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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

https://doi.org/10.1007/978-3-030-98756-5_3


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.
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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.

R. Seidl et al.
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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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