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Abstract
The ecosystems of the world are currently facing a variety of anthropogenic
perturbations, such as climate change, fragmentation and destruction of habitat,
overexploitation of natural resources and invasions of alien species. How the ecosystems
will be affected is not only dependent on the direct effects of the perturbations on
individual species but also on the trophic structure and interaction patterns of the
ecological community. Of particular current concern is the response of ecological
communities to climate change. Increased global temperature is expected to cause an
increased intensity and frequency of weather extremes. A more unpredictable and more
variable environment will have important consequences not only for individual species
but also for the dynamics of the entire community. If we are to fully understand the joint
effects of a changing climate and habitat fragmentation, there is also a need to understand
the spatial aspects of community dynamics. In the present work we use dynamic models
to theoretically explore the importance of local (Paper I and II) and spatial processes
(Paper III-V) for the response of multi-trophic communities to different kinds of
perturbations.
In paper I we investigate how species richness and correlation in species responses to a
highly variable environment affect the risk of extinction cascades. We find that the risk of
extinction cascades increases with increasing species richness especially when the
correlation among species is low. Initial stochastic extinctions of primary producer
species unleash bottom-up extinction cascades, where specialist consumers are especially
vulnerable. Although the risks of extinction cascades were higher in the species-rich
systems, we found that the temporal stability of aggregate abundance of primary
producers increased with increasing richness. Thus, species richness had a two-sided
effect on community stability. Also during the extinction cascades it is possible that more
robust species and interaction patterns will be selected which would further act to
stabilize the post-extinction communities. In paper II we explore how the process of
disassembly affects the structure of the interaction network and the robustness of the
community to additional disturbances. We find that the disassembled communities are
structurally different and more resistant to disturbances than equally sized communities
that have not gone through a phase of disassembly. The disassembled communities are
topologically as well as dynamically more stable than non-disassembled communities.
In paper III, IV and V we expand the analysis to incorporate the spatial dimension. In
paper III we analyze how metacommunities (a set of local communities coupled by
species dispersal) in spatially explicit landscapes respond to environmental variation. We
examine how this response is affected by varying 1) species richness in the local
communities, 2) the degree of correlation in species response to the environmental
variation, between species within patches (species correlation) and among patches
(spatial correlation) and 3) dispersal pattern of species. First we can confirm that our
previous findings from paper I regarding local species richness and correlation among
species within a patch are robust to the inclusion of a spatial dimension. However our
results also show that the spatial dynamics are of great importance: first we find that the
risk of global extinctions increases with increasing spatial correlation. Second we find

that the pattern and rate of dispersal are important; a high migration rate in combination
with localized dispersal decrease the risk of global extinctions whereas a global dispersal
pattern increases the risk of global extinctions. When dispersal is global the
subpopulations of a species become more synchronized which reduces the potential for a
patch to become recolonized following extinctions. We also demonstrate the importance
of both local and spatial processes when examining the temporal stability of primary
production at the scale of metapopulations, local communities and metacommunities.
In paper IV we investigate how the spatial structure of the landscape (number of patches)
and dispersal pattern of species affect a metacommunities response to increased mortality
during dispersal and local loss of species. We find a two-sided effect of dispersal on
metacommunity persistence; on the one hand, high migration rate significantly reduces
the risk of bottom-up extinction cascades following the removal of a species when
dispersal involves no risk. On the other hand, high migration rate increases extinction
risks when dispersal imposes a risk to the dispersing individuals, especially when
dispersal is global. Species with long generation times at the highest trophic level are
particularly vulnerable to extinction when dispersal involves a risk. These results suggest
that decreasing the mortality risk of dispersing individuals by constructing habitat
corridors or by improving the quality of the habitat matrix might greatly increase the
robustness of metacommunities to local loss of species by enhancing recolonisations and
rescue effects.
In paper V we use network theory to identify keystone patches in the landscape, patches
that are of critical importance for the local and global persistence of species in the
metacommunity. By deleting patches one at a time and investigating the risk of local and
global extinctions we quantified the importance of a patch’s position in the landscape for
the persistence of species within the metacommunity. A selection of indices were used
including some local indices that measure the connectedness of a patch in the intact
network and some indices which measure the decrease in a global index after the deletion
of the patch from the network. Global indices are those that give an impression of the
connectivity of the entire patch network. We find that deletion of patches contributing
strongly to the connectivity of the entire patch network had the most negative effect on
species persistence.

Populärvetenskaplig sammanfattning
Förlust av biologisk mångfald är ett av de mest akuta miljöproblemen idag. På grund av
mänsklig påverkan så uppskattas den hastighet som arter dör ut med idag att vara ca 1001000 gånger högre än den naturliga takten. Två av de främsta orsakerna till den snabba
utarmningen av biologisk mångfald är förstörelse och fragmentering av naturliga biotoper
samt förändringar i klimatet på grund av global uppvärmning. En ökade global
temperatur orsakat av koldioxidutsläpp förväntas leda till en högre frekvens och intensitet
av extrema väderhändelser. En högre variation i miljön kan leda till en ökad risk för att
arter dör ut. Förlust av arter är en allvarlig störning på de ekologiska systemen. Arter
interagerar med varandra både direkt och indirekt i näringsvävarna och om en art dör ut
kan det utlösa en kaskad av sekundära utdöenden, vilket i sin tur kan få allvarliga
konsekvenser för stabiliteten och funktionen i ekosystemen. För att kunna minimera
förlust av fler arter är det av yttersta vikt att förstå hur olika typer av ekologiska system
påverkas av olika typer av störningar. En stor utmaning inom ekologin är att utveckla
metoder för att kunna förutsäga vilka typer samhällen som är mest sårbara men även
vilka typer av arter som i högre grad utlöser sekundära utdöenden om de själva dör ut?
Arter interagerar också via spridning mellan olika habitat i ett landskap, så det är viktigt
att ta hänsyn till de processer som äger rum i landskapet. Genom att använda oss av
matematiska modeller av ekologiska system kan vi genomföra sårbarhetsanalyser av
ekologiska samhällen, där vi undersöker hur ekologiska samhällens trofiska struktur
(antalet arter, interaktionsmönster), arters spridningsförmåga och hur habitatet ligger
placerat i landskapet påverkar samhällenas svar på en ökad variation i miljön, lokala
artutdöenden samt förlust av habitat
Vi fann att ekologiska samhällen med hög artrikedom är särskilt känsliga för en hög
variation i omvärlden, risken för utdöende kaskader ökar ju fler arter det finns i systemet
och särskilt om arterna svarar olika på omvärldsvariationen. Samtidigt, ökar stabiliteten i
total biomassa med en ökande artrikedom. Så beroende på vilket mått man använder för
att uppskatta hur stabilt ett samhälle är så kan man få helt olika svar. Samhällen som
tidigare blivit utsatt för störning och förlorat arter visade sig vara mer stabila än tidigare
ostörda samhällen. Om de mest sårbara arterna och strukturerna försvinner i de initiala
utdöendena kan ett samhälle organiseras om till att bli mycket mer stabilt mot nya
störningar. Spridning mellan habitat visade sig vara mycket viktigt för att upprätthålla
artrikedomen i ett landskap, men bara om spridningen är lokaliserad, där mest spridning i
huvudsak sker mellan närliggande habitat. Om arter istället sprider sig lika mycket till
alla habitat oavsett avstånd i landskapet, försvinner denna positiva effekt genom att det
uppstår synkroni mellan populationerna i de olika habitaten, vilket ökar risken för
utdöenden. Om det är en risk med att sprida sig genom landskapet kan detta motverka de
positiva effekterna av spridning, genom att en stor proportion individer dör under
migrationen. För att identifiera habitat som kan vara särskilt viktiga för arters och
samhällens överlevnad genomförde vi ett experiment där vi plockade bort habitat ett i
taget och sedan utvärderade om det fanns något samband mellan ett habitats position i
landskapet och risken för att arter ska dö ut. Vi fann att många av de mått vi använde för
att beskriva positionen i landskapet var till viss del korrelerade mot arters utdöende
risker.
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1. Introduction
The growing human population is currently inducing a heavy load of perturbations on the
ecosystems of our world. Some of the most severe threats are the destruction and
fragmentation of natural habitats and the impact of climate change (Pereira et al. 2010).
One of the major challenges for ecologists is to be able to forecast what the consequences
will be for the stability and persistence of the species inhabiting our ecosystems. The
biotic part of an ecosystem can be described by a food-web which depict the trophic
interactions, or who eats whom within the system. However species does not only interact
by eating and being eaten, there are also non-trophic interactions present, such as direct
competition or mutualism. An ecological community is a description of both the trophic
and the non-trophic interactions in an ecosystem (Goudard et al. 2008). How a specific
ecological community will react to perturbations will depend both on the nature of the
perturbation but also on how sensitive the species inhabiting the community are to the
specific perturbation (Ives et al. 2004). Due to the interdependence among species in
ecological networks, the loss or even a change in the abundance of one species can cause
a dramatic change in the abundance of directly as well as indirectly interacting species. In
the worst case an initial loss of one species can cause a cascade of secondary extinctions
throughout the community (Pimm 1980, Borrvall et al. 2000, Dunne et al. 2002b,
Ebenman et al. 2004, Ekloef et al. 2006, Petchey et al. 2008, Dunne et al. 2009, Fowler
2010, Stouffer et al. 2011). The severity of these extinction cascades will depend on the
characteristics of the initially extinct species but also on the structure and interaction
patterns of the entire community (Ebenman et al. 2005, Montoya et al. 2006, Ebenman
2011). It is also important to gain understanding of how extinctions of species will
change the topology of a community but most importantly what consequences this will
have for the functioning and stability of the ecosystems.
The processes mentioned above take place at the scale of a local isolated community,
since species are also interacting at larger scales via dispersal between habitat patches in
the landscape, it is important to consider the processes that take place at the scale of the
entire landscape. When taking spatial processes into account dispersal is an important
component; the ability to disperse can vary among different species and between
landscapes (Holyoak et al. 2005, Rooney et al. 2008). Also many anthropogenic
disturbances have consequences at a larger spatial scale. In this thesis I have used
theoretical models of ecological communities to investigate how they respond to different
kind of perturbations caused by anthropogenic activities. In the first part of the thesis I
focus on the importance of the processes at the scale of the local community, especially
on how biodiversity and interaction patterns affect the stability and persistence of
communities when exposed to a highly variable environment. The second part of the
thesis also accounts for the spatial dynamics, thus linking together local and spatial
processes.

2

1.1 Local processes
Environmental variation
The environment that affects the population dynamics of species is naturally variable and
unpredictable. Usually there is a wide spectrum of environmental variables that can
change both temporally and spatially, such as climatic factors (Ruokolainen et al. 2009).
Variation in the environment can affect species vital rates directly or indirectly mediated
through species interactions (Ives et al. 2004). Time series of an environmental variable is
described by its mean and variance and also by the temporal autocorrelation or its colour.
In nature many time series have been found to display a positive autocorrelation structure
resulting in a red or pink colour, but there are also examples of those that display white
(no autocorrelation) or blue coloured (negative autocorrelation)(Ruokolainen et al. 2009).
How the extinction risk of a population will be affected by changes in the autocorrelation
structure are dependent on the type of population dynamics a species exhibit
(Ruokolainen et al. 2009, Ripa et al. 1996, Lögdberg et al. 2012 ). Current climate change
is not only causing a gradual change in mean conditions of climate variables but is also
changing their variability and it might also be expected to change the autocorrelation
structure (Easterling et al. 2000). The frequency and intensity of weather extremes have
increased and will continue to do so if global warming progress as forecasted (Meehl et
al. 2004, Intergovernmental Panel on Climate Change 2007, Jentsch et al. 2007, Bender
et al. 2010, Min et al. 2011, Duffy et al. 2012). Increased variance in the environment can
be expected to result in increased variation in the fecundity and survival rates of species
causing population stability and long-run growth rates of populations to decrease (Boyce
et al. 2006, Morris et al. 2008). In combination with demographic stochasticity and Allee
effects this might lead to increased extinction risks of populations and species in
ecosystems (Griffen & Drake 2008, May 1973a, Ruokolainen et al. 2007, Ruokolainen et
al. 2008, Adler et al. 2008, Borrvall et al. 2008, Burgmer et al. 2011, Gravel et al. 2011).
Species interact in complex networks and the loss of one species might in turn trigger a
cascade of secondary extinctions (Pimm 1980, Borrvall et al. 2000, Dunne et al. 2002b,
Ebenman et al. 2004, Ekloef et al. 2006, Petchey et al. 2008, Dunne et al. 2009, Fowler
2010, Stouffer et al. 2011). The risk and severity of extinction cascades are dependent on
the structure of the community, such as its species richness and connectance, but also on
the characteristics of the species initially lost (Ebenman et al. 2005, Montoya et al. 2006,
Ebenman 2011, Curtsdotter et al. 2011). On the other hand environmental variation may,
under certain conditions, facilitate the coexistence of competing species ((Gravel et al.
2011, Chesson et al. 1981, Adler et al. 2006). Here, one necessary condition is that each
species must be able to increase in abundance when rare – the so called invasibility
criterion (MacArthur et al. 1972). For this criterion to be fulfilled species must differ in
their response to the environmental variability. Another factor important for the
coexistence is the intensity and frequency of disturbances. Here coexistence has been
shown to be maximized at an intermediate level of disturbance (Miller et al. 2011). Thus,
theoretical work suggests that increased levels of environmental variability might either
facilitate or impede the long-term coexistence of interacting species. Results from
empirical studies are conflicting; for instance, temperature variability has been found to
promote greater species richness (coexistence) in zooplankton communities in lakes
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(Shurin et al. 2010) while reducing species richness and increasing extinction rates in
microcosm phytoplankton communities (Burgmer et al. 2011). How ecosystems will
respond to increased levels of environmental variability caused by global warming and
how this response will be mediated by biodiversity and community structure is to a large
extent an open question.
Biodiversity and stability
The impact of biodiversity on the stability and persistence of ecological communities has
been a heavily debated question among ecologists for a long time (May 1973a,
MacArthur 1955, Tilman 1996, McCann 2000, Ives et al. 2007). Historically, the view
that diversity enhances stability was the predominating one before the 1970’s when
Robert May (1973) mathematically explored how diversity affects stability and found the
opposite relationship that more diverse systems tends to be less stable (May 1973;
McCann 2000). The discrepancy in this question stems from the numerous definitions of
stability and that stability can be measured on different levels of ecological organization
(Tilman 1996, Ives et al. 2007, Thebault et al. 2005). A stability measure that is
commonly used in both theoretical and empirical studies is the temporal stability of
abundance or biomass measured as the inverse of the coefficient of variation (1/CV).
Species diversity is often positively related to stability measured as the aggregate density
of the community as a whole; a requirement for this is that species respond differently to
the environmental variation (Tilman 1996, Ives et al. 2007, Yachi et al. 1999, Ives et al.
2000, Elmqvist et al. 2003, Gonzalez et al. 2009, Jiang et al. 2009, Roscher et al. 2011).
According to the insurance hypothesis (Yachi et al. 1999) if species respond differently to
changes in the environment, the contribution of some species to ecosystem processes may
decrease while the contribution of others may increase; this will reduce the temporal
variability of an ecosystem property by creating negative covariances among populations
(Figure 1). Increasing number of species should lead to a decreased variability in
ecosystem processes because of increased probability for compensation among species
(Yachi et al. 1999). But at the population level this insurance effect might increase the
variability in abundance over time as diversity increases (Jiang et al. 2009, Lehman et al.
2000). Also the mean densities of each species tend to be lower in species-rich systems,
due to density compensation caused by an increased intensity of competition (Gonzalez et
al. 2009). These are factors that might cause increased extinction rates in more species
rich systems.
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Figure 1. Time series of two species responding in a correlated (left panel) or uncorrelated (right panel)
way to the environmental variation. The grey line represent the aggregated abundance (shifted upward for
readability) of the two species.

Measuring the risk and extent of extinction cascades is another way of measuring how
stable an ecological community is to different kinds of perturbations. By performing a
“community viability analysis”, or CVA, one can evaluate how sensitive different types
ecological communities are to the loss of certain species (Ebenman et al. 2004, Ebenman
et al. 2005). Previous theoretical work have suggested that extinction cascades following
species deletions should be less likely to occur in species-rich communities compared to
species poor ones in an constant and deterministic environment, in the absence of any
demographic or environmental stochasticity (Borrvall et al. 2000, Ebenman et al. 2004,
Dunne & Williams 2009) . However including demographic stochasticity in one of these
studies, revealed that species-rich systems had a much higher risk of quasi-collapse (the
risk that the number of species falls below a given level) than in the absence of
demographic stochasticity (Ebenman et al. 2004).
The role of community structure
Both the composition and the interaction patterns of species within ecological
communities are important for their stability and persistence. When describing the
topology of an ecological community the basic structures of a community, such as the
number of species (S, as discussed above), links (L) and connectance (C, number of links
L divided by the number of possible links S2) are accounted for. These topological
properties are relatively easy to derive from natural communities. By using a modelling
approach one can test how these basic structures observed in natural communities relates
to their stability and persistence. The connectance for example has been shown to
increase the robustness of ecological communities to species deletions (Ekloef et al.
2006, Dunne et al. 2002a, Dunne & Williams 2009). Apart from measuring the
connectance it is also important to understand how the links are distributed throughout
the community. Many of the network measurements used in ecological research today
have originated from graph theory and social sciences (Strogatz 2001). For instance the
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distribution of number of prey and predators per species (degree distributions) (Dunne et
al. 2002a, Camacho et al. 2002, Stouffer et al. 2005) the prevalence of structural motifs
(Box 1) (Milo et al. 2002, Stouffer et al. 2007, Kondoh 2008, Stouffer et al. 2010), and
degree of modularity (compartmentalization) (Box 1) (Stouffer et al. 2011, Pimm et al.
1980, Guimerã et al. 2010, Thebault et al. 2010). The above mentioned network
properties are represented in natural communities and have been theoretically shown to
affect their stability and persistence. Not only the number of species, but also the
distribution of species at different trophic levels can have important implications. A
measure that describes the shape or the distribution of species along a bottom to top axis
in the community is the centre of gravity (CG) (Box 1) (Fussmann et al. 2002).
Communities with a more triangular shape i.e. lower centre of gravity were found to be
more resistant to species deletions (Borrvall et al. 2000, Ekloef & Ebenman 2006) and to
be less prone to chaotic dynamics (Fussmann et al. 2002) than rectangular webs with a
high centre of gravity.

Box 1

A. Modularity

Graphical representation of
some of the network measures
commonly used to describe
the topology of ecological
communities. A. Modularity,
B. Centre of gravity and C.
structural motifs.

B. Centre of gravity

C. Structural motifs

Tri-trophic
chain

Omnivory

Exploitative
competition

Apparent
competition

To better understand the impacts of species loss from ecological communities it is
important to gain insight in how community composition and the structure of the
interaction network change during the process of disassembly and how these changes in
turn affect the functioning and stability of the disassembled communities (Ives et al.
2004, Saavedra et al. 2008, Bascompte et al. 2009). Studies focusing on the disassembly
of ecological networks have mainly been based on topological analysis performing
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sequential deletions following a predefined order, such as the degree of specialization or
connectivity of species within the network (Dunne et al. 2002b, Solé et al. 2001, Dunne
& Williams 2009). These studies reveal that ecological networks tend to be robust to the
loss of the most specialized or least connected species but sensitive to the reversed order
where the most generalized and most connected species are targeted (Dunne et al. 2002b,
Solé et al. 2001). Using a more ecologically realistic approach by ordering species by
their environmental tolerances in 34 freshwater, pelagic food webs, Srinivasan et al.
(2007) found that food webs were very robust to the extinction order spanning from least
to most tolerant but highly sensitive to the reverse order. Similarly de Visser et al (2011)
found the Serengeti food web to be very robust to a realistic deletion sequence based on
species IUCN Red List Status, but very sensitive to a sequence spanning from most to
least connected, which is in line with results from previous studies (Dunne et al. 2002b,
Solé & Montoya 2001, Dunne & Williams 2009). Although robust to the realistic deletion
sequence de Visser et al (2011) observed structural (topological) changes to the Serengeti
food web, changes that might affect its robustness to future perturbations.

1.2 Spatial processes
Metacommunities
Much theory in community ecology has focused on the dynamics at the local scale,
assuming that local communities are closed and isolated. In nature ecological
communities are more likely to exist as a network of several local communities that
interact via dispersal of species. Such a network of local communities is called a
metacommunity which is defined as a set of local communities that are linked by
dispersal of multiple potentially interacting species (Box 2) (Wilson 1992, Holyoak et al.
2005, Leibold et al. 2004,). When studying metacommunities the dynamics affecting
diversity and species persistence can be viewed at two different scales; the local scale and
the regional scale. Local processes are governed by the trophic structure of the local
communities (see section 1.1 above) and regional processes are governed by the spatial
distribution of patches within the landscape and the dispersal abilities of species
(Holyoak et al. 2005, Leibold et al. 2004).
In an influential review Leibold et al. (2004) proposed four perspectives for
metacommunity research; patch-dynamic-, species-sorting-, mass-effect- and the neutral
perspective. The purpose was to provide a broad conceptual framework for the theoretical
and empirical work on metacommunities. The four perspectives differ in how
metacommunity characteristics are defined. The main differences are the timescale of
processes (species dynamics vs. dispersal), traits of species (competitive ability, dispersal
rates), quality of patches (homogenous or heterogonous patches) and the prevalence of
spatial synchrony. However as pointed out in this review it is more likely that a synthetic
approach that link these perspectives together would provide a more realistic framework
for understanding spatial dynamics and the response of metacommunities to perturbations
(Leibold et al. 2004).
The response of a metacommunity to different kinds of perturbations will depend on the
interactions among species within the local communities as well as on the spatial
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distribution of patches within the landscape and the dispersal abilities of species. One of
the major perturbations affecting the ecosystems is destruction and fragmentation of
natural habitats causing population and species extinctions risks to increase (Holyoak et
al. 2005). It is therefore important to investigate how metacommunities respond to
species extinctions and habitat loss (Pimm et al. 2000).

Box 2.

Local community

Metacommunity

Schematic description of a metacommunity. Here a local community contains
six interacting species at three trophic levels (three basal, two intermediate and
one top species). The metacommunity consists of 5 local communities connected
by dispersal of species among them.

Spatial synchrony
Spatial synchrony occurs when densities of species populations in the different patches of
the metacommunity fluctuate synchronously. Spatial synchrony can be caused by
synchronous environmental factors (Moran 1953, Lande et al. 1999, Hudson et al. 1999,
Abbott 2007), dispersal among local populations (Lande et al. 1999, Ranta et al. 1998,
Bjørnstad et al. 1999, Liebhold et al. 2004, Goldwyn et al. 2008) or trophic interactions
with other species (Small et al. 1993, Ims et al. 2000). Spatial synchrony caused by
synchronous environmental factors (Lande et al. 1999, Hudson et al. 1999, Abbott 2007)
is referred to as the “Moran” effect (Moran 1953) The “Moran” effect is in most systems
considered to be the result of random but correlated climatic factors that influences
communities or populations in a region. Dispersal among local populations can act to
synchronize populations when an increase in density in one population produces
emigrants that increase density in populations nearby (Holyoak et al. 1996). The
synchronising effect of dispersal is most pronounced when the rate of migration is high
(Lande et al. 1999, Ranta et al. 1998, Bjørnstad et al. 1999, Liebhold et al. 2004).
Synchronous fluctuations can also exist among species that have direct trophic
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interactions such as a predator and its prey. A wide-ranging predator could potentially act
to synchronize the dynamics of its prey species in several locations (Small et al. 1993,
Ims et al. 2000). A high degree of synchrony among the populations of a species in the
different patches can lead to an elevated risk of global extinctions since all populations
are small at the same time (Lande et al. 1999, Hudson et al. 1999, Abbott 2011). The
general prediction from metapopulation theory state that increasing dispersal rate
increases spatial synchrony and hence decreases the persistence of the metapopulations
(Liebhold et al. 2004). When we move from metapopulations to a metacommunities the
interactions among species within the local communities also needs to be considered
(Melian & Bascompte 2002).

Species richness

Dispersal
Dispersal can also promote persistence, since dispersal makes it possible for a species to
recolonize a patch following a local extinction. A requirement for dispersal to promote
persistence is that the populations of a species are not perfectly synchronized across the
landscape (Abbott 2011). Again the rate of dispersal is important; intermediate rates of
dispersal can promote coexistence among species that are unable to coexist in closed
communities and thereby enhance the diversity of species within local communities
(Holyoak et al. 1996, Levin 1974, Caswell 1978, Amarasekare et al. 2001, Kerr et al.
2002, Mouquet & Loreau 2002, Kneitel & Miller 2003, Cadotte 2006, Amarasekare 2008,
Hunt & Bonsall 2009) while low rates of dispersal might not be sufficient enough to
allow recolonisations and high rates of dispersal might lead to synchronised local
populations (Figure 2).

Figure 2. Species richness as a function of
the rate of dispersal between local
communities. Solid line = local diversity
(α); dotted line = between community
diversity (β); dashed line = regional
diversity (γ). amax is the dispersal value at
which species diversity is maximal.
Modified from Mouquet and Loreau, 2003.

γ
β
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Dispersal rate

Depending on the characteristics of the landscape, dispersal might pose a risk to the
dispersing individuals (Gaines et al. 1980) and this risk is likely to increase with the
distance traveled (Ruxton et al. 1997, Cowen et al. 2000, Nathan et al. 2008). When
species disperse between patches of suitable habitat they might be forced to move across
areas that are non-suitable or even hostile. Increased distance between habitats forces the
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dispersing individuals to spend longer time in these hostile areas and hence decrease their
chance of surviving the dispersal phase. If the mortality during dispersal is high then
recolonisations and rescue mechanisms might no longer be effective.

Habitat loss
Network theory can also be used to analyze the potential consequences of habitat loss. In
landscape ecology and conservation biology network measures used to describe and
assess the connectivity or probability of movement of species in a landscape originate
from graph-theory (Urban & Keitt 2001, Bodin & Norberg 2007, Estrada & Bodin 2008).
In landscape ecology a graph represents a landscape of discrete habitat patches as a set of
nodes connected to some degree by edges between them (Fig. 3). An edge between two
nodes implies that there is some kind of flux between those nodes, here dispersal of
species between the two patches. A graph is connected if an edge exists between each
pair of nodes, that is, if species can disperse among all patches in the landscape. In an
unconnected graph species are unable to disperse among all patches in the landscape,
which can contain several components (Fig. 3) (Minor et al. 2007).

Node / Habitat patch

5

3
4

7
1
6

2

Edge / Dispersal

8

9

10
Figure 3. A graph (landscape) consisting of 10 nodes (habitat patches) connected by edges (dispersal links)
between them. The graph contains two components, nodes 1-7 and 8-10 (modified from Minor and Urban
2007)

The position of individual habitat patches in the landscape can be used to understand how
the specific patch contributes to the overall connectivity of the landscape. In order to
preserve the functionality of a landscape it is important to be able to asses how the
connectivity is affected by the loss of a single patch (Bodin & Norberg 2007). The
indices available to assess connectivity can be divided in two groups; local indices
measuring the connectivity of each patch and global indices measuring the connectivity
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of the whole patch network (Estrada & Bodin 2008).
To asses the importance of specific patches in upholding connectivity the approach
differs between these two groups of indices. The use of global indices involves patch
deletion experiments where the importance of each patch is quantified as the decrease in
the global indices following deletion of the patch (Urban et al. 2001, Saura et al. 2007,
Bodin et al. 2010). Local indices instead measure the importance of each and every patch
within the intact landscape. Usually this involves assessing the centrality of a patch in the
landscape, how much a specific patch is contributing to the dispersal flow throughout the
landscape (Estrada & Bodin 2008, Freeman 1978).
Traditionally there has been a discrepancy between studies focusing on structural
characteristic of the landscape and those explicitly modelling the dynamics of species and
communities. In the framework of metacommunities these two approaches could be
combined by investigating the importance of the positions of the patches in the landscape
for the dynamics and ultimately the persistence of species within metacommunities.

2. Aims
The overall aim of the thesis is to investigate how ecological communities respond to
different kind of perturbation, mainly environmental variation and loss of species and
habitat. In the first part of the thesis I will focus on the importance of the processes at the
scale of the local community (paper I-II). In the second part of the thesis I also accounts
for the spatial dynamics, thus linking together the local and spatial processes (paper IIIV).

Paper I: Species-rich ecosystems are vulnerable to cascading extinctions in an
increasingly variable world.
The aims of paper I are to investigate how species richness and the degree of correlation
in species responses to a highly variable environment affect the risk of extinction
cascades and the temporal stability in aggregated abundance of primary producers.
Paper II: Robustness of food webs whose structures have been shaped by extinctions in
the past.
In paper II we explore how extinctions of species in food webs, caused by exposure to
environmental variation, change the topology of the webs. We further examine if food
webs shaped by extinctions are more or less robust to new disturbances than equally sized
webs that have not experienced extinctions.
Paper III: Risk of global extinctions in metacommunities exposed to a highly variable
environment: the role of local and spatial processes.
In paper III we expand the model used in paper I to also incorporate the spatial
dimension. We analyze the effects of a highly variable environment on the risk of global
extinctions and temporal stability in abundance of primary producers (measured at
different levels of spatial organization) of metacommunities in spatially explicit
landscapes. We vary species richness and degree of correlation in species response to the
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environmental variation (species correlation) within the local communities to see if our
findings from paper I are also valid in a spatial context. We also investigate the role of
spatial correlation, that is, the correlation among patches for each species. Finally, we
investigate the influence of species dispersal patterns.

Paper IV: Can dispersal rescue metacommunities from extinction cascades?
In metacommunities the ability of species to disperse through the non-habitat (matrix) is
crucial for recolonisations to take place and hence for the long-term global persistence of
species. If the quality of the matrix is deteriorating species might experience an increased
mortality during dispersal. The aim of paper IV is to investigate how the spatial structure
of the landscape (patch density) and dispersal patterns of species (migration rate and
dispersal distance) affect a metacommunity’s response to local loss of species and to
increased mortality of individuals during dispersal.
Paper V: Keystone patches: upholding diversity in multitrophic metacommunities
In paper V we use network theory to identify keystone patches in the landscape, patches
that are of critical importance for the local and global persistence of species in the
metacommunity. By deleting patches one at a time and investigating the risk of local and
global extinctions we aim to quantify the importance of a patch’s position in the
landscape for the persistence of species within the metacommunity.
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3. Methods overview
Throughout this thesis I have used theoretical models to simulate the dynamics of species
within local communities and the spatial dynamics that take place at the scale of the
landscape. Here I will give an overview over the methods used.

3.1 Community dynamics
Local community assembly
Local communities are triangular in shape (i.e., decreasing number of species with
increasing trophic level) with three trophic levels: primary producers, herbivores (primary
consumers) and carnivores (secondary consumers). When varying the number of species
(S) in the webs the proportions of species at the different trophic levels are preserved in
webs of different sizes (Paper I, II and III). Connectance (C) – here defined as the number
of trophic (consumer-resource) links (L) divided by the number of species raised to two
(i.e. C=L/S2), is kept constant for communities of different sizes (Paper I, II and III). A
constant connectance means that the average number of links per species (link density)
increases with increasing species richness. Trophic links are randomly allocated between
species at different trophic levels. Carnivore species are potentially omnivorous. In paper
I we model two cases of consumer preferences, 1) specialists (strong preference for one
resource species) or 2) generalists (equal preference for each of their resource species). In
paper II, III and IV all consumer species are specialist whereas in paper V we model a
continuum of consumer types by randomly varying the preferences. There are also nontrophic interactions present: each primary producer species directly compete with all
other primary producer species and direct intra-specific competition is present in all
species.
Modeling local community dynamics
In this thesis I use theoretical models of multitrophic ecological communities, where the
dynamics of species over time is described by the generalized Rosenzweig-MacArthur
model (Rosenzweig & MacArthur 1963):



S
= N i  bi (t ) + ∑ a~ N 
ij j 

dt
j =1



dN i

(1)

here dNi/dt is the rate of change of density of species i with respect to time in a
community with S species, bi(t) is the intrinsic per capita growth rate of species i at time
t, and ãij is the per capita effect of species j on the per capita growth rate of species i. The
functional response of consumers is of type II, meaning that the per capita strength of
trophic links, ãij, is a function of the densities of resource species. The use of a functional
response of type II is often more realistic than a response of type I (linear) where
individual predators always consume the same fraction of the prey population irrespective
of prey density. In a type II functional response the per capita effect of a consumer on its
prey is a function of prey density, predator handling time, prey preference and attack rate.
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To attain some generality we assemble a large amount of replicate communities where
the links and interactions strengths among species are sampled from predefined intervals.
Before we expose the communities to disturbances we check that the communities can
persist in a deterministic environment and in the absence of the disturbances. This is done
by numerically simulate the replicate communities for a long period of time and then
check that all species are alive at the end of the simulation. A species is considered
extinct if its density falls below a specified quasi-extinction threshold. Defining quasiextinction thresholds is a way of accounting for processes such as demographic
stochasticity, inbreeding depression and potential Allee effects.

Spatial dynamics
In papers III-V the model is expanded from a single isolated community to a system of
local communities (a metacommunity) in a spatially explicit landscape. The landscape is
a cell grid in which s patches (local communities) are allocated their positions in the grid
randomly from a continuous uniform distribution. A system of s persistent local starting
communities is assembled as above. Each local community has the same structure but can
vary in the growth rate of the primary producers. Each patch is continually subject to
migration events: per time unit, a fixed proportion, m, of each species' population
migrates from its current patch and disperses among the other communities. For a
landscape of s habitat patches, the number of individuals migrating from patch q to patch
p, per unit time, is given by:

M i , p ,q = mN i ,q

e

∑

− d p , q / ci

s

l ,l ≠ q

e

− dl , q / ci

(2)

where Ni,q is the density of species i in patch q, the distance between the two patches is
dp,q and c is a parameter (see (Hanski et al. 1993)). The parameter c allows us to vary the
degree of distance dependence of dispersal. In paper III-IV we model two cases, local
dispersal (low c) and global dispersal (high c). In paper V we use a different approach by
assigning maximum dispersal distances to species (dmax). The dispersal parameter c is
then given by c = −dmax / ln(0.2). In paper III and V we assume that species at higher
trophic level are able to disperse longer distances than species at lower trophic levels.
This is implemented by increasing values of c (paper III) or dmax (paper V) with
increasing trophic level. To avoid edge effects the dispersal kernel is used with periodic
boundary conditions (Lindström et al. 2008). The change in species densities, per unit
time, in patch p as a result of migration is then given by:
s
~
N i , p = ∑ M i , p , q − (mN i , p )

(3)

q
q≠ p
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where the summation term represent flux in and the second term flux out. The q ≠ p
condition on the summation term means that no migrant may return to the patch it has
just vacated. The dynamics of species i in patch p is then given by:

S


=Ni,pbi (t) +∑ãi, j Nj,p +Ñi,p
dt
j=1



dNi,p

(4)

3.2 Disturbances
Environmental variation
We introduce environmental stochasticity as white noise (i.e., no serial correlation) in the
intrinsic growth rates (mortality rates); bi (t ) = bi (1 + ε i (t )) where bi is the mean value of
the intrinsic growth rate of species i and ε i (t ) is a stochastic variable drawn from a
distribution with minimum, mean and maximum values equal to -1, 0 and 1, respectively.
In papers I-III and V we model a highly variable environment (variance of ε is equal to
0.333) where extreme values are as likely as the mean value. We use such a distribution
because the aim of these papers is to explore how communities respond to highly variable
environments in which extreme values are likely to occur. In paper II we also use a
moderate level of variance in the environment (variance of ε is equal to 0.167). There are
two types of correlation in the response of species to environmental variation, species
correlation and spatial correlation. Species correlation quantifies the degree of correlation
among species within a local community in their responses to environmental variation
(Papers I-III and V). The spatial correlation quantifies the degree of correlation among
the local populations of each species in the different patches (Paper III). In paper V the
spatial correlation is assumed to be distance dependent such that populations in patches
that lie close to each other experience the same environment and hence are more
correlated than populations in patches that lie far away from each other.

Species removals
In paper II (single closed communities) and IV (metacommunities) we remove species
from the model communities (forced extinctions), one species at a time. In paper IV
species removal is partial; species are deleted from 50% of the local communities
(patches) in the metacommunity. Thus, in paper II the forced extinctions are global,
whereas in paper IV the extinctions are local and species are able to recolonize.
Dispersal risk
Dispersal might pose a risk to the dispersing individuals (Gaines et al. 1980) and this risk
is likely to increase with dispersal distance (Ruxton et al. 1997, Cowen et al. 2000,
Nathan et al. 2008). In paper IV we investigate how increased mortality during dispersal
affects the local persistence of species in metacommunities and the ability of species to
recolonize patches from which they have gone locally extinct. In paper V, where we
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examine the importance of different patches for upholding the species diversity in the
metacommunity, a dispersal risk is also included in the model.

Patch deletions
The position of a habitat patch in a landscape can be important for its role in upholding
the local and global species diversity in the metacommunity. In order to quantify the
importance of different patches for metacommunity persistence, that is, to identify
keystone patches, we performed a patch removal experiment (Paper V).

3.3 Analyses
Extinctions and recolonizations
Following the application of the different disturbance scenarios investigated in this thesis,
the communities or metacommunities are simulated numerically over a relatively long
period of time. During the simulations all extinction events are recorded and the
probability of extinction for species at different trophic levels calculated. A species is
considered extinct if its density falls below the specified quasi-extinction threshold. In
metacommunities extinctions can be local meaning that the species go extinct in some of
the habitat patches (paper IV-V) or global where species go extinct in all patches (paper
III and V). When extinctions are local, species can recolonize patches from which they
earlier went extinct. We therefore also measure the ability of species to recolonize (paper
III and IV). In paper I-II communities are closed so here species extinctions are
consequently of a global nature. In order to discover potential extinction cascades, we
register the time of each extinction event during the simulations (paper I and III).
Temporal stability in aggregate abundance
A stability measure that is commonly used in both theoretical and empirical studies is the
temporal stability of aggregate abundance of species or populations measured as the
inverse of the coefficient of variation (1/CV, where CV is defined as the ratio of the
standard deviation to the mean). In paper I we have measured the temporal stability of the
aggregate abundance of the primary producers within a single closed community. In
paper III we measure the temporal stability in aggregate abundance of primary producers
at three levels: 1) metapopulation stability – the stability in the aggregate abundance of
all local populations for each primary producer species; 2) local community stability – the
stability in aggregate abundance of all primary producer species within each local
community; and 3) metacommunity stability – the stability in the total aggregate
abundance of all primary producer species across all patches.
Synchrony between species and patches
In paper I we measure the synchrony between the per capita growth rates of primary
producer species over time using the pair-wise correlation (Pearson’s correlation
coefficient). For each replicate a pair of populations was chosen at random among the
primary producer species in the web. The only criterion was that the primary producer
species had to have survived for at least 100 time steps. This was to ensure that the time
series would be long enough to give a reliable correlation value for the time series. In
paper III we also measure the degree of synchrony in the per capita growth rates between
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patches for each species (average metapopulation synchrony – synchrony across the 10
patches for each species (Loreau & De Mazancourt 2008).

Web topology and topological robustness
In paper II we quantify and compare the topology of food webs that have been shaped by
extinctions (disassembled webs) and food webs that have not experienced extinctions
(non-disassembled webs) by using different network measures. Following the exposure to
disturbance we quantify the topological robustness in the two types of food webs by
measuring the overall topological change in the webs. Topological robustness is
calculated as the Euclidean distance between the pre- and post-disturbance webs in the
multi-dimensional space defined by the network measures.
Identifying keystone patches
In paper V we investigate how a patch’s position in the landscape affects its importance
for upholding species diversity in the metacommunity. Those patches whose deletion
causes the largest increases in local- or global extinction probability are those that have
proven to be most important for upholding the diversity of the metacommunity. If we can
find a network index that ranks these keystone patches higher than others then we would
have a method of identifying them in real ecological networks. There has been much
recent research on the application of network theory to ecological networks and many
network indices exist to measure the properties of a network and its elements. We have
used two types of indices; local indices measuring the connectivity of a patch and global
indices measuring the connectivity of the whole patch network (Estrada & Bodin 2008).

4. Results and Discussion
4.1 Local processes
Biodiversity and the risk of extinction cascades
Earlier theoretical work have suggested that extinction cascades and community collapses
following species deletions should be less likely to occur in species-rich communities
compared to species poor ones in a constant and deterministic environment, that is, in the
absence of demographic or environmental variation (Borrvall et al. 2000, Ebenman et al.
2004, Dunne & Williams 2009). In a highly variable environment we found that the risks
of cascading extinctions were higher in species-rich communities than in species-poor
ones (Figure 4, paper I).
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Figure 4. Mean per species risk of extinction (bars show 95 % CI) for carnivores (a, b), herbivores (c,d)
and primary producers (e,f) as a function of number of species in the food web. Left column (a,c,e) shows
results for food webs with generalist consumers and right column (b,d,f) shows results for webs with
specialist consumers. Series display the degree of correlation in species responses to environmental
variation, ρ; ρ = 0.1 (solid line), ρ = 0.5 (dash-dotted line) and ρ = 0.9 (dashed line). Scenario: high
environmental variation (var(ε) = 0.33) and weak intra-specific competition in consumers (aii = -0.001).
Results based on 200 independent replicate model food webs. Bars show 95 % CI.

An analysis of the temporal pattern of extinctions revealed that initial extinctions of
primary producer species unleashed bottom-up extinction cascades (Figure 5, paper I).
The secondary nature of herbivore and carnivore extinctions were also demonstrated by
the fact that specialist consumers had a higher risk of going extinct compared to
generalist consumers (Figure 4, paper I). Specialist consumers have a strong preference
for one of their resource species, and are very dependent on that specific resource for
survival. As a consequence, the loss of the preferred resource species almost inevitably
leads to an extinction of a specialist consumer. Generalist consumers, on the other hand,
are not dependent on one particular resource species and are less likely to go secondarily
extinct following the loss of one of its resource species. This is in line with the argument
put forward by MacArthur already in 1955: consumer species feeding on many resource
species should be less affected by variation in resource abundances than consumers
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feeding on few resource species. As the extinction risks of primary producer species
increased with increasing species richness, so did the extinction risk of specialist
consumers. Extinction risk of generalist consumers, on the other hand, was not strongly
related to species richness (paper I, figure 4). Our findings are supported by a recent field
experiment were the population stability of specialist herbivores were found to decrease
with increasing plant species diversity while the population stability of generalist
herbivores was unaffected or increased with increasing plant diversity (Haddad et al.
2011, Petchey 2000).

Figure 5. Proportion of extinctions affecting
species at different trophic levels in the
ordered sequence of extinctions in food webs
with (a) generalist consumers and (b)
specialist consumers. Extinctions early in the
sequence are predominantly of primary
producers while extinctions late in the
sequence are mainly of consumer species
(herbivores and carnivores). Original number
of species in the webs is equal to 12.
Scenario: low correlation in species responses
to environmental variation (ρ = 0.1), high
environmental variation (var(ε) = 0.33) and
weak intra-specific competition in consumers
(aii = -0.001). Results based on 200
independent replicate model food webs.

What mechanisms are involved in causing the initial extinctions of primary producers,
unleashing the extinction cascades, and why are primary producers in species-rich
communities more extinction prone than those in species-poor communities? We
observed an inverse relationship between increasing species richness and the population
densities of primary producers. This density compensation was caused by increased
intensity of inter-specific competition among primary producers in species-rich
communities (Ebenman et al. 2004, Borrvall et al. 2008). As a consequence the densities
of primary producers are closer to the extinction threshold in species-rich than in speciespoor communities resulting in an increased risk of extinction (paper I). Here we assumed
that each primary producer species competed with all other primary producer species. If
instead assuming a “niche based” type of competition, where each species only directly
compete with a few neighbouring species, the relationship between species richness and
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population densities might be much weaker (Hughes et al. 2000). The density of a
primary producer could also be affected by predation pressure from its consumers. For
any given level of species richness, a weak intra-specific competition in consumer species
increased the per-capita predation pressure on primary producers, causing primary
producers to be even closer to the extinction threshold (paper I).
Decreasing degree of correlation among species in their response to environmental
fluctuations was also shown to increase the risk of extinction for primary producers
which in turn increased the risk of extinction for consumer species (bottom-up extinction
cascades). Low correlation among primary producer species in their response to
environmental fluctuations leads to a low synchrony in their per capita growth rates (see.
paper I). Under these conditions inter-specific competition among the primary producer
species will amplify the environmentally driven population fluctuations (Tilman 1996,
Thebault et al. 2005, May 1973b). In the presence of high environmental variation the
amplitude of these fluctuations may become so large that the populations fall below the
extinction threshold. Recent theoretical work on competition communities (one trophic
level) exploring the effects of correlation among species, suggests that our findings are
also valid for environments with red noise (temporal autocorrelation) (Ruokolainen et al.
2009, Ruokolainen et al. 2007, Ruokolainen et al. 2008, see Rukolainen et al. 2009 for a
review). In our study the degree of correlation among species in their responses to the
environmental fluctuations was not dependent on species richness. According to Elmqvist
et al. (2003) response diversity is likely to increase with increasing species richness and
hence correlation among species could be expected to decrease with increasing species
richness. This might lead to even higher extinction risks in species-rich communities,
since low a correlation per se leads to high extinction risks.

Is there an insurance effect of biodiversity?
The temporal stability of the aggregate density of all species within a community has
been shown to be positively related to species-richness given that species respond
differently to environmental variation (Tilman 1996, Ives et al. 2007, Yachi et al. 1999,
Ives et al. 2000, Elmqvist et al. 2003, Gonzalez et al. 2009, Jiang et al. 2009, Roscher et
al. 2011). Such response diversity will reduce the temporal variability at the community
level by creating negative covariances among populations. Increasing species richness
increases the probability for compensation among species which increases the stability at
the community level (Yachi and Loreau 1999; Gonzalez and Loreau 2009). In the present
work we found that the temporal stability of the aggregate abundance of primary
producers increases with increasing species richness, especially when the correlation
among species in their responses to environmental variation is low (figure 6). Thus, in
this respect our results corroborate earlier theoretical studies suggesting that the insurance
hypothesis should also be effective in multi-trophic communities (Thebault et al. 2005,
Ives et al. 2000).
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Figure 6. Temporal stability (1/CV) (bars
show 95 % CI) of aggregate abundance of
primary producers in food webs with (a)
generalist consumers and (b) specialist
consumers. Series display the degree of
correlation
in
species
responses
to
environmental variation, ρ; ρ = 0.1 (solid
line), ρ = 0.5 (dash-dotted line) and ρ = 0.9
(dashed line). Scenario: high environmental
variation (var(ε) = 0.33) and weak intraspecific competition in consumers (aii = 0.001). Results based on time series from 100
independent replicate model food webs.

The effects of biodiversity on the response of ecosystems to an increasingly variable
environment is two-sided: exactly the same conditions – high species richness and low
correlation in the responses of species to environmental variation – that lead to increased
temporal stability of aggregate producer abundance results in increased risks of extinction
cascades. Even though extinction risk per species is higher in species-rich communities
than in species-poor ones they still have more species remaining in the post-extinction
communities than do the species-poor communities. As a result they will still have a
higher compensatory capacity than the species-poor communities.

Robustness of communities shaped by extinctions in the past
The fact that more species remains in species-rich than in species-poor communities
following a long period of disassembly in a stochastic environment (paper I), implies that
food webs might become more robust during the disassembly process. To examine this
we compared the structure and robustness of food webs that were shaped by extinctions
in the past (disassembled webs), to equally sized food webs that had not experienced
extinctions (non-disassembled webs). We found significant differences in all of the
network measures that were used to compare the structure of disassembled and nondisassembled food webs (paper II). To test the robustness of the two types of food webs
we exposed them to two novel disturbances, species deletions and high levels of
environmental variability. Overall, robustness to disturbances is higher in disassembled
than in non-disassembled food webs (figure 7).
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Figure 7 Per species risk of extinction averaged over all species, primary producers, herbivore species and
carnivore species, for non-disassembled communities (black bars) and disassembled (white bars).
Disturbance scenarios: A, high environmental variability (var(ε) = 0.333) and B, species deletions in a
moderately variable environment (var(ε) = 0.167). Correlation in species responses to environmental
fluctuations, ρ, is equal to 0.3 and strength of intra-specific competition among consumers, aii, is equal to
-0.1. Error bars shows 95% confidence intervals.

Are the structural and compositional changes observed in the disassembled communities
related to their robustness to further disturbances? On average, more primary producers
than consumer species are lost during disassembly. Thus, a more rectangular web shape
seems to increase the robustness of the disassembled communities to additional
disturbances. This finding contrast to earlier theoretical work suggesting that
communities with a more triangular shape, i.e., lower centre of gravity, should be more
resistant to species deletions (Borrvall et al. 2000; Eklöf & Ebenman 2006) and less
prone to chaotic dynamics (Fussmann & Heber 2002). However, in these studies
communities were simulated in constant environments (deterministic setting), in the
present work communities were exposed to a variable environment. Since all primary
producer species compete with each other, the loss of species during disassembly means
that the surviving primary producer species will experience a competitive release
allowing their densities to increase (paper I). An increase in population densities
following loss of competitors will make the surviving species less vulnerable to
extinction (Ebenman et al. 2004, Gross et al. 2005). A decreased risk of stochastic
extinction for primary producer species will in turn decrease the risk of bottom-up
extinction cascades (paper I). Following extinctions of primary producers during the
disassembly phase both the mean and the variance of the strength of competition among
the remaining primary producer species becomes lower (paper II). A lower mean and
variance of the strength of inter-specific competition has previously been shown to
facilitate coexistence of species and stabilize competitive communities (Fowler 2010,
Kokkoris et al. 1999, Kokkoris et al. 2002).
We also found that extinctions led to changes in the distribution of the trophic links at the
different trophic levels in the food webs. Generality of carnivores was higher relative to
that of herbivores and the vulnerability of primary producers was lower relative to that of
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the herbivores in the disassembled webs compared to the non-disassembled webs (paper
II). Gross and colleagues (2009) identified two general patterns regarding connectivity of
species and stability in food webs: stability is enhanced if 1) generality of carnivores is
high relative to that of herbivores and 2) vulnerability of herbivores is high relative to that
of primary producers (Gross et al. 2009, Otto et al. 2007). We also found that the fraction
of omnivorous links had increased following disassembly. Omnivory has earlier been
reported to stabilize food webs (Borrvall et al. 2000, McCann et al. 1997). Moreover, the
degree correlation becomes more negative following disassembly; this means that
asymmetric links – links between species with high and low degree (number of links) –
are preserved during disassembly. Such a pattern has been observed also in other kinds of
networks following disassemble (Saavedra et al. 2008). A negative degree correlation
indicates that the network is compartmentalized into modules (Melián et al. 2002), a
pattern which has been found to stabilize ecological networks (Stouffer et al. 2011,
Thebault & Fontaine 2010).
1.6

Figure 8. Relationship between
number of extinctions and topological
change for non-disassembled (circles,
dotted regression line, R2=0.341) and
disassembled communities (crosses,
solid regression line, R2=0.295).
Disturbance
scenario:
high
environmental variability (var(ε) =
0.333). Correlation in species
responses
to
environmental
fluctuations, ρ, is equal to 0.3 and
strength of intra-specific competition
among consumers, aii, is equal to -0.1.
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Several of the structural changes brought about by extinctions during disassembly are in a
direction that has been reported to stabilize food webs. Not only are the disassembled
food webs more dynamically robust to additional disturbances, they are also more
topologically robust (paper II). Thus, there is a steeper increase in topological change
with increasing number of extinctions in non-disassembled webs than in disassembled
webs (Figure 8). To conclude, disassembled food webs are dynamically as well as
topologically more robust to perturbations than non-disassembled webs (webs whose
structure has not been shaped by extinctions in the past). This suggests that fragile
interaction patterns are lost during the process of disassembly and consequently that
structures promoting robustness are preserved.
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4.2 Spatial processes
Spatial correlation and dispersal patterns
In metacommunities exposed to environmental variation the spatial processes can affect
the dynamics via two pathways: 1) the spatial correlation of each species’ response to the
environmental variation across patches and 2) via dispersal among patches, where both
the rate (m) and the strength of the distance dependence is varied (i.e. local or global
dispersal). When including a spatial component we still find that the risk of global
extinction (Figure 9, left) increases with increasing species richness in the local
communities (paper I). A low correlation among species within patches (paper I) and a
high correlation among patches increase the risk of species going globally extinct (Figure
1). Our results regarding the correlation among patches are in line with results from other
studies showing that synchronous fluctuations of populations across patches will increase
the risk of global extinctions (Hudson et al. 1999, Abbott 2011). Species dispersal pattern
also has significant effects on the risk of global extinctions; the risk of species going
globally extinct is higher when dispersal is global (Figure 1, left, bottom two rows)
compared to when dispersal is local (Figure 9, left, top two rows).
The most likely reason for this is that a global dispersal pattern will increase the
synchrony among local populations in the landscape (paper III; see also (Eklof &
Ebenman 2006, Mouquet & Loreau 2003). On the other hand, a high rate of migration in
combination with localized dispersal increases the frequency of recolonisations and also
increases the potential for rescue effects to act (Brown et al. 1977). As a consequence the
risk of global extinction cascades decreases.
We found that the pattern of synchrony of species per capita growth rates among patches
did not only to depend on the spatial correlation in the environmental variation (‘Moran
effect’) but also on the dispersal rate and dispersal pattern of species. Global dispersal
and high rates of migration increase the synchrony (Paper III). Here we found that the
“Moran effect” is involved in synchronising the dynamics of the populations across
space, but that the strength of this effect is modulated both by the migration rate (Lande
et al. 1999, Ranta et al. 1998, Bjørnstad et al. 1999, Liebhold et al. 2004, Goldwyn et al.
2008) and the dispersal pattern of species (Heino et al. 1997). This joint synchronising
effect of global dispersal and spatial correlation in the environmental variation can be
detrimental for the long-term persistence of species in metacommunities.
The temporal variability in population and community abundances provides an additional
measure of stability. In a metacommunity the aggregated stability of primary producers
can be measured at the scale of the metapopulation, the local community and the
metacommunity as a whole. The effects of species richness on temporal stability can
differ among these different scales (France & Duffy 2006).
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Figure 9. Global extinction risk (left column), and temporal stability, 1/CV, of aggregated abundance of
primary producer species in the entire metacommunity (right column) in 10-patch metacommunities as a
function of species number in local food webs and the degree of correlation in species response to the
environmental variation both within patches and between patches (ρ = [Species / Spatial]). The rows in the
figure correspond to different species dispersal patterns: the top two rows show results for localized
dispersal (low c) with low and high migration rate, m ; the bottom two rows show results for global
dispersal (high c) with low and high migration rate, m. Each data point is an average of 200 replicate
metacommunities. Error bars (sometimes not visible) show the standard error.
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We found that metapopulation stability (stability of the aggregated abundances of all
local populations of a species) decreases with increasing spatial correlation and
increasing species richness in the local communities (paper III). Similarly, the persistence
of species decreases (i.e., the risk of global extinction increases) with increasing spatial
correlation and increasing number of species (Figure 9, left). The stability of the
aggregate abundance of primary producers at each local community increases with
increasing species number and decreasing degree of correlation among species (paper III)
which is in line with our results from paper I and other studies of single isolated
communities (Yachi & Loreau 1999, Elmqvist et al. 2003).
The temporal stability of the aggregate abundance of all primary producer species in the
metacommunity as a whole increases with decreasing spatial correlation and increasing
species number within the local communities (Figure 9, right). Recent theoretical work
by Loreau & Mouquet (2003) also reported a stabilizing effect of biodiversity on
metacommunity stability. Their study deals with competitive communities (communities
with a single trophic level) where species were unable to coexist within local
communities in the absence of dispersal. Also they assumed that the environmental
fluctuations across the landscape were completely asynchronous and there was no
functional complementarity among species within local communities (i.e. high correlation
among species) (Loreau et al. 2003). We find that functional complementarity (low
correlation among species within local communities) increases the metacommunity
stability when the spatial correlation is low (Figure 9, right). In the case of asynchrony
among species within patches and among populations across patches, a high migration
rate in combination with a global dispersal pattern further increased the stability at the
metacommunity level (Figure 9, right).
As for the case of single closed communities, the effect of species richness on the
stability of metacommunities was two-sided: High species richness within local
communities’ increases the temporal stability at the metacommunity scale but at the same
time reduces the probability of long-term coexistence of species within the
metacommunities.

Dispersal risk
Dispersal of species between patches (local communities) leads to recolonizations and the
operation of ‘rescue’ effects. These processes can potentially stop extinction cascades
triggered by a local species loss. However, we found that dispersal could not rescue
communities from cascading extinctions when dispersal incurred a risk upon the migrants
(paper IV). High migration rates in the presence of high mortality during dispersal
increases the risk of local extinctions, since more individuals are then affected by the
increased mortality. When dispersal was localized this negative effect of dispersal on
local species diversity became less severe as the number of habitat patches in the
landscape increased. Increasing patch density decreases the average distance between
patches and since the risk is proportional to distance travelled the mortality during
dispersal decreases. However, when dispersal is global this positive effect of increasing
patch density disappears, because the average distance moved by individuals are then not
as strongly affected by the patch density. For a given number of patches localized
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dispersal has less negative effects on local species diversity than global dispersal,
especially when migration rate is high. This result is in line with the findings of earlier
theoretical (Mouquet & Loreau 2003), paper III) and empirical work (Kerr et al. 2002). In
addition, when dispersal is global more individuals move longer distances and therefore
they will experience a higher risk which will reduce their chances of successfully arriving
to another suitable patch. The differences between the two dispersal patterns is most
pronounced at high migration rates, since the more individuals that migrate the more
significant should the pattern of their movements be (paper III- IV).
Top predators were particularly sensitive to changes in the number of habitat patches and
dispersal patterns when dispersal imposes a risk. This is in line with the findings of other
studies showing that top predators are particularly vulnerable to habitat loss and
fragmentation (Holyoak 2000; Layman et al. 2007). The vulnerability of different types
of species to changes in the spatial structure of the landscape (number of habitat patches)
and dispersal behaviour of species (migration rates and dispersal distance) might also
depend on the trophic structure of the local communities (Melian & Bascompte 2002;
paper I-II).
Overall, our results suggest that decreasing the mortality risk of dispersing individuals by
constructing habitat corridors or by improving the quality of the habitat matrix might
greatly increase the robustness of metacommunities to local loss of species by enhancing
recolonisations and rescue effects (see Staddon et al. 2010, for a recent experimental
study).

Keystone patches
Recent studies have applied network theory to real ecological communities in fragmented
landscapes, using a wide selection of indices to characterise the contribution of individual
habitat patches to landscape connectivity (Urban & Keitt 2001; Bodin & Norberg 2007,
Estrada & Bodin 2008, Urban & Keitt 2001). Certain patches may be more important
than others in upholding the local or global species diversity in a metacommunity and
may then be identified by such a network index. We calculated a range of network
indices for the patches in a large set of simulated metacommunities. We then deleted
patches in order to identify keystone patches. Here keystone patches are those whose loss
will lead to high risks of local and global species extinctions in the metacommunity. All
of the indices identified the keystone patch quality to a certain degree. Some of the
indices were consistently better than the others and the dependence of the keystone
quality on these indices was at least two times larger than for the others. The quality
identified by the indices was of being more important for upholding local rather than
global diversity. Many parameters were varied between the different metacommunities
and as a result of this the models for identifying keystone patches yielded small R2 values
and therefore were not proven to be dependable predictors if applied to particular
metacommunities.
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5. Concluding remarks
The theoretical studies in the present thesis suggest that species-rich ecological
communities might be more prone to extinction cascades when exposed to a highly
variable environment than species-poor communities. A low correlation among species in
their responses to the environmental variation further increases the risk of extinction
cascades. For any given number of species the risk and extent of extinctions cascades
depends on the pattern of interactions among species within the communities. Moreover,
we find that previous exposure to extinctions might make communities more robust to
new disturbances, because extinctions often lead to changes in the trophic structure of the
communities in a direction that promote stability.
The spatial dimension has a strong influence on the risks for extinction cascades. High
synchrony in the growth rates of populations across the patches in the landscape is often
detrimental for species persistence in the metacommunities. Synchronous fluctuations in
the environment and global dispersal of species were factors that induced synchrony in
population growth rates across the patches and reduced the probability for
recolonisations, hence increasing the risk of extinction. Our studies also suggest that the
quality of the matrix might be very important for the likelihood of migrants to reach their
target patch. A poor habitat quality in the matrix will increase the mortality during
dispersal and hence reduce the potential for recolonisations and ‘rescue effects’ to
operate. Using spatially and dynamically explicit models we have also investigated the
response of metacommunities to the loss of habitat patches and we have taken a first step
towards identifying “keystone patches” in the landscape – patches that are critical for
upholding species diversity in the metacommunities.
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