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POPULÄRVETENSKAPLIG SAMMANFATTNING

Biologisk mångfald minskar idag kraftigt världen över. Detta är inte enbart etiskt problematiskt; en mins-
kad biodiversitet påverkar även de ekosystemtjänster vi människor är beroende utav. Den allvarliga situ-
ationen för arter beror ofta på mänsklig aktivitet. Framför allt anses habitatdegradering, överexploatering
och introduktion av invasiva arter vara kraftigt bidragande faktorer. Klimatförändringar är ett annat hot
som tillkommit under de senaste årtiondena. Klimatförändringar kan leda till förändrade (och försämra-
de) levnadsvillkor för arter, och kan dessutom påverka hur arter interagerar med varandra. På så vis kan
klimatförändringar förändra ekologiska nätverk.

Att försöka förstå de ekologiska konsekvenserna av sådana störningar är viktigt för att kunna förutse och
förhindra ett än mer omfattande artutdöende. Vi vet att olika strukturella egenskaper, både på art- och
nätverksnivå, påverkar hur pass känslig en art är för störningar. På artnivå spelar artens placering i nä-
ringsväven in, samt vilka födopreferenser arten har. På nätverksnivå kan näringsvävens totala diversitet
samt distributionen av födolänkar påverka hur väl ett nätverk, och dess arter, kan stå emot störningar. En
störning kan påverka en art direkt, och kan i värsta fall göra så att arten åtminstone lokalt utrotas. Förutom
direkt påverkan kan en art även påverkas indirekt. Detta beror på det ständiga samspel som sker mellan
arter i ett ekologiskt nätverk. En sådan indirekt påverkan uppstår då förlusten av en art startar en kedja
av sekundära utdöenden (när en art dör ut till följd av en annan arts bortfall), vilket är en effekt som inte
går att förutse utan ett nätverksperspektiv. Särskilt stor påverkan har näringsvävarnas basnivå, växterna,
och när de utsätts för störningar är riskerna extra höga för att effekterna ska spridas och förstärkas uppåt i
väven. Interaktioner mellan arter har dessutom potential att påverka flertalet andra ekologiska processer.
Ett exempel rör hur arter svarar på en förändrad levnadsmiljö. De kan antingen sprida sig till ett nytt lämp-
ligare habitat, eller stanna och anpassa sig till de nya förutsättningarna. Interaktioner med andra arter kan
kraftigt påverka dessa processer och förändra utfallet. Ett annat exempel är ekosystemtjänster. Här kan
förlusten av en art som inte är primärt kopplad till en ekosystemtjänst ändå ge effekter på tjänsten, genom
att förlusten indirekt påverkar de arter som tillhandahåller tjänsten.

Vi vet således att en arts nätverk och interaktioner spelar stor roll för hur arter reagerar på störningar. Trots
det förbises ofta en sådan komplexitet och interaktioner modelleras vanligtvis på ett förenklat vis, eller
inte alls. I denna avhandling undersöker jag, med hjälp av matematiska modeller, hur arter inbäddade i en
näringsväv reagerar på störningar. Jag har två primära fokusområden. Det första området innefattar hur
eko-evolutionära processer påverkar biodiversitet vid klimatförändringar. I Paper I har jag utvecklat en ny
modell, där genetiska modeller kombineras med en rumslig dynamik. Här samspelar spridning, evolution
samt arters interaktion under gradvis ökande temperaturer. Samtliga parametrar är motiverade empiriskt,
ochmodellen fokuserar särskilt på en utökad komplexitet av arters samspel. Det andra området rör hur olika
strukturella egenskaper påverkar arters känslighet mot störningar. I Paper II studerar jag hur såväl nätverket
samt arters olika egenskaper påverkar arter högre upp i näringsväven då basnivån (växter) utsätts för en
störning. I Paper III utsätter jag specifika grupperingar av växter för störning, där grupperingen baseras
på olika artegenskaper. Jag undersöker vilka egenskaper som påverkar huruvida arter högre upp i väven
överlever störningen. I studien använder jag näringsväven i Serengeti exempel. I Paper IV kopplar jag
ekosystemtjänster till de arter som tillhandahåller tjänsten, och analyserar hur ekosystemtjänster påverkas
av olika mänskliga hot. Här använder jag Östersjön som exempelområde.

Sammantaget visar min forskning att det är mycket viktigt att ta hänsyn till en arts nätverkskontext vid
studiet av störningar. I Paper I påverkade arters interaktioner i hög grad eko-evolutionära processer, och
bidrog till en minskad negativ effekt av förändrade temperaturer. Många strukturella egenskaper, både hos
de arter som utsattes för en störning och hos de arter som sekundärt påverkades av en störning, påverkade
arters känslighet i Paper II-IV. Samspelet mellan arter gav en stor effekt på hur en störning propagerade
genom nätverken. Dessutom visar Paper IV att indirekta effekter, medierade av nätverket, var viktiga för
att förutse hur ekosystemtjänster påverkas av mänskliga hot.
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I denna avhandling har jag utvecklat nya metoder, samt vidareutvecklat och demonstrerat nya använd-
ningsområden för befintliga metoder. Denna avhandling har därmed ett brett användningsområde och ökar
vår förståelse av samspelet mellan ekologiska och evolutionära processer, samt vår kunskap kring hur nät-
verk påverkas av störningar. Många av insikterna kan vara värdefulla vid olika bevarandeinsatser. Om
vi exempelvis vill fokusera på att skydda en specifik art, så räcker det inte att se till så arten har tillgång
till lämpliga levnadsmiljöer, vi behöver också analysera artens interaktionsmönster samt försöka bevara
betydelsefulla interaktionspartners.

iv



ABSTRACT

Biodiversity loss is occurring globally at an unprecedented pace. This is not only followed by ethical
concerns; it also affects all levels of an ecosystem, with wide-spread implications for ecosystem func-
tioning, services and human well-being. The severe extinction risk for many species is a result of human
activities, such as habitat destruction and land-use change, over-exploitation and introduction of invasive
species. During the past decades, climate change has additionally become an important human-induced
driver, causing biodiversity loss and altered species interactions.

To mitigate the negative impact on ecosystems, we need to understand how the species building up the
systems respond to disturbances. Several structural properties, both at species- and network-level, are
known to affect species vulnerability. At the species-level, a species position in the food web, as well as
its distribution of prey items, are important factors. At the network-level, diversity and structure of feeding
interactions are important measurements related to stability. Additionally, species may both directly and
indirectly affect other species, as species are entangled in complex network structures. The loss of a single
species could set inmotion a cascade of secondary extinctions that may not be predictable based on species’
performance in isolation. Particularly, disturbances of primary producers have a high risk to propagate and
augment through the network. Moreover, species interactions have the potential to affect several other
ecological processes. For example, altered environmental conditions force species to disperse to more
suitable habitats, or to stay and adapt to the new local condition. Such processes can be significantly altered
by species interactions. Another example concerns ecosystem service provisioning. Even if a species
not being a service provider goes extinct, the event can via direct and indirect effects cause secondary
extinctions of service providing species, causing loss of the services.

Despite the recognition of the importance of a network context and of species interactions, such aspects
are in many cases modeled in a simplified manner or not considered. In this thesis, I use mathematical
models to study how species embedded in an ecological network respond to disturbances. I have two pri-
mary focus areas. First, I analyze how the interplay between evolution, dispersal and species interactions
affect how species respond to climatic change. In paper I, I studied the effects of these eco-evolutionary
processes under increasing temperatures, using empirically-motivated parameterizations of a suite of com-
munity models with increasing ecological interaction complexity. Second, I analyze how several structural
properties affect species persistence following a disturbance. In Paper II, I focus on how network-level
properties as well as species-level properties affect consumer species persistence following basal level
disturbances. In Paper III, I disentangle the most influential characteristics of groups of basal species,
causing a negative impact on consumer species when disturbed. I use the Serengeti savanna food web as
case study. In Paper IV, I connect ecosystem services to the species providing them, and analyze how
ecosystem service provisioning is affected by anthropogenic threats. I use the Baltic Sea as a case study.

In summary, the results of this thesis underscore the importance of studying disturbances within a network
context. Species interactions highly influenced the eco-evolutionary dynamics in Paper I, and mitigated
some of the negative impacts following climatic change. Several structural network properties, both of the
species being disturbed and of the species being affected, influenced species’ vulnerability following dis-
turbance in Paper II-IV. The interplay between species influenced how disturbances percolated through the
network. Moreover, Paper IV found that indirect effects mediated by the network of species interactions
were of substantial importance for how anthropogenic threats are affecting ecosystem service delivery.
in this thesis, I have developed novel methods, as well as extended and showcased new applications for
existing ones. As such, this thesis has a broad applicability and expands our basic understanding of the
interplay between ecological and evolutionary processes, as well as our understanding of the mechanisms
behind how networks of interacting species are affected by disturbances. Further, the results have impor-
tant implications for conservation efforts.
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1 Introduction

Biodiversity loss is occurring globally at an unprecedented pace. This crisis affects
all levels of an ecosystem, with wide-spread implications for ecosystem functioning
and humanwell-being. The research presented in this thesis analyzes the effect of dis-
turbances on ecological networks, with a particular focus on how a network context
shapes the response of species. Using theoretical approaches, based on mathematical
models and concepts, the results presented have a broad applicability and highlights
important insights for protecting species and their invaluable ecosystem services.

1.1 The current situation for species and ecosystem services

The definition of a mass extinction is when the Earth loses more than three-quarters of
its species in a geologically short time period (approximately some thousand years)
(Barnosky et al. 2011). Extinction of species is a normal state, and is referred to
as the background extinction rate. However, studies show that the current pace of
species extinction by far exceeds the background rate and, moreover, that the pace is
expected to increase even more (Pereira et al. 2010; Barnosky et al. 2011; Ceballos
et al. 2015). Thus, multiple evidence suggest that the sixth mass extinction is already
here.

Biodiversity loss is not only an ethical concern; it also affects many aspects of
human well-being. Biodiversity contributes directly to multiple ecosystem services
providing humans with, for example, food provisioning, water purification and cli-
mate regulation as well as several recreational and cultural values (Reid et al. 2005).
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1. Introduction

The severe extinction risk for many species is a result of human activities (Reid et
al. 2005; Tilman et al. 2017). Habitat destruction and land-use change (Newbold et al.
2015), over-exploitation and introduction of invasive species (Maxwell et al. 2016)
are some of the most important factors causing degraded environments for species
(Tilman et al. 2017). Climate change is another important human-induced driver of
extinction. Climate change may cause several of the aforementioned impacts, but
could also cause altered temperatures and rainfall (means, extremes, variability, sea-
sonality), and extreme events (floods, droughts, storms) which severely might disrupt
species and affect ecosystem functioning (Reid et al. 2005; Parmesan 2006; Bellard
et al. 2012). The likely impacts on biodiversity following climate change include, for
example, altered genetics (natural selection, mutation rates) and physiology (fecun-
dity, survival, activity rates), as well as altered interspecific relationships affecting
species’ interactions, community productivity, and ecosystem services (Parmesan
2006; Bellard et al. 2012). Over the next few decades, the complexity of climate
change may have impacts on biodiversity surpassing threats such as habitat destruc-
tion (Leadley 2010).

Many ecosystem services are currently degraded (Reid et al. 2005). For exam-
ple, as land is converted into cropland to increase food production, forest cover may
be decreased (which can increase the release of greenhouse gasses) and biodiversity
may be lost (Reid et al. 2005). Carbon storage is negatively affected by biodiversity
loss, which in turn causes a reduced efficiency of the ecosystem service primary pro-
duction (Cardinale et al. 2012). It is complicated to disentangle the relative impact of
altered ecosystem services relative to other influential social, cultural, and economic
factors. Still, evidence shows that the effects of degraded ecosystems are substantial,
for example, on economic and public health costs. Overfishing results in collapsed
fisheries, with thousands of jobs lost. Forest fires come with large economic costs in
form of health care needs and lost production. Decreased pollination decreases yields
of locally important crops. Thus, while our exploitation of species and ecosystems
historically has provided several benefits to humanity, the current situation in many
cases instead results in declining human health (Reid et al. 2005).

1.2 Importance of a network context and of primary producers

A network perspective is important for several reasons when studying the response
of species to disturbances. Certain traits can make a particular species more sensitive
to disturbances, but as species are interacting partners in a large network, loss of a
single species could set in motion a cascade of secondary extinctions that may not
be predictable based on species’ traits in isolation (Ebenman et al. 2005). Through
direct and indirect effects, the species not primarily exposed to a disturbance may
be the most affected. In eco-evolutionary studies of species’ response to altered cli-
matic conditions, the interplay between ecological (such as interactions and dispersal)
and evolutionary processes are recognized to be highly important and to potentially
strongly affect the outcome (De Meester et al. 2002; Nadeau et al. 2019). A network

2



1.2. Importance of a network context and of primary producers

perspective is also highly relevant for studies of ecosystem services. Even though the
main provider of a particular service may not be affected by a specific disturbance,
the potential of disturbances to propagate through a network can still severely affect
the providers (Keyes et al. 2021). Despite the high recognition of the importance
of a network context, species’ interactions are in many cases modelled in a simpli-
fied manner or not considered. For example, most studies investigating the effect of
climate change on species do so without taking the network context and species’ in-
teractions into consideration (Urban et al. 2016). Few conservation efforts consider
species in a network context (Tylianakis et al. 2010; Gonzalez et al. 2011), and studies
rarely investigate the consequences of secondary extinctions for ecosystem services
(Jacob et al. 2020; Dee et al. 2017).

When studying disturbances within a network context, primary producers are in-
disputably an important part to consider. Primary producers control the basal energy
flow (Rosenblatt et al. 2016) and plant community structure is shown to affect all lev-
els of ecosystem organization (Proulx et al. 2010; Scherber et al. 2010). Due to strong
bottom-up forces, removal of a plant species or alterations in plant nutrient content
affect food web stability (Curtsdotter et al. 2011a; Gilbert et al. 2014). The diversity
of primary producers also influences a wide variety of ecological processes, such as
the efficiency and productivity of ecosystems, and alterations of the plant community
composition results in an accelerating decline of ecosystem processes (Cardinale et
al. 2011). Moreover, such a decline in ecosystem services and functioning is expected
even with a small reduction of plant biodiversity (Isbell et al. 2011).

Many plant species are predicted to be threatened in the near future (Nic et al.
2020). Human-induced alterations such as land-use change and climate change nat-
urally also affect primary producers, and altered local conditions may be particularly
severe for these not very mobile species. Correlations are found between the response
to altered conditions and specific plant growth forms, where species with a shorter
generation time (such as herbaceous plants) respond faster to climatic variability
(Compagnoni et al. 2021). Human activity might also result in unfortunate introduc-
tions of, among other, plant pathogens which may cause massive disease outbreaks.
One such example is the Dutch Elm disease, caused by a fungal pathogen transmitted
by beetles, originally emerging in Holland. Through transports, the pathogen quickly
spread from Europe to the United States and Canada, leading to the loss of millions
of elms (Hubbes 1999). Due to the important role of primary producers in ecolog-
ical networks, it is important to understand both how plants themselves respond to
disturbances and how the rest of the network and its functioning is affected by basal
level disturbance.

3



1. Introduction

1.3 Network properties affecting sensitivity following
disturbance

Several global as well as local network properties are known to influence network
functioning, stability and robustness. The following sections outline properties im-
portant to consider when studying disturbances in a network context.

Global network properties
When characterizing a network, three basic global properties are commonly used:
the size of the network (the number of nodes, or species richness S), the number of
links (interactions, L), and connectance (the fraction of realized connections, L/S2)
(Pascual et al. 2006; Eklöf et al. 2012). Such properties are thought to be related to
network robustness – the capacity of a network to return to a stable state after some
external disturbance, or the stability of underlying population dynamics (Shear 2000).
The relationship between the diversity of a network and stability has for long been
a subject of debate (Shear 2000). In 1973, May demonstrated that diversity tends
to destabilize randomly-structured communities (May 2019). Later findings sug-
gest that diversity and stability have a positive relationship when interactions among
species are arranged in certain ways, but this matter is highly complex and might not
depend on species richness per see, but rather on the communities ability to main-
tain species that contribute strongly to stability (Shear 2000). The connectance of a
network is similarly related to robustness and stability. Traditionally, it has been as-
sumed that more highly-connected networks have a higher robustness to disturbances
and are more resistant to secondary extinctions (Dunne et al. 2002; Eklöf et al. 2006).
The interaction strength can also affect stability, for example, predator-prey networks
can be less stable when there are many weak interactions, and if a large and complex
network should be stable, it requires tightly-coupled predators and prey (Allesina et
al. 2012). Connectance and interaction strength do not, however, fully explain differ-
ences in network stability. Research is ongoing to uncover the relationships between
stability and many other measures of network structure, with the ultimate goal of
understanding how large communities of species can co-exist.

Local network properties
As well as properties of the whole network, like connectance, there are many ways
of describing the structural properties of each species within a network. These ”local
network properties” can be related to a species’ extinction risk or contribution to
stability. One such local property is the trophic level of a species, describing its
position in the topological structure. This is measured by counting the path length
between the species and the basal level, that is, the route between nodes of species,
where each node and link are visited once. A primary producer has a trophic level of
one, a strict herbivore (which consumes only plants) has a trophic level of two, and a
top consumer has a higher trophic level (longer path to the basal resources). In- and

4



1.3. Network properties affecting sensitivity following disturbance

out-degree of a species are other commonly-used local properties, and describe the
number of incoming connections (in-degree) and outgoing connections (out-degree).
A resource species naturally has an in-degree of 0, as it consumes no prey species,
while a top consumer has an out-degree of 0, as it has no predators. A consumer
species feeding on multiple resources, thus having a high in-degree, can be described
as a generalist, while a consumer species feeding on a small set of resources, having
a low in-degree, can be described as a specialist.

In general, species with high trophic levels, low in-degree, and low abundances
have a higher vulnerability to disturbances (Binzer et al. 2011). However, in-degree
and trophic level are both relatively coarse descriptions of a species’ role within its
food-web (Cirtwill et al. 2018). For example, a specialist may not necessarily have a
high risk of extinction if it consumes a basal resource which is unlikely to be affected
by disturbance. On the other hand, a consumer with low trophic level may be at high
risk of extinction if it consumes prey which are themselves very likely to be affected
by disturbance.

Another structural property used in this thesis is participation in three-species mo-
tifs. Motifs represent unique arrangements of small numbers of interacting species
(Stouffer et al. 2007; Stouffer et al. 2012) and can add more nuance to descriptions
of how a species fit into a community. In this sense, motifs can be regarded as the
building blocks of networks (Milo et al. 2002; Stouffer et al. 2007; Baker et al. 2015).
A species’ “motif participation role” is determined by decomposing a food web into
motifs and calculating the frequency with which the species appears in each of the
motifs present (Stouffer et al. 2012). Using motifs to describe a species’ role in
its community captures information about species’ direct and indirect interactions,
which is a way to incorporate larger-scale network structure into species-level de-
scriptions (Cirtwill et al. 2015). 13 unique three-species motif can occur in empirical
food webs. Four of these motifs are over-represented in real, observed food webs
and believed to contribute to stability: three-species chain, omnivory, apparent com-
petition (two prey sharing a predator), and direct competition (two predators sharing
a prey) (Stouffer et al. 2007; Borrelli 2015; Giling et al. 2019), visualized in Fig-
ure 1.1. Notably, these four motifs are acyclic and therefore a good match for certain
modeling approaches, such as Bayesian network simulations.

Motifs can also be used as a structural property of a network, where the frequen-
cies of different motifs appearing in the network are calculated. Such frequencies
of motifs in networks have been shown to be associated with community stability
(Prill et al. 2005; Bascompte et al. 2005) and with changes to the composition of
plant communities (Giling et al. 2019). On the contrary, the relationship between
a species’ motif participation and vulnerability to disturbances has not yet been ex-
tensively investigated, but see (Cirtwill et al. 2021) and Paper II for early findings,
showing that a species motif participation can explain a species sensitivity to distur-
bances.
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1. Introduction

Figure 1.1: Visualization of motifs embedded in a network, reproduced with permis-
sion from Cirtwill et al. (2018). In the food web structure on top, two species a (red)
and e (blue) are highlighted. In the bottom, we display the number of times these two
species occur in several three-species motifs, from left to right; three-species chain,
apparent competition, direct competition, and omnivory. These motifs are the only
ones which can occur in an acyclic network as used in Paper II. All other motifs con-
tain two-way interactions (A eats B and B eats A) or larger loops. Note that each set
of 3 interacting species only represents the motif including all interactions among the
involved species.

1.4 Network types commonly analyzed with models

A wide variety of networks can be analyzed with mathematical models. Sometimes,
empirical networks are used. Here, the network structure (species and feeding links)
are based on empirical observations and on expert knowledge of a specific system.
These networks are most useful when the details of a particular system are the main
focus. For other ecological questions, constructed networks aremore suitable. A con-
structed network describes feeding interactions and tries to capture structural proper-
ties found in nature (Cohen et al. 1985; Williams et al. 2000). Because a large num-
ber of networks can be constructed with predetermined properties, these networks are
useful for analysing how changes in connectance or other properties affect network
stability.
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1.5. The nature of theoretical models

The cascade model was the first widely-accepted model for construction of food
webs incorporating a non-random representation of species. This stochastic model
is based on the classic idea that species in nature are structured in some order, a
hierarchy, which determines feeding relations between species (Cohen et al. 1985).
Here, all species are assigned a niche value, which determines their order along a
single dimension. Species cannot consume a species with a higher rank value, and
thus, these networks cannot contain trophic cycles or cannibalism. Such interactions
may be rare, but present in empirical systems.

The niche model (Williams et al. 2000; Williams et al. 2004) was developed
to overcome such limitations of the cascade model. Similar to the cascade model,
species are assigned a niche value and ordered along a single dimension. The or-
dering can be based on, for example, trophic level or body mass. In contrast to the
cascade model, species are also assigned a niche range which determines how feed-
ing links are distributed. The basic idea is that each consumer can feed on resources
placed within this interval. By using a normalized feeding range, a species with a high
niche value will have a large feeding range, being generalists rather than specialists.
A consumer’s diets are biased towards resource species with niche values smaller than
the given consumer, however, up to half of the consumer’s feeding range is allowed
to include species with higher niche values than the consumer’s niche value. To en-
sure that every web has at least one basal species, the species with the smallest niche
position will have a feeding range equal to zero. The niche model allows for feeding
cycles, cannibalism and omnivory, and has been demonstrated to capture several key
structural properties found in real ecological networks (Williams et al. 2000). This
involves properties such as generality, vulnerability and food-chain length, as well
as fractions of species placed at different trophic levels.

1.5 The nature of theoretical models

As real-world ecosystems are highly complex, large-scale experiments of distur-
bances can in many cases be difficult. The global pandemic caused by COVID-19 is
a recent example demonstrating the usage of mathematical models (Eker 2020). To
fully predict the effect of different control measures, we would need to release the
virus on a Planet B. This cannot be done, since such a planet does not exist, and if
it did, we could not travel there and do the experiment. And even if we had such a
planet and could go there, it would be highly unethical to release the virus to study
its effects. Still, if we would disregard ethical claims, the time needed to perform the
experiment would mean that the result from Planet B would be ready when it was
already too late for humans on Planet A. In this case, experiments would not help us,
while mathematical models can give valuable insights of the spread of infection and
of potentially effective control measures. Thus, manipulations of real-world systems
comes with several ethical considerations as well as spatial and temporal limitations.

Theoretical models are a way to overcome such obstacles. These models can eas-
ily allow for ecological responses stretching over thousands of years for large spatial
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1. Introduction

scales covering the entire globe. They also allow us to analyze so-far unrealized
scenarios of, for example, the multiple possible rates of increase in temperature fol-
lowing climate change. However, it is important to keep the nature of theoretical
models in mind when using and interpreting their predictions. Even though model-
ing approaches are shown to represent patterns and mechanisms found in nature, they
ultimately idealize the system they are trying to capture. This could be argued to be
a necessity since our target system, species co-existing in nature, are highly complex
with more parameters than we could possibly observe or even understand the full
scope of. Moreover, such idealization can be justified by the particular aspect of the
real-world system we are interested in and trying to represent. Commonly, we are
interested in a basic mechanism driving some pattern (one may say that we search
for the biological equivalent of physical laws), which may be possible to detect with-
out incorporation of all the complexity found in nature. The justification can also be
purely technical - if we would include ”all” information we could possibly think of,
then we would not be able to simulate the system due to computational limitations.
Tractability might also be an issue - to know which parameters that influenced the
projections.

As such, theoretical models try to be somewhat descriptive of a phenomena, pro-
viding guidelines of possible outcomes. In this sense, models can be used to guide
our intuition about how various mechanisms interact and to identify testable hypothe-
ses, worthwhile to investigate further with empirical experiments. In the following
section, I outline several theoretical approaches to study species’ response to distur-
bances in a network context.

1.6 Approaches to analyze ecological networks

Traditionally, there are twomain approaches to modelling ecological networks: topo-
logical or dynamical modeling. These two approaches are presented below, as well
as a middle-ground approach: Bayesian network modeling.

Topological models
Topological modeling strips down a real-world network to solely the structure of the
network. Interactions between species are binary (either present or absent) and no ad-
ditional weights (reflecting the importance for consumer species, biomass flows, etc.)
are assigned to the interactions. Similarly, the density or abundance of species are not
taken into consideration and species are simply present or absent. A predator species
does not experience an increased vulnerability if it loses a fraction of its resources
and only goes extinct when all of its prey species are lost. This highly simplified
representation is relatively easy to assemble from empirical data, does not require
extensive parameterization, and is thus easy to interpret as well as computationally
efficient.
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1.6. Approaches to analyze ecological networks

Dynamical models
The second approach, dynamical modeling, explicitly models how the abundances
of species in a network change over time, taking parameters such as species-specific
growth rates, competitive interactions, and feeding rates into account (Eklöf et al.
2006; Brose et al. 2006; Stouffer et al. 2011). Unlike topological modelling, this
method can capture extinctions following the propagation of indirect effects, such as
when the extinction of a predator leads to the extinction of one of its prey species
(Ebenman et al. 2005). Moreover, a species can be present in the network but still
cause secondary extinctions if its density falls below a certain determined threshold,
the species can be regarded as insufficient to provide, for example, a prey may not be
abundant enough to sustain its consumer species, or a generalist predator might not
be abundant enough to preserve the balance between mesopredators and resources.

The Lotka-Volterra equations, a pair of first order nonlinear differential equations,
are commonly used to describe the relationship between a predator and its prey over
time, and serves here as an illustrative example of dynamics possible to capture with
dynamical modeling. The population of the two species will in a general case change
over time as following:

dx
dt = αx − βxy, (1.1)
dy
dt = δxy − γy (1.2)

Here, x and y represent the number of the prey species and predator species in
their respective population. Time is represented by t, and dx

dt and dy
dt describe the

growth rate of the two populations at different time steps. Next, the equations include
a number of parameters, which can be estimated using empirical knowledge or by
fitting parameters creating stable dynamics. α describes the intrinsic growth rate of
the prey species, β the rate of predation, δ the growth of the predator population, and
γ the rate of loss for the predator population. Thus, the impact of one of the species
on another will differ dependent on parameter choice and on population density, the
latter may differ over time. This basic set-up can be further generalized to include,
for example, species competing for a common resource.

In general, dynamic modelling requires an extensive set of parameters. The very
basic dynamical model for two species given above, for example, requires the estima-
tion of four parameters. As dynamical models can be sensitive to initial conditions,
minor adjustments to parameters may create contrasting results. If parameters are
not already precisely known, this means a high number of replicates thoroughly cov-
ering the plausible range of parameters is necessary for accuracy. Thus, dynamical
modeling of large systems is computationally demanding.

Bayesian network modeling
Bayesian network modeling is a middle-ground approach between topological and
dynamical models. A Bayesian network is a graphical model depicting probabilistic
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relationships among a set of random variables, connected by direct links (Jensen et
al. 1996; Eklöf et al. 2013). This approach has several similarities to the topological
modeling approach, the static network structure being one of the most important. In
contrast to topological models, a consumers’ probability of persistence is allowed to
decrease, either linearly or non-linearly, in response to the fraction of resources lost.
Additionally, each species can be given a specific baseline probability of extinction,
reflecting the risk to go extinct by causes not related to the network structure itself
(Eklöf et al. 2013). As such, Bayesian network modeling benefits from less param-
eters necessary similar to topological models, but do include more realistic features
imitating some of the important aspects of dynamical models. Still, it is possible to
estimate the state, or in our case, probability of persistence, of each species present
in a food web without simulation.

In an ecological setting, a network of interacting species can be implemented
as a Bayesian Network. Following Eklöf et al. (2013), we describe each species as a
Bernoulli random variable, being either present or absent, and using the directed links
as feeding interactions. Here, a species goes extinct as a function of its resources’
probabilities of extinction. Therefore, the model operates strictly bottom-up (Eklöf
et al. 2013; Häussler et al. 2020).

For a description of how to calculate species’ persistence in an ecological network
using Bayesian network modeling, see Methods and Approaches: section Bayesian
network framework.

1.7 Eco-evolutionary dynamics

Climate change is one of the main drivers of biodiversity loss. The evolutionary
response of a species is a potentially important mechanism when species are exposed
to altered climatic conditions. For example, increased temperatures may influence
both how selection acts on a trait and gene expressions. Studies of species response
to climate change thus calls for an approach considering eco-evolutionary dynamics.

A species can respond to altered local conditions in two principle ways: it may
disperse to a more suitable habitat or stay and adapt to the local condition (Jump et
al. 2005; Davis et al. 2005). As such, high dispersal and high adaptive capacity have
been suggested as mechanisms potentially mitigating the negative impact of climate
change (Loreau et al. 2003; Foden et al. 2013; Román-Palacios et al. 2020). How-
ever, ecological and evolutionary mechanisms do not act in isolation, but interact
with each other and with community dynamics through feedback loops (Pelletier et
al. 2009; Meester et al. 2018; Nadeau et al. 2019). For instance, evolutionary dynam-
ics are affected by dispersal through gene flow (Holt 2009), which in turnmay prevent
or facilitate local adaptation depending on the gene flow-selection balance (Lenor-
mand 2002). Adaptive changes might be prevented by competition, but adaptation
also potentially restrict invasion of species if the native species are well adapted (De
Mazancourt et al. 2008). Hence, the interplay between ecological and evolutionary
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1.7. Eco-evolutionary dynamics

processes can strongly affect the impact of altered climatic conditions on ecological
communities.

While earlier models of species’ response to altered climatic conditions com-
monly focused on one of these mechanisms (Urban et al. 2012), recent studies have
made substantial developments and include several important eco-evolutionary dy-
namics. For example, Norberg et al. (2012), Thompson et al. (2019) and Lasky (2019)
include species ability to disperse and to evolve as well as species interactions in their
respective framework. They show, among other results, that extinction rates actually
increase when species are able to both disperse and to evolve due to competitive ex-
clusions (Norberg et al. 2012; Thompson et al. 2019). The mechanism behind this is
that high dispersal, combined with competitive interactions and the ability to adapt
to local conditions, result in colonization of invading species occurring at the ex-
pense of native species. However, these models only include a simple representation
of species interactions and do only consider competitive interactions. For example,
Norberg et al. (2012) set all intra- and interspecific interaction strengths to be equal,
and Lasky (2019) uses diffuse competition, whereby species share one common intra-
and another common interspecific competition coefficient.

Thus, many extensions of species interactions could be made within the field
of eco-evolutionary studies. One possible extension concerns interactions among
species at different trophic levels. Such trophic interactions may be highly important
for the community response to climate change (Gilman et al. 2010), as consumers
might mediate the effects of climate change on their prey (Tseng et al. 2015; Zhang
et al. 2017). Another extension concerns competitive interactions, which are com-
monly depicted as constant variables within an eco-evolutionary setting (Norberg et
al. 2012). Instead, one could explore the possibility that two species with similar
phenotypes will utilize the same resource and thereby experiencing high interspe-
cific competition (Britton 1989). Diverging into slightly different phenotypes would
reduce competition and allow for co-existence, albeit at a possible cost of decreased
growth rates.
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2 Aims

In Papers I-III, I focus on the disturbance of a network’s basal level, and in Paper
IV I additionally disturb higher trophic levels. In all papers, I specifically focus on
how species interactions and how the network structure affect species’ response to
disturbances, and in Paper IV I additionally focus on the effect on ecosystem services.
In the following section I outline the aims for each paper.

2.1 Aims of Paper I

In this study, I investigate the effect of climate change on resource species on a global
scale from the polar regions to the equator. For this purpose, I developed a spatially
explicit eco-evolutionary framework featuring evolution and dispersal, and with a
specific take on species interactions; species interact both within and between trophic
levels, and additionally, species’ interspecific competition might change due to in-
creasing temperatures and affect the impact of climate change on ecological commu-
nities. I wish to know how these eco-evolutionary aspects affect:

1) Local trends (within each patch), including local species diversity;
2) Regional trends (division of patches into polar, temperate, and tropical areas),

including species’ ranges and turnover;
3) Global trends, including global losses and the general community-wide capac-

ity to respond to climatic change.
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2.2 Aims of Paper II

In Paper II, I use Bayesian network modeling to investigate whether certain smaller-
scale structural properties influence persistence following basal level disturbance. In
particular, I am interested in whether a richer set of species roles based on partic-
ipation in three-species motifs is related to persistence, and how these motif-based
roles relate to simpler measures such as in-degree and trophic level. Additionally, I
am interested in whether the frequency of motifs in the whole network is related to
species average risk to go extinct. I analyze the impact on consumer species persis-
tence following different levels of basal level disturbance, and calculate the structural
properties of both consumer species and of the full network. I wish to know if:

1) A consumer’s extinction risk depend on the motifs in which a focal species
participates;

2) A consumer’s extinction risk depend on the motif profile of the full food web;
3) The information provided by motifs is related to classical global and local food

web properties.

2.3 Aims of Paper III

Here, I perform a case study of the Serengeti food web using Bayesian network mod-
eling, exploring how basal-level disturbance percolates up through the network. I
link the sensitivity of plant species to specific characteristics, and perform systematic
disturbance of each group formation of plants. The overall aim is to explore if the
interactions and clusters of species forming the Serengeti food web are of specific im-
portance in understanding the secondary extinctions that occur when the basal level is
disturbed, or if any large disturbance will cause a similar impact. More specifically,
I wish to know whether:

1) A specific disturbance connected to a primary producer trait has a particularly
strong impact on consumer species persistence;

2) Some feature (such as size or connectivity) of the disturbed groups of plants
cause the impact of the disturbance to be more or less severe.

2.4 Aims of Paper IV

In Paper IV, I investigate how several threats to ecosystems affect species and the
ecosystem services they provide in the Baltic Sea. The species are distributed in
different spatial locations. Species are linked to the ecosystem services they pro-
vide, and threats are connected to species. By using Bayesian network modeling I
analyze how threats affect ecosystem service provisioning. The framework aims to
increase our understanding of the connection between threats, the ecological network
and ecosystem service provisioning in order to better link biodiversity with ecosystem
service management strategies. I analyze several threats of different magnitude and
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frequency, and investigate how the impact on ecosystem service provision depends
on the identity and nature of the threat. I wish to know if:

1) We can map specific threats to the Baltic sea to its ability to provide ecosystem
services;

2) The response of ecosystem service provisioning depend upon the realized
threat targeting species;

3) The response of ecosystem service provisioning depend on the spatial location
of local food webs.
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3 Approaches and Methods

In this thesis, the effect of disturbances are evaluated using both a dynamical model-
ing approach analyzing interacting species over a large spatial gradient under thou-
sands of years (Paper I), and a Bayesian network approach (Paper II-IV), focusing
on the importance of a fixed network structure. As two main frameworks are used;
eco-evolutionary dynamics in Paper I and the Bayesian network framework in Paper
II-IV, the basic procedure for these frameworks are outlined below. Additionally,
this section includes notes on interaction structures used and disturbance approaches
applied.

3.1 Eco-evolutionary framework

In Paper I, we developed an eco-evolutionary framework including complex species
interactions, interplaying with species’ abilities to adapt and disperse across a spatial
gradient. I will first give an overview of the general framework and its most important
details, followed by a description of how species’ interspecific competition change
due to increasing temperatures (temperature-dependent competition). Finally, there
is a note on how we measured a community’s ability to respond to altered climatic
conditions.

The basic framework
In the eco-evolutionary framework in Paper I, the local dynamics of species (which
can be either resources or consumers) are governed by multiple processes. Species
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can migrate to and from adjacent patches, which has the potential to alter both lo-
cal adaptedness as well as local densities. The growth rate of a species depends
on the distance between each species’ temperature optima and the local tempera-
ture, however, consumers always experience a negative intrinsic growth. Resources
experience intra- and interspecific competition, the latter being either constant or
temperature-dependent, while consumers compete indirectly via shared resources.

We track population density and mean temperature optima over time while ex-
posing species to increased temperatures, in order to address how local, regional as
well as global diversity are affected. We denote the rate of change of the densityNk

i

and the mean temperature optima µk
i of species i in patch k at time t. The two central

equations read:
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(3.2)

where rki (z) is the per capita growth rate of species i’s phenotype z in patch k.
The growth rate holds a tradeoff between the maximum growth and tolerance range
(Deutsch et al. 2008; Thomas et al. 2012). Thus, a polar species will tolerate a wider
range of temperatures but at the cost of a lower maximum growth rate, while the re-
verse holds for equatorial species. pki (z) denotes species i’s temperature optimum
distribution in patch k (which is normal with patch-dependent mean µk

i and patch-
independent variance σ2

i ), h2
i is the heritability of species i’s temperature optimum

and represents the ratio of genetic to total phenotypic variance (Falconer 1981). Fi-
nally,mkl

i denotes the migration rate of species i from patch l to k.

Temperature-dependent competition
The framework presented in Paper I of this thesis strives to include more refined eco-
evolutionary dynamics. Besides the inclusion of a second trophic level, we explored
how species’ interspecific competition might change due to increasing temperatures.

The evolving trait in this model is represented by each species’ temperature op-
timum. This temperature optimum describes how well adapted a species is in its
current location - if the temperature optimum of a species match the average local
temperature, its growth rate is maximized. Thus, the evolution of the trait tempera-
ture optimum will strive to decrease the distance between a species’ temperature op-
timum and average local temperature. Certain realizations of the model additionally
include the feature that interspecific competition is regulated by each species phe-
notype which is a function of their respective temperature optimum. If two species
have the same temperature optimum, the interspecific competitionwill bemaximized.
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Slightly dissimilar temperature optima will instead result in a decreased level of inter-
specific competition. The ecological explanation behind the temperature-dependent
competition is that each patch can be thought of as divided into several microhabi-
tats, each with a local temperature slightly different from the patch average (lower
or higher). A species with a temperature optimum matching the average local tem-
perature will utilize the main habitat of the location, and will have a maximum level
of growth. A species with a temperature optimum slightly different from the aver-
age local temperature will instead utilize a specific microhabitat in the larger spatial
location. By being different from a locally dominant species utilizing the main habi-
tat, the slightly different species will experience decreased interspecific competition.
However, having a temperature optimum not matching the average local temperature
will lead to a reduced growth rate. Albeit decreased, the growth rate may be sufficient
for persistence for this less well-adapted species, which may be able to persist in the
location. See Figure 3.1 for a visualization of the relationship between a species’
temperature optimum and growth rate.

Community-wide trait lag
Besides analyzing the effect of altered climatic conditions on local, regional and
global dynamics, we measured the different communities’ ability to respond to cli-
mate change.

For each community, the community-wide trait lag (the difference between the
community’s density-weighted mean temperature optima and the current tempera-
ture) can be calculated as a function of the community-wide weighted trait dispersion
(centralized variance in species’ density-weighted mean temperature optima). By in-
tegrating the trait lag through time for each community (Norberg et al. 2019), we get
a comparable measure across all communities of their respective ability to respond
to climatic change, as the response capacity is the ability of the community to close
this trait lag over time (Enquist et al. 2015). Communities with low trait lag will
consist of species on average being better adapted to the local temperature. Hence,
this metric is related to performance and adaptability of a community over time and
space, potentially coinciding with global biodiversity maintenance.

3.2 Bayesian network framework

In this section, I describe how the persistence of each species is calculated using
Bayesian network modeling, which is used in Paper II-IV.

Consider a small food web consisting of three species, two resources A and B, and
one consumer C (following Häussler et al. 2020). First, all species has an assigned
baseline probability of extinction π, representing the probability that a species will go
extinct due to factors not related to the network structure. For a consumer species, this
means the risk to go extinct even though all resources are available. Such events could
be, for example, due to stochastic extinction of small populations, diseases or habitat
destruction. Next, consumer species C is dependent upon its the state of its resources.
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Figure 3.1: Illustration of the relationship between a species’ temperature optimum
and its growth rate (originally from Paper I, republished with permission from Na-
ture Communications). The graph shows the community of a single location, with
four species present. Species are represented by the colored areas showing the dis-
tributions of their temperature optima, with the area under each curve equal to the
population density of the corresponding species. The green species is highlighted for
purposes of illustration. Each species has migrants to adjacent patches (independent
of local adaptedness), as well as immigrants from them (arrows from and to the green
species; the distributions with dashed lines show the trait distributions of the green
species’ immigrant individuals). The purple line is the intrinsic growth rate of a phe-
notype in the patch, as a function of its local temperature optimum (this optimum
differs across patches, which is why the immigrants are slightly maladapted to the
temperature of the focal patch.) Both local population densities and local adapted-
ness are changed by the constant interplay of temperature-dependent intrinsic growth,
competition with other species in the same patch, immigration to or emigration from
neighboring patches, and (in certain realizations of the model) pressure from con-
sumer species.
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To calculate the species marginal probability of extinction P (¬C), we need to take
all possible states into consideration. P (¬C ∣A,B) represents the probability where
C goes extinct given that both resources are extant; P (¬C ∣¬A,B) is the probability
that consumer C goes extinct given that resource A is extinct but resource B is extant,
and so on. To calculate P (¬C), we use the law of total probability:

P (¬C) = P (¬C ∣A,B)P (A)P (B) + P (¬C ∣¬A,B)P (¬A)P (B)+
P (¬C ∣A,¬B)P (A)P (¬B) + P (¬C ∣¬A,¬B)P (¬A)P (¬B)

(3.3)

Next, we need to handle the the fraction of resources available, that is, all cases of
P (¬C ∣A,B),P (¬C ∣¬A,B), and so on. We assume that the conditional probabilities
of consumer C going extinct only depends upon the fraction f of resources lost, and
model the conditional probability as

P (¬C ∣f) = πC + (1 − πC)f. (3.4)
Here, it is given that if no resource is lost and f = 0,P (¬C ∣f) = πC . Accordingly,

if all resources are lost and f = 1, P (¬C ∣f) = 1 as no consumer can sustain without
resources. Note, for a basal resource A, f = 0 and P (¬A) = 1 − P (A) = πA. Then,
using Eq. 3.4 in Eq. 3.3:

P (¬C) = πC(1 − πA)(1 − πB) + (
1 + πC

2
)πA(1 − πB)+

(1 + πC

2
) (1 − πA)πB + πAπB .

(3.5)

If we assume that πA = πB = πC = 0.2, Eq. 3.5 gives P (¬C) = 0.36 and P (C) =
1−P (¬C) = 0.64. Such amarginal probability of extinction can be calculated for any
species in the network, with any number of resources. However, as Bayesian network
modeling follows a strict bottom-up approach, we always start by calculating the
extinction probabilities of resource species, which are not dependent on the network
structure. Following Eklöf et al. (2013), the extinction probability is used to perform
a Bernoulli trial, which determines whether the species goes extinct or not. In the
example above, a resource species goes extinct with probability π = 0.2. We draw a
random number r from an uniform distribution [0−1], and the species are considered
extinct if the r < 0.2. In this way, we get the fraction of resources lost for a consumer,
and can use Eq. 3.3 to calculate P (¬C). Similarly, P (¬C) is compared with a
random number from the uniform distribution, and considered either extinct or extant.

Note, that in Eq. 3.4, we assumed that the probability of extinction increase lin-
early with the fraction of resources lost. This response can take any form, and can
easily be modified to better imitate a desired biological scenario. The probability of
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extinction for each species i can therefore be represented by a cumulative density
function of a beta distribution:

P (¬i∣f) = π + (1 − π)B(f ;α,β)
B(α,β)

. (3.6)

This equation can be modified to be linear (α = β = 1), sigmoid (α > 1, β > 1),
inverse sigmoid (α < 1, β < 1), concave (α ≤ 1, β > 1) or convex (α > 1, β ≤ 1). A
sigmoid non-linear function has been demonstrated to be the type of response most
accurately capturing the secondary extinctions produced by dynamical models (Eklöf
et al. 2013).

This numerical way of evaluating a Bayesian network gives a particular realiza-
tion of the extinction scenario, and the result will differ dependent on the random
draw. Therefore, we need to repeat this experiment multiple times. Finally, we can
compute the fraction of simulations in which each species is not present, which gives
us the marginal probability for all species in the network. Although exact methods
of solving a Bayesian network exist (Eklöf et al. 2013), they can be computationally
inefficient for large networks with many nodes. For larger networks the described
numerical evaluation is highly efficient and produces close to identical results as the
exact method (Häussler et al. 2020).

3.3 Calculating loss of ecosystem services

In Paper IV we used Bayesian networks for simulating how threats targeting species
are propagating through the ecological network to affect ecosystem service provi-
sioning. We can do this since we for every species in the network evaluated whether
a species was connected to a specific threat, and whether a species was connected to
a specific ecosystem service.

Ecosystem services are provided by single or, more often, several species. This
means that the loss of ecosystem service provisioning depends on which and how
many of the service providing species that are primarily and secondarily lost in the
food web. Therefore, we first calculated each species probability of persistence fol-
lowing a realized threat, and next, we calculated how an ecosystem service was af-
fected by the potential loss of some of its providing species. We mapped species
losses to ecosystem service losses using the same method as for analysing how con-
sumers react to loss of resources (described above, section Bayesian network frame-
work). We implement three different forms of the response function in Eq. 3.6,
which here describes how large fraction of the service providing species that needs
to be lost before the provisioning of different ecosystem services is affected. We used
the following values of α and β:

1. α = β = 1 (linear function). Here the fraction of the ecosystem service being
lost is linearly dependent on the fraction of service providing species being
lost.
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2. α = 2, β = 1 (weak convex function). Here the fraction of the ecosystem
service being lost increases only after a fixed amount of the service providing
species have been lost.

3. α = 1, β = 2 (weak concave function). Here the fraction of the ecosystem
service being lost increases sharply already when a small fraction of the service
providing species have been lost.

3.4 Defining species motif participation

In all analyzes of ecological networks the structural properties are of importance. One
such property we focus on in Paper II is network motifs. Here, it is briefly described
how we calculated a species’ motif participation as well as the motif profile of a
network.

There are four motifs over-represented in observed food webs: three-species
chain, omnivory, apparent competition (two prey sharing a predator), and direct com-
petition (two predators sharing a prey), which also are the only motifs which can oc-
cur in the acyclic networks required for Bayesian network simulations used in this
paper. For every generated food web, we calculated the frequency with which the
species appears in each of the motifs present. As we were interested in relationships
between the type of motif participated in rather than the total number of motifs, we
normalized participation vectors by dividing each count by the total number of motifs
the species appeared in. To provide context for species’ motif participation, we also
calculated network “motif profiles”: four-dimensional vectors of the number of each
three-species motif in each network (Stouffer et al. 2012). To separate differences in
motif structure from differences in network size (larger networks contain more mo-
tifs), we normalized motif profiles by dividing the count of each motif by the total
count of all motifs.

3.5 Interaction structures

In all papers in this thesis, the network structure has a prominent role when analyzing
the effect of disturbances. I use constructed as well as empirical networks.

In Paper I, communities were generated consisting of one (resources) or two (re-
sources and consumers) trophic levels. In this study, the interactions between con-
sumers and their resources were partly controlled to match the spatial locations with
distinct temperatures. However, consumers also fed on a number of randomly chosen
resource species. In Paper II, we generated a number of simulated networks based on
the niche model. The networks were of different size and had different connectances.

The constructed networks in both papers were controlled before proceeding fur-
ther. In Paper I, the networks were exposed to a burn-in period over thousands of
years. This was done to ensure equilibrium communities before exposing the commu-
nities to disturbances over time. Otherwise, the networkmay fall apart due to inherent
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instability instead of, potentially, due to the simulated disturbances. In Paper II, bio-
logically unlikely networks were removed. Specifically, we removed networks with
disconnected components (species not connected to the rest of the network) or any
network where any species had a shortest trophic level >6 as such high trophic levels
are very uncommon in empirical food webs (Riede et al. 2011), and replaced them
with new simulated networks. This process was repeated until the desired amount of
suitable networks was obtained.

In Paper III and IV, empirical food web structures were used. In Paper III, we used
a compiled data set of the Serengeti food web, based on Baskerville et al. (2011). In
Paper IV, we used a newly-compiled data set of the Baltic Sea (unpublished data).
Both empirical networks were highly resolved, most importantly on the basal level,
which is appropriate for the Bayesian network calculations used to analyze these
networks.

3.6 Disturbance approaches

All papers in this thesis analyze impacts of disturbances in ecological networks. I
used the following approaches in the different papers.

In paper I, we exposed our communities to increased temperatures as a con-
sequence of climate change. As temperatures increase, a discrepancy between a
species’ temperature optima and the temperature in a given patch will appear, af-
fecting the species’ growth rate. The temperature increase was based on predictions
from the IPCC intermediate emission scenario (IPCC 2013). In accordance to these
predictions, our modeled temperature increase differed in magnitude dependent on
latitude. This latitudinal trend is predicted with high confidence for the next century,
and is observed in all of IPCC’s emission scenarios (IPCC 2013).

In Paper II-IV, in which we used a Bayesian network framework, we increased
species’ baseline probability to go extinct when simulating disturbances. As an ex-
ample, a baseline probability of 0.2 means that a species will go extinct with a prob-
ability of 20%, due to causes unrelated to the network structure. In Paper II, we
disturbed all plant species simultaneously. The disturbance differed in magnitude,
with a gradual increase of the extinction probability from 0.1 to 0.5. In Paper III,
we instead disturbed specific groups of plants, who shared a trait that could be con-
nected to vulnerability. These traits were based on habitat belonging, on plant growth
form, or on trophic similarity. When a group of plants was disturbed, the extinction
probability was increased from 0.1 to 0.5. In Paper IV, species were coupled to a
number of threats facing the Baltic Sea. Due to the limited knowledge on the extent
to which different species are affected by the different threats we analyzed three lev-
els of severity of the threats; low, medium and high. This corresponds to changing
the baseline extinction probability of the species affected by the threat to 0.1, 0.5,
or 1, respectively. Note, that a baseline extinction of 1 would mean that the species
goes extinct when exposed to a threat.
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Discussion

The results presented in this thesis underscore the importance of studying perturba-
tions within a network context. Both species dynamical interactions and static feed-
ing interactions prove important in shaping species’ response to disturbances. In the
following sections, I describe the main results and some important implications for
each paper.

4.1 Paper I

The results in Paper I consist of two parts; 1) the development of a spatio-temporal
model including eco-evolutionary dynamics, and 2) an increased understanding of
mechanisms influencing how species may respond to altered climatic conditions.
Specifically, we found that diversity following altered climatic conditions was main-
tained to a higher extent with the inclusion of temperature-dependent competition.

First, a short note on the model itself. A number of previous models exploring
eco-evolutionary dynamics are built on coupled nonlinear partial differential equa-
tions (Norberg et al. 2012; Lasky 2019; Walsworth et al. 2019). Such models may
become difficult to implement and highly computationally expensive for large com-
munities. The modeling framework in Paper I circumvents such issues by having its
basis in ordinary differential equations, which is made possible due to discretization
of spatial locations. Because of this, the model executes fast even with substantial
model complexity.

Second, the model predicts a strong influential effect of ecological interac-
tions, such as trophic interactions and temperature-dependent competition, in shap-
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ing species’ eco-evolutionary response. In particular, temperature-dependent com-
petition between species enhanced species diversity, in comparison to the model
with constant, temperature-independent competition. Additionally, temperature-
dependent competition resulted in higher trait variation and more responsive com-
munities, better able to cope with an altered environment.

However, it was not obvious that the inclusion of temperature-dependent com-
petition would give such effects on diversity. There are two main hypotheses in the
literature that suggested why it would not. First, although co-existing species could
decrease their negative interspecific interactions by increasing their relative trait dis-
tance (Barabás et al. 2016), doing so risks evolving a mismatch with the local tem-
perature, which in turn would decrease growth rates and possibly resulting in local
extinctions of species. Second, the impact of available genetic variance and disper-
sal could have outweighted the effect of temperature-dependent competition, as the
former previously is shown to provide species with spatial insurance and the latter to
provide phenotypic plasticity (Loreau et al. 2003; Foden et al. 2013; Román-Palacios
et al. 2020).

Nevertheless, the results in Paper I showed that the level of genetic variance and
dispersal actually had a smaller effect on biodiversity than the inclusion of trophic in-
teractions and, in particular, of temperature-dependent competition. Moreover, with
the inclusion of temperature-dependent competition, the effect of genetic variance
and dispersal was nearly not visible. The less-important effect of genetic variance
and dispersal has to do with the influence of species interactions. Even though a
species can disperse to a more suitable habitat due to a high ability to disperse, this is
of no use if they are prevented by other species, already present in this particular loca-
tion, from establishing. Similarly, a species may be able to sustain a population with
large genetic variance in their current location, but get outcompeted by the arrival of
better-adapted migrating species. As temperatures increase, a southern species will
always be pre-adapted to the increasing temperatures in a more northern location and
be a stronger competitor.

With the inclusion of temperature-dependent competition in our framework,
species were allowed to find their niche and exploit specific microhabitats within a
larger location. This resulted in not only an enhanced co-existence, but also a higher
trait dispersion of communities; the mean variance of each species’ temperature op-
timum within a community. A high trait dispersion makes species more responsive
to altered conditions and, moreover, it has previously been demonstrated that diver-
sity and trait dispersion may be statistically correlated (Šı́mová et al. 2015). This
might explain why modeling realizations including temperature-dependent competi-
tion maintained biodiversity to a higher extent, in contrast to when this feature was
not included. In conclusion, the results from Paper I underscores the importance
of including species interactions in studies of species’ eco-evolutionary response to
disturbances, and of not studying these mechanisms in isolation.
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4.2 Paper II

The results of Paper II demonstrate the potential of three-species motifs, at a species
level as well as at a network level, to predict species’ responses to disturbances. First,
let us focus on the motif structure at the species level. There was a relationship be-
tween a species’ motif participation and persistence and, additionally, there were
strong interactions between the level of disturbance and the strength of this relation-
ship. Most notably, a high participation in the direct competition and omnivorymotifs
always resulted in increased persistence. However, for the omnivory motif, this pos-
itive relationship was weaker at high levels of disturbance. The relationship between
high participation in the three-species chain motif and persistence was neutral at low
levels of disturbance, but strongly negative at high disturbance. A high participation
in the apparent competition motif resulted in a negative effect on persistence at low
disturbance levels, while this trend was reversed with high disturbance.

Initially, we suspected that the effect of motif participation on persistence could
be explained by a species’ local scale network properties, such as in-degree and/or
trophic level. For some motifs, this was the case. A species participating frequently
in the direct competition motif commonly had a lower trophic level – associated with
higher persistence (Binzer et al. 2011) – which explained the higher persistence as-
sociated with a high participation in this motif. Similarly, the effect on persistence
following participation in the omnivory motif could be explained by local network
structures. In this case, however, the combined effect of in-degree and trophic level
was necessary and participation in the omnivory motif synthesized the information
provided by two local network structures. On the other hand, local network structures
did not fully explain the trends in persistence following participation in the apparent
competition and three-species chain motif. Therefore, participation in these motifs
seems to synthesize the effect of in-degree, trophic level, and some additional ef-
fect which counterbalances the effect of the local network structures. This additional
effect may come from indirect interactions, which are described by motifs but not
in-degree (Cirtwill et al. 2018).

Second, the overall motif profile of a network was related to the average per-
sistence of consumers. Specifically, networks containing a higher proportion of the
omnivory motif tended to have lower mean persistence following disturbance, while
a higher proportion of the other motifs resulted in higher average persistence. This
means that at the network level, omnivory decreased average persistence, while at
the species-level, omnivory tended to have positive effect on persistence. Previous
studies demonstrate that the network-level effect of omnivory on stability is highly
context-dependent (Bascompte et al. 2005; Monteiro et al. 2016; McLeod et al. 2021).
The stability of omnivory motifs in isolation depends on the strength of the omnivore-
resource interaction (McLeod et al. 2021), but at the whole-network level interactions
with other species can stabilize even intrinsically unstable omnivory (Kratina et al.
2012). This might be why we find different patterns between a network’s motif pro-
file versus a single species motif participation. Regardless of why this pattern occurs,
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taken together our results suggest that the ideal situation is to be a highly omnivorous
species in a low-omnivory setting.

4.3 Paper III

The study of the Serengeti food web in Paper III revealed several important consid-
erations when predicting the impact of basal level disturbances on the network. The
main findings center around the importance of connectivity of the disturbed groups
of plants rather than its size.

The groups of plants exposed to disturbance varied strongly in both size and num-
ber of links to primary consumers, and the different disturbance scenarios clearly in-
dicated a sensitivity of consumer species to disturbance of certain groups of plants.
We were interested in identifying characteristics of groups of plants where disturbing
that specific group had a major impact, different from disturbing a same-sized group
at random.

The most severe impacts on consumer species persistence – with an above-
random effect – followed the disturbance of two different sized groups of plants,
a large and a medium-sized group. Notably, disturbance of the most numerous group
of plants did not have a large impact on consumer persistence. Still, disturbance of
this numerous group had an effect different from random disturbance, but in the op-
posite direction; species were more affected by the random disturbance. Since the
randomisation controlled for size (as the random disturbance imitated the same mag-
nitude of each disturbance), the reason to these diverging and not random effect could
be found in the connectivity of each group.

In general, the effect on consumer species persistence was more severe than ran-
dom disturbance if the disturbed group was on average more connected than the
network mean, that is, if it had more out-going links to consumers than an average
species in the network. Similarly, when disturbing a group less connected than the
mean, consumer persistence was less negatively affected than with random distur-
bance. This was the case for the large group giving a below-random effect on con-
sumer persistence; species within this group had fewer out-going links than the net-
work average. However, there were also exceptions, indicating the importance of not
only the out-going links going from plants to consumers, but also how each consumer
distributed their in-going links between the different groups of plants. Disturbance
of two similar-sized groups, both with a similar average number of out-going links,
still gave distinct different results; disturbance of one of them gave a clear above-
random effect, while the other did not. This is because, some consumers exclusively
fed on plants in a single group, producing a clear above-random effect of disturbing
that group. Other consumers fed on plants present in multiple groups, meaning that
disturbing those groups had effects similar to random disturbance.

Thus, connectivity (both in terms of distribution of in-going as well as out-going
links) of a disturbed group of plants determined the effect on consumer persistence,
and whether this effect was different from random disturbance. Our analysis under-
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scores the importance of understanding how species’ links are distributed and not
just which are the most species-rich groups in a community. This result is in line
with studies demonstrating that not only species diversity is important for network
stability, but also species’ interactions and community composition. For example, re-
source diversity was less important than community composition in order to explain
the variance in population, community and ecosystem properties in planktonic food
webs (Narwani et al. 2012). Moreover, the removal of species’ interactions has in
pollinator networks been shown to result in lower network robustness than removal
of species (Santamarı́a et al. 2016). In line with Heleno et al. (2012), our results
provide further evidence that insight about species interaction networks is a valuable
tool for conservation efforts.

4.4 Paper IV

The study of how ecosystem service provision in the Baltic Sea is affected by sev-
eral anthropogenic threats revealed several key results. First, ecosystem services in
the Baltic Sea were severely affected when species were exposed to various threats.
The fraction of services retained depend on the threat being realized, and also on the
particular service in question. Second, there was in some cases a disconnect between
species directly affected by threats and species being service providers, highlighting
the importance of indirect effects.

The first result connects to differences in how service provisioning is affected by
species losses depending on the set of species that are i) directly affected by a threat
and ii) the service providers. Some ecosystem services were found to be more robust
to species losses than others. As expected, services provided by more species were
retained to a higher extent, compared to services provided by few species. However,
the trophic level of the service-providing species was also of importance. Both ser-
vices and threats were in many cases connected to a range of specific trophic levels.
Generally, ecosystem services provided by species at low trophic levels were re-
tained to a higher extent, compared to services provided by species at higher trophic
levels. When a service is solely provided for by lower trophic levels (such as the
ecosystem service primary production), the threat needs to also directly target those
species in order to affect ecosystem service provisioning. Note, however, that our
model included only bottom-up effects and that these services may be more vulnera-
ble if top-down effects are strong. For services primarily provided by species at high
trophic levels, a threat acting on lower trophic levels percolates up in the food web
and can have indirect effects on several species. The increased extinction risk for
species at higher trophic levels, and thereby increased risk of losing ecosystem ser-
vices provided by those species, is in agreement with several previous studies (Eklöf
et al. 2006; Curtsdotter et al. 2011b; Ryser et al. 2019; Keyes et al. 2021).

The second result further demonstrates the importance of the linkages between
threats, the ecological network, and ecosystem provisioning. In some cases, there
was a direct connection between threats and services (i.e., when a species is both
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experiencing a threat and also providing a service). Still, indirect effects were sub-
stantial. This implies that there may be a disconnect between species directly af-
fected by threats and species being service providers. Additionally, the vulnerability
of ecosystem services may be larger than expected based on the direct connection be-
tween threats and service provisioning, since many species indirectly support some
services. Thus, species interactions are in many cases of high importance for both
transferring and buffering direct as well as indirect effects from threat to specific
species to ecosystem service loss. Such indirect effects, mediated by the network of
species interactions, are of substantial importance for how anthopogenic threats are
affecting ecosystem service delivery highlights the importance of a network context.
The importance of including the network perspective in ecosystem service manage-
ment has been pinpointed in several recent studies (Jacob et al. 2020; Dee et al. 2017),
and Paper IV took an important step by develop an effective methodology for these
purposes.
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5.1 A note on interactions not included

Although all papers in this thesis specifically focus on the importance of species
interactions, there naturally exist several other interaction types not taken into con-
sideration here. One interesting extension would be to include mutualism between
resource species within the eco-evolutionary framework presented in Paper I. Mutu-
alism could be modelled as temperature-dependent, similar to our modeling of com-
petition. Then, the strength of the mutualistic benefit between two phenotypes could
be a function of the distance of their respective temperature optima. Such dynamics
would be particularly interesting to investigate within an eco-evolutionary frame-
work, since it has been demonstrated that with non-conflicting evolution of mutual-
istic interactions, the effects of climate change may increase (Northfield et al. 2013).

Another interaction type not considered within the Bayesian network framework
used in Paper II-IV concerns the effect of top-down interactions. Such interactions
include, for example, the potential of apex predators to influence the composition of
lower trophic levels (Frank 2008; Sinclair et al. 2010). Since the Bayesian network
framework operates on a strict bottom-up principle, top-down effects cannot be in
the extinction risk calculations (Eklöf et al. 2013). However, the focus in Paper II-
III was to analyze the impact on the network following basal level disturbances, and
moreover, the Bayesian network approach has been shown to capture a majority of
the secondary extinctions obtained in a fully-fledged dynamical model (Eklöf et al.
2013). If top-down effects are important for a particular empirical system, however,
different approaches should be considered.
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5.2 Implications for conservation efforts

All papers in this thesis demonstrate how species interactions shape reactions to dis-
turbances. As such, several important considerations for conservation efforts emerge.

In Paper I, the trait in question—the temperature optimum of each species—can
be regarded as a functional trait explaining how species share a resource. A com-
munity had a higher trait dispersion when species were able to co-exist in a spatial
location and utilize different resources. We found that trait dispersion strongly cor-
related with the capacity of a community to respond to altered climatic conditions.
Additionally, a high functional trait diversity has previously been demonstrated as
important for sustaining multiple ecosystem functions simultaneously (Gross et al.
2017; Hooper et al. 2005).

Conservation efforts should aim for strategies sustaining trait variation, support-
ing the maintenance of the trait’s particular environmental driver. For example, en-
suring connectivity to habitats with higher mean temperature or temperature variation
can promote an influx of species or genotypes that can cope with an increasing tem-
perature by maintaining the local trait variation of temperature optima. This could
be achieved by preservation of habitat heterogeneity or construction of dispersal cor-
ridors. Local management strategies can target microhabitats that have south-facing
sheltered microclimates to promote islands of environmental conditions that reflect
possible future scenarios. In this sense, such strategies focusing on trait dispersion
would complement the traditional conservation strategy of more biodiversity is bet-
ter.

In Paper II, the structural property of a species participation in three-species
motifs—unique structures of interacting species—influenced how the species were
affected by a basal level disturbance percolating through the network. Similarly, the
results of Paper III demonstrated that the connectivity of the species were highly in-
fluential shaping the response of consumer species when exposed to disturbances.
These studies underscore the importance of focusing not only on biodiversity, but
also on the preservation of species interactions. However, conservation efforts rarely
consider species in a network context (Tylianakis et al. 2010; Gonzalez et al. 2011).
Instead, conservation efforts traditionally focus on, mainly, the conservation of cer-
tain “iconic” or rare/threatened species, or on keeping a high biodiversity level (in-
terpreted as number of species). If the goal is to protect a keystone species, it may
be of high importance to understand not only that species particular role in the net-
work, but also to gain knowledge about interaction partners and interaction structures.
Thus, general information such as identity and status of a threatened species describe
important ’conservation values’, but they need to be combined with information on
species’ interaction patterns which reveal how the loss of a species will affect the
network (McCann 2007; Tylianakis et al. 2010; Heleno et al. 2012).

Following the same reasoning, Paper IV shows the importance of species inter-
actions and network structure for preserved functionality in ecosystems. Conserva-
tion strategies for sustained ecosystem functioning and services therefore needs to,
in addition to the directs effects, focus on the indirect effects facilitated by species
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interactions in order to take correct management decisions (Jacob et al. 2020; Dee
et al. 2017).

Threatened habitats are another important conservation priority, as the protec-
tion of these habitats is assumed to protect multiple species (Tylianakis et al. 2010).
However, focusing on habitat as a proxy for sensitive networks may not be ideal,
since habitat loss and habitat transformation affect not only species richness but also
species interactions as well as the functions these species provide (Morris 2010). Lit-
tle is known about how habitat loss affects species interaction networks, which due
to the continuous feedback between these features may be of high importance (Gon-
zalez et al. 2011). Moreover, the study in Paper III showed that even if the basal level
of a large habitat was severely deteriorated, consumer species could sustain if they
fed on resources available in other habitats. Therefore, protection of a sensitive habi-
tat might not be enough to maintain species diversity, since a habitat not necessarily
reflects network structure.

Last, it also important to consider the level of a disturbance when identifying
which species are most at risk of extinction, as Paper II demonstrates. There were
strong interactions between the level of disturbance and the relationships between
persistence and multiple measures of a species roles in its network. These simu-
lated results echo other warnings about ‘tipping points’ where previously beneficial
traits can become risky (Latty et al. 2019; Golubski et al. 2016; Tylianakis et al.
2014). These disturbance effects mean that efforts to define a set of target species for
conservation interactions must take the current (and future) level of disturbance the
community experiences into account.
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