antos 2000). (Photo: B. Wermelinger)
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decomposition of wood. They thus initiate an entire succession of many other wood-
inhabiting and purely saprophagous insects, fungi, and even vertebrates (Müller 
et al. 2008; Beudert et al. 2015; Zuo et al. 2016). Bark beetles are also an essential 
food source for specialized predatory and parasitic insects as well as for woodpeck-
ers (Wegensteiner et al. 2015). Various mites and nematodes use them as vectors for 
being transported to new habitats (e.g. Moser et al. 2005). The creation of gaps in 
the forest canopy after the death of bark beetle-colonized trees leads to a new round 
of forest regeneration. Thus bark beetles also influence the tree species composition 
and forest structure.

Bark beetles not only act as ecosystem engineers on a small scale but can also 
alter the composition of and the material and nutrient cycles in entire ecosystems at 
the landscape level (Figs. 12.7 and 12.8). In the Bavarian Forest National Park, for 
example, the water runoff into the groundwater and streams of a catchment increased 
strongly after the extensive attack of spruce by the European spruce bark beetle. The 
nitrate content of the groundwater was increased for 7 years but returned to the 
original value after 10–17 years (Huber 2005; Beudert et al. 2015). In the Greater 
Yellowstone area of North America, a 30-year time series after the infestation by the 
mountain pine beetle showed that the short pulse of massive needle shedding 
changed the soil climate and strongly increased the nitrogen mineralization rate, 
which was also reflected in the longer term as elevated nitrogen content in the new 
needles of the surviving trees (Griffin et  al. 2011). Bark beetle infestations on a 
regional, or even continental, scale lead to the affected forests binding less carbon 
and temporarily turning from a carbon sink into a carbon source (Kurz et al. 2008; 

Fig. 12.8 A mass outbreak of the European spruce bark beetle (Ips typographus) can temporarily 
markedly alter an ecosystem and lead to losses of both material and non-material nature. (Photo: 
M. Heurich)

B. Wermelinger and O. Jakoby



283

Seidl et al. 2008). The surviving trees and the growing regeneration compensate for 
this after one to two decades (Hansen 2014).

Economic Importance
Bark beetles such as the European spruce bark beetle or the mountain pine beetle 
can lead to the large-scale die-off of living trees and thus have a fundamental impact 
on forest management and forest services for humans. In Europe, the spruce bark 
beetle has caused extensive damage, especially in the aftermath of the major storms 
at the turn of the last century (Table 12.1; Grégoire and Evans 2004). These hurri-
canes produced millions of cubic metres of beetle-infested wood, additionally pro-
moted by the heat wave in 2003 (Fig. 12.9). Although the logs of the dead trees 
basically can be normally utilized, the sudden oversupply on the market leads to a 
drop in prices (see Chap. 8), and the sustainable management of a forest may be 
endangered by mass infestations. An outbreak of mountain pine beetle of an even 
greater magnitude occurred in the Canadian province of British Columbia. Between 
1990 and 2015, this bark beetle infested about 700 million m3 of pine trees, and the 
infestation is still ongoing (Corbett et al. 2016). By the middle of this century, a 
cumulative reduction in the gross domestic product of Can$57 billion is expected 
for this province. Beetle-infested wood can often only be merchandized at a loss 
because the market is saturated after major storms. Moreover, large-scale outbreaks 
strongly affect long-term forest planning. This can also have far-reaching conse-
quences for employment in the timber sector (Abbott et al. 2009; Corbett et al. 2016).

Fig. 12.9 Infestations of living spruce trees by the European spruce bark beetle (Ips typographus) 
after the storm Lothar (December 1999) in Switzerland. Two years after the storm, the infestation 
reached a first maximum and started to decrease in the following year. The record amount in 2003 
was the result of the still exceedingly high populations of bark beetles, which, due to the extremely 
hot and dry year 2003, had an ample supply of weakened Norway spruce trees available for colo-
nization. (Data from Swiss Forest Protection, WSL)
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In mountain forests, the protection against natural hazards can be strongly 
impaired by bark beetle infestations. Although the dead trees remain standing for 
some time, they eventually break down, thus reducing the protection of underlying 
settlements and traffic routes from rockfall, debris flow, and avalanches 
(Kupferschmid and Bugmann 2005). This presents forest owners and authorities 
with the difficult question of whether it makes more sense to exploit the dead trees 
under often non-profitable conditions and to erect temporary artificial constructions, 
or to leave the dead trees, which still provide protection for some time, and to rely 
on the natural regeneration to take over the protective function in time (see Chap. 9).

Another consequence of large-scale bark beetle outbreaks is that the affected for-
est with all trees salvaged or with the bare tree skeletons standing in the forest no 
longer offers the same recreational values and benefits as an intact forest (Heurich 
et al. 2001; Fig. 12.8). Although the general public is more and more aware of the 
ecological significance of deadwood, this can hardly compensate for the absence of 
an intact shady and relaxing forest. Even if the public understanding of ecological 
processes on large spatial and temporal scales keeps growing, such disturbances 
will keep creating conflicts with the continuous human demand for timber, protec-
tion, and recreation.

12.7  Bark Beetles and Climate Change

For most of Europe, markedly higher temperatures and increased summer droughts 
are expected in the second half of the twenty-first century, possibly associated with 
altered windstorm regimes (Della-Marta and Pinto 2009; Usbeck et al. 2010; Seidl 
et al. 2017; see Chap. 16). This will generally have a positive effect on the popula-
tion growth of bark beetles and a negative effect on the resistance of their host trees 
(Logan et  al. 2003; Raffa et  al. 2015a; Ramsfield et  al. 2016). In addition, such 
changes can negatively affect the synchronization between bark beetles and their 
natural enemies (Ayres and Lombardero 2000; Bentz et al. 2010; Raffa et al. 2015a). 
Climate change will also have numerous direct and indirect effects on bark beetle 
communities (Økland et al. 2015; Wermelinger et al. 2021). Increased temperature 
will cause the activity range of bark beetles to spread further north and to higher 
elevations (Hlásny and Turčáni 2009; Netherer and Schopf 2010). In some of these 
areas, a complete generation per year will become possible on a regular basis in the 
future, while at lower elevations the number of generations per year will increase to 
2–3 (Jönsson et al. 2011; Jakoby et al. 2019; Fig. 12.10). The infestation period of 
the European spruce bark beetle will start earlier in spring, and its activity in the 
lowlands and in warm areas could extend later into autumn, since diapause induc-
tion at very warm temperatures (>23°C) is no longer exclusively controlled by day 
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Fig. 12.10 Mean number of annual generations depending on elevation for the time periods 
1980–2009, 2020–2049 (2035 scenario), and 2070–2099 (2085 scenario) under the IPCC climate 
scenario A1B for Switzerland. Mean relationships (lines) and uncertainty bands (coloured areas) 
based on the climate scenarios are shown

length (Schopf and Kritsch 2010). During the future milder winters, the juvenile 
stages of initiated generations will more often be able to develop into adult beetles 
(Štefková et al. 2017), and in many regions the cold-linked mortality of overwinter-
ing beetles will become less important. This would increase the size of the start 
population creating the first infestations in the following spring. Furthermore, 
increasing drought stress particularly in summer reduces the resistance of spruce 
trees to bark beetle attack. Netherer et al. (2015) showed that the success of spruce 
bark beetle colonization increases with increasing drought stress of a tree. At the 
same time, intense drought stress decreased host acceptance by the beetles.

Since warm and dry conditions generally have a positive effect on the severity of 
bark beetle outbreaks (Marini et al. 2012), climate change will most likely further 
increase the infestation risk in European spruce forests as well as in North American 
forests (Logan et al. 2003; Raffa et al. 2008; Seidl et al. 2014). In Central Europe, 
for example, increased bark beetle infestation in combination with drought-related 
spruce mortality could partially or completely eliminate low-elevation secondary 
spruce stands in the long run (Temperli et al. 2013). Overall, adaptive forest man-
agement will play a decisive role in reducing the risk of infestations (Björkman 
et al. 2015; see Chap. 17).
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Box 12.1: Mountain Pine Beetle in North America

Beat Wermelinger 
Forest Health and Biotic Interactions Research Unit, Swiss Federal Research 
Institute WSL, Birmensdorf, Switzerland

The mountain pine beetle (Dendroctonus ponderosae Hopk.; MPB) is a bark 
beetle native to North America. It has long been known to occasionally 
develop mass outbreaks leading to the death of huge amounts of pine trees 
(Safranyik et al. 2010; Jarvis and Kulakowski 2015). In most cases, the trigger 
has been hot and dry weather, which has impaired the resin defence of the host 
trees  – primarily lodgepole pine (Pinus contorta Dougl. ex Loud.)  – and 
accelerated and synchronized the dynamics of the bark beetles, thus enabling 
large-scale infestations. The outbreaks came to an end when the supply of 
suitable host trees was exhausted and larval mortality after cold winters 
increased (Safranyik and Linton 1991; Creeden et al. 2014). At high eleva-
tions, outbreaks of MPB have not occurred until recently, because a genera-
tion of beetles took 2 or even more years to complete because of the low 
temperatures in such locations. Moreover, the beetles suffer from high mortal-
ity during the cold winter season (Logan and Powell 2001).

Since the end of the twentieth century, a gigantic MPB mass outbreak of 
historic dimensions has been going on in western North America, which 
seems to have come to an end only in the late 2010s. In the most severely 
affected Canadian province of British Columbia alone, pine trees have been 
killed across an area of around 183,000 km2 (Corbett et al. 2016). In past out-
breaks only areas west of the Rocky Mountains have been affected; however, 
the infestations have spilled over this climatic barrier into the neighbouring 
province of Alberta since around 2003. As a result, the bark beetles have also 
attacked jack pine (Pinus banksiana Lamb.) for the first time. In the USA, the 
infestations stretched south along the Rocky Mountains down to Arizona. In 
2010, the total infested area in North America was estimated at over 
250,000 km2 (Bentz et al. 2010). The infestations expanded not only to the 
east but also to the north and to higher elevations compared to the historic 
outbreaks. In the Greater Yellowstone Area in the northwestern USA, the 
North American five-needle whitebark pines (Pinus albicaulis Engelm.) at 
elevations of 2000–3000 m were mass attacked for the first time (cf. Fig. 12.1). 
For evolutionary reasons, this tree species has little defence against bark bee-
tle attack (Raffa et  al. 2013). These infestations were a consequence of 
increased temperatures, which allowed the beetles to pass from multi-annual 
to annual synchronous generations (Logan and Powell 2001).

(continued)
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These continental-scale infestations can be attributed to various causes. 
The altered weather conditions linked to the ongoing climate change have 
played a decisive role. The higher temperatures have allowed a faster and syn-
chronous development of the bark beetle brood in summer and have resulted 
in lower mortality in winter (Logan and Powell 2001; Régnière and Bentz 
2007). Also, the more frequent summer droughts reduce the defence capacity 
of host trees and make them susceptible to infestation (Berg et al. 2006).

Large areas of susceptible pine forest are another important reason for the 
uninhibited spread of the infestations. The over-mature and uniform forests 
were the result of many years of fire prevention and control, large-scale clear- 
cutting, or earlier bark beetle infestations (Taylor and Carroll 2004; 
Youngblood et al. 2009; Jenkins et al. 2014). While natural disturbances such 
as fire or bark beetle outbreaks used to lead to a mosaic of infestation-prone 
and unsusceptible stands and thus to a spatial and temporal distribution of 
MPB infestations, human interventions provided extensive areas of suscepti-
ble host trees. After such vast outbreaks, uniform pine forests will usually 
develop with a tree cohort that will simultaneously become over-mature and 
thus will be prone again for MPB infestations at the landscape level.

The gigantic infestations also affect the forestry and logging sector. In 
many places, a sustainable supply of coniferous wood has become impossible 
for the coming decades. For this reason, the annual allowable cuts have been 
drastically reduced; this will have a severe impact on the forestry and logging 
industry (Corbett et al. 2016). The large-scale die-off of trees also affects the 
global carbon balance, as dead stands turn from a carbon sink to a car-
bon source. They were estimated to have emitted about 270 megatons of car-
bon by 2020 (Kurz et al. 2008).

Since 2005, infestations in British Columbia have been slowly decreasing, 
mainly as a result of the decreasing supply of suitable host trees, but also as a 
result of low winter temperatures (Sambaraju et al. 2012; Creeden et al. 2014). 
Nonetheless, it is estimated that by 2023 about 58% of all mature pine trees in 
British Columbia will have been killed (Walton 2013). With higher winter 
temperatures in the future, MPB might even have the potential to cross the 
continental divide and spread across North America’s entire boreal pine forest 
(Safranyik et al. 2010) (Box Fig. 1).

Box 12.1 (continued)
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Chapter 13
Large Herbivores

Josef Senn 

Abstract Large herbivores can influence the population dynamics of their forage 
plants. Feeding means a disturbance for the affected plants. Although in most cases 
herbivores consume only a relatively small fraction of the total phytomass, they 
influence the intra- and interspecific competition between plants. Whether and to 
what extent herbivores influence the forest–open land distribution has been subject 
of controversial discussion. Today, species diversity and population density of large 
herbivores in the temperate zone are lower than they were at the end of the last Ice 
Age. Therefore, stronger and more diverse influences of these species on the vegeta-
tion can be assumed before widespread human activity. This fact must be consid-
ered in the modern management of natural landscapes.

Keywords Browsing · Grazing · Forest-grassland distribution · Conservation 
management · Natural landscapes · Rewilding · Ungulates

13.1  Herbivores as a Disturbance in Plant Communities

Herbivores reduce the biomass of their forage plants by eating them. If small plants 
are eaten more or less completely or if larger plants are eaten heavily and repeatedly, 
this may lead to the death of individual plants. If herbivores kill the affected plants, 
they create space in the vegetation cover that can be colonized by other plants. 
Therefore, herbivory is a disturbance for the affected plant individuals and popula-
tions. Such disturbances may have an important structuring function for plant com-
munities (Grime 1974).

Disturbances influence the competitive relationships between the affected plant 
individuals and species. When herbivores feed, they reduce the size and density of 
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the food plants. If certain plant species are preferred to others, herbivores affect the 
relationships between plant species. In this way, herbivores reduce the competitive 
strength of one plant species to the advantage of another, thus affecting the abun-
dance of plant species. If preferred plant species disappear because of feeding by 
herbivores, the species composition of the vegetation also changes.

In temperate forests, herbivores consume only a small proportion of the annually 
produced phytomass. Apart from relatively rare mass outbreaks of herbivorous 
insects, the quantities of plant material consumed are so small that they can hardly 
be quantified on a larger spatial scale. Various studies estimate that the amount con-
sumed by insects in forest ecosystems represents on average about 1% of the annual 
plant production (e.g. Nielsen 1978). In comparison, vertebrate herbivores consume 
even less, since they cannot reach a large part of the potentially usable phytomass in 
forests. Nevertheless, vertebrates can locally influence both the forest structure and 
the composition of tree species (Putman et al. 1989). By eating tree seedlings or 
saplings, they increase mortality and alter the survival of the affected species. If they 
eat shoots, and particularly if they terminal shoots of young trees, herbivores reduce 
the growth of the affected individuals and thus change the competitive relationships 
between young trees. The selective preference of individual species may affect the 
tree species composition in the forest, with preferred species becoming locally rare 
or even disappearing (Putman et al. 1989). Based on a meta-analysis of data from 13 
studies from Europe and North America comparing tree species numbers and abun-
dancies in fenced and unfenced areas, Gill and Beardall (2001) showed that certain 
tree species became rarer in accessible areas with above-average deer densities. 
However, the high deer densities did not lead to a change in the number of tree spe-
cies present. Browsing by deer did not lead to the loss of any tree species at any of 
the sites investigated.

The influence of vertebrate herbivores, particularly ungulates such as red deer 
(Cervus elaphus L.), roe deer (Capreolus capreolus L.), and chamois (Rupicapra 
rupicapra L.), on forest development has been the subject of controversial debate 
(Senn and Suter 2003). Forest owners and forest managers fear that herbivores may 
have a negative effect on forest development and future stand structure and stability 
(Gill and Beardall 2001). In a review of browsing by ungulates in Swiss forests, 
Kupferschmid et al. (2015) found that there was no significant effect of browsing on 
two thirds of the forest areas monitored, either for individual tree species or for the 
overall forest regeneration. Negative influences on individual species were found 
for oak (Quercus spp. L.) in the lowlands, for fir (Abies alba Mill.) at high elevation 
sites, and for rowan (Sorbus aucuparia L.) and sycamore (Acer pseudoplatanus L.) 
in the subalpine zone. In addition to potential economic losses from not being able 
to use the timber, loss of tree species through browsing can, for example, impair the 
protective function of mountain forests against snow avalanches and floods after 
heavy precipitation (Dorren et al. 2004). In open land, grazing herbivores can also 
influence the plant species composition. Because, in contrast to forests, on open 
land the entire vegetation is accessible to herbivores, they may reduce the phyto-
mass much more strongly. By grazing selectively, herbivores may further affect the 
interspecific competition more strongly than in forests. If grazing pressure is high, 
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whole plants are eaten or torn out of the ground, leading to small openings in the 
vegetation. Mechanical destruction of the vegetation through trampling by hoofed 
animals or by other large animals wallowing on the ground sometimes creates larger 
open spaces in the vegetation cover (Miles and Kinnaird 1979). Seeds dispersed by 
wind or by animals may germinate in the openings, and thus new plants become 
established. According to several studies, only a small proportion of the total phyto-
mass is used by wild ungulate populations on open land. Even in relatively unpro-
ductive habitats (e.g. arctic tundra), this is in the range of a few percent (Pavlov 
et al. 1994). In the Swiss National Park, with seasonally high-density populations of 
red deer, chamois, and Alpine ibex (Capra ibex L.), phytomass consumption is sig-
nificantly higher, ranging from 17% of the annual production in subalpine meadows 
to 83% in alpine grasslands (Schütz et al. 2006; Risch et al. 2013).

Moderate grazing by both wild and domesticated animals increases both the pro-
ductivity and the plant species diversity of pastures. In comparison, both ungrazed 
and overgrazed areas generally contain significantly less species. This phenomenon 
is explained by the intermediate disturbance hypothesis (IDH) (Grime 1973; 
Connell 1978; Fox 1979). On ungrazed sites, a few plant species grow faster and 
spread at the expense of other species. In the case of overgrazing, herbivores prefer 
certain more palatable plant species, which become rarer as a result. As these spe-
cies become rarer, the next most palatable species are grazed until finally only 
unpalatable species remain. These are either mechanically ‘defended’ (e.g. by 
spines or thorns) or chemically defended by secondary compounds that make them 
difficult to digest or even poisonous to herbivores. If overgrazing remains severe 
and persistent, unpalatable species may spread and finally cover the entire pasture, 
making it of little value to grazers (DiTomaso 2000). However, in the case of very 
heavy grazing and mechanical stress on the vegetation by livestock at high densities 
and depending on soil structure and nutrients, the vegetation may completely disap-
pear over large areas, leading to land degradation over large areas (Foss 1960).

13.2  Comparing Influences of Domesticated Animals 
and Wildlife on Vegetation

In contrast to wild animals, domesticated animals such as cattle and sheep may 
negatively affect their pastures more strongly and continuously and may even 
destroy vegetation completely. In all cases domesticated grazers use a significantly 
higher proportion of the phytomass than wild animals (Fleischner 1994). The reason 
for this is that for economic reasons the density of domesticated animals is almost 
always higher than that of wild animals. More importantly, however, farm animals 
almost always use a particular area for a longer period than wild animals do, since 
their grazing areas are usually enclosed.

Even very extensive grazing, e.g. with domesticated reindeer (Rangifer tarandus 
L.) in northern Scandinavia, may lead to large-scale degradation of the vegetation 
(Moen and Danell 2003). In northern Norway, the density of reindeer was relatively 
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low until the 1950s, with less than two animals per square kilometre. Reindeer used 
to be herded by semi-nomadic Saami people, who directed the grazing with the aim 
of not overusing the vegetation. Reindeer density has fluctuated considerably over 
the years. Severe winters with increased mortality were followed by years of lower 
density, allowing the vegetation to recover. In later periods, active herding of rein-
deer by Saami was abandoned to a large extent, and within certain limits, the ani-
mals moved independently in the grazing areas for most of the year. More recently, 
supplementary feeding of the herds with hay has prevented increased mortality as a 
consequence of adverse winter conditions. This allowed the density of reindeer in 
northern Scandinavia to increase to more than eight animals per square kilometre by 
the 1980s (Lempa et al. 2005). In the last few decades, grazing grounds have been 
increasingly sub-divided by fixed fences. The restriction of grazing reindeer to 
smaller plots locally led to severe overuse and even to the destruction of the plant 
cover (Fig. 13.1; Moen and Danell 2003). Once the vegetation is destroyed, it takes 
decades or even centuries for the vegetation to recover in the subarctic zone.

Historically overgrazing with domesticate animals led to extensive destruction of 
vegetation in various regions with long-lasting negative effects on the affected 
human populations (Diamond 2004). Already in the tenth century, grazing sheep had 
destroyed vegetation over large areas in Iceland (Thorsteinsson et al. 1971). This 
exposed the fine-grained volcanic soils to precipitation. Consequently, rain washed 
much of the island’s original topsoil into the sea leaving the land barren over large 
areas. In the Midwest of the USA in the 1930s, overgrazing with cattle and sheep led 
to the infamous ‘Dust Bowl’, in which wind blew away fertile soils over hundreds of 
kilometres (Foss 1960), resulting in the loss of extensive agricultural areas.

Fig. 13.1 In the interior of the Varanger Peninsula (Norway), fences limit migration of reindeer. 
The vegetation on the left side has been extensively destroyed by strong grazing pressure, while the 
vegetation on the right side of the fence is largely intact. (Photo: J. Senn)
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13.3  Influence of Large Herbivores on the Forest–
Grassland Distribution

Whether and to what extent large herbivores (according to Martin and Klein 1984) 
are capable of opening up closed forests and maintaining open habitats in the long 
term has been, and still is, the subject of controversial debate (e.g. Owen-Smith 
1987; Zoller and Haas 1995; Bunzel-Drüke et al. 1999; Bradshaw et al. 2003; Birks 
2005). Several studies from East Africa demonstrated that African bush elephants 
(Loxodonta africana Blumenbach) may clear forest and transform it into grassland 
(e.g. Buechner and Dawkins 1961). Also, for temperate areas it must be assumed 
that during interglacials and after the last Ice Age (about 12,000 years before pres-
ent), the large herbivores, which are extinct today, had a significant influence on the 
structure and species composition of the vegetation in forests as well as on open 
land (Gill et al. 2009; Sandom et al. 2014b). This raises the fundamental questions 
of how densely forested the primeval landscapes of Central Europe were under the 
natural influence of large herbivorous mammals and how quickly Central Europe 
reforested after the retreat of the ice sheets. These questions are still relevant today, 
for example, when defining ‘potential natural forest communities’ (Tüxen 1956; 
Ellenberg and Klötzli 1972). Is a ‘natural forest community’ influenced by herbi-
vores, or is it defined without relevant herbivore influences? If, in modern nature 
conservation and management, forests and their ecological processes, i.e. primeval, 
or primary forests with process protection, are to be preserved, the questions arise 
as to whether herbivore influences are among the processes to conserve and what 
densities of mammalian herbivores could be reached without human influence. This 
discussion already began over a hundred years ago with the assumption that the 
Hungarian ‘puzsta’ (a vast grassland also known as the Pannonian Steppe) was orig-
inally forest-free (Kerner and Marilaun 1863) and with Gradmann (1900), who 
developed a ‘steppe theory’ for the Swabian Jura (Gradmann 1933). Already at the 
beginning of the twentieth century, a controversy arose around the question of the 
extent of forested habitats in primeval Central Europe (e.g. Tüxen 1931). One side 
argued that the so-called megaherbivores had created large-scale savannah land-
scapes in Central Europe and that these herbivores were able to maintain them (Vera 
2000). The other side rejected any influence of the megaherbivores on the forest–
open land distribution before the Neolithic Revolution about 7500 years ago, when 
hunter–gatherer societies adopted agriculture and largely sedentary lifestyles (e.g. 
Zoller and Haas 1995). According to this side of the argument, open habitats in 
Switzerland were created by anthropogenic fires and thus existed only since then 
(Gobet et al. 2010).

Until recently, natural densities and population fluctuations of the large herbi-
vores in primeval habitats of temperate latitudes have been unknown. The majority 
of hoofed species in this zone disappeared during and after the last Ice Age (Owen- 
Smith 1987), most likely exterminated, or their disappearance at least accelerated, 
by early human societies (Sandom et al. 2014a). In addition, the tarpan or forest 
horse (Equus ferus ferus Boddaert) and the aurochs (Bos taurus primigenius 
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Bojanus; van Vuure 2005) became extinct as a result of uncontrolled hunting in 
historic times. In the surviving large herbivore species, almost all populations are 
now managed to a greater or lesser extent, i.e. population densities and population 
sizes are controlled, mainly by hunting (Apollonio et al. 2010). In almost all cases, 
the population densities achieved are well below the carrying capacity of the habitat 
that may be reached without human intervention (Sinclair 1997). In most cases, 
wildlife population management aims to prevent large fluctuations in size and den-
sity of the animal populations (Kenward and Putman 2011).

On the one hand, sustainable hunting aims not to overuse wildlife populations, 
i.e. population densities should not fall below a defined density. On the other hand, 
forest management sets an upper limit for herbivore densities in order to control and 
limit the influence of wildlife browsing on young trees. However, most wildlife 
populations today live in habitats influenced by humans to a greater or lesser extent. 
Herbivores mainly stay in the forest, but they have access to diverse agricultural 
areas with seasonally rich food supply. Agricultural areas are mainly used for feed-
ing during the night. Landscapes consisting of a small-scale mosaic of interlocking 
forest and agricultural areas often facilitate easy access to the agricultural fields and 
thus may sustain locally dense wild ungulate populations.

Nowadays the few remaining larger primeval temperate forests of Eastern Europe 
and Asia are largely devoid of wild ungulates. While these forests have hardly been 
used for forestry purposes, the hoofed animals originally found there have been 
reduced to small remnants through intensive, uncontrolled, or illegal hunting. Thus, 
there are no longer any ‘reference systems’ to study the development of forests or 
natural grassland under the influence of a natural herbivore guild.

Bradshaw et al. (2003) investigated the influence of large herbivore faunas on 
vegetation, and particularly on the forest–open land distribution, during the last 
500,000 years in Central and Northern Europe and discussed the importance of 
large herbivores for today’s forest ecosystems. Earlier interglacial periods were 
characterized by species-rich large herbivore faunas, which in many studies are 
referred to as ‘megafauna’ (Table 13.1). During the last seven interglacial periods 
(warm periods), the number of large herbivore species remained more or less steady. 
It was only during and shortly after the last Ice Age that about half of the large her-
bivore species became extinct (Owen-Smith 1987). The role of humans in the 
extinction of these species remains controversial (Martin and Klein 1984; Koch and 
Barnosky 2006; Firestone et al. 2007). However, it is striking that on several conti-
nents and large islands, several large-bodied species, or even the entire megafauna, 
became extinct shortly after the arrival and spread of humans (Martin and Klein 
1984; Koch and Barnosky 2006). In contrast, species in regions not used, or little 
used, by human populations sometimes survived several thousand years longer than 
in regions populated earlier by humans (Stuart et al. 2004). In Europe and western 
Asia, the populations of surviving large herbivore species decreased shortly after 
the beginning of agriculture in the Neolithic era, or they even became locally extinct 
(e.g. Aaris-Sørensen 1980). In the recent past, the populations of some of the surviv-
ing large herbivore species have begun to increase again as a result of efficient legal 
protection and regulated hunting. Today some of these species occur locally in 
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Table 13.1 Ungulate faunas from British interglacials. Alces, Palaeoloxodon, and Mammuthus 
were not recorded at the respective British sites but were abundant at adjacent continental sites at 
520,000 years before present and are thus represented by the X in brackets ‘(X)’

Interglacials
Approximate start in thousands of years before 
present 700 620 520 410 330 240 130 11.5

Cervidae
   Megaloceros savini (giant deer) X X X
   M. verticornis (giant deer) X X
   M. dawkinsi (giant deer) X X
   M. giganteus (Irish giant deer) X X X X
   Alces latifrons (broad-fronted moose) X (X)
   Alces alces (moose) X
   Cervus elaphus (red deer) X X X X X X X X
   Dama dama (fallow deer) X X X X X X
   Capreolus capreolus (roe deer) X X X X X X X
Bovidae
   Bison schoetensacki (woodland bison) X X X X X X X
   Bos taurus primigenius (aurochs) X X X X X
Suina
   Hippopotamus amphibius (hippo) X X
   Sus scrofa (wild boar) X X X X X X X
Rhinocerotidae (rhinoceroses)
   Stephanorhinus hundsheimensis X X X
   S. kirchbergensis X X X
   S. hemitoechus X X X X
Equidae
   Equus ferus ferus (wild horse) X X X X X
   E. hydruntinus (European wild ass) X X X X
Proboscidae (elephant/mammoth)
   Palaeoloxodon antiquus X (X) X X X X
   Mammuthus trogontherii X X (X) X
Total number of species 12 12 11 12 11 12 10 5

After Bradshaw et al. (2003)

unprecedented high densities (Bradshaw and Mitchell 1999). Because of reduced 
species diversity, the influences on vegetation today must be fundamentally differ-
ent from those of earlier more species-diverse herbivore faunas. Today the influ-
ences of the herbivores are mainly determined by density, i.e. with increasing 
density the influences become stronger and even less specific, while the influences 
of the more species-rich herbivore faunas of earlier times on the vegetation were 
structured and more diverse mainly as a result of interactions between the species 
and species-specific differences in foraging behaviour. These influences ranged 
from interspecific competition for food to facilitation, i.e. that one herbivore species 
opened up the food for another species or at least made it more easily accessible 
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(e.g. Fritz et al. 2002). In addition, the different herbivore species making up the 
fauna of earlier periods differed more in their diet or preferences for woody plants, 
grasses, and herbs than the few wild ungulate species still found today (Bradshaw 
and Mitchell 1999).

Diversity and abundance of individual plant species in past vegetation are com-
monly determined by analysing pollen stratigraphy in sediment cores (Huntley and 
Birks 1983). To a lesser extent, plant macrofossils are also used for this purpose 
(Watts 1978). In the Holocene, oak (Quercus spp.) and hazel (Corylus avellana L.) 
were very common in Central Europe (Vera 2000). These species indicate open 
forests. They regenerate only poorly or not at all in closed high forests. While it was 
previously assumed that small gaps, e.g. of fallen old, dead trees, were sufficient for 
successful regeneration of these species (Watt 1947), Vera (2000) claimed that 
larger open areas were needed for these light-demanding species to develop natu-
rally in frequencies indicated by the pollen quantities found in ancient sediments. 
According to Vera (2000), hoofed animals may clear the forest to such an extent that 
species such as oak and hazel may establish and survive. However, such open for-
ests would need higher densities of large ungulates over extended periods in order 
to remain sufficiently open. Pollen analyses as well as findings of macrofossils of 
herbivores have shown that light-demanding tree and shrub species as well as large 
herbivores, which could potentially keep the forests open, were present in Europe 
prior to significant anthropogenic influence (Bradshaw et  al. 2003). Vera (2000) 
derived his hypothesis mainly from observations and experiments in nature reserves 
where ungulates were used to prevent the development of closed high forest and 
instead to maintain a structurally rich, relatively open landscape. Such reserves 
showed a cyclical turnover of the vegetation through four stages (Fig. 13.2). In the 
first stage, the open landscape contained only a few larger trees. The vegetation 
consisted mainly of grasses, herbs, and dwarf shrubs. Herbivores grazed most of the 

Fig. 13.2 Vera’s model consists of four development phases ranging from an open landscape with 
scattered large trees to closed forest, which, through a decay phase, develops back into an open 
park landscape. (After Kirby 2004)
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vegetation but avoided emerging thorny bushes. These shrubs then spread at the 
expense of the rest of the vegetation which led to the second stage. When the thorny 
shrubs covered large enough areas, trees could regenerate within the thorny shrub 
area undisturbed by the herbivores. The number and density of trees increased, and 
they grew up until their crowns closed to forest. In this third stage, relatively few 
plants grew in the shade of the canopy, and they were almost completely used as 
food by the herbivores. Regenerating tree seedlings were also mostly eaten. High 
forest remained lacking regeneration. In the fourth stage, the overaged forest col-
lapsed, leading again to the first stage, an open landscape with scattered large trees.

Vera (2000) derived his hypothesis from observations in spatially limited, in 
most cases closed, i.e. fenced, nature reserves. Here high-density herbivore popula-
tions exert strong pressure on the vegetation they feed on throughout the whole 
area – a situation that can be found, for example, in the 6000 ha Oostvaardersplassen 
(Fig. 13.3) in the Netherlands. However, when applied to a much larger, topographi-
cally more structured landscape and more variable grazing pressure, such a scenario 
seems less realistic.

Kirby (2004) suggests a temporally and spatially variable scenario for larger 
areas. Accessibility to herbivores varies in different parts of the landscape, and her-
bivore populations fluctuate strongly over time, depending on, for example, patho-
gen outbreaks or very snowy winters which limit access to food (Fig. 13.4). The 
driving force in Kirby’s model remains Vera’s cycle. However, in addition to Vera’s 
model, Kirby’s landscape includes areas that are permanently covered by forest 
owing to poor accessibility for herbivores. These forests may expand during periods 
with low-density herbivore populations. On the other hand, there are parts of the 

Fig. 13.3 In the 6000 ha large nature reserve Oostvaardersplassen (Netherlands), about 1000 red 
deer graze together with about 700 Heck cattle and Konik horses largely free from human interven-
tion. (Photo: J. Senn)
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Fig. 13.4 Differences in space (accessibility for herbivores) and time (strongly fluctuating popula-
tion densities of herbivores) could shift the balance between Vera’s cycle, permanently open grass-
land and permanently closed forest over longer periods and larger areas. (After Kirby 2004)

landscape where herbivores are concentrated for longer periods, preventing growth 
of trees and thus keeping these sites permanently open. Other parts of the landscape 
are subject to fluctuating herbivore influences according to the cycle postulated by 
Vera (2000).

Analyses of Holocene deposits from Ireland revealed large amounts of pollen 
from light-dependent oaks and hazel (Mitchell 1988). Aurochs, bison, and wild 
horse or any other large herbivores, however, did not occur in Ireland at that time 
(Woodman et al. 1997). This shows that, at least in Ireland, these animals could not 
have created favourable conditions for light-demanding plant species (Mitchell 
2005). In deposits from Ireland, England, and continental Europe, large amounts of 
charcoal particles have been found in addition to pollen (Bradshaw et  al. 1997). 
These indicate that lightning-induced fires may have caused the creation of open 
areas in forests (Svenning 2002). Recent examples show that high population densi-
ties of hoofed animals have been able to keep forests open for extended periods after 
they were cleared by fire (Scholes and Archer 1997; van Langevelde et al. 2003). 
The work of Maxwell (2004) has shown that fires are not a new phenomenon and 
need not be related to human activities. Maxwell studied the vegetation and fire 
regimes during the last 9300 years in the open monsoon forests of northeast 
Cambodia. This savannah-like landscape was home to various deer and wild cattle 
species in high densities until well into the twentieth century (Wharton 1966). The 
concentration of charcoal particles was highest in the oldest layers (i.e. in the period 
from 9300 to 8000 years before present), and it was several times higher than today. 
The frequency of fires was found to be closely correlated with the amount of grass 
in the forests. The frequency and intensity of fires in northeastern Cambodia have 
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Fig. 13.5 In temperate forests, only grazing at very high ungulate densities prevents tree regrowth 
over long periods of time. (Photo: J. Senn)

been lowest in the most recent 2500 years. These data contradict the often-expressed 
fear by conservation professionals that human-made fires are too frequent today and 
that these disturbances could threaten the integrity of the monsoon forests and their 
biodiversity (e.g. Moore et al. 2002). On the contrary, fire is a key factor sustaining 
these ecosystems. Besides fire, extreme storm events may also open up forests on a 
large scale (Webb and Walker 1999). If herbivores are present at high densities, they 
can prevent development of closed forests dominated by a few species for long 
periods of time (Fig. 13.5; Bond and Keeley 2005). However, large trees uprooted 
by storms may also provide safe sites protected from browsing herbivores where 
young trees may regenerate and become established (Moser et al. 2008).

Recent studies from the northeastern USA based on palynological data have 
demonstrated that open coniferous forests with a low proportion of broadleaved 
deciduous trees and larger proportions of grasses and herbs prevailed after the end 
of the last Ice Age (Gill et al. 2009). At the same time, large herbivores at high den-
sities were found in these areas. These megaherbivores were mainly feeding on 
broadleaved species as well as on grasses and herbs. The density of the herbivores 
was determined by spores of fungi of the genus Sporormiella (Ellis and Everhan) 
living in the intestines and faeces of ungulates, which were found in the sediments 
together with the pollen. Analyses of frequencies of Sporormiella spores show that 
with the advancement of the newly immigrated humans in North America, the popu-
lations of large mammals decreased rapidly and almost completely disappeared 
about 10,000 years before present. After the megaherbivores disappeared, the com-
position of the forests changed dramatically. The abundance of broadleaved species 
increased strongly, and coniferous species became rarer. After the extinction of the 
megaherbivores and before the establishment of predominantly broadleaved forests, 
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forest communities existed, whose species composition differed significantly from 
earlier and later forest communities. In addition, the forests became denser, and 
most probably because of the lack of herbivores, highly combustible dead and dry 
plant material accumulated leading to large and frequent forest fires, as indicated by 
increasing amounts of charcoal particles in the sediments of this period (Gill 
et al. 2009).

One of the few recent examples that demonstrated that grazing ungulates may 
open up forests and convert them into grasslands was found in northern Scandinavia. 
In a meta-analysis, Lempa et al. (2005) investigated the influence of grazing rein-
deer on vegetation development. Pairwise comparisons of areas with and without 
grazing from 38 studies were used. The results showed variable influences of rein-
deer on different vegetation parameters (Fig.  13.6). The strongest influence was 
found for lichens. If the reindeer grazing density was greater than two per square 
kilometre, the proportion of soil surface covered by lichen decreased significantly. 
For downy birch (Betula pubescens Ehrh.) and silver birch (B. pendula Roth), leaf 
mass as well as stem number decreased if the number of reindeer was greater than 
this density. On the other hand, both the coverage of grasses and sedges and their 
biomass increased with grazing intensity. The density of ericaceous shrubs and even 
more so the density of birch seedlings varied strongly and seemed not to be related 
to reindeer feeding. This meta-analysis thus revealed that under the current influ-
ence of reindeer, a decrease in forest cover and an increase in open grassland may 
be expected in the medium to long term.

The proponents of the high forest hypothesis (e.g. Zoller and Haas 1995; Birks 
2005) do not assign any significant influence of herbivores on forest cover. According 
to them, large ungulates have not played any role in forest development, and thus 
are not relevant for the dynamics in today’s natural forests either. The authors men-
tioned above derived the high forest hypothesis from studies on current semi- natural, 
i.e. little managed forests (Peterken 1996). They concluded that the forests which 
developed after the end of the last Ice Age did not differ from the closed, dark pri-
meval/primary forests of the temperate zone, which are still to be found as remnants 

Fig. 13.6 Reactions of various pasture components to reindeer grazing in the downy birch zone of 
northern Scandinavia. (After Lempa et al. 2005)
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in Europe and in the northeastern USA.  Open forests should, therefore, be the 
exception and only occur on sandy, nutrient-poor soils or on seasonally flooded 
sites. Examples from Denmark show that such light forests are well represented in 
regional palynological data (Odgaard 1994). In closed high forest, tree regeneration 
occurred in small openings after single old trees fell to create gaps in the canopy 
(Yamamoto 2000). In this hypothesis, the sporadic occurrence of pollen of light- 
demanding plant species found in palynological data from high forests was not con-
sidered as evidence for large herbivores affecting forest structure and distribution. 
However, the high forest hypothesis cannot explain the large-scale and long-lasting 
occurrence of oaks and hazel in the Holocene and the survival of many other light- 
dependent plant species in Central Europe (Ellenberg et al. 1991).

13.4  Management of Protected Areas with Wild 
and Domesticated Ungulates

The extinction of the two largest herbivore species, the wild horse (Equus ferus 
ferus) and the aurochs (Bos taurus primigenius), in Central Europe in historic times 
must have changed both the species composition of the flora and small animal fauna 
in closed forests as well as in open habitats (examples in Finck et al. 2004).

According to Pykälä (2000), traditional agriculture at least partially compen-
sated for the natural processes that were lost through the reduction of the original 
ungulate fauna as well as through the extensive suppression of any further distur-
bance such as fire. The traditionally managed landscape thus preserved many biotic 
elements of the primeval landscape. Also in forests, after the disappearance of the 
large herbivores, humans took over the role previously played by the large herbi-
vores by extracting trees and clearing forest (Bocherens 2018). Plants as well as 
animals depending on sufficient light found adequate habitats in the traditional 
mowing and grazing systems and in clearings in forests. Most of the species in these 
human-made open habitats were species originally found in Central Europe. 
Increasing intensification in modern agriculture has reduced habitat diversity and 
led to the local extinction of many of these species. Large-scale industrialization in 
modern agriculture thus depleted species diversity over large areas. Conservation 
measures at a larger scale were feasible only on alternative land such as nature 
reserves or on former agricultural land abandoned for economic reasons. Here spe-
cies and natural processes may be promoted and conserved by using domesticated 
ungulates to substitute for the functions of their extinct ancestors (Bunzel-Drüke 
2001). In the recent past, ancient and robust cattle and horse breeds have been used 
to manage the vegetation in a targeted manner in an increasing number of nature 
reserves (WallisDeVries et al. 1998).

Compared to the wild ungulates still found today, domesticated cattle and horses 
are relatively unselective and adapted to fibre-rich food. They are, therefore, suit-
able for control of abundant and large plant species. Since the wild ancestors of 
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horses and cattle are extinct and the present wild ungulate species differ in terms of 
grazing behaviour and food selection, cattle and horses, and particularly the ‘back- 
bred’ Heck cattle (Fig. 13.7) and Konik horse (Fig. 13.8), are ideal for use in nature 
conservation and management (Vera 2000). Woody plant species make up a high 
proportion of the cattle’s diet (Buttenschøn and Buttenschøn 2013), while the horses 
mainly eat grasses (Cosyns et al. 2001). Thus, the two herbivore species comple-
ment each other well (Loucougaray et al. 2004). If these animals are used in large 
enough areas of pasture, spatially variable grazing pressure will lead to diverse 
habitats (Pykälä 2000; Gilhaus et al. 2014), which may be used by various plant and 
animal species leading to a landscape close to the original natural landscape.

While the use of large herbivores so far in most cases has been limited to rela-
tively small, often ‘fenced-in’ nature reserves, in recent years some large-scale 
‘rewilding’ experiments have been started in North America as well as in Europe 
(Pereira and Navarro 2015). The aim is to restore large areas in economically mar-
ginal areas where agriculture has been abandoned into a semi-natural state with all 
the original biodiversity being present. The ‘reconstruction’ of the herbivore fauna 
including wild cattle and horses, as well as their large predators, such as brown bear 
(Ursus arctos L.) and grey wolf (Canis lupus L.), is part of the effort to restore entire 
landscapes to their original wild state, including the physical and biological distur-
bance processes that originally took place in them (Navarro et al. 2015).

Fig. 13.7 The Heck cattle back-bred from ancient cattle breeds may closely resemble the aurochs 
(Bos taurus primigenius), which became extinct in the seventeenth century. With a high proportion 
of woody plants in their diet, these cattle may control regrowth of scrubs and trees in nature 
reserves. (Photo: J. Senn)
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Fig. 13.8 The Konik horse strongly resembles in size and appearance the wild forest horse or 
tarpan (Equus ferus ferus), which became extinct at the beginning of the twentieth century. As a 
specialized herbivore, which prefers grazing repeatedly on the same patches, it may promote spa-
tial diversity in the vegetation of nature reserves. (Photo: J. Senn)
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Chapter 14
Forest Management

Peter Meyer  and Christian Ammer 

Abstract From an ecological perspective, forestry interventions can be defined as 
disturbances actively implemented at different spatial scales with the aim of obtain-
ing a variety of forest-based ecosystem services. By changing the spatial and tem-
poral distributions of resources, they alter competition between trees at the 
individual, species, and generational levels. In addition to silvicultural measures in 
the strict sense, drainage, liming, and pest control also constitute ecological distur-
bances. The diversity of stand and landscape structures that result from natural and 
forestry-initiated disturbances has important consequences for biodiversity. 
Forestry-initiated and natural disturbances have many similarities and also major 
differences. Ecologically oriented forestry practices are those that integrate the 
essential elements and attributes of the natural disturbance regime into forest 
management.
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14.1  Importance of Disturbance Ecology 
for Forest Management

Forestry practices in Central Europe have changed profoundly, especially since the 
1980s. Instead of the management of pure, even-aged stands with the primary goal 
of timber production, forestry has been increasingly understood as the management 
of complex ecosystems with multiple objectives at different spatial scales (Kohm 
and Franklin 1997). With the increasing recognition that the complexity and diver-
sity of forests, and thus the ecosystem services they provide, depend largely on the 
impacts of disturbances, an understanding of the effects of natural and management- 
related disturbances has become of central importance.

In forestry, the emulation or integration of natural disturbances is often seen as a 
promising approach for maintaining biodiversity at different levels (from the gene 
pool level to the species level to the ecosystem level) (Franklin et al. 2002; North 
and Keeton 2008) and to reduce management efforts according to the principle of 
“biological rationalization” (Schütz 1996; Puettmann et al. 2009). Close-to-nature 
forestry practices have a long tradition in Central Europe, especially in Germany 
(Gayer 1886; Möller 1923), and the corresponding management concepts have still 
developed further (Pommerening and Murphy 2004; Schmidt 2009). Recently, new 
concepts have evolved which give priority to natural processes over explicit produc-
tion targets (Sturm 1993; Otto 1995 with critical discussion, Puettmann et al. 2009).

Studies of European primeval forests (Leibundgut 1993; Korpel 1995) as well as 
the establishment and monitoring of set-aside forests (Bücking 1997; Meyer 1997) 
have led to improved understanding and greater appreciation of natural disturbances 
for the dynamics of forest ecosystems (Meyer et al. 2004; Brang 2005; Svoboda 
et al. 2012; Trotsiuk et al. 2014; Hobi et al. 2015; Winter 2015). Such insights have 
formed the basis of close-to-nature forest management, even if, due to climate 
change, the disturbance regime of the past may be of limited applicability as a refer-
ence for the future (Puettmann et al. 2014).

14.2  Historical Changes in Forest Management

Central European forests have a long history of use, dating back thousands of years. 
Ever since the Neolithic period, forests have been cleared for the establishment of 
agricultural land and the extraction of firewood and timber and to increase pasture-
land and hunting grounds (Grober 2013). The different forms and intensities of 
forest utilization resulted in changes in the extent, duration, and type of anthropo-
genic disturbances, and they have changed the tree species composition of forests 
(Firbas 1949; Ellenberg et al. 2010) (Fig. 14.1). In the Middle Ages, complex man-
agement systems, including the establishment of coppice and coppice with standard 
forests, were already oriented toward sustainable multiple use and ensured simulta-
neously firewood and timber supply as well as pastureland. With the upswing of 
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Fig. 14.1 The development of historical and recent forest and agroforestry management systems. 
The predominant system in use today is high forests. Continuous arrows indicate significant devel-
opment and dotted arrows less significant development. (Adapted from Ellenberg 1996)

modern forestry during industrialization, the locally and regionally heterogeneous 
management systems were transformed to high forests on a large scale and managed 
predominantly for wood production.

14.3  Evaluation of Disturbances in the Forest

Generally, the management of natural resources aims at minimizing the disruptions 
to production. In particular, the simplification of forest structure in the form of even- 
aged pure stands and the standardization of interventions aimed at controlled and 
predictable wood supply (Puettmann et  al. 2009). However, it gradually became 
clear that this management strategy resulted in forests that were more vulnerable to 
unanticipated natural disturbances (Holling and Meffe 1996). Modern approaches 
to forest utilization, therefore, aim at diversifying forest area units, interventions, 
and structure (Wagner 2007). Moreover, the spectrum of tolerated forest distur-
bances has changed considerably in recent decades. Thus, in the 1970s, area-wide 
windthrows and bark beetle infestations were perceived exclusively as catastrophes 
(Kremser 1973), whereas today such disturbances are handled in a more nuanced 
manner (BUWAL 2000; Brang et al. 2015). After the drought period of 2018–2020, 
extensive areas of bark beetle infestations characterize the landscape, not only in 
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Fig. 14.2 Bark beetle infestations at Mount Lusen, Bavarian Forest National Park (Germany). 
(Photo: NW-FVA)

protected areas (Fig. 14.2) but also in production forests. At the same time, there is 
less acceptance of larger anthropogenically caused disturbances. The increasingly 
critical view of activities such as clear-cutting and shelterwood cutting (Fig. 14.3) 
motivated the development of wood certification systems to ensure that wood pro-
duction and forest management are carried out in a sustainable manner with respect 
to economic, environmental, and social criteria and that take into account the inter-
ests of various stakeholder groups (FSC Arbeitsgruppe Deutschland 2012).

14.4  Comparison of Natural and Anthropogenic 
Forest Disturbances

The similarities and differences between natural and anthropogenic forest distur-
bances can be assessed based on various criteria, especially the type of disturbance, 
the strength of the disturbance (affected biomass per unit area), the spatial extent of 
the disturbance, the frequency of recurrence in the same area, and the consequences 
for the tree population (Tables 14.1 and 14.2).

Both forestry practices and natural disturbances often result in the removal of 
trees from the living stand and thus reduce stand density. However, while in forestry 
a large part of the biomass is removed, in natural disturbances all of the biomass 
typically remains in the ecosystem. Thus, a major difference between natural and 
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Fig. 14.3 A beech stand after shelterwood cutting favouring regeneration of oak. The image was 
originally labelled in Kaiser et al. (2012) as representing a clear-cut. (Photo: Andreas Varnhorn/
Greenpeace)

anthropogenic forest disturbances is the amount of deadwood left in the forest. For 
natural disturbances that do not lead to the death of trees but only to a reduction in 
their vitality, such as diseases or irregular flooding, there are very few analogies in 
modern forest management systems. An exception is prescribed burning to reduce 
combustible biomass or initiate natural regeneration, the effect of which on the soil 
and tree populations may resemble that of natural fires (Pyne et al. 1996; Kraus and 
Zeppenfeld 2013). Some forestry measures, such as the “snapping” of trees during 
thinning (see Sect. 14.6.2), do not directly cause tree death and have a natural equiv-
alent. Conversely, forest interventions like road building, drainage, and soil cultiva-
tion have no natural counterparts.

In most cases, natural disturbances occur irregularly and create heterogeneous 
spatial patterns (Turner 2010). This is only partially the case for forest interventions, 
which instead tend to create more homogeneous spatial effects (however, see Sect. 
14.6). Natural disturbances typically create wide, irregular transition zones (eco-
tones) between disturbed and undisturbed areas, whereas anthropogenic forest dis-
turbances such as road building have largely linear effects with narrow transition 
zones. Also, the designation of management units results in linear borders.

In addition, the phases of forest development following natural disturbances dif-
fer from those that result from anthropogenic disturbances (Fig. 14.4) (Leibundgut 
1993). For many years, trees of advanced age as well as uncleared, deadwood-rich 
windthrows, and areas affected by bark beetle infestations did not occur in regularly 
managed high forests. However, silvicultural systems are increasingly being 
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Table 14.1 Typology of natural disturbances in forests compiled in view of the concepts of Oliver 
and Larson (1990), Richter (1997) and Roberts (2004)

implemented in which old trees are not harvested but are instead retained as legacy 
trees (see Gustafsson et al. 2012; Sect. 14.6.3.1). Given the shortened life cycle of a 
commercial forest, the temporal distribution patterns of forest disturbances will dif-
fer depending on the silvicultural system. Harvesting, as the largest disturbance, 
usually starts in the “optimum” development phase (Fig. 14.4) and may extend over 
several decades (Fig. 14.5). In natural broadleaved and mixed forests of the temper-
ate zone, disturbances are rare during this phase (Fig. 14.4), and tree mortality is 
typically low (Holzwarth et al. 2013).

14.5  Silvicultural Systems as Anthropogenic Disturbances

Silvicultural interventions are characterized by the type, strength, and cycles of tree 
removals or tree enrichments carried out over the course of a stand’s life for the 
purpose of stand maintenance, timber harvesting, and the establishment of tree 
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Table 14.2 Typology of forest-related disturbances in high forests

regeneration. A distinction is usually made between coppice, coppice with 
standards, and high forest silvicultural systems.1 In all three systems, the average 
living biomass during the course of the management cycle is generally less than that 

1 According to Vergani et al. (2017) the systems are defined as follows:

coppice: the cutting of the stems of young trees or shrubs close to the ground, causing them to 
resprout and to re-establish the canopy, or an area so treated.

coppice with standards: forest or stand consisting of coppice among which a number of trees 
(standards), that are generally of seedling origin, are retained on a long rotation to provide large 
material and seeds to regenerate the forests.

high forest: a forest management system which allows the trees to grow to at least two-thirds of 
their ultimate height, as opposed to earlier cutting or coppicing where a much lower canopy 
is formed.
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Fig. 14.4 Development of biomass (center) and frequency of natural disturbances (bottom) during 
the different developmental phases of a tree cohort (top) in broadleaved and mixed broadleaved–
coniferous forests of the temperate zones. Derived from conceptual models developed by Watt 
(1947), Korpel (1982) and Oliver and Larson (1990)

of an undisturbed forest stand (Fig. 14.4). Actually, “the coppice system involves 
reproduction by [stump] shoots or suckers. When felled near ground-level, most 
broadleaved species, up to a certain age, reproduce from shoots sent up from the 
stump” (Troup 1928). The coppice and coppice with standard systems are typically 
managed in the form of a spatially coherent system of cutting (felling) areas in 
which a proportion of the area is cut each year and managed on a rotational basis. 
Since timber is harvested from a different area each year, the number of fellings 
corresponds to the length of the rotation period. For coppice forests, rotation periods 
of 15–20 years are common and for coppice with standards 20–30 years. Coppice 
forests are mainly used to produce small poles and firewood as the tree stems are 
typically small.
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Fig. 14.5 Schematic development of the aboveground woody biomass of an undisturbed tree 
cohort (a) compared to that of a high forest with a temporally extended harvest (b), a coppice (c), 
and a coppice with standards (d)

Coppice with standards is composed of the vegetatively regenerated coppice 
layer and individual trees that emerged from seeds. The seedling trees eventually 
form a loose sub-canopy whose crowns cover 30–50% of the area (Fig.  14.6). 
Firewood resulting from the coppice layer and sawlogs from canopy trees are the 
main products of these forests. In the past, interventions were often combined with 
the establishment of pastures below the canopy trees. In Central Europe, the average 
aboveground biomass in coppice forests has been estimated at 60 t ha−1 (±38 t ha1) 
and in coppice with standard forests 103 t ha−1 (±58 t ha−1) (Albert and Ammer 
2012). High forests are distinguished by a significantly higher maximum biomass of 
>400 t ha−1, depending on the tree species and with large fluctuations over time. 
Wood growth is significantly higher in high forests than in coppice and coppice with 
standard forests (Albert and Ammer 2012). The primary goal in high forests is the 
production of sawtimber.

Because of the mosaic-like divisions resulting from the different felling areas, 
coppice and coppice with standards offer a wealth of edges and different develop-
mental phases that within a small area provide a high species and structural richness 
(Schröder 2009; Fartmann et al. 2013). However, the practices that give rise to these 
areas have become rare in Central Europe. Moreover, this forest management 
regime cannot be compared to natural disturbances, as neither the regular spatial 
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Fig. 14.6 Typical structure of a coppice with standards forest 1 year after cutting of the shrub 
layer, Liebenburg forest of Lower Saxony in the northern Harz region of Germany. (Photo: NW-FVA)

pattern of successive areal disturbances nor the vegetative regeneration within these 
areas is found in natural forests in Europe. The exceptions are subalpine bushes and 
mountain pine forests, both of which are exposed to regular rockfall and small ava-
lanches. In addition, consistent coppice and coppice with standard forest manage-
ment give sprouting tree species a clear competitive advantage (Matula et al. 2012). 
There is also a certain resemblance between the canopy layer of coppice with stan-
dard forests and windthrow areas, where 30–50% of the stand may survive. However, 
the quality of the remaining trees is very different: In the coppice with standards 
stand vital trees with large crowns predominate, whereas in natural windthrow areas 
trees in poor and intermediate condition remain together with partially damaged 
trees (Fig. 14.7).

A much greater similarity exists between managed high forests and natural 
broadleaved and coniferous forests. Trees in high forests nearly reach their maxi-
mum natural height, and by the time stands are harvested, they can achieve a com-
parably high biomass. For example, the biomass of a 60-year-old Douglas fir 
(Pseudotsuga menziesii [Mirb.] Franco) stand may be already half that of a 450-year- 
old natural forest of Douglas fir and western hemlock (Tsuga heterophylla [Raf.] 
Sarg.) (Barnes et al. 1998). Note that a typical rotation for Douglas fir in Central 
Europe is 80 years. In German high forests of European beech (Fagus sylvatica L.), 
the volume stock at 120 years (yield table of Wiedemann 1931) corresponds to the 
average stock of a primeval European beech forest (582 m3 ha−1; Hobi et al. 2015). 
The average stock of 30- to 120-year-old beech high forests of equal area is about 
350 m3 ha−1. In these comparisons, the respective removals in the course of manage-
ment and the amounts of deadwood left in the forest must be taken into account. In 
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Fig. 14.7 An 8-ha windthrow that occurred in 2014 in the primeval beech forest Havešová, eastern 
Slovakia. (Photo taken in 2015; © Peter Meyer, NW-FVA)

the primary beech forests of the Western Carpathians investigated by Hobi et al. 
(2015), the amount of deadwood was 162.5 ± 8.4 m3 ha−1.

The regionally predominant natural disturbance regime will influence the assess-
ment of the closeness to nature of the different types of cutting. While small-scale 
disturbances dominate in temperate broadleaved forests (Fig. 14.8; Seymour et al. 
2002; Hobi et  al. 2015), large-scale windthrows, fires, and insect infestation are 
much more common in boreal forests. In high-elevation montane and subalpine 
locations, landslides and avalanches also lead to large-scale disturbances (Bebi 
et  al. 2009). However, these can also occur at lower elevations, such as in the 
European beech forests of southeastern Europe (Nagel et al. 2014; Hobi et al. 2015). 
Storm-damaged areas in European beech primeval forests (Fig. 14.7) and in natural 
forest reserves have also been documented (Willig 2002; Schmidt and Meyer 2015). 
Rare strong interventions over a larger contiguous area also contribute to a greater 
closenes to nature in nemoral broadleaved forests and are congruent with naturally 
occurring disturbances (Foster and Boose 1992). In principle, in terms of the amount 
of disturbed area, no cutting method can be considered unnatural as long as it does 
not occur significantly more or less often than naturally occurring disturbances 
(Fig. 14.8). Thus, silvicultural cutting methods do not create light conditions differ-
ent from those that can result from natural disturbances. However, in all other 
respects, such as deadwood dynamics, the consequences of almost all interventions 
in silvicultural systems differ significantly from those of natural disturbances.
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Fig. 14.8 Frequency and extent of the disturbances caused by different cutting regimes compared 
to natural disturbances in northeast American temperate broadleaved and mixed broadleaved–
coniferous forests (Seymour et al. 2002). The comparison zones reflect the recurrence of cutting 
events compared to the recurrence of natural disturbances in an area of the same dimensions, for 
example, a recurrence of group shelterwood cutting (“Femelschlag”) events every 100 years would 
be comparable to the natural disturbance regime

14.6  Disturbance Effects of Individual Forest Measures

In the assessment of disturbances, it is primarily their effects on the structures and 
processes of the concerned ecosystems that are decisive rather than whether they are 
anthropogenic or natural in their origin (Bazzaz 1983). Disturbances can abruptly 
change the density and thereby the competitive interactions in forest stands as well 
as the growth and mortality of trees and regeneration dynamics; consequently, they 
typically lead to a reorganization of the forest ecosystem (Fig. 14.9). Few forest 
management measures are so extreme that their impact exceeds that of the natural 
(undisturbed and disturbed) fluctuation range of the ecosystem. In the long run, 
many pioneer tree species can survive only if major disturbances occur, as they are 
unable to successfully regenerate in closed forests.
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Fig. 14.9 Assumed changes in stand density and population dynamics in forests induced by dis-
turbances: density (a), growth (b), mortality (c), and establishment of seedlings (d)

In general, forestry measures reflect two fundamental management decisions: (1) 
the selection of tree species and (2) the regulation of stand density (Schall and 
Ammer 2013). From an ecological viewpoint, the selection of tree species may lead 
to a significant deviation from the species involved in forest development under 
natural conditions at the same site, while the regulation of stand density influences 
intra- and interspecific competition and causes a redistribution of resources among 
the remaining trees (Ammer 2008). The interventions differ depending on a stand’s 
development phase. During the initial phase, they aim at regeneration establishment 
and securing sapling growth. In this case, the disturbances created by management 
may also address the competing vegetation. In young stands, trees will be removed 
by tending measures either because their stem quality is poor or to obtain a desired 
mixture of tree species. Here, the silvicultural disturbance disrupts natural intra- and 
inter-species competition because it does not always select trees that would have 
prevailed in the absence of human interference. In subsequent thinnings, the best 
quality trees or individuals of certain tree species are promoted by removing com-
petitors. Once the production target is reached, the stand is harvested. The effects of 
this type of disturbance will vary depending on the progress of the interventions and 
the amount of wood removed (see Sect. 14.6.3).
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14.6.1  Vegetation Management and Tending of Young Stands

Interfering ground vegetation is eliminated in favour of planted, sown, or naturally 
seeded trees (Davis et al. 1998). In contrast to North America and other parts of the 
world, where herbicides are frequently used for this purpose, in Central Europe 
management of ground vegetation is usually done mechanically (Ammer et  al. 
2011). The redistribution of resources due to vegetation management favours the 
growth of the desired young trees (Harrington et al. 1999) and leads to a change in 
biomass allocation. Thus, an increase in the amount of light is usually accompanied 
by an increase in root biomass in relation to the total biomass (Shipley and Meziane 
2002; Schall et al. 2012).

14.6.2  Cleaning and Thinning

The number of plants in a fully stocked even-aged stand decreases as the mean plant 
biomass increases. This fundamental relationship, the self-thinning line, is indepen-
dent of human influence (Reineke 1933; Yoda et al. 1963). This density- dependent 
mortality can be preempted by sufficiently strong interventions. During the thicket 
phase, that is, from canopy closure to the beginning of natural pruning which usu-
ally corresponds to a diameter at breast height of dominant trees of about 15 cm, few 
interventions are carried out to stop the natural dying-off process, especially in the 
case of broadleaved trees; instead, clearing consists only of the removal of single, 
qualitatively unsatisfactory individuals. In the case of coniferous trees, however, for 
reasons of stability (e.g. to avoid snow-induced breakage), a reduction in the stem 
number is often carried out already at this stage.

The effects of thinning depend on the frequency, strength, and type of thinning. 
So-called “thinning from below” essentially intervenes in the suppressed stand 
layer, so that changes in the competitive environment of dominant trees are largely 
insignificant. In contrast, interventions in the dominant stratum (“thinning from 
above” or “crown thinning”) have a much larger impact, as they increase the amount 
of resources available to the remaining trees. Depending on the age of the trees and 
the growth dynamics of the particular tree species, the remaining trees respond with 
an increased crown surface. After a certain time lag, this is reflected in a stand pro-
ductivity that may be higher than at maximum density, assuming that the density has 
not been excessively reduced (Assmann 1961; Pretzsch 2004; “growth accelera-
tion” in Fig. 14.9b). However, it remains unclear how long this increase in produc-
tion is maintained and whether the productivity achieved over the entire life span of 
a stand will be higher than that of an untreated stand (Curtis et  al. 1995; Zeide 
2001). The stand density at which maximum productivity is achieved depends on 
the age and mean diameter of the stand (Zeide 2004) and is lower for light- 
demanding than for shade-tolerant tree species (Pretzsch 2005). Thinning acceler-
ates individual plant development such that a certain target diameter will be reached 
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more quickly. In addition, crown thinning can ensure the survival of suppressed 
trees as well as the conservation of less competitive species. Examples include the 
promotion of oaks (Quercus spp.) or of other broadleaved tree species such as 
European ash (Fraxinus excelsior L.) and maple species (Acer pseudoplatanus L., 
A. platanoides L.) in European beech stands (Nüsslein 1995). This corresponds to 
natural forests where certain tree species are also favoured, for example, by the 
emergence of stand gaps during the regeneration phase (Poulson and Platt 1996).

As recent studies have shown (Kohler et al. 2010; Gebhardt et al. 2014), thinning 
also leads to temporarily reduced drought stress. This is because water loss due to 
interception is reduced, which allows a larger amount of precipitation to reach the 
forest floor (Stogsdili et al. 1992; Simonin et al. 2007) and also because stand tran-
spiration decreases significantly. The end result is an increase in the amount of 
available water (Aussenac and Granier 1988; Gebhardt et al. 2014). Analogous to 
light extinction, these effects are not proportional to stand density (Bréda et  al. 
1995). Thus, the effectiveness of an intervention depends on its intensity. However, 
very strong interventions can also lead to a lush growth of the ground vegetation 
(Son et  al. 2004). The positive effect of thinning on a forest stand continues for 
several years after a drought event. In the case of more frequent drought events 
(Lindner et al. 2014), repeated, strong interventions are among the effective mea-
sures allowing the adaptation of forest stands to climate change (Ammer 2017).

The effects of thinning on the mechanical stability of the stand and thus on its 
sensitivity to future disturbances in the forms of wind and snow can be classified in 
two successive phases. Immediately after thinning, there is a period where the sta-
bility of the stand decreases (Richter 2003; Albrecht et al. 2012); however, this is 
followed by a second, longer period of greater stability, as the morphological adap-
tations of individuals increase their resistance to mechanical stress. As a result of 
thinning, the height–diameter ratio decreases, and the crown length increases; both 
of these characteristics are thought to reduce the risk of windthrow (Mayer and 
Schindler 2002).

14.6.3  Final Harvest, Stand Regeneration

 Harvest of Mature Stands

Depending on the intensity of harvesting and the size of the affected area, harvest-
ing mature trees is accompanied by changes in the abiotic conditions of varying 
degrees, as the amount of light, the temperature regime, and the availability of 
belowground resources are affected. The removal of mature trees from a stand is 
usually the starting point for the establishment and/or development of tree 
regeneration.

The impact of harvesting operations differs mainly with regard to the affected 
area, the number of trees removed per intervention, the number of interventions, and 
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Fig. 14.10 Classification of the typical cutting methods used in harvesting wood and regenerating 
forest stands according to the amount of wood removed per sub-area, intervention, and the area 
affected by the intervention. The numbers indicate how often the interventions are carried out until 
the stand is fully harvested. For all cutting methods, the affected area (each circle represents a tree, 
circles with a cross are the trees removed during an intervention) and the development of the 
stand’s biomass (solid line: biomass of the mature trees (in case of plentering: total stand biomass), 
dotted line: biomass of the new tree generation) over time are shown (© Abt. Waldbau und 
Waldökologie der gemäßigten Zonen der Fak. f. Forstwissenschaften und Waldökologie der 
Georg-August-Univ. Göttingen)

the distribution of the removed trees (Fig. 14.10). The strongest changes are imposed 
by clear-cutting, in which no mature trees remain on the harvested area. The result-
ing changes in abiotic conditions are similar to those caused by large-scale natural 
disturbances (Fig. 14.11) and include increased differences between day and night 
temperatures, changes in wind speed and light conditions, changed amount of water 
reaching the forest floor, increased evaporation from the soil surface and transpira-
tion by vegetation on the felled area, decreases in air and soil moisture, and an 
increase in the litter decomposition rate, which may be accompanied by humus 
losses. In addition, the rate of nitrogen mineralization increases (Chen et al. 1993; 
Carlson and Groot 1997), which, depending on the rate at which the ground vegeta-
tion is re-established, may be associated with temporary nitrogen losses (Lindo and 
Visser 2003; Weis et al. 2006; Klinck et al. 2013). In terms of stand regeneration, 
these conditions favour early successional species and/or those that tolerate high 
irradiation but also frost, such Norway spruce (Picea abies [L.] Karst.) and Scots 
pine (Pinus sylvestris L.) (Fisichelli et al. 2014).

P. Meyer and C. Ammer



331

Fig. 14.11 Change in the soil temperature (5 cm depth, average values from June to September) 
as a function of the size of the area affected by the intervention. Note the exponential scale on the 
x-axis. The largest area represents a 1.5-ha clear-cut, the smallest a 60-m2 gap. (© Abt. Waldbau 
und Waldökologie der gemäßigten Zonen der Fak. f. Forstwissenschaften und Waldökologie der 
Georg-August-Univ. Göttingen)

Fig. 14.12 Radiation (DIFFSF = diffuse site factor in %) and the heights of regenerated beech in 
the inner and outer areas demarcated by a margin. (Figure adapted from Wagner and Spellmann 1993)

The complete removal of trees on a small area is carried out during certain group 
and strip felling silvicultural systems, such as gap cutting (German: Lochhieb; typi-
cal gap diameter of approximately 30 m; see Wagner 1999; Moslonka-Lefebvre 
et al. 2011) and strip cutting (German: Saumhieb; the width of the strip where all 
mature trees are removed usually corresponds approximately to the height of the 
trees; see Röhrig et al. 2006). In these cases, the change in environmental conditions 
is not as drastic as in clear-cutting. Both gap cutting and strip cutting lead to a gradi-
ent of ecological conditions that allows tree species with different light require-
ments to regenerate simultaneously (Fig. 14.12). In the case of strip cutting, the 
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amount of radiation on the forest floor increases progressively from within the stand 
to the stand edge to the harvested area. The availability of belowground resources 
increases accordingly. In the case of gap cutting, significant increases in the amount 
of light and in belowground resource availability occur toward the center of the gap 
(Ritter et al. 2005; Herrmann 2014). In the Northern Hemisphere, the highest radia-
tion will be found at the northern edge of the gap, assuming that the ground is level 
(Wagner 1999). For both gap and strip cutting, it takes years to decades until all 
mature trees of a stand are removed.

Also in the case of shelterwood (German: Schirmschlag) and group shelterwood 
(German: Femelschlag) cutting, tree harvest requires several interventions carried 
out over the same area and usually extending over several decades. As shelterwood 
cutting is always applied on the entire stand area, it creates relatively homogeneous 
ecological conditions, whereas in a “Femel” cutting, the initial tree removal is car-
ried out in discrete areas (usually between 500 and 1000 m2) and results in more 
heterogeneous resource conditions. In both cases, some mature trees are not 
removed during the initial interventions: in shelterwood cutting, the remaining trees 
are distributed over the entire area, and in a group shelterwood cutting, they can be 
found on both the discretely harvested and the untouched remaining areas of the 
stand. These mature trees reduce the resources available to seedlings (Ammer 2002; 
Petriţan et  al. 2011). The effect of cuttings on canopy closure is mainly used to 
control competition within tree regeneration and to enhance stem quality of sap-
lings. Von Lüpke and Hauskeller-Bullerjahn (2004) drew on the example of a very 
unevenly exposed 160-year-old beech stand (light availability at the forest floor 
ranging from 6% to 67% of open field conditions) to demonstrate the importance of 
canopy closure on the relationship between the height growth of oak and beech and 
thus the control of tree species composition in the tree regeneration layer. Five-year- 
old oak seedlings exposed to radiation above a certain threshold reached a greater 
height than did young beech of a similar age. However, only 3 years later oak needed 
a much higher threshold radiation level to outgrow beech, indicating that the amount 
of light required by oak to remain competitive with beech increases with age. An 
increase in the amount of light can be guaranteed by harvesting mature trees (Lüpke 
and Hauskeller-Bullerjahn 2004). Another important function of canopy density is 
that tree seedlings and sapling trees below the canopy of mature trees form fewer 
and thinner side branches because of the reduced light availability; this results in 
more trees with a straight and clear (i.e., with few and thin side branches) stem, 
meaning an increase in the future value of the timber from the stand (Weidig et al. 
2014). Another positive effect of shading mature trees is that the establishment of 
ground vegetation which competes with tree regeneration is limited (Kuuluvainen 
and Pukkala 1989; Ammer 1996).

A method in which only a few individual trees are removed and in single inter-
ventions is the so-called plentering or single-tree selection (Fig.  14.10; Schütz 
1994). By definition, in plentering, the growing stock of a stand should not exceed 
nor fall below a certain value, as either would result in the loss of the typical multi-
layered structure of the stand. The disturbance regime corresponds to a large extent 
to the small-scale gap dynamics of natural mixed broadleaved forests made up of 
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shade-tolerant tree species. Interruption of canopy closure presumably ensures the 
continuous regeneration of the stand.

The light and temperature conditions resulting from application of the plentering 
system are more uniform than those produced by the previously mentioned 
approaches for harvesting high forests (Burschel and Huss 2003; Ehbrecht et  al. 
2017). While even-aged stands, for example, resulting from the shelterwood sys-
tem, give rise to a mosaic of different developmental phases and differ between 
stands but much less within stands on the landscape level, Plenter forests are char-
acterized by a high within-stand heterogeneity but a low between-stand heterogene-
ity. It has been shown that the uneven-aged Plenter forests are economically feasible 
and less frequently damaged by storm events than even-aged forests (Knoke 1998). 
However, since conditions on the forest floor are relatively dark, the species diver-
sity of various taxa (other than trees) was found to be lower on the landscape level 
when compared to the even-aged systems, which provide a greater diversity of abi-
otic conditions (Schall et al. 2018).

Old and large trees are crucial for biodiversity, as they frequently provide micro-
habitats (Vuidot et  al. 2011; Larrieu and Cabanettes 2012), which are important 
habitats for rare species (Hofmeister et al. 2016). This is taken into account in the 
so-called retention method (Gustafson et al. 2007; Aubry et al. 2009), in which not 
all of the trees of a mature stand are harvested, but rather some are left permanently 
in the area, mostly in groups (approximately 10 trees ha−1), and continue to mature. 
After their natural death, their positive effects on biodiversity remain in the form of 
standing or lying deadwood (Müller and Bütler 2010; Seibold et al. 2015). Thus, 
these trees are in part taken up by the next forest generation. This approach is more 
close to nature than cutting methods characterized by complete harvesting, and it 
can contribute to the preservation of the forest biodiversity that relies on old trees 
(Rosenvald and Lõhmus 2008; Fedrowitz et al. 2014).

Regeneration Measures The harvest of mature timber is usually accompanied by 
measures supporting tree regeneration. There are, for example, occasionally addi-
tional measures, many of which are a disturbance for the ground vegetation, includ-
ing tillage and slash removal. While, especially in Scandinavia, soil preparation to 
encourage establishment of regeneration over large areas is common (Örlander 
et  al. 1996), in the temperate zones of Europe, it is used only occasionally, for 
example, to support the natural regeneration of pine (Lehnigk and Ammer 2012). In 
the past, ploughing, such as conducted in agriculture, was carried out to encourage 
tree regeneration, whereas today only the humus layer is “scarified” (i.e., partly 
removed to expose the mineral soil). Slash removal is usually carried out after cut-
ting procedures that produce a large quantity of wood per operation if the harvested 
area must immediately be made accessible and plantable, or for reasons of pest 
control (Lobinger 2006). Whereas the “slash” (i.e., the logging debris left after 
removal of stems during harvesting—foliage, smaller branches, etc.) was previ-
ously collected into large piles or strips in the stand, today it is occasionally removed 
and burned to generate heat and energy. Depending on the nutrient content of the 
soils, slash removal can involve a considerable loss of nutrients (Meiwes et  al. 
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2008); consequently, slash removal is often regulated in certification guidelines. As 
a rule, however, the slash is left in the forest. Planting measures under the canopy of 
mature trees— to close gaps caused by disturbances through planting fast-growing 
(possibly non-native) tree species or to convert a pure stand of one species into a 
mixed- species stand by establishing shade-tolerant tree species—are not distur-
bances in a strict sense, but they do influence the response of a forest ecosystem to 
a disturbance.

14.6.4  Indirect Effects of Forest Management

Forest Road/Track Network In actively managed forest landscapes, there is a 
permanent network of paved, truck-compatible access roads as well as rough tracks 
within the stands. The creation of a paved road results in several disturbances: An 
inner edge of the forest is created, the groundcover is removed, road construction 
material is brought in, and a side ditch is usually dug to provide drainage for the 
road. In the root zone, the water flow is altered to some extent. In addition, the infra-
structure also changes the water flow at the landscape level and has negative effects 
on running and still waters (Lindenmayer and Franklin 2002). In particular, on for-
est sites with a high groundwater table, roadside ditches serve as drainage for the 
adjacent forest stands. The smaller tracks may likewise act as drainage channels 
during heavy rainfall events and therefore accelerate surface runoff (Witzig et al. 
2004). In acidic forest landscapes, roads made of alkaline limestone gravel fre-
quently affect the flora adjacent to the road (Mrotzek et  al. 2000). Furthermore, 
forest roads facilitate the distribution of ruderal species and neophytes, as their 
seeds (and other propagules) are transported by vehicles (Ehbrecht et al. 2017) and 
by game stopping along tracks to feed (Heinken et al. 2005).

Unpaved rough tracks have a less pronounced effect because they are narrower 
and no material is brought in and do not usually have associated ditches. However, 
the use of heavy machinery (such as harvesters and transport vehicles) may result in 
soil compaction, which for sensitive soils leads to a restriction of the oxygen supply, 
waterlogging, and a reduction of the nitrogen supply (Hildebrand 2008; Ehbrecht 
et al. 2017). Compaction of loamy and clayey soils or of acidic soils with low bio-
logical activity is almost irreversible (Ebrecht and Schmidt 2005; von Wilpert and 
Schäffer 2006). Ebeling et al. (2016) showed recovery of the soil structure of bio-
logically active soils on limestone and on loess over sandstone 20 years after com-
paction caused by heavy machinery whereas sandy-loamy podzols showed little 
recovery over the same period.

Drainage Forest stands close to groundwater or on waterlogged sites are often 
continuously drained to allow their profitable management (see above). In the nine-
teenth and twentieth centuries, close-meshed drainage systems were frequently 
installed (Fig. 14.13). Until the 1980s, waterlogged sites in Germany were in many 
cases ploughed before planting (Dertz 1972; Fig. 14.14), but this practice has since 
then been discontinued for reasons of soil protection.

P. Meyer and C. Ammer



Fig. 14.13 The drainage system (blue lines) in a forest stand in the Solling Mountains, Lower 
Saxony (Germany). (Figure adapted from Küchler 2011)

Fig. 14.14 Ploughing using a disc harrow to prepare the conversion of a mire in the Reinhardswald 
(Germany) into a spruce stand. (Photo taken in 1928; photographer unknown; archive Prof. Dr. 
Gisbert Backhaus)
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On peatland sites, drainage results in strong ground subsidence and peat miner-
alization (Kuntze 1993), and on mineral sites drainage induces large changes both 
in water and nutrient balances and in the species composition of the ground vegeta-
tion. On periodically wet soils, drainage reduces the extremes of water levels. A 
more consistent water supply can have a positive effect on the vitality of forest trees, 
by shortening the phases of oxygen deficiency in the topsoil. This may alter the bal-
ance of competition since tree species widely differ in their tolerance of waterlog-
ging/flooding (Glenz et  al. 2006). However, while drainage increases the growth 
success of planted saplings, extends the time window when soil-friendly timber 
harvesting can take place, and thus indirectly reduces soil damage, its effects are 
often negative with respect to carbon storage, landscape water balance, and nature 
conservation (Niemelä et al. 2005).

Fertilization and Liming Harvesting of whole trees in combination with nutrient 
losses caused by acidic nutrient inputs can cause nutrient levels to fall below the 
amounts needed for a sustainable nutrient supply (Stüber et al. 2008; Waldner et al. 
2015). Until the 1980s, application of synthetic fertilizers in forests was not uncom-
mon, and its effectiveness in increasing the vitality and productivity of forests had 
been demonstrated in numerous studies. From a nature conservation point of view, 
however, fertilization is a nonnatural measure that can abruptly change the nutrient 
balance and chemical conditions of the soil and thus cause an unnatural alteration of 
the species composition.

Compensatory liming can be used to counteract the effects of acid rain (Hüttl 
1989). However, the previous practice of widespread liming has been replaced by a 
more targeted approach (Janssen et al. 2016). Although liming runs counter to the 
preservation of naturally nutrient-poor ecosystems (Reif et al. 2014), leads to nitro-
gen release (Kreutzer 1995), and causes changes in the ground vegetation (Schmidt 
2002), it nonetheless can compensate for acids in the soil, induce biological activa-
tion of the mineral soil, and increase the supply of nutrients to trees (Grüneberg 
et al. 2017).

Pesticide Use The application of pesticides has been largely reduced in the forests 
of Central Europe (Kogan 1998; Ammer et al. 2011). However, if insect densities 
threaten the existence of the forest, insecticides can be applied to control an other-
wise self-perpetuating disturbance and thus stabilize the forest development. 
Nevertheless, the use of pesticides remains controversial, especially because of their 
effects on nontarget organisms (Petercord and Lobinger 2010).
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14.7  Effects of Forest Management at the Landscape Level

14.7.1  Changes in the Spatial Distribution of Forests

Deforestation leads to a fragmentation of forested areas and an increase in the 
amount of forest edge (Harris 1984). The effects of the latter are strongly dependent 
on the shape of the edge, the site conditions, and the tree species composition 
(Murcia 1995). From the interior of the stand toward the edge of the forest, the 
physical and ecological conditions increasingly take on the characteristics of open 
space. Investigations based on the microclimate and on water and nutrient balances 
have shown that this transition zone may be relatively wide (Keenan and Kimmins 
1993; Klinck et al. 2013). Open-land species (Schmidt et al. 2011) may invade the 
previously closed forest stand. For species characteristic of closed forests, both the 
available habitat areas and the possibilities for dispersal are reduced. Consequently, 
a formerly large, spatially coherent population may disintegrate into subpopulations 
that are isolated from each other. In forest borders, the increased amounts of light 
and heat together with reduced competition among the trees lead to an improvement 
in the growth conditions of the shrub and herb layers and to increases in abundance 
and species diversity, especially of arthropods and birds (Reif and Achtziger 2000). 
The intersections of open-land and forest ecosystems at forest margins can act as 
dispersal axes for animal and plant species. Given the positive effects of forest mar-
gins on biodiversity, their targeted creation and maintenance may serve as important 
nature conservation measures (Coch 1995).

In addition to increased edge effects, deforestation also results in the increasing 
isolation of subpopulations and a reduction of habitat area (Schmidt et al. 2011). 
The latter has a larger impact on populations than does habitat isolation (Bailey 
2007; Fahrig 2013). Deforestation also influences water and nutrient budgets and 
erosion processes within a landscape. For example, forest clearances in Central 
Europe during the Middle Ages led to an increase in groundwater levels, flooding, 
and a sharp rise in erosion (Bork et al. 1998; Ellenberg et al. 2010). The widespread 
loss of fertile soils that followed the St. Mary Magdalene’s flood in 1342 is an 
impressive example of the potentially negative consequences of the agricultural use 
of what were previously forested landscapes (Bork and Kranz 2008).

Changes in land use can result not only in a decrease in forest area but also an 
increase in forest area. For example, the raised bogs of northwest Germany became 
forested after peat cutting and drainage. Forests have also established on post- 
mining landscapes and on previous military training grounds. Globally, the increas-
ing concentration of human settlements and economic activity along with the 
intense land use in preferred locations have led to large areas of traditionally culti-
vated landscapes becoming fallow and subsequently developing into forests 
(Poyatos et al. 2003).
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14.7.2  Landscape Effects of Stand Treatments

Studies in agricultural landscapes indicate that landscape effects are often more 
important for biodiversity than effects at the stand level (Gámez-Virués et al. 2015). 
In forests, the different cutting regimes (see Sect. 14.6) lead to the development of 
different landscape patterns. While the small-scale removal of single stems or 
groups of stems creates a fine-grained mosaic of different age groups, shelterwood 
or clear-cutting creates more coarse-grained patterns (Shifley et al. 2008). In a forest 
landscape with different forest owners and enterprises, the heterogeneity of targets 
and subsequent management concepts often lead to a high diversity of forest stands 
in terms of tree species composition, density, and structure (Gustafson et al. 2007; 
Schaich and Plieninger 2013).

A large-scale survey of older beech forests in a number of German state forest 
enterprises showed how the landscape pattern is influenced by the cutting regime 
(Meyer et al. 2016). Under natural conditions, the dominant climax community in 
many places would be closed old beech forests (Kaiser and Zacharias 2003; Meyer 
and Schmidt 2008), but today the stands of older beech forests are highly frag-
mented, and the canopy density is much reduced as a result of harvesting (Fig. 14.15). 
However, under current beech management practices, legacy trees are usually 
retained (see Sect. 14.6.3.1) thereby extending marginal zones and increasing the 
fine-grained character of the stand mosaic while reducing the isolation of habitats of 
species that depend on older forests.

Different species presumably react differently to the size and spatial distribution 
of the remaining forest (Fedrowitz et al. 2014). In the absence of reliable and locally 

Fig. 14.15 Degree of canopy closure (%) and spatial distribution of >120-year-old beech forests 
in Solling, Lower Saxony (Germany)
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transferable results, a broad range of silvicultural approaches is recommended with 
the integration of existing biodiversity hotspots as a key element (Meyer et al. 2015).

Overall, the application of a mixture of different silvicultural systems and protec-
tion concepts within a landscape is likely to be the best strategy for preserving bio-
diversity, as it maximizes the heterogeneity of environmental conditions. In their 
comparison of shelterwood and single-tree (plenter) cutting in beech forests, Schall 
et al. (2018) showed that the shelterwood systems resulted in a significantly higher 
diversity for 6 of 15 species groups (vascular plants, beetles, spiders, weavers, birds, 
and lichens) according to at least one diversity measure. Interestingly, for vascular 
plants and spiders, this trend was also significant when species restricted to forests 
were considered. There were no significant differences for bats, mosses, deadwood 
fungi, lacewings, Hymenoptera, bugs, ectomycorrhiza, and bacterial RNA, while 
the diversity of bacterial DNA was higher in the Plenter forest (Schall et al. 2018). 
A possible explanation for these findings is that single-tree harvesting creates rela-
tively homogeneous structures at the landscape level. By contrast, in shelterwood- 
cut forests, there is little variation in the abiotic conditions within stands, whereas 
between the stands of different ages, the differences are significant.

14.8  Conclusions

Forest management is characterized by a large variety of disturbances, some of 
which are similar to natural disturbances. However, managed and unmanaged forest 
landscapes/stands differ considerably (Lindenmayer and Franklin 2002).

Understanding of the causes and consequences of natural and anthropogenic dis-
turbances is essential for sustainable forest management and nature conservation. In 
the development of a strategy for the conservation of biological diversity, forestry 
must be guided by natural disturbances since many species and ecosystems depend 
on them for their continued survival (Spies and Turner 1999). However, as a direct 
blueprint, natural disturbances are rarely suitable since the objectives of forestry 
include economic and other societal interests as well as nature conservation 
(Lindenmayer and Franklin 2002). Natural disturbances can support but also impede 
those objectives. Disturbance ecology has enhanced our understanding of the differ-
ent developmental pathways followed by natural ecosystems and the significantly 
altered conditions that may arise after random events (DeAngelis and Waterhouse 
1987; Perry and Amaranthus 1997). Larger areas of disturbances are of crucial 
importance for the conservation of biodiversity. Ecologically oriented, close-to-
nature forestry is therefore characterized not by uniform and small-scale interven-
tions of varying intensity, but rather by a wide range of interventions of varying 
intensity and by the integration of essential elements of natural disturbance regimes.
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Chapter 15
Grasslands

Michael Bahn , Johannes Ingrisch , and Anke Jentsch 

Abstract Anthropogenic disturbances in temperate grasslands include grazing and 
mowing, as well as associated management measures such as fertilization, irriga-
tion, and fire. In addition to the mechanical disturbances associated with the removal 
of biomass, grassland management changes the availability of resources and thus 
biogeochemical cycles, species composition, and biodiversity. In addition to their 
importance for livestock farming, grassland systems are also important as a cultural 
landscape. Grasslands regenerate faster than forests after drought, heat waves, and 
fire. On the other hand, overuse including overgrazing can promote erosion and lead 
to grassland degradation.

Keywords Biodiversity · Canopy structure · Carbon and nutrient cycles · 
Ecosystem services · Grassland management · Microclimate · Grazing · Mowing · 
Productivity · Species adaptation

15.1  Grasslands and Land Use

For centuries, grasslands have been subject to anthropogenic management such as 
grazing by cattle, horses, and sheep, as well as mowing for fodder production. 
Grasslands are widespread throughout the world, especially in temperate, 
Mediterranean, and subtropical regions where livestock farming is practised and 
where climatic or orographic conditions and soil quality are unfavourable for arable 
farming. From a global perspective, pastoralism is the most important form of land 
utilization. In many regions, including Central Europe, mowing plays an important 
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role in addition to grazing (Fig. 15.1). The production of hay and silage ensures and 
supports the supply of livestock outside the grazing season. In the Mediterranean 
and subtropical grassland areas, “transhumance” (Poschlod and WallisDeVries 
2002; Suttie et al. 2005) is a common practice of livestock management that involves 
the movement of animals over long distances between different locations for sum-
mer and winter grazing. Fire management is sometimes used to keep grasslands 
open and to ensure a faster turnover of nutrients (Fernandes et al. 2013; Valese et al. 
2014; Reinhart et al. 2016).

Grazing and mowing are the most important anthropogenic disturbance types in 
grasslands. Their effects on ecosystem dynamics are similar in that they both lead to 
a loss and subsequent recovery of aboveground biomass, but they differ in their 
impact on biodiversity. Grazing increases heterogeneity through selective removal 

Fig. 15.1 Anthropogenic disturbance regimes in grasslands: (a) grazing by cattle or sheep, (b) 
mowing of meadows for hay and silage production for stable and winter feeding, (c) fertilization 
of meadows with organic residues from livestock farming, (d) irrigation of meadows in dry areas, 
and (e) fire management to keep the pastures open and to fertilize them. Mowing and grazing are 
usually a requirement for the conservation of grasslands in Europe. After abandonment of man-
aged grasslands, secondary succession leads to shrub encroachment. (Photos: A. Jentsch a, c, d, e; 
L. Hörtnagl b)
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or promotion of plant species and the creation of small-scale differences in nutrient 
availability, soil compaction, canopy structure, and community structure (Milchunas 
and Lauenroth 1993; Oesterheld et al. 1999; Adler et al. 2001). Furthermore, graz-
ing often takes place over a period of several days or weeks (e.g. in alpine pastures), 
while mowing is a pulsed disturbance of limited duration. Grazing and mowing, as 
well as related management measures such as fertilization, irrigation, and controlled 
burning (Fig. 15.1), have direct effects on canopy structure, microclimate, and bio-
geochemical cycles. However, they can also have long-term consequences by select-
ing for adaptations of species and by changing community composition and soil 
properties (Fig. 15.2).

European grasslands have developed under the influence of centuries of exten-
sive human use and harbour a large part of the biodiversity of the Eurasian conti-
nent. Many rare and endangered plant species are dependent on anthropogenic 
disturbance regimes, because both abandonment and intensification of management 
can lead to changes or loss of the habitats those species depend on. More recently, 
European grasslands have been strongly affected by land-use change, climate 
change, and, to a lesser extent, biotic invasions. In many places, the abandonment of 
grassland management leads to shrub encroachment and a slow recovery of the 
autochthonous vegetation. In other regions, the intensification of grassland manage-
ment—through strong nutrient inputs, through the use of species-poor sowing mix-
tures, and through increased mowing frequency—has led to a massive decline 
in local biodiversity (Blüthgen et al. 2012).

Fig. 15.2 Grazing and mowing as well as associated management measures, such as fertilization, 
irrigation, fire and seeding influence organisms, the stand structure and microclimate, as well as 
nutrient cycles via mechanical disturbances and sometimes rapid changes in resource availability 
and their spatial heterogeneity. Changes in species composition and plant functional traits lead to 
the long-term formation of grassland systems that are well adapted to the prevailing distur-
bance regime
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15.2  Effects of Disturbance on the Structure and Function 
of Grasslands

15.2.1  Canopy Structure, Microclimate, and Water Balance

Grazing and mowing influence plant growth and canopy structure, reducing the 
aboveground biomass and thereby also the leaf area index (LAI) and the total pho-
tosynthetically active area, including the green stems (green area index GAI; 
Figs. 15.3 and 15.5). This affects both ecosystem CO2 fluxes and the microclimate 
(Wan et al. 2002; Klein et al. 2005). Thus, a reduction of the LAI leads to a reduc-
tion of the radiation absorbed by the stand and, depending on soil colour and soil 
moisture, the albedo (reflectivity; Fig. 15.3). In consequence, grazing and mowing 
alter important components of the energy balance, including soil heat flux, sensible 
heat flux, and evapotranspiration.

Mowing and grazing influence the water balance and its components by affecting 
transpiration and evaporation, precipitation infiltration, surface runoff, and soil 
water content. The reduction of the LAI by grazing or mowing leads to a reduction 
of transpiration and increases the available energy for evaporation due to the 
increased irradiation at the soil surface (Fig. 15.4), leading to reduction in soil mois-
ture. In addition to LAI, aerodynamic effects and leaf physiology can also alter 
water loss from grasslands (Fig. 15.4). For example, the transpiration rate per unit 
leaf area tends to decrease with increasing leaf age (Larcher 2001). Grazed or mown 
stands composed of young leaves in the regrowth phase can, therefore, show a 
higher transpiration rate than undisturbed grasslands. In consequence, the total 
amount of water lost from grasslands across the season is generally not much influ-
enced by grazing or cutting frequency (Bremer et al. 2001; Rose 2004).

Grazing and mowing can lead to soil compaction and sometimes to turf tearing, 
which reduces the infiltration of precipitation into the soil leading to increased 

Fig. 15.3 Seasonal developments on grazed (black dots) and ungrazed (white dots) grasslands: (a) 
leaf area index (LAI), (b) aboveground biomass, (c) photosynthetically active radiation absorbed 
by the stand, and (d) albedo. The dotted vertical line shows the point in time when grazing stops. 
(After Bremer et al. 2001)
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Fig. 15.4 Effects of grazing on evapotranspiration. (From Bremer et al. 2001)

surface runoff and ultimately increased soil erosion. When grazing pressure is high 
and vegetation cover is low, the risk of erosion under heavy precipitation events 
increases and can lead to widespread ecosystem degradation, especially on moun-
tain slopes (Asner et al. 2004).

15.2.2  Carbon Balance

The carbon balance in ecosystems is determined by the amount of photosynthetic 
CO2 fixation and the amount of carbon released by respiration processes. Under 
anaerobic conditions, for example, in wetlands or during fermentation in the rumen 
of ruminants, carbon is primarily released in the form of methane. In grasslands, 
respiration processes take place mainly belowground and are determined by the 
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Fig. 15.5 Impacts of mowing on the green area index (GAI, photosynthetically active plant area 
per ground area), the daily net ecosystem exchange of CO2 (NEE), and its components (gross pri-
mary productivity, GPP; ecosystem respiration, Reco) in a managed meadow in the Alps. The three 
mowing dates are indicated by vertical lines. NEE is negative from an atmospheric point of view 
when GPP is larger than Reco and a net uptake of CO2 occurs. (Data from Wohlfahrt et al. 2008a)

respiration of the roots and the microbial turnover of organic matter in the soil. 
From a carbon balance point of view, grasslands often represent a weak CO2 sink. 
CO2 fluxes and carbon sink capacity typically increase with fertilization but at the 
expense of higher emissions of the potent greenhouse gas nitrous oxide (N2O) 
(Velthof and Oenema 1995; Allard et al. 2007; Soussana et al. 2007; Schmitt et al. 
2010; Chang et al. 2015; Hörtnagl et al. 2018; Harris et al. 2021). As a consequence 
of the abandonment of grasslands, larger amounts of litter may accumulate on the 
soil surface, which may also result in a temporary, but overall very minor increase 
of the carbon stored in the soil (Meyer et al. 2012; Poeplau and Don 2013). Increased 
grazing intensity, on the other hand, leads to a reduction of the carbon content in 
European grassland soils (Klumpp et al. 2011; Paz-Ferreiro et al. 2012; McSherry 
and Ritchie 2013).

Grazing and mowing remove a major part of the photosynthetically active bio-
mass and thereby lead to a temporarily negative carbon balance (Fig. 15.5; Wohlfahrt 
et al. 2008b). While soil respiration can be stimulated by an increase in soil tem-
perature due to the lack of a shading canopy, the activity of the rhizosphere is fre-
quently restricted by a reduced supply of fresh assimilates from photosynthesis 
(Bahn et al. 2006). Depending on the vigour of the stand and the weather conditions, 
regrowth leads again to a net uptake of CO2 within one to three weeks (Fig. 15.5).
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15.2.3  Nutrient Balance

Grazing and mowing, as well as management-related measures (such as fertiliza-
tion, liming, or sowing of legumes), influence the nutrient balance through nutrient 
removal and nutrient supply. In addition, they change the amount and quality of the 
litter (e.g. Semmartin et al. 2004; Bai et al. 2012) and the environmental conditions 
(pH, microclimate, stoichiometry) for microorganisms (Robson et  al. 2007; Le 
Roux et al. 2008; Legay et al. 2016), which can affect nutrient turnover. Grazing 
leads to a strong spatial heterogeneity of nutrient availability in a largely closed 
nutrient cycle, whereas mowing and fertilization of meadows results in a more 
homogeneous distribution of nutrients in a mostly open nutrient cycle.

Fertilization increases productivity as well as the nutrient content in plant tissue 
and the quality of forage (Mosier et  al. 2004). It promotes fast-growing species 
whose litter decomposes more quickly, which in turn accelerates the nutrient cycle. 
Heavy or unbalanced fertilization leads to an accumulation of nutrients in the soil 
(eutrophication) and to a shift in nutrient ratios, which changes biodiversity (see 
Sect. 15.3.2) and its response to disturbances (Bakker et  al. 2006). Strongly 
increased nitrogen inputs through fertilization can, for example, lead to nitrogen 
leaching into the groundwater and to increased N2O emissions (Di and Cameron 
2002; Soussana et al. 2007; Harris et al. 2021). Therefore, the amount and timing of 
fertilization in relation to the actual nutrient requirements and, thus, also to the 
growth dynamics of the plant stand, are essential features of environmentally 
friendly grassland management.

Liming is a management measure to increase the pH value of acid soils (Goulding 
2016; Heyburn et al. 2017). It leads to an increase in microbial turnover of nitrogen 
and nutrient availability in soils. Since limed soils require less fertilization, addition 
of lime provides an opportunity to reduce N2O emissions in grasslands. However, 
the increased CO2 emissions from lime can worsen the overall greenhouse gas bal-
ance of grasslands.

Nutrient availability in ecosystems is strongly determined by the complex inter-
actions in the food web, in which not only aboveground biomass loss but also root 
herbivory and plant–microorganism interactions play an important role (Fig. 15.6; 
Bardgett and Wardle 2003). For example, plant roots can exude energy-rich carbon 
compounds in case of increased nutrient demand, thereby promoting the microbial 
conversion of nutrients fixed in soil organic matter (Kuzyakov 2010). On the other 
hand, microbial growth rapidly recaptures (immobilizes) a large part of the released 
nitrogen. Especially in the regeneration phase of plants immediately after grazing 
and mowing and also after disturbances, microbes play an important role determin-
ing the availability of nutrients (Hautier et al. 2014; Kübert et al. 2019; Seabloom 
et al. 2020).

The nutrient balance of grasslands is strongly influenced by legumes (family 
Fabaceae; e.g. clover, Trifolium spp.) (Lüscher et al. 2014). Because of their sym-
biosis with nodule bacteria, legumes improve not only their own nitrogen supply but 
also that of neighbouring plants (Fig. 15.7). Thus, they contribute to an increase in 
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Fig. 15.6 Interactions between grazing and the nutrient cycle across trophic levels. (Bardgett and 
Wardle 2010)

Fig. 15.7 Growth-stimulating legume effect on biomass production in grasslands (Arfin Khan 
et  al. 2014). Species growing together with nitrogen-fixing legumes (grey bar) show a higher 
aboveground biomass production than species growing without legumes
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primary production and fodder value. In order to increase the legume share in grass-
lands, reseeding is often considered as a useful management measure.

15.2.4  Effects of Specific Management Forms 
and Accompanying Measures

Besides fertilization and liming (see Sect. 15.3), there are a number of regionally 
important accompanying measures associated with grassland management. New 
sowing, reseeding, and oversowing play an important role for soil cover and can 
also introduce new species and varieties into the stand (Opitz von Boberfeld 1994). 
In Bavaria, for example, the State Institute for Agriculture recommends climate- 
specific and regionally differentiated overseeding mixtures and makes them avail-
able to farmers. These consist of a mixture of grass and legume species of different 
origins, which also differ in terms of growth, nutrient requirements, and flowering 
period in a complementary way to ensure continuity of yield under different condi-
tions. In Switzerland, recommendations for sowing in meadows with suitability 
assessments for different elevations are regularly published (Suter et al. 2017).

As accompanying measures of grassland management, also fire (see Chap. 7) 
and irrigation play an important role in some regions. Controlled burning is still a 
widespread method to prevent scrub encroachment on landscapes and to accelerate 
the return of nutrients into the soil, although nutrient losses may occur during heavy 
fire events as a result of volatilization and increased leaching (Wang et al. 2001; 
Alcañiz et  al. 2018). In Mediterranean and semi-arid regions, wildfires can also 
occur. In subtropical savannahs fire regimes are a central component of vegetation 
dynamics. The risk of fire occurrence is often increased by climate change (espe-
cially drought events and heatwaves) and by invasive species (e.g. Bromus tectorum 
L. in the United States, Ziska et al. 2005). Up until the twentieth century, irrigation 
was an important measure for increasing grassland productivity and also for pest 
control in many parts of Central Europe and in the Mediterranean regions. Regular 
irrigation leads to an increase in the proportion of rosette plants and legumes and to 
an improvement in the structural richness of the vegetation (Müller et al. 2016).

15.3  Adaptation of Species and Plant Communities 
to Grassland Management

15.3.1  Adjustments of Species Characteristics

Plant species are usually well adapted to the disturbance regime in grasslands. This 
concerns, among other traits, their growth form and height, their phenology, and 
also their ability to regenerate after disturbances. Globally, grazing favours plants 
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that regenerate from runners and plants with a rosette growth form, as well as small 
or prostrate species (Díaz et al. 2007), and thus species with meristems near the 
ground. As a result of the fertilization often associated with mowing, more fast- and 
tall-growing plant species with higher leaf nitrogen concentrations are found in 
mown meadows, and this is associated with soil microbial communities dominated 
by bacteria. However, on extensively managed and abandoned meadows and pas-
tures, there are more slow-growing plant species and soil microbial communities 
that are more strongly dominated by fungi; these are associated with reduced pro-
ductivity and ecosystem turnover rates of carbon and nitrogen (Fig. 15.8; De Deyn 
et al. 2008; Grigulis et al. 2013; Smith et al. 2014).

Fig. 15.8 Trends in the dominant strategies of plants, animals, and microorganisms and their 
influences on ecosystem processes between intensively (left) and lightly (right) managed grass-
lands (Schade et al. 2005; Grigulis et al. 2013; Mulder et al. 2013)
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Evolutionary adaptations of phenology and morphology to grazing and mowing 
can be clearly seen in the example of the ecotypes of the annual species Rhinanthus 
alectorolophus (Scop.) Pollich, which is typical of Central European grasslands 
(Fig. 15.9); a later cutting time combined with fertilization leads to a later flowering 
and seed ripening, and because of the increased light competition, the internodes 
and shoots are longer. Grazing also results in a lower plant height and a pronounced 
branching of the shoots (Fig. 15.9). A strong branching of the shoots reduces the 
probability that all aboveground biomass is lost at moderate grazing intensity. In 
meadows, plant height and phenology are sometimes closely linked; plants with a 
rosette growth form develop and usually flower rapidly at the beginning of the 
growing season, whereas tall-growing herbaceous species and grasses invest more 
biomass in the shoot and thus dominate the upper stand layers during the ripening 
phase (McIntyre et al. 1995; Klimešová et al. 2008).

For rapid regeneration after grazing and mowing, perennial grassland species can 
often rely on considerable carbohydrate stores in rhizomes and tubers (Larcher 
2001). Through compensatory growth, lost plant parts can often be, at least par-
tially, replaced; in rare cases, defoliated plants can even develop a larger above-
ground biomass than undisturbed plants (Ferraro and Oesterheld 2002). The 
regeneration of plant species and their biomass depends strongly on the intensity 
and frequency of the disturbance, the availability of nutrients, and the life history 
stage of the plant (Strauss and Agrawal 1999; Del-Val and Crawley 2005; Wise and 
Abrahamson 2005).

Fig. 15.9 Eco-morphotypes of the annual grassland species European yellow-rattle (Rhinanthus 
alectorolophus (Scop.) Pollich) in response to mowing and fertilization (ecotypes “alectorolo-
phus” and “mesobromion”) and grazing (“kerneri” and “patulus”). (Zopfi 1993)
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15.3.2  Grassland Management and Biodiversity

For many animal and plant species characteristic of open habitats, the once wide-
spread extensively managed meadow and pasture landscapes in Europe represent 
important semi-natural habitats prone to secondary succession. However, over the 
course of the land-use changes that have occurred over recent decades, extensively 
used areas have often been converted into intensively used grasslands. Thereby, 
anthropogenic land use as human disturbance regimes have had a significant impact 
on the biodiversity and productivity of grasslands. For example, high soil fertility 
allows for high aboveground biomass production, but high productivity increases 
the competitive pressure on slow-growing and small plants, resulting in a significant 
reduction in species richness (Fig. 15.10; Gross 2016; Harpole et al. 2016). Evidence 
from a global study suggests that the highest species numbers are found in grassland 
systems of moderate productivity (Fig. 15.11, “humped-back model”; Adler et al. 
2011; Fraser et al. 2015).

A high number of species can stabilize the biomass production of grasslands in 
the long term (Hector et al. 2010; Gross et al. 2014). In doing so, species richness 
increases functional resilience (see Chap. 5) and the resistance of grasslands to cli-
matic changes, including extreme weather events (Isbell et al. 2015). The beneficial 
effect of high biodiversity on grassland productivity and stability is attributed to 
various mechanisms, including (a) the degree of asynchronous behaviour of species 
of a plant community after disturbance, (b) insurance effects through complemen-
tary plant strategies from fast-growing to stress-tolerant species, (c) the overcom-
pensation of individual species in the event of disturbances by reducing competitive 
pressure, and (d) the probability that a particularly productive species and a greater 
degree of overall species complementarity will occur when the number of species is 

Fig. 15.10 Anthropogenic and natural disturbance regimes significantly influence the biodiversity 
and productivity of grasslands. Disturbances can reduce species diversity or indirectly increase it 
by reducing the standing biomass. A higher spatial heterogeneity, for example, promoted by mod-
erate grazing intensity, also favours higher biodiversity. (After Gross 2016, redrawn)
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Fig. 15.11 Biomass production in grasslands in relation to the number of species for 28 locations 
on five continents. The black line shows the general pattern, while the coloured lines represent the 
regression curves for the individual sites and are predominantly concave in shape (red). (From 
Fraser et al. 2015)

high (Yachi and Loreau 1999; Lehman and Tilman 2000; Loreau and de Mazancourt 
2008; de Mazancourt et al. 2013; Hautier et al. 2014). Measures to maintain biodi-
versity in grasslands, such as seed supplementation, fertilizer reduction, or changes 
in the frequency of mowing thus serve the continuity of biomass production in times 
of changing environmental conditions (see also Moog et al. 2002; Socher et al. 2013).

In addition to the number of species, the functional species composition of grass-
land vegetation contributes significantly to the continuity of performance under 
changing disturbance regimes resulting from, for example, land use and climate 
changes. A distinction is made between species that have developed fast, acquisitive 
strategies with respect to resource uptake and conversion—often accompanied by 
high specific leaf area, high leaf nitrogen concentrations, and low leaf mass—and 
species that have developed slow, conservative strategies in this respect (Grime 
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1979; Wright et al. 2004; Reich 2014; Díaz et al. 2016; see also Fig. 15.8). Thus, a 
higher diversity of functional traits in grassland plant communities also increases 
the complementarity of temporal strategies for the uptake of limiting resources such 
as water, nutrients, and light, or for regeneration after disturbances, thereby enabling 
the continuity of biomass production over time and between years.

15.4  Interactions with Other Disturbance Regimes 
(Weather Extremes)

Climate change is expected to lead to increased variability in the frequency and 
amount of precipitation in the coming decades, leading to both longer dry periods 
and also more heavy rainfall events. Both the extent and the frequency of precipita-
tion extremes can influence the productivity of grasslands. This is increasingly 
being researched in the context of nationally and internationally coordinated experi-
ments on the effects of climate change on ecosystem functions (Fig. 15.12). The 
resilience of biomass production to drought events is strongly influenced by species 
composition and biodiversity (Grime et al. 2000; Kahmen et al. 2005; Jentsch et al. 
2011; Isbell et al. 2015; Craven et al. 2018). In addition, precipitation anomalies can 
alter biotic interactions between plant species and across different trophic levels, 
leading to shifts in the competitive balance (Gilgen et al. 2010; Grant et al. 2014).

Water scarcity and the composition of plant communities have been suggested to 
change the availability of plant nutrients and the accumulation of secondary metab-
olites supporting defence against herbivorous insects (Walter et  al. 2012a; Van 
Sundert et al. 2020), though the effects of drought stress are still largely unexplored. 

Fig. 15.12 Experimental disturbance ecology: Research on the effects of extreme weather events, 
land-use changes, and biodiversity on grassland ecosystem functions (Photo: C. Schaller)
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Fig. 15.13 Influence of drought stress (D; compared to control C) on (a) relative leaf water con-
tent, (b) leaf protein content, (c) soluble phenol content, (d) C/N ratio, and (e) carbon content in 
the leaves of the meadow soft grass (Holcus lanatus L.). (From Walter et al. 2012b)

Drought reduces the relative water content, soluble protein content, and nitrogen 
and phenol content, and increases the proportion of carbohydrates in the grass 
(Fig. 15.13). As a consequence, larvae that feed on drought-affected leaves have a 
longer larval phase, increased pupal weight, and higher pupation rates (Walter 
et al. 2012b).

Drought and heavy rainfall can also reduce litter decomposition rates by affect-
ing litter quality and soil biological activity (Joos et al. 2010; Walter et al. 2013). 
Different microbial groups react differently to drought events. For example, fungal 
communities, including mycorrhizae, are more drought resistant than bacterial 
communities (Fuchslueger et al. 2014; Walter et al. 2016). Since grassland manage-
ment promotes bacterial versus fungal communities, managed meadows are more 
affected by drought than abandoned grasslands (Karlowsky et  al. 2018). In the 
course of soil rewetting after drought, significant amounts of microbially bound 
nitrogen are often released. This can promote the regrowth of vegetation and, thus, 
productivity after drought events (Ingrisch et al. 2018), especially under the sce-
nario of future increased atmospheric CO2 concentrations (Roy et al. 2016).

In regions with frequent drought events, irrigation plays an important role as a 
compensatory management measure. Increased mowing frequency can also buffer 
the adverse effects of increased precipitation variability on productivity, but the 
effects are weak and usually only temporary.
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15.5  Social-Ecological Aspects and Future Developments

Worldwide, grasslands are of great importance for livestock farming, for which the  
added value via meat and milk production is considerable. The production of wool 
from sheep farming is also important in some regions. In Europe, grasslands have 
often been created anthropogenically and are an important part of the cultural land-
scape. In mountainous areas such as the Alps, the landscape is richly structured and 
diverse and particularly attractive for tourism (Hunziker 1995; Hunziker et  al. 
2008). The ecosystem services of grasslands thus include, in addition to provision-
ing services, numerous services related to the conservation of the genetic diversity 
of the biota (supporting service), climate regulation (regulating service in the form 
of carbon sequestration and energy balance), disturbance regulation (such as water 
retention and erosion control), as well as aesthetic value and recreation (cultural 
service), the latter mainly through extensively used grasslands.

Depending on the type and intensity of management, the different ecosystem 
services are affected to different degrees (Fig. 15.14) and are further affected by 
global change (Lamarque et al. 2014; Egarter Vigl et al. 2016; Thonicke et al. 2020). 
Thus, socio-economic changes in the past decades have often led to an intensifica-
tion of land use but also to the abandonment of less accessible grassland areas. On 
the one hand, intensification increases productivity, but on the other hand, it 
increases greenhouse gas emissions and nitrogen pollution of groundwater (see 
Sect. 15.2), and it reduces biodiversity. The abandonment of grasslands in turn leads 
to shrub encroachment and reforestation, increasing biodiversity in the initial phases 
of secondary succession but then reducing species numbers as secondary succession 
progresses and the increased dominance of shrubs and trees increases. Because of 
the relatively high resilience of grassland systems with respect to climate change, 
their importance for livestock farming, their biodiversity, and their cultural services, 
grasslands will continue to play an important social role in the future, although its 
development in Europe will continue to be strongly influenced by the socio- 
economic framework conditions (see Box 15.1 “Too much of a good thing—the 
decline of species-rich hay meadows in Central Europe”).
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Fig. 15.14 Ecosystem services of differently managed and abandoned grassland systems in a 
cultural landscape in the Alps. (Schirpke et al. 2013)
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Box 15.1: Too Much of a Good Thing: The Decline of Species-Rich Hay 
Meadows in Central Europe

Andreas Bosshard
Ö+L Ökologie und Landschaft GmbH, Oberwil-Lieli, Switzerland

The development of grasslands in Central Europe is a good example of the 
important role that disturbances play in biodiversity. Below the timberline, 
natural grasslands cover only small areas. In contrast, anthropogenic grass-
lands represent one of the region’s most important habitats—with regard to 
both area and biodiversity. Grassland types have evolved and diversified as a 
function of infrequent to frequent human disturbances. These disturbances 
consist mainly of mowing or targeted grazing. Accordingly, the anthropo-
genic grasslands can be subdivided into three types: meadows, pastures, and 
mowed pastures.

These more or less extensively managed grassland types are clearly more 
species-rich than undisturbed forests in terms of plant biodiversity (e.g. 
Wilson et al. 2012). In mountain regions, where many meadows and pastures 
have been abandoned by farmers, forests have spread rapidly in recent 
decades, and as a consequence, biodiversity has declined sharply in some 
areas (Stöcklin et al. 2007). For centuries, anthropogenic meadows and pas-
tures of a variety of habitat types have accounted for the largest proportion of 
biodiversity of Central Europe. It is assumed that grassland biodiversity 
increased steadily until the end of the nineteenth century, especially because 
the meadow uses became more diverse. For example, by the eighteenth cen-
tury, the improved three-field system of crop rotation1 generated an intensifi-
cation in agriculture, which resulted in new types of meadows and thus new 
habitats—false oat-grass (Arrhenatherum elatius (L.) P.Beauv. ex J.Presl & 
C.Presl,) or lowland hay meadows (association Arrhenatheretum elatioris) 
and golden oat-grass (Trisetum flavescens (L.) P.Beauv.) or mountain hay 
meadows (association Trisetetum flavescentis).

Until the 1950s, the false oat-grass meadow was the most abundant 
meadow type on productive soils at lower elevations in Central Europe. These 
meadows were usually cut twice a year for traditional hay production. The 
meadows were regularly fertilized with dung and, when available, slurry. 
Still, in the first half of the twentieth century, this meadow type covered large 

ab@agraroekologie.che-mail: 

1 In the three-field rotation, the available land was divided into three sections. Each year, one 
section was planted with cereals, one section was planted with legumes (e.g. peas, beans, 
clover), and one section was left fallow. The sections were rotated on a 3-year rotation.

(continued)
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parts of the cultural landscape of Central Europe and formed the basis for fod-
der production in dairy farming.

False oat-grass as well as the golden oat-grass meadows were not only 
productive but also rich in species—more diverse than most of the meadows 
that are subsidized by, for example, the Swiss government for biodiversity 
reasons today. Within a few decades after the end of World War II, false oat- 
grass meadows had almost disappeared as a consequence of agricultural 
intensification (Bosshard et al. 2011). No other habitat type in Switzerland 
and many other parts of Central Europe has declined so rapidly in such a 
short time.

Today, more or less typical false oat-grass meadows in Switzerland cover 
on average only 1–2% of the agricultural area (Box Fig. 1; Bosshard 2016). 
They have been widely replaced by more productive but also conspicuously 
species-poor, intensive meadows. Instead of two to three annual cuts, they are 
now mowed or grazed intensively four to six times a year. Many formerly 
characteristic and widespread plant species, including a large number of 
attractive meadow flowers such as oxeye daisy/marguerite (Leucanthemum 
vulgare Lam.), sage (Salvia pratensis L.), bell flowers (species of the genus 
Campanula) or knapweeds (species of the genus Centaurea), have disap-
peared completely from intensively used grasslands.

Box 15.1 (continued)
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Box Fig. 1 Biodiversity in hay meadows of the lowlands in Switzerland in 1950 
and 2015
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Even more than the flora, the fauna has been affected by the intensified use 
of meadowland. Species from practically all animal groups that used the false 
oat-grass meadows as the main habitat until the 1950s, and which accounted 
for a large part of the species diversity in the cultural landscape, are not able 
to survive in today’s intensively managed meadows. These include grasshop-
pers and crickets, butterflies, vegetation-inhabiting spiders, and ground- 
breeding bird species. The populations of these groups in the meadows at 
lower elevations have collapsed over the last 100 years to an average of about 
1% of the ancestral populations. Many once typical meadowland species such 
as the tree pipit (Anthus trivialis L.) or the whinchat (Saxicola rubetra L.) 
have completely disappeared over large areas.

The history of grasslands in Central Europe demonstrates the crucial role 
of disturbances for biodiversity. While abandoned or underutilized grasslands 
develop into shrub and forests where few species prevail, also intensified use 
of grasslands (with four to six annual cuts) reduces biodiversity as only a few 
plant species can tolerate the intensive disturbance regime. On the other hand, 
considerably more species can thrive at the moderate disturbance intensity 
between these two extremes—in the extensively managed meadows that are, 
on rich soils, represented by false oat-grass communities. Both too much and 
too little disturbance can lead to a reduction in species diversity and, in par-
ticular, if such disturbance regimes are applied over large areas.
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Chapter 16
Impacts of Climate Change 
on Disturbances

Rupert Seidl  and Markus Kautz 

Abstract Disturbances are climate-sensitive processes. If climatic conditions con-
tinue to change in the future as predicted, this will also cause changes in disturbance 
regimes. Direct climatic effects such as accelerated life cycles of bark beetles caused 
by warmer temperatures may result in larger and/or more frequent disturbances. 
Interactions between disturbances can further intensify the effects of climate change. 
Indirectly, however, climate change can also alter the structure and composition of 
vegetation, which could dampen future disturbances.

Keywords Amplifying and dampening feedbacks · Climate warming · Direct and 
indirect climate effects · Disturbance change · Disturbance interactions

16.1  Introduction

Both abiotic and biotic disturbances are strongly linked to the prevailing climate 
conditions (Chaps. 7, 8, 9, 10, 11, 12, and 13). Changes in mean and extreme values 
as well as in climatic variability, as currently observed and increasingly expected for 
the coming decades (IPCC 2013), thus have a significant impact on natural distur-
bance regimes in ecosystems (Dale et al. 2001; Seidl et al. 2017). While ecosystems 
are generally well adapted to gradually changing climate conditions such as increas-
ing annual average temperatures or precipitation, extreme climate events often 
cause disturbances (Jentsch et  al. 2007). The effects of climate change on 
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disturbances are often nonlinear since disturbances frequently occur only when cer-
tain climatic thresholds are exceeded. In this chapter, we first identify important 
climatic drivers of disturbance and then describe their various effects on disturbance 
regimes. The analysis of the complex interactions between climate, vegetation, and 
disturbances can ultimately provide insights into expected future trends in distur-
bance dynamics.

16.2  A Changing Climate

Temperature, precipitation, and wind are among the most important climatic drivers 
that influence disturbance regimes worldwide (Seidl et  al. 2017). These climatic 
drivers and their expected changes will therefore be discussed in more detail below.

16.2.1  Temperature

Temperature is an important factor influencing a large number of ecological pro-
cesses. The effects of human-induced climate change include increases in global 
temperature, combined with the more frequent occurrence of regional weather 
extremes such as periods of heat and drought. Globally, the annual mean tempera-
ture already increased by +0.9 °C between 1901 and 2012. Depending on the future 
development of human greenhouse gas emissions (Representative Concentration 
Pathways; RCP scenario), a further increase of between +1.0  °C and +3.7  °C is 
expected for the end of the twenty-first century (2081–2100, relative to 1986–2005; 
IPCC 2013). It is therefore very likely that the next decades will be warmer than the 
previous ones. Even under the assumption of an immediate and complete cessation 
of anthropogenic greenhouse gas emissions, the climate would continue to warm 
because of the already increased atmospheric CO2 concentration and the inertia of 
the climate system—the effects of human-induced climate change are thus largely 
irreversible, at least for the next millennium (Solomon et al. 2009).

In the context of climate impacts on ecosystems we note that warming is not 
evenly distributed across space and time. Land areas and higher latitudes, for 
instance, warm more strongly than oceans and equatorial regions. In recent decades, 
the European Alps have warmed about twice as much as the average for the Northern 
Hemisphere (Auer et  al. 2007). For Europe, a temperature increase of +1  °C to 
+3 °C is predicted for the end of the twenty-first century (2071–2100 relative to 
1971–2000, under the moderate emission scenario RCP4.5; Jacob et  al. 2014). 
Strong temperature changes (> + 3 °C) will occur in Southern Europe mainly in 
summer, while in Northern and Eastern Europe the winter months could become 
significantly milder in the future (Fig. 16.1). This warming would almost double 
under a more extreme emissions scenario (RCP8.5) (Jacob et al. 2014). Parallel to a 
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Fig. 16.1 Expected temperature increase in Europe. The maps show (a) the change of mean 
annual temperature and (b) mean summer (June–July-August) and (c) winter temperature 
(December–January-February) under the moderate emission scenario RCP4.5 (2071–2100 relative 
to 1971–2000). (Source: Jacob et al. 2014)

predicted increase in mean temperatures, the probability of heat waves increases, 
especially in Southern Europe. In addition, the number of annual frost days decreases 
(Jacob et al. 2014) and the variability of summer temperatures increases, both within 
a year and between years (Schär et al. 2004; Fischer et al. 2012). Extreme heat, 
occurring on average only once every 20 years in the past (1961–1990), will become 
the new normal in Southern Europe (i.e., occurring every 1–2 years in 2071–2100) 
and will also become significantly more frequent in Northern Europe (occurring 
every 5 years in 2071–2100). At the same time, past cold extremes will almost com-
pletely disappear by the end of the twenty-first century (Nikulin et al. 2011).

Rising temperatures have a predominantly positive effect on a variety of biotic 
and abiotic disturbance processes, that is, they promote the disturbance activity of 
insects, pathogens, and fire in particular. Disturbance-inhibiting effects of a warmer 
climate are less frequent, such as a possible decrease of snow-related disturbances 
(Gobiet et al. 2014; Seidl et al. 2017). In general, the influence of climate on distur-
bances is consistent between temperate and boreal ecosystems (Seidl et al. 2020). 
However, as the northern latitudes will warm faster than the global average 
(Fig. 16.1; IPCC 2013), an increase of disturbances is expected especially in boreal 
forests.

16.2.2  Precipitation

Changes in precipitation are much less consistent globally than changes in tempera-
ture, and show a slight increase in the global annual precipitation sum of +1.0 to 
+2.8 mm per decade between 1901 and 2008 (IPCC 2013). For the future, three 
different patterns of precipitation change are expected in Europe (Fig. 16.2): While 
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Fig. 16.2 Expected precipitation change in Europe. The maps show (a) the change in mean annual 
precipitation sum and (b) mean summer (June–July-August) and (c) winter precipitation sum 
(December–January-February) under the moderate emission scenario RCP4.5 (2071–2100 relative 
to 1971–2000). The hatched area indicates robust/significant changes. (Source: Jacob et al. 2014)

increasing mean annual precipitation is expected in Eastern, Northern, and parts of 
Central Europe in the future (up to +25%), it is expected to decrease in Southwestern 
Europe (up to −15%) and remain largely stable in Western Europe and parts of 
Central Europe (2071–2100 relative to 1971–2000, under RCP4.5; Jacob et  al. 
2014). These differences are mainly due to changes in spring, summer, and autumn 
precipitation. In the winter months, increased precipitation is expected for all of 
Europe with the exception of Andalusia, Sicily, and southern Greece (Fig. 16.2). 
These regional differences in the patterns of expected precipitation change are simi-
lar also under a more extreme emission scenario (RCP8.5), but the changes are 
somewhat more pronounced (Jacob et al. 2014). In addition, more frequent heavy 
precipitation events are expected for large parts of Europe in the future, and a sig-
nificant increase in the length of summer dry periods is predicted particularly for 
Southern Europe (Fig. 16.3; Jacob et al. 2014).

Changes in the quantity and distribution of precipitation can strongly influence 
disturbance activity, but the relationship is less clear than that with temperature. 
While decreasing precipitation and longer dry periods increase the probability of 
some disturbances (e.g. bark beetle outbreaks, fire), other disturbances are nega-
tively influenced by these changes (e.g. pathogens, floods, avalanches, debris flows). 
In general, the effect of reduced precipitation is amplified by warmer temperatures 
(Seidl et  al. 2020). The role of precipitation in the disturbance regime generally 
decreases with increasing latitude (Seidl et al. 2017). Climate-related changes in the 
water balance will therefore become disturbance-relevant, especially in areas 
affected by increasing drought, that is, Mediterranean and (sub-)tropical ecosystems.
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Fig. 16.3 Expected change in the duration of drought periods in Europe. The map shows the 
change in the 95th percentile of the duration of drought periods (in days) under the moderate emis-
sion scenario RCP4.5 (2071–2100 relative to 1971–2000). The hatched area indicates robust/sig-
nificant changes. (Source: Jacob et al. 2014)

16.2.3  Wind

The changes in wind climate are considerably more uncertain compared to tempera-
ture and precipitation. Climate change could cause a slight decrease in both average 
wind speed and the number of strong wind events globally and in Europe (Ulbrich 
et al. 2009; Kjellström et al. 2011). At the same time, the future intensity of strong 
wind events, and thus the probability of wind disturbances, may increase signifi-
cantly in certain regions. In the tropics, for example, increases in maximum wind 
speeds of 2–11% are expected by the end of the twenty-first century (Knutson et al. 
2010). For Europe, slight increases in wind speed are expected for Northern Europe, 
whereas slight decreases are expected in the south (Nikulin et al. 2011; Pryor et al. 
2012). In general, the projections of changes in wind climate and especially of 
strong wind events relevant for disturbance regimes are still subject to large uncer-
tainty (Nikulin et al. 2011; Shaw et al. 2016).

Higher maximum wind speeds have positive effects on disturbance activity as 
they increase the probability of windthrow events. A simulation study for a moun-
tain forest ecosystem in Europe, for example, showed that even small increases in 
peak wind speed (10%) can lead to a disproportionate increase in disturbances 
(384%) (Seidl and Rammer 2017). Climate scenarios for the end of the twenty-first 
century (+2.5 °C compared to current temperature levels) generally predict increas-
ing storm damage both in the tropics (28–63%) and in Europe (23%) (Ranson 
et al. 2014).
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16.3  Climate Effects on Disturbances

Three different types of climate effects on disturbance activity can be distinguished: 
(1) direct effects, (2) indirect effects, and (3) interaction effects (Seidl et al. 2017). 
These different effects can occur in parallel, they can mutually reinforce, or they can 
attenuate each other. Therefore, they should not be considered in isolation from 
each other.

16.3.1  Direct Effects

Direct climate effects describe the immediate influence of climate on disturbance 
activity. Especially for abiotic disturbances, direct climate effects play a significant 
role, for example, increased wind speeds can lead to larger windthrows in forests 
and promote the spread of fires (Gardiner et al. 2010; Billmire et al. 2014). Longer 
dry periods reduce the moisture content of the combustible dead organic material 
and thus increase fire susceptibility (Williams and Abatzoglou 2016; Fig.  16.4). 
Another example of direct climatic effects is disturbances by ice storms, caused by 

Fig. 16.4 Longer periods of drought can lead to an increase in forest fires, even in areas which 
previously had low fire risk, such as Central Europe. The picture shows a burned area in a pine 
forest in eastern Austria in the dry summer of 2013. (Photo: R. Seidl)
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freezing rain at temperatures <0 °C near the ground and >0 °C in higher layers of 
the atmosphere (Nagel et al. 2016).

Also biotic disturbances are directly influenced by climate, mainly through the 
effect temperature has on the metabolism of disturbance-causing organisms. Warmer 
temperatures can shorten the reproductive period of bark beetles and thus promote 
the development of multiple beetle generations per year (Jönsson and Bärring 2011; 
see Chap. 12) and also reduce the winter mortality of individuals (Koštál et  al. 
2011). In addition to an increase in insect populations, this will allow for a range 
expansion of insects to higher elevations and latitudes that were previously too cold 
for these insects (Battisti et al. 2005; Fig. 16.5a). Similar relationships exist for a 
number of disturbance-relevant insects and pathogens (Aguayo et al. 2014).

The disturbance response to direct climate effects is usually immediate, but often 
nonlinear: for example, insect populations react to the exceedance of thermal thresh-
olds (Lange et al. 2006; see Chap. 12), wind disturbances only occur above a certain 
minimum wind speed (Blennow et al. 2010; see Chap. 8), and the danger of ava-
lanches increases in a very limited temperature window with high snow cover 
(Germain et al. 2009; see Chap. 9).

Fig. 16.5 (a) Bark beetles are increasingly advancing to higher elevations due to climate change 
in the European Alps. (b) Broadleaved deciduous trees are becoming more competitive in the 
mountains of Central Europe because of global warming, which reduces the host tree density for 
bark beetles in the medium term. (Photos: R. Seidl)
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16.3.2  Indirect Effects

Indirect climate effects describe climate-induced changes in vegetation structure 
and composition, which in turn influence the activity of abiotic and biotic distur-
bances. For example, dry climatic conditions reduce the net primary productivity of 
vegetation and lead to lower levels of combustible material being available, thus 
reducing the risk of fire (Pausas and Ribeiro 2017). This indirect effect counteracts 
the abovementioned direct effect of an increased fire hazard caused by a drier cli-
mate. With sufficient precipitation, however, warming and CO2 fertilization lead to 
increased productivity (Reyer et  al. 2014), especially at higher latitudes and in 
mountainous regions. In forest ecosystems, this results in taller trees, which are 
more susceptible to wind disturbances (Blennow et al. 2010). Also, a change in tree 
species composition because of rising temperatures, for example, from conifer- 
dominated forests to mixed forests or broadleaved forests in Northern Europe and 
the Alps, can have a profound effect on the susceptibility to host-specific biotic 
disturbances such as bark beetles (Temperli et al. 2013), and can thus counteract the 
direct climate effect of an increase in bark beetle populations (Fig. 16.5b).

Another indirect climate effect on disturbances results from the climate sensitiv-
ity of the defence mechanisms of plants against potential disturbing factors. 
Drought-stressed trees, for example, which are forced to use up their carbohydrate 
reserves to maintain their physiological functions, have fewer resources at their dis-
posal for the defence against insect infestations and are thus more susceptible 
toward disturbance (Anderegg et al. 2015). Such effects of drought can predispose 
ecosystems over large areas and thus contribute to a synchronization of the insect–
host system, leading to large waves of mass outbreaks (Seidl et al. 2016b). Other 
possible indirect climate effects are the reduction of soil frost caused by rising tem-
peratures, resulting in a reduction in the stability of trees against winter storms 
(Usbeck et al. 2010), as well as the temporal decoupling of insect–host systems as a 
consequence of temperature-related changes in plant phenology (Schwartzberg 
et al. 2014).

In contrast to direct climate effects, which have an immediate impact on distur-
bances, indirect effects sometimes manifest themselves only with a considerable 
time lag. For example, because of the high inertia in forest dynamics, tree species 
composition can lag several centuries behind climatic development—the speed with 
which broadleaved trees extend their ranges to higher elevations has been estimated 
to be about 0.25 m per year for the northern Alps (Thom et al. 2017). In general, 
many indirect climate effects have a dampening effect on disturbance regimes and 
could thus buffer disturbance increases caused by direct climate effects, albeit with 
a considerable time lag.
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16.3.3  Disturbance Interactions

Changes in climate not only have direct and indirect effects on disturbance but also 
influence disturbance interactions, which are an integral part of disturbance regimes 
(see Chap. 2; Canelles et al. 2021). The interaction between different disturbance 
agents can be either positive (increase of “disturbance 1” results in increase of “dis-
turbance 2”) or negative (increase of “disturbance 1” results in decrease of “distur-
bance 2”). Globally, positive interactions are more frequent than negative ones, and 
especially abiotic disturbances often promote the occurrence of biotic disturbance 
(Seidl et al. 2017). For example, increased disturbance activity by wind via direct 
and/or indirect climate effects can lead to an accumulation of combustible biomass 
on the ground, which in turn can significantly change fire behavior (Hicke et al. 
2012). A climate-induced increase in the activity of root pathogens in trees can 
result in lower stability of trees and thus in higher susceptibility to wind (Whitney 
et al. 2002). Windthrows, in turn, are important triggers of bark beetle outbreaks 
(see Chap. 12). Windthrow can lead to a disproportionate increase in bark beetle 
disturbances under warmer climatic conditions (Fig. 16.6; Seidl and Rammer 2017). 
A climate-induced increase in bark beetle activity can in turn reduce the resistance 
of mountain forests to avalanches, which can lead to an intensification of the distur-
bance regime as a result of the self-reinforcing feedback between avalanches 
(Zurbriggen et al. 2014).

Fig. 16.6 Interaction effects increase the climate sensitivity of a wind–bark beetle disturbance 
regime. For the 20,900  ha forest landscape of Kalkalpen National Park in Austria, interaction 
effects were isolated via computer simulation and sensitivities to warmer temperatures were ana-
lyzed. The results represent the interaction effect of the natural disturbance regime without human 
intervention. (Modified from Seidl and Rammer 2017)
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Negative disturbance interactions include those in which a disturbance reduces 
the resource for subsequent disturbances—for example, forest areas that burned 
with high severity or were recently infested by bark beetles usually have a low prob-
ability for further fire or insect disturbances in the short to medium term, as the 
necessary resources for their formation and spread are lacking (Hart et al. 2015; 
Seidl et  al. 2016a). Climate effects on disturbance interactions usually become 
effective quickly and do not show long delays (i.e., in contrast to indirect effects of 
climate change).

16.4  Climate Change and Disturbance Dynamics

Because of the dynamic interplay between climate, vegetation, and disturbances 
(Fig. 16.7), the future development of disturbances under climate change remains 
challenging to predict. However, based on the different response times of direct and 
indirect effects as well as interaction effects, it can be assumed that direct effects 
and interaction effects will dominate in the short to medium term, whereas indirect 
effects will gain importance in the long term. Since expected direct and interaction 
effects often facilitate disturbances, a further increase in disturbances can be 
expected for the coming decades (Seidl et al. 2017). For Europe, where an increase 
of the quantitatively most important forest disturbance factors (i.e., wind, fire, and 
bark beetles) was already observed in the second half of the twentieth century (Seidl 
et al. 2011), a further increase can be assumed for the future. This is supported by a 
simulation study by Seidl et al. (2014): Relative to 1971–1980, wind disturbance 
could increase on average by 229% until 2030, fire disturbance could increase on 
average by 314%, and bark beetle disturbance could increase by as much as 764%. 

Fig. 16.7 The dynamic interactions between climate, vegetation, and disturbance result in com-
plex responses of disturbance regimes to climate change. The figure shows the different climate 
effects on disturbances (direct, blue; indirect, violet; interactions, green)
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This would mean that the wind disturbance levels that occurred in the past once 
every 15 years could occur every other year in the future. With regard to bark bee-
tles, the projected mean disturbance level for 2021–2030 even corresponds to a 
disturbance event that has historically occurred only once every 32 years. It is par-
ticularly interesting that none of the short-term trajectories studied for Europe (i.e., 
a combination of 13 climate scenarios and four management strategies) resulted in 
a simulated decrease in disturbance until 2030 (Seidl et al. 2014).

In the long term, it can be assumed that indirect climate effects and negative 
feedback within the disturbance regime will dampen the increase in disturbances. 
For instance, a simulation study for a Central European forest landscape highlighted 
the mitigating effect of a changing tree species composition on the susceptibility of 
forests to bark beetles (Temperli et  al. 2013). In resilient ecosystems, disturbed 
areas eventually recover the structures and functions of the system prior to distur-
bance (see Chap. 5; Albrich et al. 2021). However, with changing climate and dis-
turbances, regime shifts can occur, for example, a transition from coniferous to 
broadleaved forests, or from forest to open land (Johnstone et al. 2016). At the same 
time, a climate-induced tree species shift also changes the susceptibility to distur-
bance, as illustrated by the abovementioned example (Temperli et  al. 2013). 
Disturbances are thus catalysts for the adaptation of ecosystems to changing envi-
ronmental conditions (Thom et al. 2017) and can also be metaphorically understood 
as an “immune reaction” of the system, which reduces the disequilibrium between 
climate and vegetation.

The extent to which disturbance activity will change under climate change ulti-
mately also depends on human management. Planning interventions (e.g. the pro-
motion of climate-adapted plant species) in combination with measures to avoid 
disturbances (e.g. fire prevention and containment) can reduce the projected 
increases in disturbances in the coming decades (see Chap. 17).
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Chapter 17
Managing Disturbance Risks

Rupert Seidl , Sigrid Netherer , and Thomas Thaler 

Abstract Risk describes the impact of uncertainties on objectives. Disturbances 
are important risk factors for ecosystem management because they can negatively 
affect the provisioning of ecosystem services and their occurrence and extent cannot 
be predicted with high accuracy. Risk management is the coordinated activity of 
managing and controlling risks. The three central elements of risk management are 
risk identification, risk assessment, and risk treatment. Disturbance risks can be 
quantified, for example, by estimating predisposition and by scenario analyses. Risk 
assessment includes both economic and social components (e.g. social vulnerabil-
ity). The general possibilities to treat risks are to accept them, to reduce them, or to 
collectivize them.
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17.1  Introduction and Definitions

In general, the term risk refers to the possibility of damage. The etymological origin 
of the word lies in the Latin term resecum, which denotes a rock or cliff and thus a 
danger to seafaring vessels (Pfeifer 1989). An approach widely used in the natural 
sciences defines risk R as a function of the probability of occurrence of an event PS 
and its damage potential ES (Eq. 17.1), whereby both variables are usually linked 
multiplicatively (Eq. 17.2; expected value approach, see Haimes 2004):

 
R f P ES S� � �;

 
(17.1)

 R P ES S� �  (17.2)

While the early, influential work of Knight (1921) distinguished between risk (= 
quantifiable) and uncertainty (= not quantifiable), the International Organization for 
Standardization generally defines risk as the impact of uncertainty on objectives 
(ISO 2009).

In the context of natural resource management, disturbances are sources of 
uncertainty, as neither their occurrence nor their effects can be predicted with high 
accuracy. Compared to other risk factors, disturbances often have a special signifi-
cance in ecosystem management: by definition, they occur abruptly (see Chap. 2) 
and can change the vegetation structure and composition desired by management 
within a short period of time. Despite their relatively short duration, the following 
recovery can take decades and more, and the effects of disturbances can persist in 
ecosystems for a very long time. After a windthrow in a Central European mountain 
forest, for example, several decades may pass until the regenerating tree cohort has 
again developed the appropriate stand structure to protect humans and their infra-
structure from natural hazards such as avalanches and rockfall (see Chap. 9). This 
character of “slow in, fast out” (Körner 2003) makes disturbances a particularly 
relevant component of risk in the context of natural resource management.

Risk management refers to the coordinated activities of managing and control-
ling risks with the aim of reducing losses (Purdy 2010). The core questions of risk 
management are: (1) What can happen? (2) How likely or how frequent is the occur-
rence? and (3) What are the consequences of the event that has occurred? (Kaplan 
and Garrick 1981). The central element of risk management is risk assessment, 
which consists of the identification and analysis of risks (What can happen?) and the 
evaluation of these risks in the context of concrete goals (What is acceptable?) 
(BUWAL 1999). From this, possible approaches of reacting to risks are derived 
(Fig. 17.1). These three core elements of risk management—identifying risk, assess-
ing risk, and dealing with risk—are examined in detail below. In general, risk man-
agement is not a one-time activity but must be carried out periodically in order to 
adequately take into account changing conditions and new goals. Monitoring of 
measures and their effects is an important tool to continuously improve risk man-
agement based on the experience gained.

R. Seidl et al.



395

Fig. 17.1 The risk 
management process. 
(Source: Purdy 2010, 
modified)

17.2  Recognizing Risks

Identification
The identification of the risks is the first step in the risk assessment process and 
provides answers to the questions: What can happen? When can it happen? and 
How does a risk manifest itself? (Purdy 2010). In the context of natural resource 
management, potentially all disturbances discussed in Chaps. 7, 8, 9, 10, 11, 12 and 
13 are risk factors, as they can lead to loss of living biomass and/or mortality of 
plants. Therefore, a first important aspect in risk assessment is to identify the distur-
bances occurring in a given area, for which historical sources of past events play an 
important role (see Chap. 3). However, whether the occurrence of a disturbance 
constitutes a risk depends on the management objectives. For example, bark beetle 
infestation significantly affects timber production (Seidl et al. 2008), which is why 
it is often considered a major risk factor in production forests. If, on the other hand, 
biodiversity is a priority of management, the same disturbance does not threaten the 
management objective but may even contribute to its achievement (Thom et  al. 
2017; Kortmann et al. 2021). Whether or not a disturbance poses a risk cannot be 
answered generally and depends on the specific objectives of management 
(Fig. 17.1).

For most disturbance factors, the probability of damage and the extent of damage 
are negatively correlated; weak/small disturbances occur more frequently (short 
return intervals), whereas strong/large disturbances occur less frequently (long 
return intervals). This has been confirmed, for example, for unmanaged mountain 
forests in the Western Carpathians by means of tree ring analysis (Janda et al. 2017): 
from 1790 to 1960, disturbances removing up to 20% of canopy cover occurred on 
average once every 66 years. In contrast, severe disturbances reducing canopy cover 
by >60% occurred only every 690 years. Since disturbance frequency and severity 
can have different effects on management objectives, their inverse relationship 
needs to be considered in risk management. In the context of wood production or 
carbon storage, for instance, weak disturbances that occur frequently can even have 
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Fig. 17.2 Relationship between disturbance severity and (a) disturbance interval, (b) the number 
of disturbance events, and (c) the area disturbed in unmanaged mountain forests of the Western 
Carpathians. (Source: Janda et al. 2017, modified)

positive effects (i.e. thinning effects; Seidl et  al. 2008). However, the protective 
function against natural hazards in mountain forests is strongly reduced by high 
disturbance frequency (Sebald et al. 2019). It should be noted, however, that in rela-
tion to the total disturbed area, small low severity events represent an important part 
of the disturbance regime because of their high frequency (Fig. 17.2).

Another important aspect in the identification of risks is that disturbances usually 
do not occur in isolation but can trigger other disturbances. In Central Europe, for 
example, windthrows are often followed by outbreaks of bark beetles, because low 
resistance breeding material is available in large quantities allowing for high repro-
duction success of the bark beetle and eventually leading to a spread into adjacent 
forest stands (see Chap. 12; Stadelmann et al. 2014). Thus, the occurrence of the 
two disturbances is spatially and temporally linked (interaction effect, cascading 
disturbances) and together increases the overall extent of the disturbance. An inde-
pendent consideration of the two disturbance agents in a risk analysis would there-
fore underestimate the effect of disturbances (see also Seidl and Rammer 2017). A 
global overview of the interactions of important disturbance factors has shown that 
disturbances by wind, fire, and drought are often followed by disturbances by 
insects and pathogens (Fig. 17.3).

Quantification
Risks can be quantified using various methods. Historical and recent observations 
can provide a first indication on relevant parameters of the disturbance regime (see 
Fig. 17.3; Overbeck and Schmidt 2012; Thom et al. 2013). However, such informa-
tion is often only available at regional to national scales, but not for a specific land-
scape or management unit. Furthermore, since past conditions often do not 
adequately represent the current or future situation, other methods are generally 
preferred for the quantification of risks. An overview of the wide range of available 
methods is provided by Holthausen et  al. (2004), Hanewinkel et  al. (2010), and 
Yousefpour et  al. (2012). In the following text, two approaches—predisposition 
assessment and scenario analysis—are described as examples.

Predisposition assessment is based on the conception of Manion (1981) that tree 
mortality occurs through an interaction of predisposing, inciting, and contributing 
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Fig. 17.3 Interaction of disturbance agents. The size of the sectors in the outer circle reflects the 
distribution of disturbance agents in the considered literature, while the arrows through the center 
of the circle indicate the relative frequency of interactions between individual agents. The arrows 
point from the influencing agent to the influenced agent. (Source: Seidl et al. 2017, modified)

factors. In the case of windthrow, for example, stand structure and composition are 
predisposing factors, while root rot can be a contributing factor, and the gusts occur-
ring during a storm event are factors inciting the disturbance. The predisposition of 
forests can be affected both positively and negatively by silvicultural interventions 
such as tree species selection, thinning, and harvesting measures (see Chap. 8). A 
prerequisite for effective risk management (see below) is to understand the complex 
interrelations between predisposing stand characteristics and the various abiotic and 
biotic disturbance agents influencing forest structure and functioning. Therefore, 
predisposition assessment plays an important role in the risk management of forest 
stands (Netherer and Nopp-Mayr 2005; Jactel et al. 2009). However, the method is 
also applied in ecosystems other than forests.

Predisposition assessment quantifies the probability of forest disturbance based 
on site and stand characteristics. This can be approached in two different ways: (1) 
based on statistical relationships and (2) with the help of knowledge-based expert 
systems. Statistical approaches such as classification trees or regression models can 
be used to derive damage probabilities while considering drivers such as weather, 
exposition, stand age, or canopy closure (Seidl et al. 2011; Netherer et al. 2019). 
However, the quantification of risks using statistical methods is limited by the high 
temporal and spatial variation of disturbances, which result in poor “goodness of 
fit” of statistical models. Furthermore, statistical models can rarely be generalized, 
that is, their application in other areas is only possible to a very limited extent 
(Hanewinkel et al. 2010).
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Knowledge-based expert systems, on the other hand, rely on general consider-
ations based on meta-analyses of the literature or on expert knowledge. Different 
management options can be evaluated in terms of their risk using multi-criteria 
decision analysis (MCDA). This method can be used to consider a large number of 
risk factors simultaneously (Jactel et al. 2012). In contrast to MCDA, which is usu-
ally geared toward specific management objectives, “bonus–malus” systems reveal 
when specific stand characteristics either increase risk or help to prevent or reduce 
risk (Berryman 1986; Speight and Wainhouse 1989). In such predisposition assess-
ment models, site and stand characteristics are weighted and scaled depending on 
their influence on the occurrence of disturbances. Different forest characteristics 
(e.g. stand age classes, dominant tree height) are assessed by means of predisposi-
tion points. The sum of these points results in a quantitative measure of risk, that is, 
the predisposition of a specific stand to a certain disturbance, often expressed in 
terms of damage probability (Führer and Nopp 2001; Fig. 17.4).

In a scenario analysis, several possible future developments are explored starting 
from the current state. Scenario analyses describe the outcome of a sequence of dif-
ferent influences and events in a logically consistent way. Put simply, scenario anal-
yses explore the future by answering a series of “if–then” questions, thus allowing 
“a journey into possible futures” (UNEP 2002). An advantage of scenario analyses 
is that possible future developments (e.g. regarding the change of climate and dis-
turbance regimes, see Chap. 16) can be explicitly considered. Scenario analyses can 
be carried out qualitatively (i.e. descriptive) as well as quantitatively (e.g. using 
simulation models, see Box 17.1 and Fig. 17.5) (van der Sluijs et al. 2004). In both 
cases, the value of scenarios lies primarily in a relative comparison of possible 
developmental pathways under a set of different assumptions, which is why the 
analysis of a single scenario is usually less informative than the examination of a 

Fig. 17.4 Evaluation of site- and stand-based risk factors in a predisposition assessment system; 
the predisposition (probability of damage) of a stand results from the sum of all relevant factors
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Box 17.1: Disturbance Modelling

Why Disturbance Modelling?

A model is generally a simplified representation of reality in mathematical 
form. In addition to observation and experiment, models are a third, and 
increasingly important, method of gaining knowledge in science (Winsberg 
2010). However, the term “model” itself is not yet clearly defined: “models” 
can refer to anything from simple statistical correlations (regressions) to very 
complex software systems. Similarly, models are used for a broad range of 
applications, for example, to gain a better understanding of empirically 
observed data and to identify key factors leading to disturbance events. 
Another example is the mapping of disturbance risk as a function of climatic 
and/or natural conditions. Furthermore, models are often used to scale local 
and short-term observations to larger spatial scales and longer time periods 
(Seidl et al. 2013). Disturbance processes are increasingly integrated into eco-
system models, allowing the simulation of dynamic feedbacks between veg-
etation and disturbances. Such coupled systems can answer “what-if” 
questions in the form of scenario analyses, for example, to assess how distur-
bance regimes respond to changes in the vegetation as a result of climate 
change or management decisions.

Disturbance Processes and Their Modelling
Five key processes can be distinguished, which are represented in distur-

bance models (according to Seidl et al. 2011):

 – Vulnerability: Vulnerability is the susceptibility of an ecosystem to a dis-
turbance factor. For example, the wind susceptibility of a forest stand can 
be statistically modelled based on stand and site characteristics (Pasztor 
et al. 2015).

 – Occurrence: Actual disturbance events are often triggered by external fac-
tors, such as the occurrence of wind speeds above a critical wind speed. 
Such triggering factors can be considered in process-based models (Seidl 
et al. 2014).
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 – Effects: The effects of a disturbance can depend on vegetation properties 
and particularly on the vulnerability of vegetation. The severity of the dis-
turbance (e.g. the degree of tree mortality on the affected area) is often 
used as an indicator for disturbance effects. Neighbourhood relationships 
also play a role in the modelling of impacts (e.g. when previously sheltered 
trees become exposed after neighbouring trees have been blown down dur-
ing a storm event) (Seidl et al. 2014).

While these first three processes primarily relate to the modelling of indi-
vidual disturbance events, the modelling of disturbance regimes includes 
long- term temporal and spatial interactions between disturbances and vegeta-
tion, as well as interactions between disturbance agents.

 – Temporal and Spatial Dynamics: This relates to the modelling of the spa-
tial patterns of disturbances (e.g. flight patterns and host search behaviour 
of bark beetles) (Kautz et al. 2014), but also the temporal interactions and 
feedbacks between vegetation and disturbance (e.g. decreasing bark beetle 
risk after previous outbreak waves because of a lack of host trees) (Temperli 
et al. 2013).

 – Disturbance Interactions: Disturbances often do not occur in isolation but 
can mutually reinforce or weaken each other. Such interactions (e.g. 
between wind and bark beetles) need to be considered in simulation mod-
els to estimate the dynamic behaviour of disturbance regimes (Seidl & 
Rammer 2017).

Model Concepts in Disturbance Modelling
Disturbance models include one or more of these key processes, and differ-

ent modelling techniques can be used (Seidl et al. 2011, simplified):

 – Statistical models are mathematical approximations of observed data based 
on statistical methods (e.g. regression analysis, Pasztor et al. 2015). These 
models can be applied on the level of single disturbance events or on the 
level of disturbance regimes.

 – Static process-based models are approaches that model disturbance pro-
cesses on the basis of mechanistic relationships but without considering 
feedbacks or changes in the vegetation (e.g. models for the developmental 
phenology of bark beetles) (Baier et al. 2007).

 – Dynamic process-based models are also based on mechanistic relation-
ships but explicitly consider the interactions between vegetation and dis-

Box 17.1 (continued)
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turbances. Such disturbance models are often integrated into complex 
dynamic ecosystem models. Depending on the research question, the 
model platforms used can be directed toward the simulation of vegetation 
processes (Seidl et al. 2007), biogeochemical processes (Wolf et al. 2008), 
or landscape processes (Sturtevant et al. 2004).
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Fig. 17.5 Scheme of model-based scenario analysis for risk assessment in forest ecosystems 
under climate change. A combination of different management strategies and climate scenarios is 
analyzed by simulation modelling to quantify possible changes in relevant target variables. The 
analysis is done on a stand-by-stand basis, that is, different environmental and stand conditions are 
taken into account. In the scenario envelope to the right the results for two management strategies 
(business-as-usual BAU, continuous cover forestry CCF) and three climate scenarios (C1–C3) are 
shown schematically. For a concrete implementation of the schematic analysis shown here, see 
Seidl et al. (2008)

larger number of contrasting scenarios. In this regard, scenarios often follow “story-
lines” to facilitate the interpretation of differences between the individual scenarios. 
In a typical application, alternative scenarios which describe, for example, a change 
in climate or management, are compared with a baseline scenario, which assumes 
continuity in the currently prevailing conditions (“business as usual”).

Extreme scenarios are of central importance in risk analysis. These extreme sce-
narios provide information about the potential effects of a possible chain of negative 
events. Such “worst case scenarios” can be included in risk management in accor-
dance with the precautionary principle. An important advantage of scenario analysis 
is that situations and conditions that have not (yet) been observed in the past, but 
which are possible in the future, can be taken into account. This is of particular 
importance when one considers that severe disturbance events occur only rarely 
(Fig. 17.2; Pfister 1999), and it is therefore highly likely that they are not repre-
sented in the observations of the past. However, it should be noted that future sur-
prises (i.e. events that we are currently not aware about and have no knowledge 
about—unknown unknowns) are not considered in either qualitative or quantitative 
scenario analyses. These unknown unknowns can also have significant effects on 
management objectives, for example, if a non-native, invasive pest is unexpectedly 
introduced and causes major disturbances. Therefore, the risks identified by sce-
nario analyses should be considered as conservative.
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17.3  Evaluating Risks

Once risks have been identified and quantified, they must be evaluated with regard 
to their relevance and priority for objectives. In other words, the question arises of 
what may and may not happen. An answer to this question must take individual and 
institutional values and preferences into account. Therefore, both ecological and 
socioeconomic considerations must be included in this step of the risk management 
process. Since the focus of this book so far has been largely on the ecological role 
of disturbances, we focus here on the economic and social aspects of risk assessment.

Economic Risks
Economic valuation methods play an important role in risk assessment (Hanewinkel 
et  al. 2010; Bernetti et  al. 2011; Montagné-Huck and Brunette 2018). They are 
practiced by individual entrepreneurs as well as by government decision makers, for 
example, in the context of natural disturbances (Knoke et al. 2021). In this context, 
the damage potential is determined by means of economic indicators (e.g. see 
Möllmann and Möhring 2017; Knoke et  al. 2021). The economic analysis also 
includes an assessment of risk management strategies, such as silvicultural inter-
ventions and their potential to reduce risks. Furthermore, the potential impact of 
forest disturbances on the ecosystem services, such as the protective effect of forests 
in the context of disaster risk reduction (Moos et al. 2019) or the provision of other 
ecosystem services (Lee et al. 2020), can be assessed economically. The analysis is 
usually quantitative, whereby the risk R for an object is generally calculated as an 
objectively measurable damage expectation (Hanewinkel et  al. 2010; Knoke 
et al. 2021).

The choice of the economic method is generally based on the valuation of the 
damage caused by a disturbance. Damage is defined as direct and indirect effects on 
a system, an object, or an operational process (interruption). Damage can be calcu-
lated with monetary or nonmonetary approaches. For monetary approaches, such as 
the quantification of damage to goods and buildings, market prices are usually used. 
Knoke et al. (2021), for instance, estimated the economic losses from disturbances 
in Norway spruce forests of Central Europe at between €2600 and €34,400 per 
hectare, depending on scenario and valuation approach used. For nonmonetary val-
ues, such as loss of species or ecosystem services not traded on markets, the damage 
is usually measured based on consumer preferences. These include approaches such 
as the willingness-to-pay and the willingness-to-accept (Hanley and Spash 1995; 
Olschewski et al. 2012), allowing the economic valuation of goods that are not pro-
vided by the usual market mechanisms and therefore do not have a corresponding 
market price (Hanley and Spash 1995). In this respect, the first calculation of the 
value of a bluethroat gained much public attention in German-speaking countries 
with the publication of “Der Wert eines Vogels: ein Fensterbilderbuch” [The worth 
of a bird: a picturebook] (Vester 1983).

In the case of direct impacts, the main types of damage taken into account are 
those that are directly caused by an event, either in full or in part, such as damage to 
buildings and other infrastructure, goods, dams, or forest stands. Frequently, the 
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damage is valued on the basis of the restoration costs, minus depreciation, or with 
the loss of assets for the affected party (Hanley and Spash 1995; Knoke et al. 2021). 
In Switzerland, for example, after Storm Lothar in 1999, the direct loss of assets due 
to wind breakage and windthrow was estimated at CHF 225 million (Baur et al. 
2003). In addition to the loss of assets, a distinction must be made between the loss 
of income due to the event, that is, the reduction in income compared to income in 
the absence of the disturbance event. For Storm Lothar, this was calculated at CHF 
284 million for the first 6 years after the event, whereby the loss of income here is 
mainly due to the storm-induced drop in prices on the timber market (Baur et al. 
2003; see Chap. 8). In addition to the loss of assets and income, the effects of an 
interruption in operations can also be assessed in monetary terms. Here, damage is 
evaluated from an interruption of a business resulting from the inability to fulfil 
promised services. The economic methods used are computable general equilibrium 
models and agent-based computational economics (Loomis 1993; Rose 2004).

Indirect effects usually occur as a consequence of an event and must therefore be 
considered over a longer time frame, such as production declines caused by road 
closures or changes in the age class distribution of forests caused by disturbances 
(Senf et al. 2021). This also includes the damage that is caused by increased techno-
logical or institutional efforts and which therefore has long-term adverse effects on 
the overall economy. The assessment of indirect losses can also include losses of 
property values, landscape values, or carbon sequestration. Indirect impacts are usu-
ally determined by questionnaires or by economic modelling, such as input–output 
modelling or econometric analyses (Holmes et al. 2010; Price et al. 2010).

Societal Evaluation of the Risk
The societal evaluation of risks is fundamentally concerned with the vulnerability of 
society. The term vulnerability is closely linked to the negative consequences and 
effects of natural processes such as disturbances, whereby vulnerability is under-
stood primarily as potential loss. Vulnerability is analyzed and evaluated differently 
in different scientific disciplines. In the natural sciences, vulnerability tends to be 
assessed in terms of monetary losses, that is, using metric data. In contrast, in the 
social sciences, vulnerability tends to be assessed using ordinal data. In particular, 
the focus in social sciences is on potential and actual impairments of society in 
terms of social values and perceptions as well as on the ability of societies to cope 
and adapt to forest disturbance (Fischer and Frazier 2018). The evaluation of social 
vulnerability mainly focuses on the questions of how losses caused by natural dis-
turbance might influence individuals and how they can respond to these losses. 
Studies use biophysical and socioeconomic indicators to reach an understanding of 
how strongly communities/individuals depend on income from forests and how vul-
nerable they are to disturbance events. A second research direction assesses how 
forest disturbances, like forest fires or avalanches, lead to economic losses and 
increased risks for humans (e.g. O’Neill and Handmer 2012).

Social vulnerability considers three principles: (1) the identification of condi-
tions that make people or places susceptible to disturbances (Burton et al. 1993), (2) 
the assumption that the vulnerability of society is related to social structures (e.g. 
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adaptive capacity to cope with forest disturbance events) (Keskitalo 2008; Fischer 
and Frazier 2018), and (3) the evaluation of the hazards of space, such as intensive 
human use of areas in hotspots of natural disturbance. Social vulnerability therefore 
refers to the respective position of humans in society, including their social status 
and relationships. Consequently, social vulnerability is often examined and 
explained from the perspective of social inequality in society (Watts and Bohle 
1993; Blaikie et al. 1994). Fischer and Frazier (2018), for instance, use a wide range 
of different indicators to assess the social vulnerability, exposure, and adaptive 
capacity to forest disturbances. Since social relations and social processes are char-
acterized by a high degree of dynamics, social vulnerability can only be understood 
and evaluated as a dynamic concept (Fischer et al. 2016). Thus, disturbances are 
usually only implicitly included in the determination of social vulnerability—in 
contrast to a more explicit consideration in the natural sciences (Fischer et al. 2016).

The literature distinguishes between the taxonomic and the situational approach 
for measuring social vulnerability (Cutter et al. 2003; Kuhlicke et al. 2011). The 
taxonomic approach calculates social vulnerability on the basis of individual indica-
tors, which are often presented spatially using maps (Fischer and Frazier 2018). In 
particular, statistical data on social inequality are used as input variables (Table 17.1). 
The basic assumption is that the socioeconomic status of a person correlates 

Table 17.1 Examples of socioeconomic variables measuring social vulnerability to disturbance

Criteria and indicator 
(example) Explanation

Relationship with 
social vulnerability

Education: proportion of 
population with only basic 
school education

Higher education usually leads to higher 
pay as well as to a better understanding of 
complex ecological dynamics, such as 
disturbances (adaptive behaviour)

Higher education 
reduces 
vulnerability

Socioeconomic status: missing 
security because of a lack of 
political and economic 
influence (e.g. unemployment)

People with higher income recover faster 
economic setbacks (including those 
arising from ecosystem disturbances) 
because of higher resources, insurance, 
and well- established social networks

Higher status and 
higher income 
reduce 
vulnerability

Economic dependency on 
income from ecosystem 
management (e.g. forestry)

People with diverse income streams 
recover faster from disturbance- induced 
losses in the management of ecosystems

High dependence 
on income from 
ecosystem 
management 
increases 
vulnerability

Connections in the local 
community: for example, 
membership of associations, 
family members in the vicinity, 
trust in the local community

People with a strong social network are 
better informed and can rely on support 
from the local community to cope with 
damage related to disturbances

A strong social 
network reduces 
vulnerability

Family structure: for example, 
family size

Large families often have lower resources 
available per capita, and thus reduced 
ability to compensate losses related to 
disturbances

A large family 
increases social 
vulnerability
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negatively with social vulnerability, that is, poor groups are more affected by distur-
bance and disaster than rich ones (Cutter et al. 2003; Fischer and Frazier 2018). The 
situational approach, in contrast, is based on the actual experiences of people rather 
than statistical data. Here, social vulnerability is determined based on an individu-
al’s interpretation. In a combination of these two approaches, Parkins and 
MacKendrick (2007), for example, showed that the vulnerability of society to a 
large-scale bark beetle outbreak can vary greatly between affected communities and 
that certain population groups are more affected by an outbreak than others.

17.4  Treating Risks

There are three general options for treating risks: acceptance, reduction, and 
collectivization.

Accepting Risks
If the risk assessment results in the insight that an identified risk is small enough to 
be accepted, the risk treatment is complete. Note that both acceptance and igno-
rance of a risk lead to inaction, that is, no risk management measures are taken. 
However, the acceptance of a risk as the result of a well-founded risk analysis 
(Fig. 17.1) is preferable to the general ignorance of risks. The risk assessment pro-
cess highlights remaining uncertainties and facilitates the communication of risks 
and uncertainties. In other words, risks only become a problem when ignored (Ebert 
2013). Accepting a disturbance risk is usually possible where both the probability of 
occurrence of a disturbance and the potential for damage, that is, the negative con-
sequences on objectives, are small (Fig. 17.6). At the other end of the spectrum, that 

Fig. 17.6 Schematic relationship between risk treatment, probability of occurrence, and damage 
potential
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is, where the potential for damage is very high or the probability of occurrence is 
very high, the possibilities of risk reduction are usually strongly limited, which is 
why it is unlikely that the set objectives can be achieved. As a result, a re-evaluation 
and modification of objectives are necessary, in order to align them with the prevail-
ing disturbance regime.

Reducing Risks
The reduction of risks is usually most effective when probability of occurrence and 
damage potential are intermediate (Fig. 17.6). Risk reduction is based on under-
standing the processes underlying the disturbance (see Chaps. 7, 8, 9, 10, 11, 12 and 
13) and the factors influencing the disturbance; this understanding can be achieved 
by undertaking the risk assessment process described in Sects. 17.2 and 17.3. A 
distinction can be made between cause-related and effect-related risk reduction 
measures. The former aims to reduce the occurrence of a disturbance, and the latter 
aims to reduce their negative effects. When considering risk reduction measures for 
a certain disturbance, care must be taken to ensure that they do not increase other 
risks. This is particularly important in long-lived ecosystems such as forests, where 
the short-term effects of management measures can differ considerably from the 
long-term effects. For example, the risk management of forest fires in the western 
United States throughout most of the twentieth century consisted of strong mea-
sures to prevent and contain forest fires. This resulted in denser and more structured 
forests and the accumulation of fuel on the ground. Today, such stands are very 
susceptible to fire (see Chap. 7) since fuel availability is high and the presence of 
“ladder fuels” allows ground fires to develop into crown fires. Thus, past risk reduc-
tion measures have contributed to a currently increased fire risk (Stephens 
et al. 2013).

Measures for targeted risk reduction are advisable if the predictability of the risk 
factor is relatively high and sufficient knowledge about risk reduction is available 
(Fig. 17.7; Wildavsky 1988; Seidl 2014). If, on the other hand, a risk factor occurs 
nearly randomly in space and time (high stochasticity) and is therefore not predict-
able, risk reduction measures cannot be targeted, and the costs of risk reduction 
often exceed the benefits. Moreover, measures to reduce a risk need to be effective, 
which requires a good understanding of the risk factor and a thorough evaluation of 
the measures before they can be broadly applied. Information on both of these 
aspects can limit risk treatment, for example, in the case of newly introduced inva-
sive diseases and pests (see Chaps. 10, 11, 12 and 13). In such a situation the focus 
must be shifted from risk reduction to fostering the resilience of the system to a risk 
factor (see Chap. 5; Seidl 2014).

Collectivizing Risks
In addition to accepting and reducing them, risks can also be transferred to a col-
lective as part of a risk transfer system. This is particularly common for risks with 
a high potential for damage and a low probability of occurrence (Steinrücken 
2008; see also Fig. 17.6). Risk transfer approaches can be divided into insurance 

17 Managing Disturbance Risks



408

Fig. 17.7 Risk management under uncertainty. Risk reduction measures are advisable if the 
uncertainties regarding the occurrence and treatment of a risk factor are relatively small. Since 
uncertainties can never be eliminated fully (unknown unknowns), resilience should be the primary 
focus in a combined approach, which simultaneously aims to reduce risk and increase resilience. 
(Source: Seidl 2014, modified)

solutions and compensation payments, for example, in the form of government 
subsidies. In Austria, for instance, there is a disaster relief fund for this purpose 
(BMI 1996). In the United States, the Federal Emergency Management Agency 
(FEMA) coordinates responses to disasters (including extreme climatic events). 
FEMA aims to build a culture of preparedness, but for events that exceed a state’s 
capacity to respond the governor of the state can declare a “state of emergency,” 
and resources and federal funds can be made available for the response. In the 
context of insurance, a distinction is made between: (1) voluntary private insur-
ance, (2) compulsory insurance, and (3) a state monopoly insurance (Steinrücken 
2008). Furthermore, insurance solutions can be based on mixed public and private 
financial schemes (Ebert 2013)—for example, the Austrian hail insurance 
[German: Hagelversicherung], which is financed by private payments but also 
receives public subsidies. Both public and private sector approaches have different 
advantages and disadvantages. Overall, the design of efficient risk transfer systems 
is usually based on the optimal economic level of precaution. This raises the ques-
tions of how the negative effects of natural hazards can be sufficiently buffered 
while economic losses from such risks are increasing and how forest owners can 
be motivated to take appropriate precautionary measures (Steinrücken 2008; 
Fischer 2019).
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17.5  Outlook

Because of the growing demand for ecosystem services and a possible increase in 
disturbance activity as a consequence of climate change, considerations of distur-
bance risk management will become increasingly important in the future. One focus 
will need to be on an improved quantification of disturbance risks as well as the 
economic consequences of disturbance. A second focus should be on the social 
vulnerability to disturbances and the capacity of societies to cope with disturbances. 
Furthermore, a stronger integration of risk management considerations into opera-
tional management can increase the stability of ecosystem service supply. However, 
it should also be considered that a complete reduction of uncertainties and risks in 
ecosystem management is neither possible nor desirable (see Holling & Meffe 
1996). A central element in dealing with risks and uncertainties is therefore the 
promotion of biodiversity, which contributes to risk spreading.
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Chapter 18
Disturbances and Ecosystem Services

Dominik Thom , Anke Jentsch , and Rupert Seidl 

Abstract Ecosystem services are the benefits people obtain from ecosystems. 
Disturbances can have multiple, often negative, effects on ecosystem services. 
Primary production is temporarily reduced by disturbances, while water and nutri-
ent cycles are stimulated by disturbances. Consequently, the production of plant 
biomass (wood, animal fodder) may be temporarily decreased. In the context of 
climate regulation, disturbances reduce carbon storage (warming effect) but simul-
taneously increase albedo (cooling effect). Furthermore, disturbances reduce the 
protection function of forests against natural hazards. The way disturbances affect 
cultural services, such as the recreational function of ecosystems, depends on the 
subjective perception of people.
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18.1  Introduction

Ecosystem services embrace all properties of an ecosystem that have a beneficial 
effect on human well-being. The concept of ecosystem services originally devel-
oped from environmental services in the United States. The Millennium Ecosystem 
Assessment (MEA) addressed the influence of humans on ecosystems globally and 
promoted a concept of ecosystem services that found broad acceptance. Since then, 
ecosystem services have been categorized as supporting, providing, regulating, and 
cultural services (Hassan et al. 2005; Table 18.1).

Terrestrial ecosystems generate a variety of different ecosystem services. 
Because of the high spatial heterogeneity of ecosystems and the temporal variability 
of ecosystem processes, the amount of services varies depending on season, eleva-
tion, and geographical location. Individual ecosystem services can be distributed 
very differently across a landscape (Lamy et al. 2016). Landscape heterogeneity can 
thus significantly increase the range and stability of services (Turner et al. 2013). 
The value of ecosystem services is determined by local societies and global devel-
opments and therefore differs across time and space. Prior to the widespread use of 
fossil energy sources, severe timber shortages were common in many places, which 
is why almost all other ecosystem services provided by forests were subordinate to 
timber production. Today, in times of high population densities with diverse needs, 
the importance of other ecosystem services is increasing. Consequently, wood is 
only one of many ecosystem services demanded by society. In densely populated 
regions of the European Alps, where tourism is often the main income source, the 

Table 18.1 Ecosystem services distinguished into four categories as defined by the Millennium 
Ecosystem Assessment (Hassan et al. 2005)

Categories Services

Supporting services Nutrient cycling
Necessary for the production of all other ecosystem services Soil formation

Primary production
Oxygen production

Provisioning services Food and feed
Products people obtain from ecosystems Medicine

Fuel
Wood and fiber

Regulating services Water purification
Benefits people obtain from the regulation of ecosystem 
processes

Climate regulation
Protection from natural 
hazards
Disease regulation

Cultural services Aesthetic
Nonmaterial benefits people obtain from ecosystems Spiritual

Educational
Recreational
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protection of human infrastructure against natural hazards has become a priority 
(Fig. 18.1). Permanent grasslands have played a central role in producing fodder for 
livestock for many centuries, but its economic profitability has decreased signifi-
cantly in recent years (see also Chap. 15). At the same time, these ecosystems have 
often been shaped by humans over generations, and they have obtained a cultural as 
well as aesthetic value. They also constitute an important habitat for a number of 
specialized species, which is why, for instance, alpine and wood pastures (Stuber 
and Bürgi 2001) are still grazed despite their limited economic value (Fig. 18.2). 
Thus, societies define both the benefits of ecosystems and the importance of 
disturbance- induced changes in services in a context-specific way.

Disturbances can have a negative, neutral, or positive impact on ecosystem ser-
vices. The magnitude of disturbance impacts on ecosystem services depends not 
only on disturbance type but also on the spatial and temporal context (Vanderwel 
et al. 2013), disturbance severity and frequency (Wang et al. 2001), site characteris-
tics (Huang et al. 2013), and climate scenarios (Seidl et al. 2008). Ecosystem ser-
vices are influenced by disturbances in different ways. For example, severe flooding 

Fig. 18.1 Forest ecosystems protect houses and human infrastructure from natural hazards, as 
shown here in the example of Hallstatt, Austria. (Photo: R. Seidl)

18 Disturbances and Ecosystem Services
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Fig. 18.2 Alpine meadows are not only of aesthetic value, but they also constitute an important 
habitat for specialized species. (Photo: A. Jentsch)

can lead to negative impacts (e.g. erosion and local damage to buildings), but across 
larger spatial scales, such as in floodplain areas, it can also have positive impacts 
(e.g. transport of organic sediments that increase soil fertility). Windthrow can 
reduce timber production, but it can also foster berry bushes or edible herbs as light 
and temperature conditions change. Since most ecosystems provide several ecosys-
tem services simultaneously, a comprehensive understanding of disturbance effects 
is needed to define priorities for sustainable management. This chapter summarizes 
the impacts of major disturbance agents (e.g. fire, wind, insects, and drought) on 
ecosystem services provided by forests and grasslands.

18.2  Supporting Services

Supporting ecosystem services refer to basic properties of ecosystems on which all 
other services are based. They include material cycles and the production of 
biomass.

18.2.1  Net Primary Production

The term net primary production (NPP) refers to the dry matter bound by photo- or 
chemoautotrophic organisms. That is the fixation of carbon in above- and below-
ground parts of plants minus the carbon consumed by plant respiration. Disturbances 
cause a more or less long-lasting reduction of NPP (Peters et al. 2013). How fast 
NPP recovers after a disturbance (one characteristic of resilience; see Chap. 5) 
depends on disturbance severity as well as on ecosystem development before the 
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disturbance. NPP of forest ecosystems typically peaks in intermediate developmen-
tal stages, particularly in early- and mid-optimum phases (Coursolle et al. 2006). If 
a disturbance occurs in forests of intermediate development, it may thus have a 
stronger impact on NPP than if the disturbance occurred in forests in earlier or later 
development stages. While the NPP of a forest ecosystem usually returns to the 
level before disturbance within a few years after a low-severity disturbance (e.g. 
after windthrow of individual trees), the recovery process may take decades after a 
high-severity event (e.g. after a large-scale forest fire) (Peters et al. 2013). In very 
frequently disturbed grasslands, the typical disturbance regime of grazing and mow-
ing as well as drought and fire reduces the aboveground biomass in the short term 
(see Chap. 15); however, the NPP of temperate grasslands is considered to be very 
resilient to disturbances (Fig. 18.1; Jentsch et al. 2011). Under otherwise compara-
ble site conditions, the productivity and performance of many ecosystems increase 
with increasing plant species diversity (e.g. promoted by disturbances, see Chap. 4) 
in the long term (Hector et al. 1999; Silva Pedro et al. 2016).

18.2.2  Water and Nutrient Cycles

Natural vegetation reflects the prevailing environmental conditions. With ongoing 
succession, ecosystems develop specific material cycles. Management alters the 
natural disturbance regime and the vegetation in a regionally characteristic way. As 
a result, material cycles often change significantly. This can be illustrated by com-
paring arable and forest ecosystems. Water and nutrient runoff are problematic in 
open fields. The shallow rooting vegetation cannot absorb and utilize all precipita-
tion and nutrients that are often added in the form of fertilizers. In addition, arable 
lands tend to dry out quickly during a drought, which can cause mortality of culti-
vated crops. In contrast, forests are effective systems storing large amounts of water 
and nutrients (Schume et al. 2004; Berger et al. 2006). The roots of trees penetrate 
deeply into the ground. Moreover, evapotranspiration regulates the local climatic 
conditions (microclimate) efficiently (De Frenne et al. 2019). Thus, forests are self- 
maintaining, and trees can withstand droughts better than crops (Stuart-Haëntjens 
et al. 2018). For permanent grasslands, it has been demonstrated that species-rich 
plant communities have more efficient biogeochemical cycles than species-poor 
plant communities. For example, less nitrate from fertilization and atmospheric 
inputs runs off with seepage water, contaminating the groundwater and, thus, reduc-
ing water quality (Scherer-Lorenzen et al. 2003). Disturbances can strongly influ-
ence water and nutrient cycles. Since disturbances produce large amounts of dead 
biomass, nutrients released by disturbances cannot always be absorbed entirely by 
the remaining vegetation (e.g. Beudert et al. 2015). Depending on soil type, this 
leads to nutrient leaching and thus to a more or less long-lasting impoverishment of 
the ecosystem. In grassland systems, changes in the soil water balance, for example, 
driven by droughts or heavy rainfall events, can greatly reduce the density and func-
tionality of the soil microflora and microfauna for several months to years (Sheik 
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et al. 2011). Direct effects (nutrient transport, redox conditions, water supply) are of 
similar importance as indirect effects (i.e. reduced photosynthesis rates of plants 
during longer dry periods and the associated reduced release of carbohydrates into 
the soil) (Wall et al. 2013). On the other hand, minor disturbance events in ecosys-
tems can also have long-term positive effects on the water and nutrient cycle if they 
contribute to the revitalization of a system by returning organic material to the nutri-
ent cycle. For example, after a disturbance-induced reduction in canopy cover in 
coniferous forests, more light reaches the forest floor, warms it, and accelerates the 
decomposition of the humus layer that has formed during stand development 
(Mladenoff 1987). The newly developing stand may benefit from the additional 
release of nutrients, and provides improved conditions for the establishment of mul-
tiple plant species.

18.3  Provisioning Services

This category of ecosystem services includes products that humans obtain from 
ecosystems and which can usually be quantified in monetary terms. Disturbances 
often negatively affect provisioning services. Important examples of provisioning 
services are wood from forests and fodder for livestock from arable fields (e.g. 
corn), meadows, and pastures.

18.3.1  Biomass

With the disturbance-induced decrease of live biomass, reductions in forest produc-
tivity can last for several years because the necessary structures for optimal photo-
synthesis performance as well as nutrient and water uptake need time to recover after 
disturbances. Also, an early reset of forest development before the rotation age is 
reached may cause growth losses reducing wood production. The value of windthrown 
timber is often reduced by mechanical damages (e.g. wind breakage) or fungal infes-
tation (e.g. blue stain fungi). Furthermore, harvesting is more difficult in wind-dis-
turbed stands, and consequently economic revenues are reduced. After large-scale 
storm events (see Chap. 8) and bark beetle calamities (see Chap. 12), an oversupply 
of timber causes price reductions that may last a few years (Prestemon and Holmes 
2004). Timber growth of the remaining forest may also be affected by disturbances. 
Growth can be reduced for several years after a disturbance event as a result of root, 
trunk, or crown damage (Seidl and Blennow 2012). The influence of disturbances on 
timber production is thus usually negative in the first years after a disturbance event.

However, long-term impacts of disturbances on timber production remain uncer-
tain. After the culmination of timber growth in the optimal phase, productivity often 
decreases with increasing stand age but may increase again as forests develop more 
complex structures as they age (Thom et al. 2019). Disturbances may reset forest 
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development cycles and promote complex structures which may enhance productiv-
ity due to niche complementarity. In addition, disturbed areas with fast-growing, 
early successional species have comparatively high growth rates (Kashian et  al. 
2005). Juvenile trees benefit from the release of nutrients resulting from an acceler-
ated mineralization as temperatures are elevated in stand openings. They may also 
benefit from the decomposition of deadwood in the longer term, provided that the 
deadwood is not salvaged. In this context, the variability of natural disturbance 
regimes should also be noted. In ecosystems characterized by wildfire, disturbances 
can be essential for the regeneration of certain tree species and their long-term pro-
ductivity (e.g. Pinus palustris Mill. in North America; Gilliam and Platt 1999) as 
fires consume part of the accumulating litter layer which prevents seed germination 
and stores nutrients (e.g. in boreal ecosystems; Pollock and Payette 2010).

In permanent grasslands primarily used for fodder production, disturbances also 
initially reduce biomass. However, the resilience of this system is significantly 
higher than the resilience of forests (Stuart-Haëntjens et  al. 2018). In grassland, 
returning to the original state usually takes a few years, whereas forest recovery may 
take decades or centuries. The discussion about the potential for biomass production 
in permanent grasslands to contribute to the generation of renewable energy has 
gained traction. However, the impact of disturbances on biomass production in per-
manent grassland is difficult to evaluate as neither the risks nor the benefits have 
been sufficiently investigated (Eggers et al. 2009; Hellmann and Verburg 2010).

18.3.2  Food and Medicinal Products

While food obtained from forests through hunting animals and collecting wild fruits 
or plants plays a subordinated role in industrialized countries, in other regions of the 
world, these natural resources represent a significant share of the population’s food 
supply. Especially people living in tropical and subtropical regions meet their food 
demands to a large degree from forests or small-scale agriculture, such as in home 
gardens or other agroforestry systems. The survival of these people can be endan-
gered by large-scale disturbances, in particular, by wildfire. Fires do not only com-
bust edible plants; they can also reduce the populations of hunted animals (Zamora 
et al. 2010). This negative disturbance effect lasts at least as long as these animals 
cannot find fodder on the disturbed area. However, once a rich herb layer has been 
established, an improvement in habitat conditions for wildlife or edible plants is 
also possible, so that in the mid-term after a fire, there might be an increase in the 
populations of hunted wildlife species and the amounts of fruits and vegetables.

For the agricultural sector, disturbances are regarded as threat. Warming, as well 
as increases in frequency and severity of extreme weather events, leads to reduc-
tions in the food production. Pest infestations, diseases, hailstorms, flooding, and 
drought negatively affect crop plants and livestock (Tubiello et al. 2007). In addi-
tion, drought and heavy rainfall alter the production of leaf substances that can 
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reduce the fodder quality, the rate of litter decomposition, and the activity of soil 
microbes (Joos et al. 2010; Walter et al. 2012).

In the context of pharmaceutical products, a disturbance-driven increase in spe-
cies diversity might be positive. Some plants, such as deadly nightshade (Atropa 
belladonna L.), whose ingredients have a fever-reducing and pain-relieving effect, 
need canopy openings for their growth. Other plants, such as the antispasmodic 
hedge woundwort (Stachys sylvatica L.), prefer undisturbed forests. Mixed-severity 
disturbances provide different environmental conditions and may thus increase the 
beta-diversity of plants. In addition to well-known medicinal plants and their ingre-
dients for the production of drugs for humans, plants contribute to animal health. 
Phytotherapeutics are particularly important with respect to diseases that are resis-
tant to conventional pharmaceutical products—for instance, plant-based products 
are promising as anthelmintics for treatment of infections by drug-resistant parasitic 
helminth worms (of both livestock and humans). Phytomedicine may gain impor-
tance in the future as the use of antibiotics and other drugs is increasingly being 
critically questioned in human and veterinary medicine.

18.4  Regulating Services

Regulating services are essentially ecosystem services that protect people and infra-
structure against harmful environmental influences and pollution as well as natural 
hazards. Disturbance impacts on regulating functions are often quantifiable, for 
instance, via changes in the vegetation such as canopy cover (as an indicator of 
avalanche protection) or via carbon fluxes (as an indicator of the climate-regulating 
function of forests). However, the net effect of disturbances on regulating ecosystem 
services is usually complex and requires consideration of the temporal and spatial 
dynamics of the disturbance regime. For example, the protection against rockfall 
and avalanches is not impaired after a low-severity disturbance event and especially 
if deadwood remains in the forest. In the long term, such a disturbance may even 
lead to an increase of the protection function (e.g. due to an increasing stand den-
sity). However, the loss of biomass after a large- scale disturbance of high severity 
usually leads to a strong reduction of the protection function against natural hazards 
(Cordonnier et al. 2008). The regulation of natural hazards in mountainous areas is 
becoming more and more important because of the increase in population density 
(e.g. in the Alps, where tourism has increased considerably). The same holds true 
for water and air purification in polluted regions (e.g. in metropolitan areas like 
Beijing). Furthermore, the climate-regulating function of ecosystems is of increas-
ing importance as greenhouse gas emissions continue to increase.
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18.4.1  Climate-Regulating Services

The sequestration and storage of carbon is by far the most frequently discussed 
climate-regulating service of ecosystems. Compared to other terrestrial ecosystems, 
forests are of particular importance for the uptake and long-term storage of atmo-
spheric carbon. It is estimated that forests currently absorb about 30% of anthropo-
genic CO2 emissions (Pan et al. 2011). The vast majority of studies reveal a negative 
effect of disturbances on carbon storage, mainly driven by a reduction of living 
biomass in ecosystems and increasing soil respiration after disturbances (Thom and 
Seidl 2016). Prominent examples are the recent outbreaks of the mountain pine bark 
beetle (Dendroctonus ponderosae Hopkins) in British Columbia, Canada (see also 
Box 12.1 in Chap. 12) as well as of the European spruce bark beetle (Ips typogra-
phus L.) outbreaks after windthrow and extreme droughts in Europe (Kurz et al. 
2008; Lindroth et al. 2009; Hlásny et al. 2021). In boreal and (sub)tropical forest 
ecosystems, fire is the most important disturbance agent altering the carbon balance 
(see Conard et al. 2002). In terms of their climate impact, forests are referred to as 
“slow in, fast out” systems (Körner 2003), because the carbon stored over decades 
can be released quickly into the atmosphere through disturbances. However, there 
are also examples of long-term positive disturbance impacts. At a study site in 
Ontario, carbon in aboveground live biomass was not highest in old forests, but 
peaked 92 years after fire (Seedre and Chen 2010). At the same site, the highest 
amounts of soil carbon were found between 29 and 149 years after fire (Chen and 
Shrestha 2012). That means the maximum aboveground carbon storage in this eco-
system is already reached within decades after a disturbance and does not level off 
or continue to increase as forests age, as suggested by other studies (Keeton et al. 
2011; Thom et al. 2019). A disturbance-driven transformation of forests into a dif-
ferent ecosystem type can also have a positive effect on climate regulation. For 
instance, a study from Alaska suggested an accelerated expansion of a bog after 
forest fire ultimately storing more carbon in the long term (Myers-Smith et al. 2008).

In comparison to forest ecosystems, grasslands are a weaker CO2 sink (see also 
Chap. 15). The strength of the sink increases with cultivation intensity; however, 
this comes at the expense of higher emissions of the greenhouse gas nitrous oxide 
(N2O) (Soussana et al. 2007; Chang et al. 2015). In particular, extensively managed 
meadows of Central European low mountain ranges (meadows with annual or bi-
annual mowing cycles) are carbon sinks (Foken and Lüers 2015). Management 
intensification increases CO2 exchange rates of grasslands (photosynthesis or respi-
ration) but reduces CO2 exchange rates on unfertilized fallow land (Schmitt 
et al. 2010).

Despite intensive research, some disturbance effects on the ecosystems’ carbon 
balance remain poorly understood. While aboveground processes are relatively well 
understood, belowground processes are more challenging to investigate. Hence, 
there is considerable uncertainty in estimating disturbance impacts on belowground 
carbon fluxes (Thom and Seidl 2016) (Box 18.1).

18 Disturbances and Ecosystem Services



422

Box 18.1: Ecological Novelty: A Challenge for Nature Conservation 
and Society

Anke Jentsch 
Bayreuth Center for Ecology and Environmental Sciences (BayCEER), 
University of Bayreuth, Bayreuth, Germany

Ecological novelty is a term used to describe newly formed ecosystems that 
arise from rapid anthropogenic environmental changes and differ from the 
original ecosystems in composition, function, and character (Hobbs et  al. 
2006; Kueffer 2015). Typical examples include: massive land-use changes, 
such as the introduction of offshore wind power plants along North European 
coasts, progressive fragmentation (e.g. as a result of oil exploration drilling in 
boreal primary forests), the spread of non-native species such as nitrogen- 
fixing legumes after their planting for slope stabilization, atmospheric nitro-
gen inputs near urban agglomerations, various aspects of climate change (e.g. 
heat waves with new maximum temperatures as well as rapidly changing tem-
peratures), and new disturbance regimes (e.g. heat pulses in running water 
because of the discharge of cooling water). New ecosystems can thus emerge 
in a variety of ways (Box Fig. 1)—for example, by degradation of original and 
seminatural ecosystems, by creation of previously nonexistent structures 
(Ayanu et al. 2015), or by abandonment of intensively used agricultural land 
under changed environmental conditions. A global example of novel land-
scapes are nocturnal light spaces created by street lights, which disrupt the 
behavior of nocturnal animals, including innumerable insects that orient 
themselves using polarized sun and moon light, but lose this ability to orient 
themselves in the diffuse light patterns of street lamps (e.g. the incandescent 
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(continued)

Box Fig. 1 Schematic representation of the development of novel ecosystems through deg-
radation of near-natural ecosystems or after the abandonment of the use of intensively 
farmed agricultural land. (From Hobbs et al. 2006, repainted)
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lights commonly used in the past, or LED lights that are becoming increas-
ingly common as street lights).

The introduction of alien species (novel organisms), including plants, ani-
mals, pathogens, and genetically modified organisms, and the disappearance 
of native or long-cultivated species as a result of land abandonment or degra-
dation lead to novel species communities (Box Fig. 2) and to novel species 
interactions between species and finally to novel communities and novel eco-
systems. Under the changed environmental conditions, so-called hybrid sys-
tems (Hobbs et al. 2006) are created, in which both original and new species 
are mixed. Further environmental changes lead to completely new ecosystems 
with different species, interactions, and functions than in the original ecosys-
tem. The introduction of alien species can also change the disturbance regime. 
For example, fire frequencies increase after immigration of invasive species in 
Mediterranean grasslands or after planting of eucalypts (Eucalyptus spp.) in 
Mediterranean forest areas. Another example is the heat pulse downstream 
from power plants that occurs as the result of the drained cooling water 

Box 18.1 (continued)

(continued)

Box Fig.  2 Distribution of the invasive Nootka lupin (Lupinus nootkatensis Donn ex 
Sims) in Iceland, which was introduced several decades ago to stabilize slopes and 
improve soil quality. Today, the lupin has become a problem there because it colonizes 
almost all of the island’s lowland ecosystems and reduces the local biodiversity. (Vetter 
et al. 2018)
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Numerous studies have investigated disturbances impacts on carbon storage 
(e.g. Seidl et al. 2014). There are fewer studies on other climate regulating ecosys-
tem services (e.g. Thom et al. 2017). One of these services is albedo, that is, the 
reflection of solar radiation from the Earth’s surface back to the atmosphere. A 
high albedo means less absorption of radiation and thus less warming of the 

entering rivers; the resulting temperatures are beyond the ecological niche of 
the original organisms.

Ecological novelty is a growing challenge for nature conservation research 
and protected area management worldwide (Bridgewater et al. 2011). In eco-
systems that have already been subject to severe environmental changes over 
a long period of time, linking historical environmental conditions and natural 
disturbance regimes is often difficult and makes little sense. Therefore, man-
agement and protection of species, processes, as well as resources/land focus 
on ecosystems that fulfil particular functions. In doing so, the traditional, site-
specific focus on the existing species assemblages and historical conservation 
targets has been abandoned (Hobbs et al. 2009; Larson and Kueffer 2013).
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Earth’s surface. In general, the reflectivity of snow is highest, whereas, for instance, 
a dark coniferous forest has a low albedo value. Disturbances create gaps with 
potentially greater snow depth and snow cover duration in winter. Furthermore, 
disturbances in coniferous forests may increase the proportion of broadleaved 
trees, ultimately resulting in a long-term increase in albedo (Euskirchen et  al. 
2009; Dore et al. 2012). In grasslands, mowing and grazing, fire, and drought all 
reduce the leaf area index. This leads to a reduction of the radiation absorbed by 
the vegetation and, depending on soil color and moisture, to an increasing albedo 
(see Chap. 15). Disturbances may thus have a positive influence on the radiation 
balance of ecosystems. Hence, the positive effect of disturbances on albedo may 
(partially) offset the negative effect of disturbances on the carbon balance of 
ecosystems.

Another climate-regulating service that is affected by disturbances and that has, 
as yet, received little attention is the latent heat flux. Latent heat is energy absorbed 
or released by a phase change of water. When water evaporates, energy is trans-
ferred from the Earth’s surface into the atmosphere and induces a local cooling 
effect. However, water vapor is a greenhouse gas itself and can thus contribute to 
warming on a larger scale. Such complex secondary effects, which also include 
cloud formation, remain highly uncertain to date. Therefore, in the following, we 
only discuss the direct disturbance effect on the climate-regulating function of eco-
systems driven by latent heat fluxes. Disturbance-induced alterations of the vegeta-
tion can have different effects on the latent heat flux of ecosystems over time. For 
example, a short-term reduction of biomass results in less evapotranspiration (i.e. 
less cooling), whereas changes in vegetation characteristics may have the opposite 
effect in the long term. In particular, changes in tree species composition may have 
a significant influence on the amount of water released into the atmosphere. A simu-
lation study of forest ecosystems in a mountainous landscape in Austria indicates 
that a disturbance-induced increase in the dominance of broadleaved trees under 
climate change elevates evapotranspiration rates. Thus, from this point of view, dis-
turbances have a positive effect on the climate-regulating function of the forest 
(Thom et al. 2017). A disturbance and climate-related change in evapotranspiration 
can also be assumed in grasslands, although the effect is likely much smaller com-
pared to forest ecosystems.

18.4.2  Water Pollution Control

Soil and vegetation filter and recycle water from deeper soil layers back to the 
surface and into the atmosphere. In open landscapes, mowing, grazing, fire, and 
drought interfere in many ways with the water balance and its components with 
consequences for transpiration and evaporation, precipitation infiltration, surface 
runoff, and soil water content (see Chap. 15). Thus, the reduction of 
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evapotranspiration during grazing and mowing leads to a higher soil water content 
compared to undisturbed grasslands. A disturbance of the ecosystem also leads to 
a faster decomposition of biomass and increased leaching of the topsoil, so that 
more substances enter the groundwater (Mikkelson et al. 2013). The nitrogen con-
centration is an important characteristic of drinking water quality. Moreover, heavy 
metals such as mercury can also be released (Emelko et al. 2011). In disturbance 
impact assessments, the point in time when a disturbance occurred and the rate of 
leaching into the groundwater must be considered. For example, in open land-
scapes, fertilization greatly increases nitrogen inputs which may lead to nitrogen 
leaching into the groundwater as well as increased N2O emissions (see Chap. 15). 
Since fires cause an abrupt and rapid transformation of biomass in grasslands and 
forests, the nitrogen levels in groundwater are particularly high in the first years 
after a fire and can affect drinking water quality (Kučerová et al. 2008; Emelko 
et al. 2011).

In contrast, bark beetle infestation of trees is a slower process. It takes several 
months or even years for trees to die. Moreover, the decomposition of deadwood 
may take decades. In addition, as the overstorey canopy opens, the herbaceous and 
shrubby vegetation of the understorey can establish, which requires nitrogen and 
water and therefore reduces precipitation runoff peaks (although to a lesser extent 
than trees). The release of harmful substances into the groundwater is thus buff-
ered, and that means the nitrogen content in the water increases in the first years 
after a bark beetle disturbance, but in many cases remains below a critical threshold 
(Huber 2005; Beudert et al. 2015). Disturbances caused by wind result in a faster 
decomposition rate of organic material than bark beetle disturbances, because most 
windthrown material is in contact with the forest floor. In turn, the growth of a 
buffering herbaceous and shrubby vegetation can be delayed by downed dead-
wood. Hence, it can be assumed that the effects of wind disturbances on drinking 
water are in-between those of fire and bark beetle outbreaks and have, at least in the 
mid-term, only a moderate influence on water quality (Scharenbroch and 
Bockheim 2008).

18.4.3  Protection Against Natural Hazards 
and Erosion Control

A continuous vegetation cover provides protection in many ways. In particular, 
forests provide effective and cost-efficient protection against gravitational natural 
hazards (i.e. rockfalls, avalanches, mudflows, floods) for humans and infrastructure 
(see Chap. 9). The protection against natural hazards is of greatest importance in 
densely populated mountain areas and especially in the European Alps. The 
demands on the protection forest vary with the locally relevant natural hazards. 
However, in general, the aim should be to maintain a stable permanent stocking 
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with relatively high stand density. To ensure long-term protection against natural 
hazards in mountainous regions, a mixture of different tree species, sufficient natu-
ral regeneration, and an appropriate forest structure is recommended (Dorren et al. 
2004). Disturbances open forest canopies and reduce stand densities. Thus, distur-
bances are considered a threat to the overall protective function of forests 
(Zurbriggen et al. 2014). Because of the long recovery process of mountain forests, 
it is often very difficult to quickly restore sufficient protection (Brang et al. 2006; 
Brang et al. 2015). However, a few studies have revealed that the high structural 
diversity in the first years after a disturbance (e.g. windthrow) can lead to increased 
protection against avalanches and rockfall (Wohlgemuth et al. 2017). This can be 
explained by the high terrain roughness caused by root plates and downed dead-
wood after a storm event. However, advancing decomposition and the associated 
destabilization of structural elements reduces the protection function over time, 
while a rapid establishment of the new tree regeneration is necessary to ensure 
long-term protection against natural hazards (Schwitter et al. 2015). For erosion 
protection, any kind of vegetation cover is better than bare ground. Comparing dif-
ferent forms of land use, forests provide the highest level of protection against ero-
sion, especially to protect steep slopes (El Kateb et al. 2013). Larger gaps created 
by natural or anthropogenic disturbances should thus be avoided in areas with high 
erosion risk. In grasslands, grazing and (machine- supported) mowing often lead to 
soil compaction which reduces the infiltration of precipitation into the soil and 
consequently increases surface runoff and soil erosion (see also Chap. 15). Thus, 
with increasing rainfall intensity in agricultural landscapes, permanent grasslands 
play an important role in erosion control. Surface runoff is reduced in grasslands 
during heavy rainfall events as they have a higher surface roughness and seepage 
than bare ground. Therefore, soil erosion is not an issue, even in species-poor 
grasslands.

18.5  Cultural Services

In comparison to other ecosystem services, cultural services are more challenging 
to assess quantitatively, since they are often difficult to measure, nonmaterial, and 
intrinsic ecosystem services, and in addition, they are valued very differently 
depending on culture and individual perception. Landscapes offer nature experi-
ence, recreation, inspiration, and cultural identity and are sometimes even perceived 
as sacred sites. For example, the mighty kauri (Agathis australis (D.Don) Lindl.) 
trees are sacred to the Maori in New Zealand, and lime (Tilia spp.) trees were once 
sacred to the Germanic peoples in Europe. A diversity of structural elements, the 
abundance of flowers, and a variety of animals, such as butterflies or birds, improve 
the positive perception about a landscape (Clergeau et al. 2001). There is compara-
tively little literature available regarding the disturbance impacts on this group of 
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ecosystem services. The influence of disturbances on the recreational effects of eco-
systems has been investigated the most and will be explained in more detail in this 
section.

18.5.1  Recreation

The evaluation of disturbance impacts on the recreational value of forests and other 
ecosystems depends on the individual and cultural perception. If a major distur-
bance event occurs, the local population and people seeking recreation often react 
negatively at first. However, the high diversity of plant and animal species on dis-
turbed areas can subsequently improve this perception significantly.

A good example of a change in the attitude toward disturbances is the Bavarian 
Forest National Park, where several thousand hectares of forest have been disturbed 
by bark beetles (especially Ips typographus, see Chap. 12) and wind in recent 
decades. While the local population and tourists were concerned and skeptical about 
the development of the national park after the beginning of the bark beetle mass 
outbreak in the early 1990s, the attitude toward this disturbance, which is unique in 
Germany, is overall neutral now and varies with age and level of education: younger 
and more educated people tend to see the disturbance more positively than older and 
less educated people (Müller and Job 2009). A similar study has been conducted in 
two national parks in British Columbia (Canada), where a bark beetle mass out-
break has been ongoing since the 1990s (see Box 12.1 in Chap. 12). Interviewed 
tourists described their emotions toward the bark beetle disturbance significantly 
rather negatively (McFarlane and Watson 2008). Furthermore, a survey has been 
conducted in Canada on the aesthetic value of forests disturbed by forest fire. In this 
case, people indicated an overall negative perception toward the disturbance (Hunt 
and Haider 2004).

Fig. 18.3 Soil disturbances with (a) topsoil removal and (b) sheep grazing as specific nature con-
servation measures for the restoration of sand dune habitats. (Photos: A. Jentsch)
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Another example concerning the disturbance impacts on recreational services 
is the restoration of nature reserves created on military training zones. In some 
cases, the designated nature reserves have been abandoned by the military. As a 
result, these areas often lack the soil disturbance regimes that had previously 
been important for many protected and endangered species (Jentsch 2007; 
Jentsch et al. 2009). Soil disturbances, such as tank movement (in the case of the 
military training zones), or tractor movement, topsoil erosion, nomadic sheep 
herding, or horse grazing, drive the vegetation dynamics in inland sand dune 
habitats of Central Europe. These disturbances need to be incorporated into 
nature conservation measures in order to maintain the presence of certain species 
(Fig. 18.3); however, the measures are often perceived negatively by the public, 
and there is a need for information campaigns to explain why such measures 
are needed.

18.6  Summary

Disturbance effects on ecosystem services depend on a variety of factors. A com-
prehensive analysis of temperate and boreal forests based on 478 scientific publica-
tions on disturbance effects on ecosystem services (Thom and Seidl 2016) revealed 
that natural disturbances have a predominantly negative effect on forest ecosystem 
services. Only albedo—a climate-regulating service—is clearly positively affected 
by disturbances (Fig. 18.4). The review study further indicated that all ecosystem 
service categories are similarly affected by disturbances (Fig. 18.5).

Fig. 18.4 Disturbance impacts on individual forest ecosystem services (n = number of observa-
tions). (Source: Thom and Seidl 2016)
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Fig. 18.5 Effects of disturbances on ecosystem service categories—according to the Millennium 
Ecosystem Assessment (Hassan et al. 2005): (a) supporting, (b) provisioning, (c) regulating, and 
(d) cultural ecosystem services (n = number of observations). (Source: Thom and Seidl 2016)

Supporting and provisioning services of Central European grasslands, such as 
biomass production and fodder quality, are highly resistant and resilient to dis-
turbances. Resistance and resilience increase with species diversity. Experimental 
studies from different countries confirm a continued biomass supply even under 
severe summer drought or changes in the mowing regime. However, other sup-
porting, provisioning, and regulating services, such as nutrient and water cycling, 
are more strongly influenced by extreme weather events and land-use changes 
than biomass production.
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