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Annotation 

This thesis focuses on the dynamics and stability of size-structured 

communities in freshwater in response to environmental stressors. It 

reviews the influences of anthropogenic stressors on the stability, structure 

and diversity of freshwater communities, with a particular focus on the 

multiscale influences of rising temperature and nutrient enrichment. The 

three main chapters use recent advances in food web theory to explore the 

dynamics, stability and structure of communities under multiple threats 

(species invasions, nutrient enrichment and warming). The theoretical 

outcomes provide robust predictions for ecologists to link individual-level 

responses to global patterns observed at community scale. This thesis 

demonstrates the importance of considering species traits (body size, 

trophic position, performance of vital rates) and life histories to improve 

predictions on future responses to environmental stressors and to develop 

appropriate conservation measures. 
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~ Thesis Introduction ~ 

Stability and dynamics of size-structured freshwater communities 

along environmental gradients 

 

Freshwater communities in the Anthropocene 

Freshwater ecosystems include a wide range of habitats including standing 

waters (puddles, bogs, ponds, wetlands, lakes, and reservoirs) and running 

waters (streams to rivers) that differ in their chemical and physical 

properties. Freshwater ecosystems therefore cover large environmental 

gradients that shape local communities (Wellborn et al. 1996). These 

ecosystems cover only 0.8% of the Earth’s surface but harbour more than 

10% of the animal biodiversity (Stendera et al. 2012; Darwall et al. 2018). 

Freshwater communities are dominated by ectotherms from different 

phyla—ranging from zooplankton to macroinvertebrates, molluscs and 

fish—that occupy different trophic levels and feeding guilds and are linked 

by trophic interactions. 

These ecosystems have been undergoing unprecedented changes during 

the Anthropocene. Freshwater species are subject to multiple stressors 

(Dudgeon et al. 2006): habitat alterations and destruction, pollution 

(microplastics, chemical, heavy metals, and agricultural runoffs), nutrient 

enrichment, global warming, overharvesting and species invasions (Young 

et al. 2016; Isbell et al. 2017; IPBES 2019). These stressors impact 

freshwater biota stronger than terrestrial and marine biota (Forster et al. 

2012). Since 1900, the global surface area of freshwater systems has 

declined by 64–71% (Davidson 2014), which lead to a 76% decline in 

biodiversity only since 1970 (McLellan et al. 2014). This represents the 

highest rate of defaunation and the highest proportion of threatened animal 

species in freshwater habitats compared to other biomes (Young et al. 

2016). 
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The rising multiplicity of threats to freshwater communities requires novel 

approaches in order to understand how species and entire communities will 

respond to human-induced global changes. The impact of multiple drivers 

on freshwater communities is particularly complex to disentangle due to 

three main reasons: 1) each driver can act on one or multiple scales of 

organization (from cells to ecosystem levels); 2) their impact can be 

simultaneously direct and indirect (i.e., through feedback effects or other 

processes). Finally, 3) individual drivers can interact through additive, 

antagonistic or synergistic effects (Galic et al. 2018). 

Effects of warming & nutrient enrichment: 

from individuals to communities 

Environmental changes driven by temperature and nutrient enrichment 

influence food webs at multiple scales through mechanisms ranging from 

altered individual metabolic rates to changed interspecific interactions 

(Binzer et al. 2012, 2016; Sentis et al. 2014). Global temperatures are 

predicted to increase by 1.4–4.4°C by the end of the 21st century (IPCC 

2022). Such increase will have profound effects on ecosystems, impacting 

every level ranging from individual metabolism to community structure 

(Sala et al. 2000). Increasing temperatures influence aquatic communities 

more than terrestrial ones given the dominance of ectotherms in aquatic 

habitats (Young et al. 2016). 

Three general “rules” have been proposed to describe the impact of global 

warming on biota. First, warming induces shifts of species ranges toward 

higher latitudes and altitudes (Parmesan & Yohe 2003; Sunday et al. 2012). 

The arrival of new species more acclimated to warmer temperatures in 

higher latitudes (Bellard et al. 2013; Seebens et al. 2021) will further 

induce more pressure on cold-tolerant species that might be less 

competitive and resilient to invasions (Bellard et al. 2016; Sentis et al. 

2021). These migrations from tropical and temperate to Arctic areas will 

simultaneously result in loss of ecosystem diversity and functions, making 

the communities more vulnerable to collapse (Walther et al. 2002; Wardle 

et al. 2011). 



Introduction 

5 
 

Second, warming impacts food webs by inducing changes in the phenology 

of the constituent species, which may result in synchronous or 

asynchronous temporal shifts of prey and their predators during the season. 

This effect, termed the match-mismatch hypothesis, may have profound 

effects on trophic interactions and lead to the loss of some consumers 

(Johansson et al. 2015; Reinhardt et al. 2015).  

Third, the so-called “temperature-size rule” (TSR) predicts the reduction 

of body size of ectotherms with warming (Gardner et al. 2011). TSR seems 

to be particularly prominent and widespread in aquatic ectotherms 

(Sheridan & Bickford 2011; Lavin et al. 2022). On an individual level, 

TSR may result from a mismatch between individual growth and 

development rates with warming (Atkinson 1994; Angilletta 2004; Brown 

et al. 2004; Kingsolver & Huey 2008) causing individuals to grow faster 

and maturate at smaller sizes when developing under warmer conditions 

(Atkinson 1994; Forster et al. 2012). On the community level, TSR can 

increase community persistence by modifying predator-prey mass ratio 

and altering the interaction strengths and energetic efficiency of trophic 

transfer (Sentis et al. 2017). The main drivers responsible for warming-

induced size reduction have been under debate for three decades, either 

explained by the increasing metabolic demands in oxygen with warming 

(Atkinson 1994; Verberk et al. 2021) or due to increasing allocation costs 

in gonadic growth with warming (Audzijonyte & Richards 2018; Wootton 

et al. 2022). The observed reductions in mean species body size at the 

community level can also be explained by demographic effects: the 

increase of abundance of small species and decrease in body size at the 

population level as a result of increased juvenile abundance and decreased 

individual body sizes (Daufresne et al. 2009; Forster et al. 2012). Increased 

abundance and reduced body size might be advantageous for species that 

invade new habitats (Sentis et al. 2021), for example through higher 

capacity to exploit resources via exploitative competition (Reuman et al. 

2014; Dijoux et al. 2023 (Chapter I)). 

Despite these “rules”, the implications of the relationships between 

individual body mass, temperature and many individual-level processes 

and species interactions for the community structure and persistence are 
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still not fully explored. Recent studies showed that warming can enhance 

community stability by decreasing interaction strengths between trophic 

levels (Rall et al. 2010; Fussmann et al. 2014; Sentis et al. 2014, 2015) that 

lead, e.g. to smaller amplitudes of cycling populations in a food chain 

model (Binzer et al. 2012). Metabolic rates tend to increase faster with 

temperature than feeding rates, which can cause species starvation, 

especially at higher trophic levels (Rall et al. 2012; Seifert et al. 2014, 

2015; Lindmark et al. 2019). In consequence, warming is expected to 

rewire food webs, selecting for shorter food webs with smaller predators 

in lower trophic positions (Brose et al. 2012; Boukal et al. 2019). 

Together with warming, eutrophication of freshwater habitats represents 

another main driver of environmental change that affects communities 

(Schindler 2006). Nutrient availability plays a key role in the synthesis and 

repair of biomolecules that are vital for individual growth, somatic 

maintenance and survival (Elser et al. 1996). In food webs, the highest 

amount of energy that basal resources can convert from nutrients to 

biomass is estimated by their carrying capacity and represents the habitat 

productivity. At the community scale, increases in habitat productivity lead 

to a proportional increase of primary producers or higher trophic levels 

depending on the structure of the food web (Fretwell 1987). However, 

nutrient enrichment in freshwaters induced by increasing amounts of 

wastewater, more intensive land use and fertilizer consumption (McCann 

2020) can destabilise communities via the “paradox of enrichment”, in 

which stable population equilibria become unstable and give rise to 

increasing oscillations until reaching extinction boundaries (Rosenzweig 

1971; Oksanen et al. 1981). Habitats subject to nutrient enrichment are 

therefore expected to be most impacted in term of biodiversity loss (Isbell 

et al. 2013), making communities more vulnerable to collapses and loss of 

ecosystem functions. Some of these effects lead to strong regime shifts at 

the level of entire ecosystems. For example, the loss of water transparency 

in shallow lakes during a shift from a clearwater state dominated by 

macrophytes to a turbid state dominated by phytoplankton and algal 

blooms (Scheffer et al. 1993, 2001; Janssen et al. 2014) typically causes 

not only the loss of vegetation but can also lead to more frequent anoxic 

condition and loss of oxygen-sensitive species in the animal community. 
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Warming can catalyse the destabilising influences of eutrophication on the 

community structure through its multiple effects ranging from individual 

organisms to community structure (Binzer et al. 2012; Rodgers 2021). 

Warming notably enables the strengthening of the trophic cascade from 

fish to primary producers (Kratina et al. 2012) by inducing increased 

predation pressure on zooplankton populations, which releases the 

pressure on phytoplankton and in turn leads to higher assimilation of 

excess nutrients (Shurin et al. 2012). 

Study of food webs as a tool to predict  

community responses to global change 

The study of food webs offers a robust solution to study the effects of novel 

stressors on freshwater communities. Food webs describe the flows of 

energy within the community from basal resources towards upper trophic 

levels through grazing and predation. The structure of food webs can range 

from simple trophic chains to highly complex, modular networks 

(Schoener 1989; Holt et al. 1994; Wollrab et al. 2012). Complex food 

webs, characterized by high connectance and non-random distribution of 

trophic links, are often more resilient to species extinctions and 

environmental change than simple or random structures (May 1974). 

Redundant trophic links therefore enable species turnover and prevent the 

collapse of food webs (Dunne et al. 2002; Allesina et al. 2009; Bascompte 

& Stouffer 2009). The relationships between food web structure and 

community dynamics highlight how changes at a population scale (e.g. 

changes in survival and reproduction) influence the community 

composition through top-down and bottom-up effects and energy flows 

(Oksanen et al. 1981; Fretwell 1987; Wollrab et al. 2012). For example, 

food web models predict that warming can counterbalance the 

destabilising effect of nutrient enrichment on communities, which leads to 

lower efficiency of the consumers and thus weakens the trophic links 

(Binzer et al. 2012; Sentis et al. 2014). Moreoever, these models predict 

that higher predator-prey mass ratios might counter the effects of 

enrichment and stabilise the dynamics at low temperatures (Binzer et al. 

2012, 2016; Wollrab et al. 2012). 
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Research on food web structure and dynamics has been transformed by 

recent emphasis on the role of species traits (Boukal 2014; Brose et al. 

2019; Wootton et al. 2021). Indeed, freshwater food webs are strongly 

size-structured. They include small organisms with usually low dispersal 

abilities at low trophic levels and larger organisms with usually higher 

dispersal abilities occupying higher trophic levels (Rooney et al. 2008). 

Larger species therefore tend to link mesohabitats across spatial and time 

scales and connect different energy pathways that rely on the 

photosynthetic activity by phytoplankton in pelagic mesohabitat and on the 

decomposition of allochtonous matter by decomposers in benthic 

mesohabitat (Schindler & Scheuerell 2002; Vander Zanden et al. 2002; 

McCann & Rooney 2009). The linkage of ‘fast’ and ‘slow’ energy transfer 

relying on asymmetric turnover rates between mesohabitats enables the 

persistence of large predators in freshwater systems (Rooney et al. 2006) 

and the maintenance of a large biomass of the top predator (McCauley et 

al. 2018). Such biomass structure in freshwaters thus follows an inverted 

pyramid (or ‘top-heavy’ pyramid), which contrasts with the ‘bottom-

heavy’ pyramids, described by Elton (1927) as a gradual decrease of the 

large biomass produced by primary resources towards higher trophic levels 

due to metabolic and other losses (McCauley et al. 2018). 

Trophic modules and drivers of species coexistence 

Trophic modules are the building blocks of food webs (McCann 2011) and 

constitute case studies to investigate how environmental changes affect the 

dynamics and stability of simple communities. A small number of food 

web modules including three species describes all possible direct and 

indirect pairwise interactions between these species: apparent competition 

of species sharing a common predator, exploitative competition of species 

sharing common resources, tri-trophic chain in the absence of such 

competing interactions (with a top predator, intermediate consumer, and 

basal resource), and intraguild predation combining competition and 

predation. In the latter module, the community is composed of an 

omnivorous top predator that competes with the intermediate prey species 

for basal resources (Wootton 2017). Studies of these trophic modules have 



Introduction 

9 
 

enabled us to understand mechanisms driving species coexistence in 

natural systems. Models of exploitative competition predict that the 

species or life stage able to reduce the amounts of available resources in 

the system dominates the competition (Persson et al. 1998), as described 

by the resource-ratio hypothesis (stated as the R* rule) (Tilman 1985). As 

an analogous rule to R* rule, the P* rule predicts that the prey species that 

enables higher increase in predator population dominates in apparent 

competition (Holt et al. 1994). Both apparent and exploitative competition 

can operate jointly; the lack of available resources and increased predation 

pressure then become the two determining factors that can drive the less 

efficient species to extinction (Holt et al. 1994). In intraguild predation, 

species can coexist under the condition that the intraguild prey is a better 

competitor than the intraguild predator, while simultaneously resisting 

predation-induced mortality to avoid its exclusion (Holt & Polis 1997; 

Wootton 2017). 

These classical food web modules and the mechanisms that drive species 

coexistence or exclusion enable us to explore and understand how 

communities may respond to species invasions induced by global change 

scenario. The arrival of a new species can influence the structure and 

dynamics of resident community through dynamic processes driven by the 

interplay between the local abiotic filter and the performance of resident 

and invading species in the system (Chesson 2000; Kraft et al. 2015). 

Species invasions can shift communities away from their initial 

equilibrium state, perturb species interactions, suppress less resilient 

species, and cause cascading effects through the entire food web (Gallardo 

et al. 2016; Reynolds & Aldridge 2021). Incoming species, however, do 

not always negatively influence resident communities. They can be 

perceived as a biodiversity source that can fuel ecosystem resilience to 

destabilizing environmental stressors. For example, invading species can 

serve redundant functions that help prevent potential community collapse; 

they can also occupy empty niches vacated by extinct species and hence 

restore previously lost ecosystem functions (Herbold & Moyle 1986; 

Moyle & Light 1996; Dijoux et al. 2023 (Chapter I)). 
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Size and temperature dependence of vital rates:  

the role of metabolic ecology 

More recently, food web studies have begun to shift from describing 

processes at the population level to processes at the individual level to 

provide more mechanistic descriptions of food webs. This approach is 

based on the observation that key phenotypic traits such as body size, 

foraging behaviour and habitat use drive individual life histories, i.e., 

growth, development, survival and fecundity, which in turn give rise to 

population- and community-level patterns (de Roos et al. 2003, 2013; 

Gårdmark et al. 2015). 

Many recent papers on food web structure and dynamics rely on the 

principles of metabolic ecology. They unite two universal and ecologically 

relevant dependencies: the temperature and size dependence of vital rates. 

It implies that larger organisms have a slower mass-specific metabolic rate 

than smaller organisms, have a longer lifespan, but require more resources 

to sustain themselves than smaller organisms (Brown et al. 2004). Higher 

temperatures increase individual metabolic demands and, within a certain 

thermal range, lead to faster vital rates (Gillooly et al. 2002). Size- and 

temperature-dependent metabolism therefore plays crucial role in 

individual energy budgets (Gillooly et al. 2002; Brown et al. 2004; 

Woodward et al. 2005), with cascading effects on higher levels of 

biological organization. Bio-energetic and biomass-based models (e.g., 

Yodzis & Innes, 1992) link individuals to populations and communities 

that use the principles of metabolic ecology are necessarily more complex 

than classical models based on population size, such as Lotka-Volterra 

models (May 1974; McCann 2011). On the other hand, they lead to new 

insights into community functioning (Rall et al. 2012; Dell et al. 2014; 

Fussmann et al. 2014; Gounand et al. 2016) and biomass distributions 

within food webs (Bideault et al. 2021; Synodinos et al. 2021; Sentis et al. 

2022) by using allometric scaling rules (Petchey et al. 2008). 
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The interplay between species life histories and 

environmental changes 

Individuals and their interactions with the environment change 

substantially through ontogeny, especially in taxa that grow multiple 

orders of magnitude during their life, such as most fish species (de Roos et 

al. 2013). The inherent ontogenetic asymmetry in individual life histories 

can affect the structure and stability of populations, which can have 

profound cascading consequences for food webs (Fig. 1a). Three aspects 

determine the relationship between individual life history and population 

cycles: the delay between birth and first reproduction, size allometries of 

vital rates (e.g., increase in food intake efficiency with body size) and 

environmental feedbacks on individual life histories. Changes in 

environmental conditions can also have different repercussions on 

population dynamics depending on the nature of ontogenetic asymmetry 

(de Roos et al. 2013; Persson & de Roos 2013). Accounting for species life 

histories appears crucial to investigate mechanisms and intriguing 

phenomena that cannot be described by classic approaches treating 

individuals within populations as identical or reducing species to a set of 

constant traits (e.g., fixed body mass, trophic position, or feeding strategy). 

Studies focusing on size- or stage-dependent life histories can explain how 

novel patterns at the population level arise from the interplay between 

environmental conditions and species traits. For example, an emergent 

Allee effect can arise in a predator population when the biomass of juvenile 

prey, driven by decreasing habitat productivity, becomes insufficient to 

maintain predator biomass, which in turn collapses (Fig. 1b; de Roos & 

Persson 2002; de Roos et al. 2003). Sudden population collapses can 

trigger further shifts in the community structure, characterized by the 

simultaneous presence of two stable equilibria for a given range of 

environmental conditions (Fig. 1c; de Roos & Persson 2002; de Roos et al. 

2003; Lindmark et al. 2019; Dijoux & Boukal 2021 (Chapter II)). 
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Figure 1. Schematic description of (a) size-structured life history of an 

intermediate consumer in a trophic chain leading to emergent phenomena 

(b) in top predator population (i.e., emergent Allee effect) and (c) in 

community transitions along the gradient of a stressor. Core model of a size-

structured trophic chain, as described in de Roos & Persson (2002), Dijoux & 

Boukal (2021) (Chapter II), and in Chapter III. The trophic chain is composed of 

an unstructured population of the basal resource (cladoceran Daphnia sp.) and an 

unstructured population of perch as the top predator (Perca fluviatilis) that prey 

upon a size-structured population of European roach (Rutilus rutilus). Consumer 

population is characterized by a strong intraspecific competition between 

juveniles and adults for common resources, resulting in density-dependent growth 

and recruitment. Only small juvenile consumers are vulnerable to predation. (b) 

The ‘cultivation effect’ of the predator on juvenile consumer biomass means that 

predator population growth rate can become negative and the population collapse 

when it decreases below an Allee effect threshold (yellow star). (c) Such 

extinction marks a sudden shift in the community state (from state 1 to state 2) 

along a stressor gradient, with alternative stable states (superposition of two states 

at equilibria) between the threshold values denoting predator invasion (upward 

arrow) and collapse (downward arrow) along the stressor gradient.  
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Physiologically structured population models account for individual life 

histories and enable to investigate the feedbacks between individual life 

histories and the environment (de Roos 2020, 2021). Compared to classic 

abundance or biomass-based models (e.g. Yodzis & Innes (1992)), the 

inclusion of individual state into population-dynamic models requires 

additional equations that describe individual-level processes such as 

fecundity, survival and growth. As a minimum, the individual state can be 

described by age, size and/or developmental stage (de Roos et al. 2003), 

but additional traits such as boldness/shyness (Réale et al. 2010) can 

increase the realism of such models. These models are particularly useful 

to study the effects of anthropogenic stressors on freshwater biota as they 

enable to directly link the impacts of anthropogenic stressors from 

individual traits and life histories to the community scale. For example, 

they can enable to investigate the joint effects of temperature-size rule and 

temperature-dependencies of species vital rates (growth, reproduction, 

ingestion) in size-structured population, their impact on predator 

population persistence, and community transition along environmental 

gradients (de Roos & Persson 2002; Lindmark et al. 2019; Chapter III). 

Disentangling the multiple effects of environmental change driven by 

temperature and nutrient enrichment on aquatic biota is a challenging task. 

Food web models have proven to be useful to tackle those challenges when 

experimental approaches are time and resource demanding. Models can 

conveniently test various scenarios, such as switching on and off different 

mechanisms and comparing the outcomes to observed patterns. 

Developing suitable models can thus improve our understanding of the 

implications of environmental change that influences freshwater 

communities, and more generally, to understand how individual-level 

responses to these changes influence food web structure and persistence. 
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~ Aim and scope of this thesis ~ 

In this thesis, I studied selected impacts of anthropogenic environmental 

change on freshwater populations and communities. I asked the following 

questions: 

 Q1) How do body size and habitat niche influence population dynamics, 

species coexistence, and freshwater community structure? 

 Q2) Does body size and trophic position matter when we investigate 

community responses to invading species along key axes of environmental 

change? 

 Q3) How do environmental conditions affect size-dependent life histories 

and their impact on food web structure and persistence? 

 

I have addressed these questions in the three chapters of this thesis, using 

biomass-based models of population dynamics and physiologically 

structured population models accounting for the commonly observed size- 

and temperature-dependent biological rates. 
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~ Chapter overview ~ 

Chapter I. Body size and trophic position determine the outcomes of 

species invasions along temperature and productivity gradients. 

[Manuscript under review in Ecology Letters] 

Chapter I focuses on how simple communities respond to species invasions 

along gradients of temperature and nutrients. I develop a set of bioenergetic 

models accounting for mass- and temperature-dependent biological rates 

and two key invader traits (trophic position and body mass) to analyse the 

changes induced by an invading species in a resident community in terms 

of community composition, diversity and stability. The five trophic 

modules covered in this chapter, i.e., apparent competition, exploitative 

competition, trophic chain and intraguild predation with the invading 

species playing the role of the intraguild prey or intraguild predator, 

enabled me to 1) synthesize all trophic interactions between the resident 

and invading species, and 2) determine the conditions underlying invasion 

success and failure in a changing world. 

In this chapter, I highlight how species invasions lead to a variety of 

outcomes in communities along environmental gradients. I identify cases 

where the invading species could either mitigate or enhance the impact of 

global change on community diversity and stability. While invasions of 

smaller competing consumer often enhance the risk of community collapse 

due to eutrophication in cold habitats, invasions of larger invaders can 

prevent (at least partially) such collapses induced by eutrophication by 

either rescuing some species that were prone to extinction in absence of 

the invasion event, or by restoring some of the ecosystem function that was 

lost through species extinction (i.e., by filling new vacant niches). 

I show that the changes induced by invading species on local communities 

are driven by the interplay between the abiotic conditions, resident size 

structure and the interactions formed between resident and invading 

species. Using pre-established principles of community 

coexistence/exclusion, I predict that smaller species will be more 

successful than larger resident species in communities subject to warming 
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and nutrient scarcity, while larger invading predator will be more 

successful in communities subject to cold temperatures and nutrient 

enrichment. 

 

Chapter II. Community structure and collapses in multichannel food 

webs: Role of consumer body sizes and mesohabitat productivities. 

[published in Ecology Letters (2021), 24: 1607-1618] 

Chapter II focuses on how the combination of symmetries and 

asymmetries in mesohabitat productivities and consumer size jointly 

influence the community structure and stability of multichannel food webs. 

I develop a physiologically structured population model (PSPM) 

representing a “minimal” multichannel food webs with five species across 

three trophic levels: a mobile unstructured top predator population (such 

as perch, Perca fluviatilis), preying on the early juvenile stages of two 

structured consumer populations (such as roach, Rutilus rutilus) each 

inhabiting pelagic and benthic mesohabitat and relying on its own resource 

(such as Daphnia). I vary the body size of the benthic consumer relative to 

its pelagic counterpart, i.e., by integrating a size ratio in individual length 

at birth, at maturation and asymptotic length, under gradients of 

mesohabitats resource productivities. I investigate how 1) consumer sizes 

influence their life history traits (development, birth and growth rates and 

generation time) under varying predation exposure and mesohabitat 

productivities; 2) these traits influence the communities size structure and 

persistence at both mesohabitat scale with a local predator (a trophic 

chain), and 3) multichannel food web scale when predator feed on both 

pelagic and benthic populations. The highlights of this study are threefold 

and improve our understanding of the dynamic structure and persistence 

of multichannel food webs, by linking consumer size, resource 

productivity and exposure of the consumers to predation in both 

mesohabitats. 

At the population level, a larger consumer species has a higher growth rate, 

but a lower birth rate due to high intraspecific competition with juveniles, 
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than a smaller consumer in the absence of predation. However, the larger 

species benefits from predation mortality due to a release from 

intraspecific competition, which enables a higher birth rate compared to 

the smaller consumer. 

At the mesohabitat scale (in a trophic chain), increasing consumer body 

size does not (measurably) affect its minimum resource requirements but 

increases habitat productivity thresholds required for predator persistence 

and invasion. This is explained by an emergent Allee effect in the predator 

population when reduced prey availability (due to decreased predation 

exposure of juvenile consumers) leads to a negative depensatory 

population growth. When such persistence threshold is reached, predator 

population collapses and the community state suddenly shift from a trophic 

chain to a consumer-resource system. Through the influence on predator 

invasion and persistence, larger consumer sizes increase the range of 

mesohabitat productivities with a bistability regime, i.e., two alternative 

equilibria (consumer-resource and trophic chain) separated by an unstable 

equilibrium. 

At the multichannel food web scale, the linkage of mesohabitats differing 

in their productivity and consumer size can alter and disrupt the whole 

community structure by affecting both predator and consumer species. The 

coexistence or exclusion of pelagic and benthic consumers involved in 

apparent competition due to the mobile top predator are driven by the 

energy balance between both mesohabitat pathways and follows 

predictions of the P* rule, stipulating that the preyed species able to sustain 

the highest predator biomass wins and dominates the competition. This 

shows why multichannel food webs occur in natural systems despite the 

asymmetries in consumer sizes and mesohabitat productivities: thee rely 

on a compensation effect of these two types of asymmetries. In other 

words, freshwater multichannel food webs remain stable due to an energy 

balance between pelagic and benthic system, with the more productive 

pelagic habitat feeding smaller pelagic consumers and less productive 

benthic habitat sustaining larger consumer. In the absence of such 

compensatory mechanisms, the community structure would be disrupted 

and likely collapse. Such habitat linkage also offers additional community 
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transitions that lead to the emergent Allee effect in predator population. 

Moreover, I also predict that such community shift can be followed by a 

sudden loss of the lesser competitive consumer, a novel phenomenon 

named Cascading Emergent Allee effect. This effect appears when both 

asymmetries, instead of compensating each other, act synergistically: the 

mesohabitat with low resource productivity is inhabited by a smaller 

consumer, while the other mesohabitat with higher productivity has large 

consumers. The population of the smaller, competitively inferior 

consumers therefore collapses as soon as the top predator population 

establishes in the system, e.g., when the overall levels of habitat 

productivity increase.  

The homogenization of freshwater habitats induced by habitat degradation 

and eutrophication are likely to either disrupt the energy pathways within 

multichannel food webs through the loss of less resilient species, or to 

reduce the disparities between mesohabitats and tend to select species with 

similar traits. This will in consequence simplify the structure of freshwater 

food webs, characterised by a decreased biodiversity and ecosystem 

services, and make the system more prone to collapse under further 

stressors (e.g., species invasions, pollution, warming). 

 

Chapter III. Temperature-dependent consumer growth rates, rather 

than temperature-size rule, determine the propensity for catastrophic 

collapses of top predators at suboptimal temperatures. [Manuscript]. 

Chapter III focuses on the relative contribution of food and temperature 

dependence of vital rates and the temperature-size rule for the structure of 

a tri-trophic chain along gradients of habitat productivity and temperature. 

Here I focus on the emergent Allee effect in the top predator covered also 

in Chapter II, where I only considered the role of body size and habitat 

productivity. 

Using the same core model as in Chapter II, I extend the physiologically 

structured population model describing the trophic chain composed of 

unstructured populations of basal resource and top predator and size-
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structured consumer. To this model I add two common responses of 

species to warming: size reduction of the consumer and/or top predator 

population (by varying the size threshold of predation exposure, size at 

maturation and asymptotic size of the consumers) and temperature-

dependent consumer life history and predator mortality and foraging 

efficiency. This allows a detailed investigation of the role of direct and 

indirect influences of temperature on species in shaping community 

structure. I explore multiple scenarios in which I test the influence of each 

type of species response at the community level alone or in combination. I 

also consider temperature dependence only in consumer or in both 

consumers and the top predator. 

My results show that the consequences of the direct and indirect species 

responses to warming (temperature-dependent vital rates and TSR) at the 

community level differ. I observe that the community structure along the 

gradients of habitat productivity and temperature is nearly identical when 

the model includes both temperature-dependent vital rates and TSR in the 

consumer as compared to a scenario that includes only temperature-

dependent consumer vital rates, especially individual growth. This 

suggests that the direct effects of temperature-dependent somatic growth 

outperform those of temperature-size rule at the community level. 
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Abstract 

Species invasions are predicted to increase in frequency with global 

change, but quantitative predictions of how environmental filters and 

species traits influence the success and consequences of invasions for local 

communities are lacking. Here we investigate how invaders alter the 

structure, diversity and stability regime of simple communities across 

gradients of habitat productivity, temperature, and community size 

structure. We examine all three-species trophic modules (apparent and 

exploitative competition, trophic chain and intraguild predation) with 

empirically derived temperature and body mass scaling of vital rates. We 

show that the success of an invasion and its effects on community stability 

and diversity are predictably determined by the effects of environmental 

factors on each species and the relative strengths of trophic interactions 

between resident and invading species. We predict that successful invaders 

include smaller competitors and comparatively small predators, suggesting 

that species invasions may facilitate the downsizing of food webs under 

global change.  
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Introduction 

Human-induced global change is transforming local communities and 

ecosystems through five main drivers: climate change, pollution, 

overharvesting, land and sea use change, and invasive species (Isbell et al. 

2017; IPBES 2019). Invasive species threaten biodiversity (Sala et al. 

2000) and persistence of local communities worldwide (Gurevitch & 

Padilla 2004; Bellard et al. 2016). Shifting species ranges to higher 

elevations and latitudes in response to climate change (Parmesan & Yohe 

2003; Sunday et al. 2012), combined with increased tourism, pet trade and 

commodity transport (Chan et al. 2019; McCarthy et al. 2019; Essl et al. 

2020), are expected to accelerate species invasions globally over the next 

century (Seebens et al. 2021; Sentis et al. 2021). Species invasions can 

exacerbate or mitigate the pressures that ongoing environmental change 

exerts on local communities by altering biodiversity and community 

resilience to abiotic stressors (Walther et al. 2002; Wardle et al. 2011; Hong 

et al. 2022). 

Warming and nutrient enrichment are two pervasive aspects of global 

change that structure local communities in aquatic (Fussmann et al. 2014; 

Boukal et al. 2019) and terrestrial systems (Meyer et al. 2012; Clark et al. 

2017). They modulate food web dynamics (Binzer et al. 2012; Sentis et al. 

2017) and can facilitate or prevent species invasions. However, a general 

consensus on how invaders influence community structure and persistence 

along temperature and habitat productivity gradients is currently lacking. 

In particular, the mechanisms underlying community-level responses to 

species invasions in future environments affected by global change remain 

incompletely understood (Sentis et al. 2021). 

Exploring the nexus between invasibility, diversity and stability of 

communities (Rooney & McCann 2012; Catford et al. 2019) can help us 

better understand the impacts of global change on local ecosystems 

(Francis et al. 2014). The effects of species invasions on the diversity-

stability relationship have been studied in different types of animal, animal-

plant and plant interaction networks (Rooney & McCann 2012; Brose et al. 

2017; Tomiolo & Ward 2018). However, previous studies considered 
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relatively species-rich communities with many direct and indirect effects; 

focusing on food web modules could allow for more mechanistic, causal 

insights. 

One promising avenue towards a better understanding of these mechanisms 

is to disentangle the role of environmental filters and species traits in 

biological invasions (Chesson 2000; Kraft et al. 2015). Environmental 

filters constrain the invader per se but also structure the local community, 

which is a biotic filter that restricts the invader’s realised niche (Kraft et al. 

2015). The roles of both filters are therefore closely linked (Thompson et 

al. 2018a, b). This link is often neglected in studies that estimate future 

shifts in species distributions caused by climate based on the expected 

performance of invading species in new habitats (Bellard et al. 2013; 

Buckley & Csergo 2017; Seebens et al. 2021), but ignore the accompanying 

impacts of environmental change on resident communities. 

The invader’s realised niche is constrained by its trophic position and the 

topology of the local food web. Available niches may be occupied by 

resident species that interact with the invader directly through consumptive 

interactions or indirectly through competition (Dueñas et al. 2018). Classic 

work on species coexistence has proposed general rules for community 

assembly (Chesson 2000; Shea 2002). The ‘R* rule’ for exploitative 

competition states that the species with the lowest resource requirements is 

competitively superior (Tilman 1985). An analogous ‘P* rule’ for apparent 

competition states that the prey that can withstand the highest predation 

pressure will prevail (Holt et al. 1994). Both rules can also inform when 

species invade and how they affect resident communities in the context of 

global change. 

Among species traits, individual body mass can be used to predict 

invasibility because it affects individual fitness, species interactions and 

energy flows (McCann & Rooney 2009; Brose et al. 2017; Dijoux & 

Boukal 2021). For example, larger species tend to prey on smaller species, 

especially in aquatic habitats (Ou et al. 2017) and warming-induced 

metabolic meltdown is more likely for larger consumers than smaller ones 

(Rall et al. 2010, 2012). Food webs may therefore be simpler in warmer 

habitats, with fewer species at higher trophic positions (Brose et al. 2012). 
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This could create niches for future invaders, which could subsequently 

attenuate or alter food web responses to global change through cascading 

effects (Reynolds & Aldridge 2021). However, little is known about how 

the body mass and trophic position of the invader affect community 

responses to invasions under climate change, and simple predictions are 

difficult to make. For example, previous models have shown that high 

consumer-resource mass ratios associated with large consumer species can 

either confer a higher extinction risk for top predators under warming or 

buffer the effects of eutrophication by dampening population fluctuations 

(Binzer et al. 2016; Sentis et al. 2017). 

Here, we investigate in detail how consumer-resource systems respond to 

species invasions along temperature and habitat productivity gradients. To 

this end, we develop biomass-based models (Yodzis & Innes 1992) with 

mass- and temperature-dependent biological rates parameterised using 

empirically estimated relationships (Binzer et al. 2012; Fussmann et al. 

2014). We simulate all possible invasions in a consumer-resource system 

that can lead to the four baseline three-species food web modules (apparent 

and exploitative competition, food chain, and intraguild predation). Our 

aim is to decouple the influence of the invaders and abiotic drivers. We 

explore (i) how temperature, nutrient levels and body mass ratios between 

the resident and invading species influence invasion success and (ii) how 

invasion-induced changes in species composition, diversity and stability of 

local communities vary across different food web topologies and 

environmental gradients. 

Our main expectations are: (1) all else being equal, community responses 

to invasions (Box 1) follow known mechanistic processes from community 

ecology (Box 2); (2) based on the R* and P* rules and the higher 

susceptibility of larger species to metabolic meltdown at warmer 

temperatures, smaller invaders are more successful at warmer 

temperatures, especially in less productive environments, while larger 

invaders are more successful in more productive environments, especially 

at lower temperatures; and (3) invasions that result in larger and smaller 

consumer-resource size ratios will tend to stabilise and destabilise the 

community dynamics.  
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Methods 

Community structure and dynamics 

We consider a resident consumer-resource system and examine five 

scenarios that differ in the trophic position of the invader, including another 

basal resource, another consumer, a top predator, an intraguild predator 

feeding on both resident species, or an intraguild prey feeding on the 

(shared) resident resource while being consumed by the resident consumer 

(Fig. 1a-e). This corresponds to apparent competition (hereafter AC), 

exploitative competition (EC), tri-trophic chain (TC) and intraguild 

predation (IGP) (Tables S1–S3). 

We simulate the dynamics of each module for each combination of 

temperature between 0°C and 40°C (step size 0.1°C) and nutrient levels 

(IK) available to the basal resource species the between 0.1 g.m-2 and 20 

g.m-2 (step size 0.1 g.m-2), yielding 80,200 combinations of temperature 

and nutrient levels as in Binzer et al. (2012) and Sentis et al. (2017). We 

also vary the body masses of species in each module, constraining 

consumers to be at least as large as their resources, which is true for most 

predator-prey pairs (McCauley et al. 2018). For simplicity, we set the body 

mass of the basal resource species to 1 mg and express the other masses in 

relative values (Fig. 1a-e).  

We denote the body mass ratio between competing resources RINV:RRES 

(AC module) and the consumer:resource ratio C:R (TC and IGP modules) 

as α, the mass ratio between competing consumers CINV:CRES (EC and IGP 

modules) or between predators and intermediate consumers P:C (TC and 

IGP modules) as β, and the mass ratio between resident resource and 

consumer CRES:RRES (AC and EC modules) and between the top predator 

and resident basal resource (P:R; TC and IGP modules) as γ = αβ. 

Furthermore, we quantify the asymmetry in size ratios between adjacent 

trophic levels with a ratio parameter δ = β/α (Table S4). We consider 

module-specific sets of mass ratios to reflect the different trophic positions 

of the invader: 4 or 15 consumer-resource body mass ratios for the resident 

system, and 16 or 25 combinations of species mass ratios (i.e., at least all 

pairwise combinations of α and β = 1, 2, 5 and 10, Text S1) in each module 
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(Tables S5–S7). All numerical simulations were run in the packages 

‘deSolve’ and ‘rootSolve’ in the R software (Soetaert & Herman 2009; 

Soetaert et al. 2010). 

 

Analyses of community structure and stability before and after invasion 

We distinguish six mechanisms of invasion-induced change in the 

community based on the observed changes in local composition and 

diversity (hereafter invasion outcomes, Box 1). The invasion-induced 

change in diversity Δ𝐷 = 𝑁𝐼𝑁𝑉 −  𝑁𝑅𝐸𝑆 is calculated as the difference 

between the number of species in the invaded and resident community NINV 

and NRES present after 5000 years (end of simulation) under the same 

environmental conditions and species masses. 

To assess how invaders affect the stability of the resident system, we first 

calculate the Jacobian matrix at the equilibrium with the species present 

after 5000 years (Eqs 10–13, Table S8) and use its dominant eigenvalue to 

determine the stability of the resulting community. We distinguish three 

stability regimes for the invaded community (hereafter SINV) and the 

resident system (hereafter SRES): stable equilibrium (E), population 

oscillations (O), and a collapsed system with no remaining species (N) 

(Binzer et al. 2012; Sentis et al. 2017), to which we arbitrarily assign values 

v(E) = 2, v(O) = 1 and v(N) = 0. We then compare the stability regimes 

between the resident system and the invaded community under the same 

environmental conditions and species mass ratios. Nine outcomes 

(hereafter regime states, SRES→SINV) define all possible changes in stability 

caused by species invasion. Similar to Δ𝐷, we calculate the invasion-

induced change in stability as Δ𝑆 = 𝑣(𝑆𝐼𝑁𝑉)  −  𝑣(𝑆𝑅𝐸𝑆). Positive, zero 

and negative values of Δ𝑆 correspond to stabilizing (O→E, N→O and 

N→E), neutral (O→O, E→E and N→N) and destabilising (O→N, E→O, 

E→N) effects of the invader on the local consumer-resource system, 

respectively. 

To assess how the body mass of the invader affects the community 

responses across food web modules and abiotic conditions, we calculate 

the percentage of each invasion outcome (Box 1) and regime state for a 
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given set of body mass ratios across all 80,200 combinations of temperature 

(0–40ºC) and nutrient levels (0.1–20 g.m-2) for each combination of body 

masses in each food web module (Tables S4–S7), and average these 

percentages across all combinations of body masses considered for each 

module. 

 

Results 

Community response to invasion: the role of environmental conditions 

and food web topology 

Temperature, nutrient levels and size structure of the resident community 

influence its composition, stability (Text S2 and Fig. S1) and response to 

invasion. We first focus on responses for fixed body mass ratios α = β = 10 

describing invasions by a 10-fold larger resource species in the AC module 

(Fig. 1a), a 10-fold smaller consumer species in the EC module (Fig. 1b), 

a large top predator in the TC module (Fig. 1c), and a medium-sized 

intraguild prey (Fig. 1d) or a large intraguild predator (Fig. 1e) in the IGP 

module.  

The impact of an invader on the resident community varies with 

temperature, nutrient levels and the invader’s trophic position (Fig. 1f-p). 

The community resists invasion in the following cases: (1) the invading 

consumer or predator suffers from metabolic meltdown at combinations of 

relatively high temperatures and low nutrient levels (Fig. 1g-1j, blue area 

top left), (2) the invading resource (AC module) or consumer (IGP module) 

is competitively inferior to resident resource or intraguild predator, 

respectively, at a wide range of intermediate temperatures and nutrient 

levels (Fig. 1f and 1i, blue area away from top left and bottom right) and 

(3) the consumer-resource system collapses due to the paradox of 

enrichment at combinations of relatively low temperatures and high 

nutrient levels (Fig. 1f-1j, blue area bottom right). 

Successful invasion and occupancy of a vacant niche occur at combinations 

of relatively high temperatures and low nutrient levels that are above the 

extinction limit (caused by metabolic meltdown) of the local consumer or 
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predator, but also below the extinction limit of the invader for invading 

larger resource species (AC module), smaller consumers (EC module) and 

intraguild prey (IGP module; Fig. 1f, 1g and 1i, yellow areas). Invading 

intraguild predator occupies a vacant niche when the intraguild prey goes 

extinct due to the paradox of enrichment at sufficiently low temperatures 

and high nutrient levels (Fig. 1j, yellow area). 

Furthermore, a larger resource outcompetes and substitutes the resident 

resource in the AC module under environmental conditions just below the 

extinction limit of the resident consumer (Fig. 1f, green area), because a 

larger resource provides more energy to the consumer due to lower 

consumer: resource body mass ratio. An invading smaller consumer (EC 

module) and intraguild predator (IGP module) substitute the competitively 

inferior resident consumer over a much wider range of intermediate 

temperatures and nutrient levels; in the latter case, the environmental 

conditions must be sufficiently below the extinction threshold of the 

invading predator (Fig. 1g and 1j, green area). 

Only invading top predator (TC module) can integrate into the community 

across a broad range of environmental conditions (Fig. 1h, light brown 

area). Intraguild prey integrates into the community when environmental 

conditions are just below the metabolic meltdown threshold of the resident 

intraguild predator, making the latter a poor competitor for the shared prey 

(Fig. 1i, light brown area). Intraguild predator integrates into the 

community when conditions are just below its own extinction threshold 

(Fig. 1j, light brown area; note that the extinction threshold is higher than 

in Fig. 1i due to the additional intraguild prey).  

Vulnerability to invasion occurs for a smaller consumer in the EC module 

at low temperatures and sufficiently high nutrient levels (Fig. 1g, black 

area), where the resulting lower consumer-resource mass ratio triggers 

population oscillations. Finally, at sufficiently low temperatures and high 

nutrient levels, an invading top predator (TC module) rescues the resident 

resource by dampening population oscillations during its temporary 

presence in the system, so that only the top predator and resident consumer 

die out (Fig. 1h, ochre area). 
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These module-specific outcomes of invasions are reflected in different 

effects on community stability. Invading basal resource (AC module), 

intraguild prey and intraguild predator (IGP module) does not alter system 

stability except the invading intraguild predator, which can stabilise the 

dynamics over a narrow range of combinations of nutrient levels and (low 

to moderately high) temperatures (Fig. 1l, 1o and 1p). Successful invasion 

at low temperatures and high nutrient levels in the EC module always 

destabilises the community towards cycles or complete collapse due to the 

paradox of enrichment (Fig. 1m). Finally, successfully invading top 

predator may or may not change system stability depending on temperature 

and nutrient levels (TC module, Fig. 1n). 

 

Community response to invasion: the role of species body mass ratios 

We examine the role of body mass ratios in community response to 

invasion from two perspectives: competition in the AC, EC and IGPC 

module and predation in the TC and IGPP module. To this end, we 

investigate the role of body mass ratios α and β between competitors and 

the role of size structure asymmetry between multiple trophic levels given 

by δ. For brevity, we summarise here only the general patterns of invasion 

outcomes (Fig. 2) and effects on community regime state (Fig. 3); Text S3 

and Table S9 provide further details. 

Resistance to invasion and species substitution dominate the results for the 

three modules with invading competitors (Fig. 2a-c, S2ab and S3a-c), with 

predominantly neutral effects on the community regime (ΔS = 0; Fig. S2cd, 

dotted lines in Figs. 3a-c and S3f-j). Invasion-induced increase in stability 

is less frequent but occurs in all modules except EC (Figs. 2b and S3g). 

Integration of the invader and rescue of the resident species are rare and 

limited to TC and IGP modules (Figs. 2a-c and S2ab). Invasion-induced 

vulnerability occurs only for smaller (β < 1) or, very rarely, much larger (β 

≫ 1) invading consumers in the EC module (Fig. 2b) and promotes system 

instability (Figs. 2b and S3g). 
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The predominant outcomes in the AC, EC and IGPC modules, i.e. resistance 

to invasion or substitution of the resident competitor, correspond to 

predictions based on the P* and R* rules (Box 2) and depend strongly on 

the resident: invader body size ratio (Fig. 2a-c, Text S4). In the AC module, 

a smaller competitor can sustain a higher equilibrium predator biomass and 

exclude a larger competitor (P* rule, Figs. 2a, S4a-l and S5a-l). In the EC 

module, a smaller consumer has lower resource requirements at 

equilibrium and therefore excludes a larger competitor (R* rule, Figs. 2b, 

S4s-x and S5s-x). Invading smaller resource in the AC module can stabilise 

the dynamics and prevent collapse (ΔS > 0 for α < 1; Figs. 3a and S3f), 

while invasion of a smaller consumer in the EC module can destabilise the 

dynamics, leading to population cycles or collapse (ΔS < 0 for β < 1; Figs. 

3b and S3g). In the IGP module, a smaller intraguild prey is competitively 

superior to the intraguild predator (Fig. S6g-l) but cannot withstand its 

predation pressure (Figs. 2c and S6m-o). Intraguild prey therefore collapses 

immediately after its introduction (Fig. S6m-o) or is displaced by an 

invading intraguild predator (Fig. S6a-f) as soon as the biomass of the latter 

becomes too high, with a stabilising effect similar to that in the AC module 

(for β > 1; Fig. 3c). 

Community responses to an invading top predator in the TC and IGP 

modules vary predictably with the size-structure asymmetry between 

trophic levels characterised by δ (Figs. 2de and 3de). Successful invasion 

of the top predator in the TC module requires the presence of an 

intermediate consumer, which is more common with large α (Fig. S1) and 

thus smaller δ values. That is, an invading top predator is more likely to 

integrate or to rescue a resident species than to fail if it is more similar in 

size to the resident consumer (for δ < 1, Fig. 2d). In this way, the top 

predator triggers oscillations more frequently, but prevents community 

collapse through the rescue effect (Fig. 3d). Changes in community 

composition and stability decrease when the resident consumer and the 

resource become more similar in size (δ > 1 in Figs. 2d and 3d). In this 

case, the invasion of a comparatively large top predator usually fails and 

the resident system collapses due to the paradox of enrichment driven by 

the resident consumer-resource interaction (cf. Fig. S1b). On the other 

hand, the intraguild predator in the IGP module feeds on two prey 
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populations, which explains the independence of community resistance 

from δ (Fig. 2e). Given the influence of the intraguild prey-resource mass 

ratio on the dynamics of the resident system (Fig. S3), species substitution 

occurs more frequently the more similar the size of the intraguild predator 

and intraguild prey (δ < 1), while niche occupancy occurs more often the 

more similar the size of the intraguild prey and shared resource (δ > 1, Fig. 

2e). Invading intraguild predator stabilises the resident community and 

prevents its collapse more often as it gets more dissimilar in size to the 

intraguild prey (δ > 1; Fig. 3e). 

 

Invasion outcomes and the diversity-stability relationship 

The effects of invasion on community stability and diversity observed in 

our simulations depend on the outcome of the invasion. Invasion-induced 

destabilisation occurs primarily under vulnerability, where it almost always 

leads to community collapse (regime states E→N and O→N; Figs. 4 and 

S8, Tables S9–S11). More than half of the invasions leading to integration 

and some leading to substitutions also trigger a loss of stability, with 

invasion-induced cycles replacing equilibrium (E→O). We do not observe 

invasion-induced destabilisation under resistance, occupancy and rescue 

mechanisms. An invasion-triggered increase in stability, which would 

prevent a complete collapse of the resident community and is characteristic 

of the rescue (N→E), occurs less frequently under occupancy (N→E and 

N→O) and integration (N→O). An invasion-triggered increase in stability 

associated with a shift from oscillations to stable equilibria (O→E) is rare 

and occurs only under substitution and vulnerability (Fig. S1a). 

As a result, we find that invasion-induced changes in diversity and stability 

are interrelated, but one cannot be predicted from the other alone (Fig. 4b). 

Diversity loss (ΔD < 0) is almost always associated with invasion-induced 

loss of stability (ΔS < 0). No net change in diversity (ΔD = 0) is mostly 

associated with no change in stability as expected, but loss of stability 

(invasion-induced cycles in EC) or increased stability (dampen cycles 

induced by invasion through species substitution in IGPP) also occur as a 

result of invasion. Interestingly, invasions leading to increased diversity 
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(ΔD > 0) have the most evenly distributed effects on stability. About one 

third of the simulations each lead to reduced, increased or unchanged 

stability across species mass ratios, food web topologies and environmental 

conditions (Fig. 4b).  

 

Discussion 

Our study summarises how simple communities respond to the 

combination of three major drivers of global change: warming, 

eutrophication and species invasions (IPBES 2019). While these drivers 

have received considerable attention separately (Bellard et al. 2013; Binzer 

et al. 2016; Gallien & Carboni 2017), their combined impacts on local 

communities remain poorly understood despite some recent advances 

(Latombe et al. 2021; Sentis et al. 2021). We focused on two ubiquitous 

interactions through which invaders affect resident communities—

predation and competition (Gallardo et al. 2016; Dueñas et al. 2018)—to 

understand how invasion outcomes relate to changes in community 

composition, diversity and stability (Tilman 1999). We showed that the 

outcomes depend predictably on the interplay between environmental 

conditions and differences in body mass and trophic position between the 

invader and its local competitor or predator/prey (Table S12). This allowed 

us to (i) identify combinations of environmental conditions, invader traits 

and community size structure that characterise communities prone to 

successful invasions, and (ii) describe the community-level consequences 

of such invasions. 

 

What drives successful invasions and when do they occur? 

Environmental and biotic filters underpin invasion success in local 

communities (Mitchell et al. 2006; Blackburn et al. 2011; Gray et al. 2015). 

Species living in warm, nutrient-poor environments such as tropical and 

subtropical seas (Sunday 2020; Trisos et al. 2020) may be at risk of 

metabolic meltdown (Pörtner & Farrell 2008), while species living in 

relatively cold, nutrient-rich environments such as shallow lakes at higher 
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latitudes (Janssen et al. 2014; Glibert 2017) are vulnerable to unstable 

dynamics and community collapse (Oksanen et al. 1981). Previous models 

have shown that (1) “intermediate” environmental conditions that balance 

the opposing effects of warming and eutrophication can prevent 

biodiversity loss and maintain food web structure and that (2) larger 

consumer-resource body mass ratios mitigate the destabilising effect of 

eutrophication but tend to increase the vulnerability of top predators to 

warming (Binzer et al. 2016; Sentis et al. 2017). Our results extend these 

findings in the context of species invasions. That is, large species cannot 

invade warm, nutrient-limited habitats because of the risk of metabolic 

meltdown (Pörtner & Farrell 2008), while nutrient enrichment in colder 

habitats limits invasions by smaller species due to the paradox of 

enrichment and community collapse (Oksanen et al. 1981). 

Size structure of the local community plays an additional filtering role in 

invasions (Gray et al. 2015). We observed that invasion success was mainly 

determined by size differences between resident and invading competitors, 

while asymmetries in size structure between adjacent trophic levels 

determined the fate of invading predators. This can be explained by the 

limiting similarity hypothesis, which states that the coexistence of species 

sharing the same (trophic) niche requires similar traits (MacArthur & 

Levins 1967), while this requirement does not hold for invaders in different 

trophic positions. Apart from competition for resources, we did not 

consider self-limiting mechanisms that would lead to stronger intraspecific 

than interspecific competition in our models and favour species coexistence 

(Holt et al. 1994). In our case, the application of the R* and P* rules (Box 

2; Tilman 1985; Holt et al. 1994) can explain why only smaller competitors 

could successfully invade. We also considered a homogeneous 

environment, which tends to amplify the impact of invasive species on 

resident communities through high levels of interspecific competition, 

leading to limited coexistence due to frequent species replacement or strong 

resistance to the invader (Melbourne et al. 2007). This is in contrast to 

heterogeneous environments, where competing species with different traits 

can coexist through niche partitioning (Ricklefs 1977). 
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Our results also extend previous theory by showing that successful 

invasions in the IGP module depend on asymmetric competition between 

the intraguild predator and prey (Wootton 2017). Intraguild predators have 

a double advantage over pure competitors (as in the EC module) or 

specialist predators (as in the TC module): they depend less on a particular 

food source and can suppress intraguild prey through high predation 

pressure, even if the latter is a better competitor for the shared resource 

(Wootton 2017). These results are corroborated by experiments on 

intraguild predation between poeciliid fishes along a productivity gradient 

(Schröder et al. 2009), where the larger Poecilia reticulata most often 

successfully invaded the system and drove the smaller Heterandria 

formosa to extinction. Here we found that intraguild prey and predator can 

only coexist when environmental conditions are close to the metabolic 

meltdown threshold of the latter species, i.e. when high temperatures are 

combined with nutrient limitation. 

Comparing results between modules, we found that intraguild prey 

(regardless of body size, IGP module), larger consumer (EC module) and 

larger resource (AC module) species were the least likely to successfully 

invade. This contrasts with the frequent successful invasions of intraguild 

predators (IGP module). Overall, we predict that successful invasions 

should involve comparatively smaller species, i.e. smaller competitors at 

lower trophic levels and predators that are not much larger than their prey. 

Invaders with other traits may need specific environmental conditions to be 

successful: for example, larger competitors at lower trophic levels and 

intraguild prey may only invade relatively warm and nutrient-poor 

environments that are not suitable for their predators. 

 

When and how do invasions change the diversity and stability of resident 

communities? 

Overall, our results were consistent with the classic diversity-stability 

hypothesis which states that more diverse ecosystems are more resilient to 

disturbance (Elton 1927; Tilman & Downing 1994; Rooney & McCann 

2012). However, we also observed results that deviated from this 
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relationship: invaders could either stabilise communities by increasing 

local diversity, or they could disrupt initial community stability (e.g. by 

integrating an invading predator that destabilises the local community) and 

cause species extinctions. Invaders affected the diversity and stability of 

resident communities even when their presence was only temporary. These 

contrasting findings highlight the ambivalent role of invasions as both 

contributors to and threats to local biodiversity (e.g., Henriksson et al. 

2016; Tomiolo & Ward 2018). 

The effect of invasion on the diversity-stability relationship depended on 

the outcome of the invasion in our models. Successful invasions led to 

variable, outcome-dependent changes in system stability. Our results 

suggest that one-to-one species substitutions in simple communities rarely 

alter system stability, while invasions that lead to increased diversity can 

both destabilise (outcome type: integration) and stabilise (occupancy and, 

to a lesser, extent integration) community dynamics. We have found that 

these potential changes in stability occur primarily in relatively cold, 

nutrient-rich environments in communities that are vulnerable to 

population fluctuations caused by eutrophication. These communities are 

sensitive to changes in vital rates, which determine the population 

dynamics and interactions of their constituent species (Binzer et al. 2012; 

Fussmann et al. 2014). For example, a long-term study of the plankton 

community in Lake Washington found that community stability was lowest 

during a period of increased nutrient loading following a successful 

invasion by a subsequently dominant cyanobacterium (Francis et al. 2014). 

Surprisingly, our study revealed that failed invasions can still affect the 

diversity and stability of local communities in cold, nutrient-rich habitats 

prone to the paradox of enrichment. Diversity could decrease due to 

increased population cycles after failed invasions of smaller consumers 

(EC module). Diversity could also increase due to rescue by invading top 

predators (TC module) if their temporary presence dampened consumer-

resource cycles and rescued the basal resource, but not the consumer, from 

the collapse caused by enrichment. Such feedbacks from transient top 

predators on resident species might also arise from cascading effects of an 

invading top predator on lower trophic levels in more complex food webs 
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(Woodward & Hildrew 2002; Gallardo et al. 2016; Reynolds & Aldridge 

2021). However, adequate evidence of the rescue effect would require 

long-term data, ideally from experiments with controlled introductions and 

subsequent removal of the invading species (Bell et al. 2003). 

 

Conclusion and perspectives 

Warming and eutrophication are expected to alter the dynamics and 

simplify the structure of larger food webs (Brose et al. 2012), facilitating 

species invasions and increasing their impact on invaded systems (Sentis et 

al. 2021). We have shown how body size and trophic position determine 

the fate of species invasions and that species invasions can mitigate or 

amplify the negative effects of environmental stressors on local 

communities. Our predictions showed that smaller species are particularly 

likely to invade communities in warmer, nutrient-limited environments, 

while communities facing cold temperatures and nutrient enrichment are 

vulnerable to invasions by larger predators. Invaders can also fill vacant 

niches when resident species disappear. For example, the predicted 

poleward shift of smaller zooplankton species may benefit warming Arctic 

habitats (Evans et al. 2020). Invading predators may also buffer local 

communities against eutrophic effects at lower temperatures (as in Hughes 

et al. (2013)). Therefore, invasive species may not always need to be 

eradicated or controlled (Simberloff 2009; Glen et al. 2013), especially if 

the associated costs are too high. On the other hand, our findings support 

active management and eradication of invaders with negative impacts on 

local communities, including those that destabilise local communities such 

as small consumers in cold, nutrient-rich habitats (Robertson et al. 2020). 

Overall, we predict that species invasions may contribute to the downsizing 

of food webs (Young et al. 2016), as successful invaders will include 

smaller competitors and comparatively small predators. 
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Legends 

Fig. 1. Community responses to species invasion along environmental 

gradients for each food web module. (a-e) Trophic position of the invader 

(blue circle) relative to the resident species (green circles) under apparent 

competition (AC, panels a, f and l), exploitative competition (EC, panels b, 

g and m), trophic chain (TC, panels c, h and n), and intraguild predation 

(IGP) with invading consumer (IGPC, panels d, i and o) and with invading 

predator (IGPP, panels e, j and p). Invasion outcomes (panels f-j) as in Box 

1 summarize community changes with gain in diversity (ΔD > 0), no net 

change (ΔD = 0) or loss in diversity (ΔD < 0) after invasion. Regime states 

SRES.SINV (panels l-p) summarize all possible combinations of the system 

qualitative state prior to (SRES) and after (SINV) invasion leading to a gain of 

stability (stabilizing, ΔS > 0), no net change (neutral, ΔS = 0) or loss of 

stability (destabilizing, ΔS < 0) after invasion. Regime state abbreviations: 

N = no species present, O = population oscillations with at least two species 

present, E = 1 to 3 species in stable equilibrium. Species body mass ratios 

fixed at α = β = 10. 

Fig. 2. Module-specific effects of species body mass ratios on the 

averaged proportions of invasion outcomes that drive local diversity 

change. Body mass ratio given for (a-c) invader and its resident competitor 

(d, e) and adjacent trophic levels. Food web modules: (a) AC = apparent 

competition, (b) EC = exploitative competition, (c) IGP = intraguild 

predation with invading intraguild prey (β ≤ 1) and invading intraguild 

predator (β ≥ 1), (d) TC = trophic chain and (e) IGPP = intraguild predation 

with invading intraguild predator. Species: R = basal resource, C = 

consumer, P = predator. Symbols denote gain of diversity (squares), no net 

change (circles) or diversity loss (triangles) following invasions. Colours 

as in Fig. 1f-j.  
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Fig. 3. Module-specific effects of species body mass ratios on the 

averaged proportions of regime states following invasion. Body mass 

ratio between (a-c) invader and its resident competitor, and (d, e) between 

adjacent trophic levels. Food web modules and species as in Fig. 1. Regime 

state abbreviations: N = no species present, O = population oscillations with 

at least two species present, E = 1 to 3 species in stable equilibrium. Lines 

= neutral (dotted lines) and non-neutral (solid lines): influence of invader 

on local stability regime; symbols = gain of stability (squares), neutral 

change (circle) and loss of stability (triangles) following invasions. Colours 

identical to Fig. 1l-p. 

Fig. 4. Differences in stability change (ΔS) between (a) invasion 

outcomes and (b) biodiversity change (ΔD) following successful species 

invasions. Values = cumulative proportions of regime states shown in Fig. 

S1. Biodiversity change in (b) illustrates the cumulative proportions 

observed across invasion outcomes in (a) broken by their effect on 

diversity, i.e. ΔD > 0 for integration, occupancy and rescue, ΔD = 0 for 

substitution and ΔD < 0 for vulnerability. Change in stability: ΔS < 0, loss 

of stability; ΔS = 0, no change; ΔS > 0, increase in stability. Note that 

resistance to invasion (with ΔS = 0 and ΔD = 0) is excluded in both panels. 
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Box 

Box 1: Invasion outcomes driving local diversity change. 

Integration: Invader integrates and coexists with resident species 

(Moyle & Light 1996), leading to increased diversity. 

Occupancy: Invader occupies a niche vacated by a species lost from 

the resident community prior to the invasion event (Herbold & Moyle 

1986), leading to increased diversity. 

Rescue: Invader fails to persist in the system but facilitates the 

persistence of a resident species that would otherwise go extinct 

(Brown & Kodric-Brown 1977), leading to increased diversity. 

Substitution: Invader replaces its resident competitor (Bøhn et al. 

2008), leaving the diversity unchanged. 

Resistance: Invader disappears without affecting the resident 

community. This includes both environmental and biotic resistance to 

invasion (Moyle & Light 1996) and leaves the diversity unchanged. 

Vulnerability: Invading species permanently or temporarily 

destabilizes the resident system and triggers diversity loss through 

extinctions (Downing et al. 2012; Macdougall et al. 2013). 
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Box 2: Principles of species coexistence and exclusion in trophic 

modules 

P* rule (apparent competition): The basal (or prey) species capable 

of sustaining the highest predation pressure dominates the 

competition and can indirectly exclude its competitor due to higher 

predation mortality (Holt et al. 1994). 

R* rule (exploitative competition): Consumer species with the 

lowest resource requirements is competitively superior (Tilman 

1985). This can lead to the exclusion of the inferior competitor or its 

presence at a lower biomass density. 

Extinction cascade (trophic chain): A specialist predator cannot 

persist without its prey. Any species loss within a chain leads to a 

cascading collapse of all species at higher trophic levels in that chain. 

Omnivory (intraguild predation): Coexistence in the IGP module 

relies on two principles, i.e., intraguild prey must be competitively 

superior to the intraguild predator (R* rule) and must be resilient to 

predation-induced mortality to avoid its own exclusion (Holt & Polis 

1997; Wootton 2017). 

  



Chapter I 

61 
 

Figures 

Fig. 1
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Fig. 2 
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Fig. 3 
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Fig. 4 
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This supplementary material contains the following texts, tables and 

figures: 

Text S1. Model specifications. 

Text S2. Role of environmental conditions and size structure in the 

dynamics of the resident consumer-resource system. 

Text S3. Additional details on the neutral effects of species invasions on 

regime stability. 

Text S4. Additional details on the observed outcomes of invasions in 

competitive modules (AC, EC and IGP) along the gradients of species 

body mass ratios. 

Table S1. Models of the resident system and invaded communities. 

Table S2. Overview of model parameters. 

Table S3. Values of the intercept, slope and activation energy for the 

body mass and temperature dependence of biological rates used in the 

model. 

Table S4. Species body mass ratio notation in the resident and invaded 

communities. 

Table S5. Species body mass ratios used in the TC and IGP modules. 

Table S6. Species body mass ratios used in the AC module. 

Table S7. Species body mass ratios used in the EC module. 

Table S8. Steady states and biomass densities of individual species at 

equilibria. 

Table S9. Synthesis of invasion outcomes and regime states across 

community size structure gradients. 

Table S10. Average percentages of invasion outcomes and changes in local 

diversity ΔD due to invasion across species mass ratios in each module. 

Table S11. Average percentages of regime states SRES→SINV and changes 

in local stability regime ΔS due to invasion across species mass ratios in 

each module. 

Table S12. Summary of invasion outcomes, their impact on community 

diversity and stability, and the traits and environmental conditions under 

which they occur. 

Figure S1. Dependence of the qualitative behaviour of the consumer-

resource system on environmental conditions and consumer-resource 

body mass ratio. 
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Figure S2. Percentage of observed invasion outcomes and regime states 

across all size ratios and environmental gradients across modules and 

within each module. 

Figure S3. Effect of species body mass ratios on biodiversity change 

(ΔD) and stability change (ΔS) following species invasion.  

Figure S4. Invasion outcomes and regime states along environmental 

gradients for varying size ratio between competing species in AC and EC 

modules. 

Figure S5. Drivers of species coexistence and exclusion along 

environmental gradients for varying size ratio between competing species 

in AC and EC modules. 

Figure S6. Drivers of species coexistence and exclusion in IGP module 

along environmental gradients and varying size ratio between invading 

and resident species. 

Figure S7. Effect of species body mass ratios on community responses to 

invasion of top predator (TC module) and intraguild predator (IGP 

module). 

Figure S8. Differences between invasion outcomes in stability change 

following species invasion. 

Figure S9. Examples of population biomasses at equilibrium or limit 

cycle along temperature gradient in invaded communities for varying 

species body mass ratios γ and fixed nutrient levels. 

Figure S10. Examples of population biomasses at equilibrium or limit 

cycle along gradient of nutrient levels in invaded communities for varying 

species body mass ratios γ and fixed temperature.  
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Text S1. Model specifications 

Density dependence and temperature and mass scaling of biological rates 

We do not explicitly model intra- or interspecific competition between 

individuals occupying the same trophic level in our models, but assume a 

density-dependent feeding rate fji of consumers j feeding on resource Ri 

(Table S1; Eqs 1–5) and following a type II functional response  

𝑓𝑗𝑖 = (
𝑎𝑗𝑖𝑅𝑖

1+𝑎𝑗𝑖ℎ𝑗𝑖𝑅𝑖
) (Eq. 6) 

with attack rate aji (m
2.s-1) and handling time hji (s).  

Furthermore, we assume that all biological rates Фi of species i, i.e. the 

maximum growth rate and carrying capacity of basal resource and the 

metabolic rate of the consumer, scale with its body mass Mi (g) and 

environmental temperature T (K) as  

Ф𝑖(𝑀𝑖, 𝑇) = 𝑒IФ𝑀𝑖
SФ𝑒

EФ
(T0−𝑇)

𝑘𝑇T0 , (Eq. 7) 

where Ф is r, K or χ; IФ is a parameter-specific intercept calculated for Mi 

= 1 g and T = 20°C (= 293.15 K), SФ is the mass scaling exponent, EФ is 

the activation energy (eV), k is the Boltzmann’s constant (k = 8.62.10-5 

eV.K-1) and T0 is the normalisation temperature fixed at 20°C (Brown et 

al., 2004). Functional response parameters aji and hji scale with the body 

masses of consumer Mj and its prey Mi and environmental temperature T 

analogous to Eq. 7. Furthermore, we assume that both functional response 

parameters follow a concave-down relationship to predator-prey body mass 

ratio and that handling time follows a concave-up relationship with 

temperature (Rall et al. 2012): 

𝑎𝑗𝑖 = 𝑎𝑗𝑖(M𝑗, M𝑖, 𝑇)  =

𝑒Ia0 𝑀
𝑗

Sja0 𝑀
𝑖

Sia0 𝑒
Ea0

(T0−𝑇)

𝑘𝑇T0 𝑒
Iam+S1am

ln(
𝑀𝑗

𝑀𝑖
⁄ )+S2am

(ln(
𝑀𝑗

𝑀𝑖
⁄ ))

2

 (Eq. 8) 

ℎ𝑗𝑖 = ℎ𝑗𝑖(M𝑗 , M𝑖, 𝑇)  = 𝑒Ih0 𝑀
𝑗

Sjh0 𝑀
𝑖

Sih0 𝑒
Eh0

(T0−𝑇)

𝑘𝑇T0 ∗

 𝑒
Ihm+S1hm

ln(
𝑀𝑗

𝑀𝑖
⁄ )+S2hm

(ln(
𝑀𝑗

𝑀𝑖
⁄ ))

2

𝑒
IhT

+S1hT
T+S2hT

𝑇2

 (Eq. 9) 
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The values for the parameter-specific intercepts IФ, slopes SФ and activation 

energies EФ used in all equations are summarized in Table S3. 

Population dynamics 

We start the simulations of the resident system and the invaded community 

near the consumer-resource equilibrium and simulate the invasion by 

adding a low population density of the invader. We simulate the changes in 

species biomass densities within each module described by Eqs 1–9 for 

5000 years, which allows the system to reach an attractor (a stable 

equilibrium or a limit cycle around an unstable equilibrium, Figs. S9 and 

S10) for each combination of environmental conditions and body mass 

ratios (Tables S5–S7; 10,025,000 combinations in total). The initial 

biomass density of each resident species is set to 1.02 times its equilibrium 

value (Eqs. 11, Table S8). We set the initial biomass density of an invading 

species to 10-6 g.m-2 and use 10-12 g.m-2 as the extinction threshold for each 

species as in (Sentis et al. 2017). 

We did not find a reasonable closed-form formula for the three-

species equilibrium and therefore could not calculate the Jacobian matrix 

in the IGP module. To determine the regime state of the three-species 

system in the IGP module, we examined the population biomass in the last 

10 years of each simulation to determine whether the population was 

cycling or in a stable equilibrium. 

We set the resident consumer-resource body mass ratios to α 

(notation relevant for the TC and IGPP predation modules) or γ (notation 

relevant for the AC, EC and IGPC competitive modules) = 1, 2, 5 and 10 as 

in (Sentis et al. 2017) to cover a wide range of species mass ratios observed 

between interacting species in natural systems (Brose et al. 2006; Forster 

et al. 2012). The combinations of 4 × 4 = 16 body mass ratios for the two 

consumer-resource pairs with two resident species and one resident and one 

invading species (Table S5) were used in all four trophic modules. In the 

competitive modules, we added body mass ratios α or β = 0.1, 0.2, 0.5, 0.75 

and 1.5, reflecting the baseline values and characterising smaller or slightly 

larger competitors to further investigate their invasion success. We 

excluded combinations of α and β yielding resident consumer-resource 
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mass ratios γ = αβ < 1, resulting in nine additional combinations of body 

mass ratios in the competitive modules (Tables S6 and S7). 

 

Text S2. Role of environmental conditions and size structure in the 

dynamics of the resident consumer-resource system 

We summarise here the effects of temperature, nutrient levels and 

consumer-resource body mass ratio on the resident consumer-resource 

system prior to invasion; see also (Binzer et al., 2012, 2016; Sentis et al., 

2017). The system can reach a stable equilibrium point with 0–2 species 

present or a stable consumer-resource cycle (Fig. S1). While the 

combination of high temperature and limited nutrient input leads to the 

metabolic meltdown of the consumer, increasing nutrient supply at lower 

temperatures leads to the paradox of enrichment, i.e. population oscillations 

that can lead to a collapse of the consumer-resource system (Fig. S1a). 

Larger consumer-resource body mass ratios have a stabilizing effect and 

prevent the collapse, although larger consumers also become more 

susceptible to metabolic meltdown as a result. This is shown by the 

changing proportions of each system regime along the gradient of the 

consumer-resource size ratio (equilibrium E, from 40% to 81%; oscillations 

O, from 19% to 4%; collapse N, from 4% to 9%; Fig. S1b). 

 

Text S3. Additional details on the neutral effects of species invasions 

on regime stability 

We summarise here the regime states SRES→SINV observed in our analyses 

that resulted in neutral changes in community stability (ΔS = 0) following 

species invasion. Overall, community resistance to invasion is the 

dominant outcome across all invader characteristics (trophic position and 

size) and environmental conditions in our analyses (Fig. S2a). Resistance 

is followed by species substitution, integration, and niche occupancy, while 

rescue and vulnerability are the least common (Fig. S2a). The 

predominance of resistance to invasion contributes to the fact that 

community stability usually does not change after the invasion (ΔS = 0, 
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including the E→E, N→N and O→O regime states). That is, species 

invasion does not change community stability in 86.6% of all simulations 

(E→E ~ 50.5%, N→N ~ 27.4% and O→O ~ 8.7%; Fig. S2a). 

Community size structure and abiotic conditions jointly drive the 

(lack of) change in regime state. Overall, proportions of environmental 

conditions for which the regime state remains the same after invasion 

decline as the invading species becomes much smaller than the resident 

competitor (Fig. S3a-c). That is, the invasion of an increasingly smaller 

basal resource species in the AC module (α < 1, Figs. 3a and S3a) leads to 

a decreasing proportion of unchanged equilibria (E→E, from ~ 53% for α 

= 0.75 to ~ 40% for α = 0.1) and stable cycles (O→O, from ~ 11% for α = 

0.75 to ~ 8% for α = 0.1), and a nearly constant proportion of collapsed 

states (N→N ~ 33% over all values of α < 1). The invasion of an 

increasingly smaller consumer species in the EC module (β < 1, Figs. 3b 

and S3b) leads to decreasing proportions of unchanged collapsed states 

(N→N, from ~ 32% for α = 0.75 to ~ 21% for α = 0.1) and unchanged stable 

cycles (O→O ~ 9% for α = 0.75 to 0% for α = 0.1), while the proportion of 

unchanged equilibria remains constant (E→E ~ 52%). Similarly, the 

invasion of an increasingly larger intraguild predator in the IGP module (β 

> 1, Figs. 3c and S3c) mainly leads to decreasing proportions of unchanged 

collapsed states (N→N, from ~ 31% for β = 2 to ~ 22% for β = 10) and the 

disappearance of unchanged stable cycles (O→O, from ~ 6% to 0%), while 

the proportion of unchanged equilibria remains constant (E→E ~ 52%). 

Finally, the changes in the proportions of unchanged regime states differ 

across the size structure gradient between the TC and IGPP modules. In the 

TC module, the proportions of unchanged regime states increase as the top 

predator and intermediate consumer become similar in size: E→E increases 

from ~ 19% to ~ 31%, O→O from ~ 8% to ~ 19%, and N→N from 0% to 

~ 41% when δ increases from 0.1 to 10 (Figs. 3d and S3d). In the IGPP 

module, the trend is opposite as the proportions of unchanged equilibria 

and stable cycles decrease (E→E: from ~ 64 to ~ 40%, O→O: from ~ 8% 

to 0%), while collapsed states remain constant (N→N ~ 28%) when δ 

increases from 0.1 to 10 (Figs. 3e and S3e).  
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Text S4. Additional details on invasion outcomes in competitive 

modules (AC, EC and IGP) along gradients of species body mass 

ratios. 

AC module can be invaded by a smaller basal species (α < 1) at 

intermediate nutrient levels and temperatures, while a larger invader can 

replace the competitor only if it leads to higher feeding rates by the 

predator, which hereby avoids metabolic meltdown (Figs. 2f, S4d-f and 

S5d-f). Consequently, species substitution is more common than resistance 

for smaller invading competitors (substitution ~ 55% and resistance ~ 42% 

of all simulations for each α < 1), while resistance dominates for larger 

invading competitors (substitution ~ 5%, resistance ~ 88% of all 

simulations for each α < 1; Fig. 3a). Similar patterns of size ratio-dependent 

results occur in the EC module (Fig. 3b), although the system resists 

smaller invading competitors less often, while larger consumers invade 

very rarely (resistance: ~ 26–37% of all simulations for each β < 1 and 98–

100% for each β > 1). Invasion of smaller consumers also increases the 

propensity to collapse (vulnerability: ~ 0–13% of all simulations for each 

β < 1). Occupation of a vacant niche by the invader is rare and almost 

independent of the size ratio between the competing species (occupancy: ~ 

4–7% of all simulations for each size ratio in the AC module and 0–2% in 

the EC module). 

The role of species body mass ratio in the IGP module cannot be completely 

separated from the role of trophic position, as we assumed that the prey is 

smaller than the predator (Fig. 3c). Invasions of a smaller consumer CINV 

that becomes the intraguild prey almost always fail (resistance: ~ 96–99% 

of all simulations for each β < 1), while larger consumers that become the 

intraguild predator mainly replace the local consumer (substitution: ~ 56–

59% of all simulations for each β > 1). Thus, resistance to invasion by a 

larger consumer drops to 27% of all simulations for each β > 1 as larger 

consumers can also occupy niches left vacant by an extinct consumer (up 

to 13% for each β > 1) or integrate into the system and coexist with resident 

IG prey (up to 3% for each β > 1).  
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Table S1: Models of the resident consumer-resource system and 

invaded communities. The respective rates of change �̇�, �̇� and �̇� of basal 

resource, consumer and top predator biomass densities R, C and P (g.m-2) 

in each model depend on carrying capacity KR (g.m-2) and maximum 

growth rate rR (s-1) of the resource, rates of biomass loss of the 

(intermediate) consumer and top predator χC and χP (s-1), their feeding rates 

(see Eq. 6 in Text S1) and feeding efficiency ϵ that denotes the fraction of 

ingested biomass converted into consumer biomass (unitless, set to 0.85 as 

in (Yodzis & Innes, 1992). Indices i = 1 and 2 in Eqs 2 and 3 denote species 

with the same trophic position. 

Resident system 

Consumer-

resource (CR) 

�̇� = 𝑟𝑅𝑅 (1 −
𝑅

𝐾𝑅
) −  𝑓𝐶𝑅𝐶 

�̇� = 𝐶(휀𝑓𝐶𝑅 −  𝜒𝐶) 
Eq. 1 

Invaded communities 

Apparent 

competition (AC) 

𝑅𝑖
̇ =  𝑟𝑅𝑖

𝑅𝑖 (1 −
𝑅𝑖

𝐾𝑅𝑖

) −  𝑓𝐶𝑅𝑖
𝐶 

�̇� = 𝐶 (∑ 휀𝑓𝐶𝑅𝑖

2

𝑖=1

− 𝜒𝐶) 

Eq. 2 

Exploitative 

competition (EC) 

�̇� =  𝑟𝑅𝑅 (1 −
𝑅

𝐾𝑅
) − ∑ 𝑓𝐶𝑖𝑅

2

𝑖=1

 𝐶𝑖 

𝐶�̇� = 𝐶𝑖(휀𝑓𝐶𝑖𝑅 − 𝜒𝐶𝑖
) 

Eq. 3 

Tri-trophic chain 

(TC) 

�̇� =  𝑟𝑅𝑅 (1 −
𝑅

𝐾𝑅
) −  𝑓𝐶𝑅 𝐶 

�̇� = 𝐶(휀𝑓𝐶𝑅 − 𝜒𝐶) −  𝑓𝑃𝐶  𝑃  
�̇� =  𝑃(휀𝑓𝑃𝐶 − 𝜒𝑃)  

Eq. 4 

Intraguild 

predation (IGP) 

�̇� =  𝑟𝑅𝑅 (1 −
𝑅

𝐾𝑅𝑟

) − (𝑓𝐶𝑅 𝐶 + 𝑓𝑃𝑅 𝑃) 

�̇� = 𝐶(휀𝑓𝐶𝑅 − 𝜒𝐶) −  𝑓𝑃𝐶  𝑃 

�̇� =  𝑃(휀𝑓𝑃𝐶 + 휀𝑓𝑃𝑅 − 𝜒𝑃)  

Eq. 5 
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Table S2: Overview of model parameters. See Table S3 for the values 

and meaning of 𝐼𝜙, 𝑆𝜙 and 𝐸𝜙. 

Parameter Value Unit Description 

𝑟𝑅 - day-1 Intrinsic growth rate of resource R 

𝐾𝑅 varied g.L-1 Carrying capacity of resource R 

ε 0.85 - Biomass conversion efficiency 

𝜒𝑗 - day-1 Metabolic loss rate of species j 

ℎ𝑗𝑖 - s Handling time of predator j feeding on 

prey i 

𝑎𝑗𝑖 - g.m-2 Attack rate of predator j feeding on prey 

i 

𝐸𝜙 Table S2 eV.K-1 Activation energy for biological 

parameter ϕ 

𝐼𝜙 Table S2 - Intercept for biological parameter ϕ 

𝑆𝜙 Table S2 - Scaling coefficient for biological 

parameter ϕ  

T varied K Temperature 

𝑇0 293.15 K Normalization temperature (20°C) 

k 8.617 × 

10-5 

eV.K-1 Boltzmann constant 

  



Chapter I 

77 
 

Table S3: Values of the intercept 𝑰𝝓, slope 𝑺𝝓 and activation energy 𝑬𝝓 for the body mass and temperature 

dependence of biological rates used in the model, i.e. of the maximum growth rate r (s-1) (Savage et al. 2004) and 

carrying capacity K (g.m-2) (Meehan 2006) of the basal resource and the metabolic rate 𝜒 (s-1) (Ehnes et al. 2011), 

maximum consumption rate ℎ0𝑗𝑖
 (s-1), and half-saturation density 𝑎0𝑗𝑖

 (g.m-2) (Rall et al. 2012) and mass- and 

temperature-dependent attack rate and handling time of predator j feeding on prey i. Symbols S1 and S2 respectively 

refer to the linear and quadratic term of the mass slope. 

Parameter r K 𝜒 𝒂𝟎𝒋𝒊
 𝒉𝟎𝒋𝒊

 𝒂𝒎𝒋𝒊
 𝒉𝒎𝒋𝒊

 𝒉𝑻𝒋𝒊
 

𝑰𝝓 -15.68 0–15 -16.54 -13.1 9.66 -1.81 1.92 0.5 

𝑺𝝓 -0.25 

 

0.28 -0.31 𝑆𝑗 = -0.8 

𝑆𝑖 = 0.25 

𝑆𝑗 = 0.47 

𝑆𝑖 = -0.45 

𝑆1 = 0.39 

𝑆2 = -0.017 

𝑆1 = -0.48 

𝑆2 = 0.0256 

𝑆1 = -0.055 

𝑆2 = 0.0013 

𝑬𝝓 -0.84 0.71 0.69 -0.38 0.26 - - - 
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Table S4: Species body mass ratio notation in the resident and invaded 

communities. Solid arrows = trophic interactions and body mass ratios 

between resident (green circles; subscript RES) and invading species (blue 

circles; subscript INV); dashed double-headed arrows = indirect 

interactions between species. Thin arrows = trophic interactions between 

resident species; thick arrows = trophic interactions involving the invader. 

Note that γ = αβ and δ = β/α (‘-’ = parameter not relevant). Body mass ratios 

α and γ in the CR module denote the same property; four values of α are 

used in the predation modules and 15 values of γ are used in the competitive 

modules (Text S1). 

 
Ratio CR AC EC TC IGPC IGPP 

α CRES:RRE

S 

RINV:RRE

S 

CINV:RRE

S 

CRES:RRES CINV:RRES CRES:RRES 

β - CRES:RIN

V 

CRES:CI

NV 

PINV:CRES PRES:CINV PINV:CRES 

γ CRES:RRE

S 

CRES:RR

ES 

CRES:RR

ES 

PINV:RRES PRES:RRES PINV:RRES 

δ - - - 𝑃𝐼𝑁𝑉: 𝐶𝑅𝐸𝑆

𝐶𝑅𝐸𝑆: 𝑅𝑅𝐸𝑆
 

𝑃𝑅𝐸𝑆: 𝐶𝐼𝑁𝑉

𝐶𝐼𝑁𝑉: 𝑅𝑅𝐸𝑆
 

𝑃𝐼𝑁𝑉: 𝐶𝑅𝐸𝑆

𝐶𝑅𝐸𝑆: 𝑅𝑅𝐸𝑆
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Table S5: Species body mass ratios used in the TC and IGP modules. 

Values given as P:C:R with R = 1. Note that γ = αβ = P:R. 

Ratio 
β 

1 2 5 10 

α 

1 1:1:1 2:1:1 5:1:1 10:1:1 

2 2:2:1 4:2:1 10:2:1 20:2:1 

5 5:5:1 10:5:1 25:5:1 50:5:1 

10 10:10:1 20:10:1 50:10:1 100:10:1 

 

Table S6: Species body mass ratios used in the AC module. Values 

given as CRES:RINV:RRES with RRES = 1. Values of α < 1 and α > 1 

respectively denote the invasion of a smaller and larger resource species. ‘-

’ = consumers smaller than resources (CRES:RRES < 1) were not considered. 

Ratio 
β 

1 2 5 10 

α 

0.1 - - - 1:0.1:1 

0.2 - - 1:0.2:1 2:0.2:1 

0.5 - 1:0.5:1 2.5:0.5:1 5:0.5:1 

0.75 - 1.5:0.75:1 3.75:0.75:1 7.5:0.75:1 

1 1:1:1 2:1:1 5:1:1 10:1:1 

1.5 1.5:1.5:1 3:1.5:1 7.5:1.5:1 15:1.5:1 

2 2:2:1 4:2:1 10:2:1 20:2:1 

5 5:5:1 10:5:1 25:5:1 50:5:1 

10 10:10:1 20:10:1 50:10:1 100:10:1 
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Table S7: Species body mass ratios used in the EC module. Values given as CRES:CINV:RRES with RRES = 1. Values 

of β < 1 and β > 1 respectively denote the invasion of a larger and smaller consumer species. ‘-’ = consumers smaller 

than resources (CRES:RRES < 1 or CINV:RRES < 1) were not considered. 

Ratio 

β 

0.1 0.2 0.5 0.75 1 1.5 2 5 10 

α 

1 - - - - 1:1:1 1.5:1:1 2:1:1 5:1:1 10:1:1 

2 - - 1:2:1 1.5:2:1 2:2:1 3:2:1 4:2:1 10:2:1 20:2:1 

5 - 1:5:1 2.5:5:1 3.75:5:1 5:5:1 7.5:5:1 10:5:1 25:5:1 50:5:1 

10 1:10:1 2:10:1 5:10:1 7.5:10:10 10:10:1 15:10:1 20:10:1 50:10:1 100:10:1 
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Table S8: Steady states and biomass densities of individual species at equilibria. Note that coexistence of all three 

species in the AC and EC modules is not possible. 

Steady 

state 

Composition 
Equilibrium biomass densities Equations 

Trivial 

equilibrium 

No species present 
R* = C* = P* = 0 

 

Basal 

resource 

present 

RRES 

RINV 

RRES + RINV (AC) 

𝑅∗ = 𝐾𝑅 

C* = P* = 0 
Eq. 10 

Consumer-

resource  

(CR) 

CRES + RRES 

CRES + RINV (AC) 

CINV + RRES (EC, 

IGPC) 

PRES + RRES (IGPC) 

PINV + RRES (IGPP) 

𝑅∗ =  
𝜒𝐶

𝑎𝐶𝑅(𝜖 −  𝜒𝐶ℎ𝐶𝑅)
 

𝐶∗ =
𝑟𝑅

𝐾𝑅 𝑎𝐶𝑅 (1 + (𝑎𝐶𝑅ℎ𝐶𝑅 𝑅∗)(𝐾𝑅  − 𝑅∗)
 

P* = 0 

Eqs. 11 
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Three 

species 

present 

(TC) 

PINV + CRES +RRES 
𝑅∗ =  

(𝑟𝑅(𝐾𝑅 𝑎𝐶𝑅 ℎ𝐶𝑅 − 1) +  √∆)

2𝑟𝑅𝑎𝐶𝑅ℎ𝐶𝑅
 

𝐶∗ =
𝜒𝑃

𝑎𝑃𝐶(𝜖 −  𝜒𝑃ℎ𝑃𝐶)
 

𝑃∗ =
(1 + 𝑎𝑃𝐶ℎ𝑃𝐶𝐶∗)(𝑎𝐶𝑅𝑅∗(𝜖 − 𝜒𝐶ℎ𝐶𝑅) − 𝜒𝐶)

𝑎𝑃𝐶(1 +  𝑎𝐶𝑅ℎ𝐶𝑅𝑅∗)
, 

where 

∆ =  (𝐾𝑅𝑟𝑅𝑎𝐶𝑅ℎ𝐶𝑅 − 𝑟𝑅)2

+ 4 (𝐾𝑅𝑟𝑅𝑎𝐶𝑅ℎ𝐶𝑅  (𝑟𝑅

−
𝑎𝐶𝑅𝜒𝑃

𝜖 − ℎ𝑃𝐶𝜒𝑃
)) 

Eqs. 12 

Three 

species 

present 

(IGP) 

PINV + CRES + RRES 

PRES + CINV + RRES 

We did not find a meaningful closed-form formula 

for the three-species equilibrium and used 

numerical continuation techniques (see Text S1) 

to find the equilibrium values for each 

combination of temperature, nutrient levels and 

species body masses see e.g., (Mylius et al. 2001) 

for a slightly different IGP model.  

- 
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Table S9: Synthesis of invasion outcomes and regime states across community size structure gradients 

(illustrated in Figs 3-4). Values in parentheses give the range of the percentage of outcomes pooled across all 

environmental conditions for each size structure. Neutral effect corresponds to ΔS = 0 and can include regime states 

E→E, O→O, and N→N. 

Interaction Body mass ratio Module Invasion outcomes Regime states SRES→ SINV 

competition Smaller invader 

(α < 1 or β < 1) 

AC Substitution (~ 53–55%) 

Resistance (~ 40–42%) 

Occupancy (~ 5%) 

Mostly neutral effects, sometimes 

stabilizing (O→E: 1–11%) or 

preventing collapse (N→O: 1–8%) 

EC Substitution (~58–60%) 

Resistance (~27–38%) 

Vulnerability (~ 2–13%) 

Occupancy (~ 0–2%) 

Mostly neutral effects, sometimes 

inducing cycles (E→O: 4–13%) or 

promoting collapse (E→N: 0–7%, 

O→N: 2–7%) 

IGPC Resistance (~ 96–99%) 

Occupancy (~ 0–2%) 

Integration (~ 0–2%) 

Only neutral effects 

Larger invader 

(α > 1 or β > 1) 

AC Resistance (~ 87–89%) 

Occupancy (~5–7%) 

Substitution (~5–6%) 

Only neutral effects 

EC Resistance (~ 98–99.8%) 

Vulnerability (~ 0–2%) 

Mostly neutral effects, rarely 

promotes collapse (O→N: 0–2%) 

IGPP Substitution (~ 56–59%) 

Resistance (~ 37–36%) 

Occupancy (~ 4–13%) 

Mostly neutral effects, sometimes 

stabilising and preventing collapse 
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Integration (~ 1–4%) (O→E: 7–13%, N→E: 0–7%, 

N→O: 4–7%) 

direct 

trophic link 

Invading predator 

and resident 

consumer more 

similar in size 

(δ < 1) 

TC Integration (~ 60–63%) 

Rescue (~ 24–32%) 

Resistance (~ 9–15%) 

Inducing cycles (E.O: 33–45%) or 

stabilising and preventing collapse 

(N→E: 27–32%, N→O: 0–5%, and 

O→E: 0–1%) 

IGPP Substitution (~ 60–66%) 

Resistance (~ 33%) 

Integration (~ 0–2%) 

Mostly neutral effect (89–100%), 

sometimes stabilising (O→E: 0–

7%) or preventing collapse (N→O: 

0–4%) 

Resident 

consumer and 

resource more 

similar in size 

(δ > 1) 

TC Resistance (~ 50–82%) 

Integration (~ 18–40%) 

Occupancy (~ 0–5%) 

Mostly neutral effect (67–91%), 

sometimes inducing cycles (E→O: 

9–22%) or preventing collapse 

(N→E: 0–8%) 

IGPP Substitution (~ 52–56%) 

Resistance (~ 33%) 

Occupancy (~ 9–13%) 

Integration (~ 2%) 

Mostly neutral effects, sometimes 

stabilising and preventing collapse 

(O→E: 9–19%, N→O: 4–8%, 

N→E: 2–5%) 
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Table S10: Average percentages of invasion outcomes and changes in 

local diversity ΔD due to invasion across species mass ratios in each 

module (illustrated in Figs. 3, S3a-e, S5a-f, S5m-r, S6a-f and S9a-d). BMR 

= body mass ratio, given by the ‘Ratio’ column (see Fig. 2). Change in 

diversity: ΔD < 0, diversity loss; ΔD = 0, no net change of diversity; ΔD > 

0, increased diversity. 

Note: this table is kept as a separate file (not included in the thesis) 

available in Zenodo and GitHub repositories 

(https://doi.org/10.5281/zenodo.7273775) and can be provided by the 

author upon request. 

 

Table S11: Average percentages of regime states SRES→SINV and 

changes in local stability regime ΔS due to invasion across species mass 

ratios in each module (illustrated in Figs. 4, S3f-j). BMR = body mass 

ratio, given by the ‘Ratio’ column (see Fig. 2). Regime state abbreviations: 

N = no species present, O = population oscillations with 2–3 species 

present, E = 1–3 species in stable equilibrium. Invader effect: ΔS < 0, 

destabilizing; ΔS = 0, neutral; ΔS < 0, stabilizing. 

Note: this table is kept as a separate file (not included in the thesis) 

available in Zenodo and GitHub repositories 

(https://doi.org/10.5281/zenodo.7273775) and can be provided by the 

author upon request. 

https://doi.org/10.5281/zenodo.7273775
https://doi.org/10.5281/zenodo.7273775
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Table S12. Summary of invasion outcomes, their impact on community diversity and stability, and the traits 

and environmental conditions under which they occur. Changes in diversity (ΔD) and community stability (ΔS) 

following invasion depend on the invader traits (body size and trophic position) and environmental conditions. 

Qualitative changes in diversity and regime states: ‘+’ = increased diversity (ΔD) or stabilizing (ΔS), ‘0’ = no effect 

(ΔD or ΔS), ‘-’ = diversity loss (ΔD) or destabilizing (ΔS); uncommon effects in parentheses. See Box 1 for the 

definitions of invasion outcomes, Methods for the definitions of ΔD and ΔS, and Figs. S1–S9 for their illustrations. 

Resistance to invasion (see Results for details) is excluded. 

Invasion 

success/failure 

Invasion 

outcomes 

Community 

impact Invader traits (module) Environmental conditions 

ΔD ΔS 

success 

Substitution 0 (-)/0/(+) 

Small consumer (EC) or basal 

resource (AC) 

Large basal resource (AC) 

Large omnivorous predator (IGPP) 

Warm, nutrient-rich habitat 

 

Warm, nutrient-limited habitat 

Warm, nutrient-rich habitat 

Integration + -/0/(+) 
Large predator (TC, IGPP) 

Intraguild prey (IGPC) Warm, nutrient-rich habitat 

Occupancy + 0/+ 

Basal resource (AC) 

 

Small consumer (EC) or intraguild 

prey (IGPC) 

Intraguild predator (IGPP) 

Warm, nutrient-limited habitat 

(absence of consumer) 

Warm, nutrient-limited habitat 

 

Cold, nutrient-rich habitat 

failure 

Rescue + + Large specialist predator (TC) Cold, nutrient-rich habitat 

Vulnerability - -/(+) 
Small consumer (EC) 

Large specialist predator (TC) 

Cold, nutrient-rich habitat 

Cold, nutrient-limited habitat 
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Fig. S1. Dependence of the qualitative behaviour of the consumer-resource system on (a) environmental 

conditions and (b) consumer-resource body mass ratio. (a) Regime states along gradients of temperature and 

nutrient levels for consumer-resource mass ratio CRES:RRES = 100. (b) Proportion of each regime state in local 

community SRES (colour coded as in panel a) across all environmental conditions for the given consumer-resource body 

mass ratio. E = equilibrium, O = stable oscillations, N = community collapse; proportion of equilibrium state sums the 

proportions of resource-only (R, dashed line) and two-species equilibria (C-R, dotted line).
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Fig. S2. Percentage of observed invasion outcomes (a-b) and regime 

states (c-d) across all size ratios and environmental gradients across 

modules (a-c) and within each module (b-d). Colours as in Fig. 1. 
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Fig. S3. Effect of species body mass ratios on biodiversity change (ΔD, 

a-e) and stability change (ΔS, f-j) following species invasion. Body mass 

ratio given for (a-c, f-h) invading species and its resident competitor, and 

(d-e, i-j) adjacent trophic levels. Food web modules: (a, f) AC = apparent 

competition, (b, g) EC = exploitative competition, (c, h) IGP = intraguild 

predation with invading IG prey (IGPC, β ≤ 1) and invading predator (IGPP, 

β ≥ 1), (d, i) TC = trophic chain and (e, j) IGPP = intraguild predation with 

invading IG predator. Species: R = basal resource, C = consumer, P = 

predator. Changes following invasions represent cumulative proportions 

of observed invasion outcomes and stability regimes, and denote either a 

positive (Δ > 0, dashed lines and square symbols), neutral (Δ = 0, dotted 

lines and circle symbols) or negative effects (Δ < 0, solid lines and triangle 

symbols) of invading species across all combinations of temperature and 

nutrient levels. 
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Fig. S4. Invasion outcomes and regime states along environmental gradients for varying size ratios between 

competing species in the AC and EC modules. (a-l) AC = apparent competition, (m-x) EC = exploitative competition. 

Invasion outcomes (as in Box 1, a-f (AC) and m-r (EC)) and regimes states SRES→SINV (g-l and s-x). Body mass ratio 

between competing species (BMRINV:RES) denotes the invasions of smaller (BMRINV:RES < 1) or larger (BMRINV:RES > 

1) species. State abbreviations: N = no species present, C = population cycles with at least two species present, E = 1–

3 species in stable equilibrium. Species body mass ratios fixed at β = 10 (AC) and α =10 (EC). Legends and colours as 

in Fig. 2. 
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Fig. S5. Drivers of species coexistence and exclusion along 

environmental gradients for varying size ratios between competing 

species in AC and EC modules. Data restricted to combinations with both 

resident consumer and resource present before invasion. (a-l) AC module, 

(m-x) EC module. Invasion outcomes as in Box 1 (panels a-f and m-r) and 

their corresponding drivers defined by the P* rule (g-l) or R* rule (s-x). 

BMRINV:RES as in Fig. S4. PINV
* and PRES

* respectively denote equilibrium 

predator biomass when feeding on the invading resource or on the resident 

resource; RINV
* and RRES

* respectively denote equilibrium basal resource 

biomass when fed upon by the invading or resident consumer. Colour 

coding of invasion outcomes in panels a-f and m-r as in Fig. 2. Panels g-l 

and s-x illustrate the competitive advantage (orange) or disadvantage 

(purple) of the invading species over the resident competitor; no colour = 

absence of both resident and invading species. Species body mass ratios 

fixed at β = 10 (AC module) and α =10 (EC module).  



Chapter I 

93 
 

 



Chapter I 

94 
 

Fig. S6. Drivers of species coexistence and exclusion in IGP module 

along environmental gradients for different size ratios between 

invading and resident species. Invasion outcomes as in Box 1 (a-f), 

corresponding driver defined by the R* rule (g-l), and initial biomass 

density growth rate of intraguild prey at the beginning of the transient 

analyses (m-r) are illustrated along environmental gradients. Invasions 

involve intraguild prey for size ratios CINV:CRES < 1 (three leftmost 

columns) and intraguild predator for CINV:CRES > 1 (three rightmost 

columns). Colour coding of invasion outcomes in panels a-f as in Fig. 2. 

Panels g-l illustrate the competitive advantage (orange) or disadvantage 

(purple) of the invading species over the resident competitor; no colour = 

absence of both resident and invading species.  
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Fig. S7. Effect of species body mass ratios on community responses to 

invasion of top predator (TC module) and intraguild predator (IGP 

module). Body mass ratio between invading top predator and resident 

consumer (β: panels a, c, e, g), or with resident basal species (γ = αβ: panels 

b, d, f, h). Food web modules: (a, b, e, f) TC = trophic chain, (c, d, g, h) 

IGPP = intraguild predation with invading IG predator. Species: R = basal 

resource, C = consumer, P = predator. Colours as in Fig. 1. Symbols denote 

the influences of invading species on community responses, i.e. squares = 

positive (Δ > 0), circles = neutral (Δ = 0), triangles = negative (Δ < 0) 

effects. Note that the absence of influence on local stability regime due to 

invasions are in dotted line for more readability.  
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Fig. S8. Differences between invasion outcomes in stability change 

(ΔS) following species invasion. Data are pooled across all modules, size 

ratios and abiotic conditions. The distribution of regimes states observed 

across invasion outcomes illustrates the propensity of a given outcome to 

destabilize, have no effect or stabilize the community structure. See Fig. 4 

for the cumulative percentages corresponding to changes in stability. State 

abbreviations: N = no species present, O = population oscillations with at 

least two species present, E = 1–3 species in stable equilibrium. Colours as 

in Fig. 2l-p. 
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Fig. S9. Example of population biomass densities (g.m-2) at equilibrium 

or limit cycle along the temperature gradient in invaded communities 

for varying species body mass ratios γ and fixed nutrient levels (5 g.m-

2). Trophic modules: AC = apparent competition, EC = exploitative 

competition, TC = trophic chain, IGPC = IGP module with invading IG 

prey, and IGPP = IGP module with invading IG predator. Species: P = 

predator, C = consumer, R = basal resource. Different colours code size 

ratios between top predator and basal resource γ = αβ. Values of γ = 1, 4, 

25 and 100 correspond respectively to α = β = 1, α = β = 2, α = β = 5 and α 

= β = 10 in Tables S5–S7. Limit cycles are illustrated by their minima and 

maxima (except some truncated values for top predator and γ = 25 and 100 

in TC module). Overlapping equilibria for multiple values of γ, especially 

at zero densities, are illustrated by the largest value of γ for which they 

occur.  
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Fig. S10. Example of population biomass (g.m-2) at equilibrium or limit cycle along the gradient of nutrient levels 

in invaded communities for varying species body mass ratios γ and fixed temperature (10°C). Legend and colour 

coding as in Fig. S9. 
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Community structure and collapses in multichannel food webs: Role 

of consumer body sizes and mesohabitat productivities 
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Text S1. Full description of the food web model.  

Text S2. Additional detailed results on emergent Allee effects. 

Table S1. Individual state and population-level variables.  

Table S2. Model parameters including the default values. 

Table S3. Individual-level model equations of consumers. 

Table S4. Equations of state dynamics. 

Fig. S1. Dependence of the critical total carrying capacity (TCC) required 

for the top predator extinction (A) and invasion (B) thresholds on the PB 

ratio of resource partitioning and on consumer body size ratio. 

Fig. S2. Resource substitutability in the system. 

Fig. S3. Changes in community structure of the multi-channel system along 

productivity gradients, illustrated for multiple consumer size ratios. 

Fig. S4. Changes in community structure of the multi-channel system along 

gradients of pelagic productivity and consumer size ratio. 

Fig. S5. Changes in community structure of the multi-channel system along 

gradients of benthic productivity and consumer size ratio. 

Fig. S6. Examples of community transitions in the multi-channel food web 

along the benthic resource productivity gradient. 

Fig. S7. Examples of community transitions in the multi-channel food web 

along the pelagic resource productivity gradient.
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Text S1. Full description of the food web model 

We begin by focusing on the life histories of intermediate consumer 

populations. Individual consumers in both populations are born at length 

lb,i, mature when reaching length lj,i, and can reach the asymptotic length 

lm,i under unlimited food conditions. Consumer life histories are 

characterized by size- and resource-dependent feeding rates Ii(Ri, li), 

growth rates gi(Ri, li) and fecundities bi(Ri, li) and size- and predator-

dependent mortality rates μi(P, li), with i = 1 or 2. We use the same dynamic 

energy budget (DEB) model as in (de Roos & Persson 2002) to describe 

their individual size- and resource-dependent growth and reproduction. 

This so-called Kooijman-Metz model is a widely used DEB model that falls 

in the category of net production models, in which the ingested energy is 

first used to cover maintenance, a fixed fraction of the remainder is used 

for maturation and reproduction, and the rest for somatic growth (de Roos 

et al. 1990; Noonburg et al. 1998; Smallegange et al. 2017). 

 The rate of energy acquisition is assumed proportional to body 

surface (~ length2), while maintenance is proportional to body weight (~ 

length3). That is, ingestion rates of individual consumers with length li 

feeding on the respective basal resource Ri follow a type II functional 

response, Ii(Ri, li) = Im li² Ri/(Rh+Ri) with the proportionality constant Im and 

half-saturation constant Rh. Given that maintenance increases faster with 

body size than the ingestion, individuals of both consumers follow a von 

Bertalanffy growth curve with resource-dependent growth rate and 

asymptotic size, gi(Ri, li) = k(lm,i Ri/(Rh+Ri) – li), where k is the growth rate 

coefficient. They produce offspring after maturation at a per capita rate 

bi(Ri, li) = rm li² Ri/(Rh+Ri), with a proportionality constant rm. For 

simplicity, we assume in the code that the individuals only stop growing 

and reproducing but do not shrink or use energy reserves to cover 

maintenance costs when the food intake becomes insufficient (see (de Roos 

et al. 1990) for details); this simplification does not affect our results. 

In addition to predation induced-mortality μp, individuals of both 

consumers die with the same size-independent background mortality rate 

μb. The top predators feed indiscriminately on vulnerable individuals from 

both consumer populations when present, following a Holling type II 
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functional response with constant attack rate a and handling time h. We 

assume constant conversion efficiency 𝜖 of ingested prey biomass to 

predator biomass and background mortality rate 𝛿 of the top predators. 
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Text S2. Additional detailed results on emergent Allee effects 

We varied body size of pelagic consumers while keeping the size of benthic 

consumers constant in our analyses. Thus, the range of environmental 

conditions giving rise to the emergent Allee effect in the benthic food chain 

(community state 3/6) was independent of β, while the other emergent 

Allee effects in the top predator (1/4 and 2/5) and the two-species Allee 

effect associated with the loss of the benthic consumer (2/4) became more 

common as β increased (Figs. 3B, 4B and S4; see also Fig. 5AD). 

Alternative stable states in which the top predator could gain access to the 

benthic consumers (community states 2/6, 3/6 and 2/5/6) were less 

common and limited to sufficiently small pelagic consumers living in a 

moderately productive mesohabitat (states 2/6 and 2/5/6 in Figs. 5C, S3A-

F, S4FG and S5A-D) and to food webs with intermediate benthic 

productivity K1 and pelagic productivity K2 below the pelagic consumer 

persistence threshold (state 3/6 in Figs. 3B, S3 and S4FG). Finally, we 

found the emergent Allee effect in which the top predator drove the pelagic 

consumers to extinction (community state 5/6) only for very small pelagic 

consumers (β < 0.5, lj < 55 mm) and a narrow range of moderate benthic 

productivity (K2 ≈ 10-4 g.L-1, Figs. 5CD, S3AB, S4FG, and S5). 

 

Table S1. Individual state and population-level variables 

Variable Symbol Unit 

Consumer length li mm 

Population density of consumers ci mm-1.L-1 

Resource biomass Ri g.L-1 

Top predator biomass P g.L-1 

Note: Subscript (i = 1 or 2) refers to the consumer or resource population 

in the respective mesohabitat
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Table S2. Model parameters including the default values 

Symbol Default 

value 

Unit Description 

lb,2 7 mm Length at birth of consumer C2 

lv,1 = 

lv,2 = lv 

27 mm Predation vulnerability threshold 

lj,2 110 mm Length at maturation of consumer 

C2 

lm,2 300 mm Asymptotic length of consumer C2 

ω 9×10-6 g.mm-3 Proportionality constant of the 

consumer length-weight 

relationship 

Im 10-4 g.day-1.mm-2 Proportionality constant of the 

consumer functional response 

Rh,1 1.5×10-

5 

g.L-1 Half-saturation constant or resource 

R1 

Rh,2 1.5×10-

5 

g.L-1 Half-saturation constant or resource 

R2 

k 0.006 day-1 Von Bertalanffy growth rate 

coefficient 

rm 0.003 day-1.mm-2 Birth rate proportionality constant 

μb 0.01 day-1 Background mortality rate of 

consumers 

K1 3×10-4 / 

varied 

g.L-1 Carrying capacity of resource R1 

K2 3×10-4 / 

varied 

g.L-1 Carrying capacity of resource R2 

ρ1 0.1 day-1 Flow-through rate of resource R1 

ρ2 0.2 day-1 Flow-through rate of resource R2 

a  5000 L.day-1 Predator attack rate 
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h 0.1 day.g-1 Predator handling time 

ϵ 0.5 - Food conversion efficiency 

δ 0.01 day-1 Predator mortality rate 

β 1.2 / 

varied 

- Body size ratio between consumers 

C1 and C2 

 

Table S3. Individual-level model equations of consumers 

Subject Equation 
Equatio

n no. 

Length-weight 

relationship 
w = ωl3 (S1) 

Feeding rate 𝐼𝑖(𝑅𝑖, 𝑙𝑖) = 𝐼𝑚𝑙𝑖
2 𝑅𝑖 (𝑅ℎ,𝑖 + 𝑅𝑖)⁄  (S2) 

Somatic growth 

rate 
gi(Ri, li) = k (lm,i Ri/(Rh+Ri) – li) (S3) 

Per-capita birth 

rate 
𝑏𝑖(𝑅𝑖, 𝑙𝑖) = 𝑟𝑚𝑙𝑖

2 𝑅𝑖 (𝑅ℎ,𝑖 + 𝑅𝑖)⁄  (S4) 

Predation 

mortality rate 

𝜇𝑃(𝑃, 𝑙𝑖)

= {

𝑎𝑃

1 + 𝑎ℎ(𝐶𝑣,1 + 𝐶𝑣,2)
if 𝑙𝑖 ≤ 𝑙𝑣

0  if 𝑙𝑖 > 𝑙𝑣

 

(S5) 

Total mortality 

rate 
𝜇𝑖(𝑃, 𝑙𝑖) = 𝜇𝑏 + 𝜇𝑃(𝑃, 𝑙𝑖) (S6) 

Note: Subscript (i = 1 or 2) refers to the consumer or resource population in the 

respective mesohabitat; see Eq (S10) for the biomasses of vulnerable consumers 

Cv,i used in Eq (S5).  
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Table S4. Equations of state dynamics 

Subject Equation 
Equation 

no. 

Resource 

dynamics 

𝑑𝑅𝑖

𝑑𝑡

= 𝜌𝑖 (𝐾𝑖 − 𝑅𝑖)

−  ∫ 𝐼𝑖(𝑅𝑖, 𝑙𝑖)𝑐𝑖(𝑡, 𝑙𝑖)𝑑𝑙

𝑙𝑚,𝑖

𝑙𝑏,𝑖

 

(S7) 

Population-level 

consumer birth 

rate 

𝐵𝑖(𝑡, 𝑅𝑖) =  ∫ 𝑏𝑖(𝑅𝑖 , 𝑙𝑖)𝑐𝑖(𝑡, 𝑙𝑖)𝑑𝑙

𝑙𝑚,𝑖

𝑙𝑗,𝑖

 (S8) 

Consumer size 

structure balance 

equation 

𝜕𝑐𝑖(𝑡, 𝑙𝑖)

𝜕𝑡
+  

𝜕𝑔𝑖(𝑅𝑖, 𝑙𝑖)𝑐𝑖(𝑡, 𝑙𝑖)

𝜕𝑙

=  −𝜇𝑖(𝑃, 𝑙𝑖)𝑐𝑖(𝑡, 𝑙𝑖) 

(S9) 

Biomass of 

vulnerable 

consumers 

𝐶𝑣,𝑖 =  ∫ 𝜔𝑙𝑖
3𝑐𝑖(𝑡, 𝑙𝑖)𝑑𝑙

𝑙𝑣

𝑙𝑏,𝑖

 (S10) 

Predator biomass 

dynamics 

𝑑𝑃

𝑑𝑡
= (𝜖

𝑎(𝐶𝑣,1 + 𝐶𝑣,2)

1 + 𝑎ℎ(𝐶𝑣,1 + 𝐶𝑣,2)
 −  𝛿)𝑃 (S11) 

Note: Subscript (i = 1 or 2) refers to the consumer or resource population in the 

respective mesohabitat.  
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Fig. S1. Dependence of the critical total carrying capacity (TCC) 

required for the top predator extinction (A) and invasion (B) 

thresholds on the PB ratio of resource partitioning and on consumer 

body size ratio. Consumer body size ratios: β = 0.5, 1.0, 1.5 and 3.0 (light 

grey to black lines); other parameters as in Table S1. Dash-dotted lines = 

minimum proportion threshold below which predator extinction and 

invasion thresholds become independent from K1. 
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Fig. S2. Resource substitutability in the system. Contribution by pelagic 

(C1, blue) and benthic (C2, brown) consumers to predator feeding rate at 

predator invasion (solid lines) and collapse thresholds (dashed lines) along 

the pelagic productivity gradient for β = 1.2 (Fig. 3B). Other parameters as 

in Table S1. Dash-dotted grey line = total biomass intake of predators, ca. 

4×10-6 g.L-1.day-1.  
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Fig. S3. Changes in community structure of the multi-channel system 

along productivity gradients, illustrated for multiple consumer size 

ratios. Community structures numbered as in Fig. 1; coexistence of all five 

species denoted by ‘5’. Consumer size ratios: pelagic consumers smaller 

than benthic ones (from A to C: β = 0.3, 0.5 and 0.8), (B) both consumers 

equally sized (D: β = 1.0), benthic consumers larger than pelagic ones (from 

E to I: β = 1.5, 2, 2.5, 3 and 3.5). Other parameters as in Table S1. Note the 

different scaling of the x axis in panels G–I.  
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Fig. S4. Changes in community structure of the multi-channel system 

along gradients of pelagic productivity and consumer size ratio. 

Community structures numbered as in Fig. 1; coexistence of all five species 

denoted by ‘5’. Benthic resource carrying capacity: K2 = 10-5 g.L-1 (A), 

2×10-5 g.L-1 (B), 3×10-5 g.L-1 (C), 5×10-5 g.L-1 (D), 8×10-5 g.L-1 (E), 10-4 

g.L-1 (F), 2×10-4 g.L-1 (G), 3×10-4 g.L-1 (H), and 4×10-4 g.L-1 (I). Other 

parameters as in Table S1. Dash-dotted line: predation vulnerability limit 

of the pelagic consumer.  
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Fig. S5. Changes in community structure of the multi-channel system 

along gradients of benthic productivity and consumer size ratio. 

Community structures numbered as in Fig. 1; coexistence of all five species 

denoted by ‘5’. Pelagic resource carrying capacity: K1 = 10-5 g.L-1 (A), 

2×10-5 g.L-1 (B), 3×10-5 g.L-1 (C), 5×10-5 g.L-1 (D), 8×10-5 g.L-1 (E), 10-4 

g.L-1 (F), 2×10-4 g.L-1 (G), 3×10-4 g.L-1 (H), and 4×10-4 g.L-1 (I). Other 

parameters as in Table S1. Dash-dotted line: predation vulnerability limit 

of the pelagic consumer. 
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Fig. S6. Examples of community transitions in the multi-channel food web along the benthic resource productivity 

gradient. Parameter values: β = 0.5 (B), 1 (C) and 2 (A); K2 = 10-5 g.L-1 (A), 2×10-5 g.L-1 (B), and 10-4 g.L-1 (C), i.e., pelagic 

resource productivity increasing from A to C. Other parameters as in Table S1. Top predator panel is duplicated to enable 

comparison within each mesohabitat. Solid lines = stable equilibria, dashed lines = unstable equilibria, dotted vertical lines = 

resource productivity thresholds separating different community structures; numbers refer to community states in Fig. 1. The 

examples include emergent Allee effects in the top predator (A–C), two species (top predator and a consumer, A and C), and an 

intermediate consumer (B), and a cascading emergent Allee effect (B). Scaling of axes as in Fig. 4; blue arrow above the panels 

illustrates the gradient of pelagic productivity.
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Fig. S7. Examples of community transitions in the multi-channel food web along the pelagic resource productivity 

gradient. Parameter values: β = 2.5 (A), 0.5 (B) and 3 (C); K1 = 8×10-5 g.L-1 (A), 10-4 g.L-1 (B) and 2×10-4 g.L-1 (C), i.e., benthic 

resource productivity increasing from A to C. Other parameters as in Table S1. Top predator panel is duplicated to enable 

comparison within each mesohabitat. The examples include emergent Allee effects in the top predator (A–C), two species (top 

predator and one consumer, A and B) and intermediate consumer (B and C), and a cascading emergent Allee effect (A–C). Lines, 

arrows, community state numbers and scaling of axes as in Fig. S6; brown arrow above the panels illustrates the gradient of 

benthic productivity. 
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Abstract 

Warming climate affects aquatic ectotherms directly by altering individual 

vital rates and indirectly through changes in body size and environmental 

feedbacks. Body size of many aquatic ectotherms declines at higher 

temperatures, but little is known how these responses combine together on 

the community level. Community responses to environmental drivers can 

be abrupt, as exemplified by catastrophic collapses of top predators caused 

by size-structured trophic interactions. Here we model the structure and 

dynamics of a tri-trophic food chain with size- and temperature-dependent 

vital rates and species interactions to explore how direct kinetic effects of 

temperature and temperature-size rule (TSR) affect the community 

structure and its propensity to catastrophic collapses along resource 

productivity and temperature gradients. We find that the community 

structure and propensity to collapse are primarily driven by the direct 

kinetic effects of temperature on consumer growth and ingestion rates and 

predator feeding rate, while the impact of TSR in consumers and predators 

on community structure are limited. 

 

Keywords: tri-trophic food chain; emergent Allee effects; body size 

reductions; size-dependent predation; community dynamics; metabolic 

ecology  
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Introduction 

Species responses to environmental change underlie community responses 

to future global changes. Aquatic biota faces multiple anthropogenic 

stressors including the warming climate, habitat degradation, 

overharvesting, agricultural runoff, warming, and invasions (Sala et al. 

2000; IPBES 2019). The precipitous decline in freshwater biodiversity, 

estimated to suffer a 76% decline since 1970 (McLellan et al. 2014), raises 

an alarm and urges us to develop better approaches to understand the 

emerging responses to environmental change from species level to the 

ecosystem scale (Young et al. 2016). In particular, the increasing global 

temperatures predicted to rise by 1.4-4.4°C by the end of the 21st century 

(IPCC 2022) will profoundly change the composition and structure of 

communities worldwide (Sala et al. 2000; Young et al. 2016). 

Environmental productivity and temperature are two main drivers of the 

structure and dynamics of communities in aquatic ecosystems (Binzer et 

al. 2012, 2016). Habitat productivity, defined by the carrying capacity of 

primary producers, provides a measure of the system’s ability to support 

elongated food webs (Oksanen et al. 1981; Fretwell 1987). Environmental 

change, however, can affect local habitat productivity, which in turn 

affects species at higher trophic levels in the food web. In particular, 

changes in prey biomass in response to habitat productivity can lead to 

non-linear phenomena in predator population such as the emergent Allee 

effect characterized by alternative stable states of the community structure 

(de Roos & Persson 2002; Lindmark et al. 2019; Dijoux & Boukal 2021) 

and trigger sudden ecosystem regime shifts (Scheffer et al. 2001). 

However, the impact of warming on these alternative stable states is not 

fully understood (Lindmark et al. 2019). 

The impacts of rising temperatures in freshwater ecosystems are expected 

to be stronger than in terrestrial biota due to the dominance of ectotherm 

taxa (plankton, amphibians, insects, crustaceans, fishes) (Forster et al. 

2012). Temperature drives the structure and persistence of communities 

through direct and indirect effects on individuals and species interactions 

(Yvon-Durocher et al. 2011; Sentis et al. 2017; Uszko et al. 2017; 

Lindmark et al. 2018, 2019; Boukal et al. 2019). Temperature directly 
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modulates ectotherm vital rates (growth, consumption, metabolism, and 

reproduction) that together define the species thermal niche within which 

the species can persist (Angilletta Jr. 2009). Key performance traits such 

as individual growth or reproduction are usually well described by 

unimodal thermal performance curves (TPCs) that reach a maximum value 

at an intermediate temperature and then drop sharply towards the upper 

thermal limit (Huey & Kingsolver 1989). This is because moderate 

warming directly enhances species performance rates, but metabolic 

demands typically increase faster than food intake with increasing 

temperature (Rall et al. 2010; Fussmann et al. 2014). Given their broad 

conceptual appeal, TPCs have been widely used in mechanistic models of 

organismal responses to the warming climate (e.g. Kearney & Porter 

(2006); Angert et al. (2011); Schulte et al. (2011)). 

Together with the direct kinetic effects of rising temperatures on individual 

performance traits, the impacts of warming include species-specific 

changes in phenology and distributional shifts (Parmesan & Yohe 2003; 

Kingsolver & Huey 2008; Sunday et al. 2012). Warming also leads to 

declining body sizes in many ectotherms, especially in freshwater, 

although the proximate causes for this phenomenon are still being debated 

(Daufresne et al. 2009; Verberk et al. 2021; Wootton et al. 2022). It has 

been termed the ‘temperature-size rule’ (hereafter ‘TSR’) and recognized 

the ‘third universal response to warming’ (Gardner et al. 2011; Forster et 

al. 2012). These direct and indirect effect of warming on species responses 

and community structure have separately received considerable attention. 

Yet, little is known about their joint effects on community structure and 

stability. Many models explored the impacts of temperature-dependent 

species interactions on community composition (Vasseur & McCann 

2005; Rall et al. 2010; Binzer et al. 2012, 2016) or included both 

temperature-dependent species interactions and TSR (Sentis et al. 2017). 

However, these studies typically used a biomass-based description of 

population dynamics and species interactions (e.g. Yodzis & Innes (1992)) 

and neglected population structure and ontogenetic variation in individual 

responses to temperature that can drive population and community 

responses to warming (Gårdmark & Huss 2020; Thunell et al. 2021). In 

particular, we do not know to what extent the effects of warming on 
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individual performance traits and TSR at different trophic levels lead to 

the same or different effects on the community structure, and which of 

these effects dominate when operating together. 

To fill these knowledge gaps, we focus on how the joint effects of 

temperature and habitat productivity affect community structure of a tri-

trophic chain. Warming can trigger regime shifts in size-structured 

populations (Ohlberger et al. 2011). A tri-trophic chain with size-

structured population of the intermediate consumer exhibits an emergent 

Allee effects in the top predator that is gape limited and feeds only on 

sufficiently small consumer individuals (de Roos & Persson 2002). Here 

we aim to disentangle the direct kinetic effects of temperature-dependent 

vital rates and indirect effects of TSR on the structure of this community. 

Using a physiologically structured population model with size- and 

temperature-dependent vital rates and trophic interactions, we investigate 

how the temperature and size dependence of multiple processes that 

underpin the consumer life history (growth, development, and 

reproduction), predator functional response and predator metabolic loss 

contribute to the alternative stable states and community structure in 

response to warming. We also ask how TSRs in three different size 

thresholds characterizing consumers (size at maturation and maximum 

size) and predators (predation vulnerability size threshold) affect the 

outcome.  
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Methods 

Community model 

We extend the physiologically structured population model of a tri-trophic 

chain developed by de Roos & Persson (2002) to include temperature-

dependent vital rates and TSR in the consumers and top predators. 

Following de Roos & Persson (2002), we assume that the community is 

composed of unstructured top predator and basal resource populations and 

a size-structured population of consumers characterized by their length l. 

We used the same dynamic budget model as in de Roos & Persson (2002) 

and Dijoux & Boukal (2021) for the consumer population (Text S1). 

Consumer individuals are born at length lb, mature at length lmat and can 

reach maximum length l∞ under unlimited food conditions (Eq. S1, Table 

S3). They feed on the resource following a Holling type II functional 

response that scales with l2 (Eq. S2) and follow a von-Bertalanffy growth 

curve (Eq. S3). Adult reproductive investment also scales proportionally 

to l2 (Eq. S4). Maximum feeding rate, somatic growth rate and birth rate 

are assumed constant in the baseline scenario (Eq. S5; see below for rates 

modified by temperature dependence and TSR). 

Top predators feed on juvenile consumers smaller than lv (Eq. S6) and 

follow a Holling type II functional response (Eq. S7). Consumer mortality 

therefore consists of size-dependent predation mortality and constant 

natural mortality (Eq. S6); this pattern of mortality decreasing with size is 

characteristic for many aquatic taxa. Biomass loss rate of the predator is 

assumed constant in the baseline scenario (Eq. S8). We use parameters 

derived for perch (Perca fluviatilis) as the top predator, European roach 

(Rutilus rutilus) as the consumer and cladocerans (Daphnia sp.) as the 

resource to parameterise the model (de Roos & Persson 2002) and assume 

that these parameters pertain to the environmental temperature of 20°C. 

 

Temperature dependent vital rates and temperature-size rule 

We explore the direct and indirect effects of temperature on community 

structure and dynamics in two ways: (1) body size reductions of the 
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consumer or top predator species that indirectly affect the maturation, 

reproduction, and predation mortality rates of the consumer and biomass 

loss rate of the top predator, and (2) direct kinetic effects of temperature 

on the ingestion, growth, and birth rates of the consumer and on the 

functional response and biomass loss of the predator (hereafter referred to 

as consumer and top predator ‘vital rates’, respectively). 

We apply the TSR using a length-specific reduction in lmat, lv and/or l∞ of 

5% .°C-1 (Fig. 1, Eq. S9); this value is based on the estimated mean mass-

specific for aquatic ectotherms (Forster et al. 2012) and length-weight 

allometry of W ~ l3 (Table S2). While TSR applied to lmat and/or l∞ mimics 

reduction in consumer size with warming, TSR applied to predation size 

threshold lv mimics reduction in predator size with warming. This allows 

us to explore the consequences of predator-prey size mismatches (sensu 

Sentis et al. subm.) in this system. 

We model temperature-dependent consumer ingestion, growth and birth 

rates (Eqs. S10-S12) as in by applying a Rosso function to the respective 

proportionality constants (Mallet et al. 1999; Smalås et al. 2020) (Eq. S13). 

The Rosso function describes a left-skewed, non-linear thermal 

performance curve (Fig. 1b). We set the lower and upper thermal 

boundaries at 5 and 25°C and use the same optimum temperature of 20°C 

for all three taxa. We implement temperature dependence of the predator 

functional response (Eq. S15) through the attack rate and handling time 

parameters as in (Uszko et al. 2017). Finally, we model temperature-

dependent predator metabolic loss rate as in (Sentis et al. 2017; Dijoux et 

al. 2023) (Eq. S16), assuming the average mass of a 200 mm long predator 

(de Roos & Persson 2002). 

 

Analyses 

We model the tri-trophic food chain dynamics using Eqs S17-S21 (Table 

S4) and solve them numerically using the R package PSPMAnalysis 

version 0.3.9 (de Roos 2021) to track the system equilibria and detect 

thresholds associated with successful establishment of the intermediate 
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consumer and top predator and the collapse threshold of the top predator 

along temperature and habitat productivity gradients. 

To disentangle the different effects of temperature on community 

structure, we explore multiple scenarios combining temperature-

independent (Eqs. S1-S8) and temperature-dependent (Eqs. S9-S16) 

consumer and predator sizes and vital rates. Our seven main scenarios 

include: (1) body size and vital rates of the consumer and top predator are 

independent of temperature as in de Roos & Persson (2002) and Dijoux & 

Boukal (2021), (2) only vital rates of the consumer, including its functional 

response, depend on temperature, (3) only consumer size depends on 

temperature, (4) both vital rates and body size of the consumer depend on 

temperature, (5) only vital rates of the consumer and top predator, 

including their functional responses, depend on temperature, (6) only 

consumer and predator size depend on temperature, and (7) vital rates 

including the functional responses and body size of the consumer and top 

predator depend on temperature. That is, scenarios 2 and 5 explore the 

direct kinetic effects of temperature, scenarios 3 and 6 explore the indirect 

effects mediated by TSR, and scenarios 4 and 7 explore the combined 

direct and indirect effects. Scenarios 2–4 focus on the temperature effects 

on the consumer population, while scenarios 5–7 consider that the 

temperature affects both consumers and the top predator. 

We first summarise the community structure along the productivity 

gradient in the absence of temperature dependence (Scenario 1). Next, we 

explore how the direct and indirect effects of TSR and temperature-

dependent rates (i.e. vital rates of the consumer and predator and their 

trophic interaction) alter the habitat productivity thresholds that mark the 

changes in community structure. We begin with Scenarios 2–4 that 

consider only the temperature effects on the consumer population, and then 

compare the results for Scenarios 5–7 that consider the temperature effects 

on both consumer and top predator population. Some of these scenarios 

assume simultaneous temperature dependence of multiple model 

parameters. To gain further insight into the importance of individual 

processes, we also explore additional scenarios in which we consider only 
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one temperature-dependent process (or parameter) at a time and scenarios 

in which all but one process (or parameter) depend on temperature. 

 

Results 

Community structure along the productivity gradient 

Community structure in the absence of temperature dependence (Scenario 

1, dotted vertical lines at optimum temperature Topt in Fig. 2; see also de 

Roos & Persson (2002)) changes with resource productivity. Consumers 

can invade and persist when the resource productivity exceeds the 

consumer invasion threshold of KC ~ 9×10-6 g.L-1. Their biomass increases 

with resource productivity (Fig. S1a) until the juvenile consumer biomass 

becomes high enough to sustain the top predator at its invasion threshold 

KP ~ 2.5×10-4 g.L-1. The system exhibits an emergent Allee effect for 

intermediate productivities (KA ~ 9×10-5 g.L-1 ≤ K ≤ KP) with two 

alternative stable states, consumer-resource and trophic chain equilibria, 

and the top predator population collapses abruptly when resource 

productivity drops below the persistence threshold KA (Fig. S1a). 

 

Effects of TSR and temperature-dependent rates in the consumers on 

community structure 

The effects of temperature-dependent rates (Scenarios 2 and 5, Figs. 2a 

and 2d) and TSR (Scenarios 3 and 6, Figs. 2b and 2e) on the community 

structure differ strongly. When only the consumer vital rates vary with 

temperature (Scenario 2, Fig. 2a), consumer population persists within its 

thermal niche (~ 5–25 ºC) and above an invasion threshold KC(T) that is 

approximately constant within a large part of the consumer’s thermal niche 

and increases sharply at temperatures approaching the lower or upper limit 

of the consumer’s thermal niche (dotted line in Fig. 2a). This contrasts with 

the values of the invasion threshold KP(T) and the persistence threshold 

KA(T) of the top predator, which decrease as the temperature moves away 

from the optimum. The lowest habitat productivity values at which the top 

predators can invade and persist therefore occur close to the lower and 
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upper limit of the consumer’s thermal niche (dashed and solid lines in Fig. 

2a). A comparison of the effects of temperature-dependent consumer 

feeding, birth and growth rates when considered alone (Fig. S2a-c) reveals 

that the overall effect of temperature on community structure when only 

the consumer vital rates vary with temperature (Fig. 2a) is primarily driven 

by the temperature dependence of individual growth rate, while the 

temperature dependence of consumer feeding rate shapes the concave-

down temperature dependence of the persistence threshold KA(T) of the top 

predator (Fig. 2a, S2a and S2c). 

The results are much simpler when only the consumer body size varies 

with temperature due to TSR (Scenario 3, Fig. 2b). First, this scenario 

assumes no thermal viability limits for the consumer and hence also the 

top predator. Simultaneous reduction of the consumer maturation and 

maximum sizes with warming does not alter the consumer invasion 

threshold KC, but leads to lower predator invasion threshold KP(T) and 

persistence threshold KA(T) with warming (Fig. 2b). Moreover, TSR in 

consumer maturation size and TSR in consumer asymptotic size alone lead 

to different temperature dependences of consumer invasion, predator 

invasion and predator extinction thresholds KC(T), KP(T) and KA(T) (Fig. 

S3bc). Warming-induced smaller size at maturation of the consumer leads 

to markedly lower habitat productivity thresholds KC(T), KP(T) and KA(T) 

at higher temperatures (Fig. S3b), while all three productivity thresholds 

increase with warming when TSR affects only consumer asymptotic size, 

and the increases are less steep (Fig. S3c). Additionally, TSR affecting 

both maturation size and asymptotic size of the consumer leads to very 

similar predator invasion and extinction thresholds KP(T) and KA(T) at any 

given temperature, suggesting that consumer maturation size is the main 

driver of predator persistence in the system (Figs. 2b and S3bd). 

Finally, the joint effects of temperature-dependent consumer rates and 

TSR in consumer maturation size and asymptotic size on the community 

structure (Scenario 4, Fig. 2a) are nearly identical to those of Scenario 2 

(Fig. 2c). This means that the effects of temperature on community 

structure arise primarily through the varying consumer vital rates, and 

especially the somatic growth rate. 
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Effects of TSR and temperature-dependent rates in top predators on 

community structure 

To disentangle the effects of TSR and temperature-dependent rates in top 

predators on the community structure, we compare the results of Scenarios 

5–7 that consider the temperature effects on both consumer and top 

predator populations (Fig. 2d-f) to those of Scenarios 2–4 in which the 

predator rates and body size are kept constant (Fig. 2a-c). By definition, 

considering the temperature dependence of vital rates and TSR in the top 

predator has no effect on the consumer invasion threshold (dotted lines in 

Fig. 2) and only alters the predator invasions and extinction thresholds 

KP(T) and KA(T). 

When temperature only affects the vital rates in the top predator, the 

productivity-dependent invasion and extinction thresholds of the top 

predator KP(T) and KA(T) are concave down along the temperature 

gradient, reaching their minima at the optimum temperature Topt (Fig. S2e). 

For temperature-dependent consumer and predator rates (Scenario 5), the 

contribution of the temperature dependence in the top predator to the 

overall result depends on the system temperature. At temperatures above 

the optimum Topt, the influence of consumer growth rates on predator 

invasion and extinction boundaries is stronger than the influence of the 

predator foraging efficiency (Figs. 2ad and S2ce). This contrasts with 

temperatures below the optimum (T < Topt), at which the inclusion of 

temperature-dependent functional response and biomass loss of the top 

predator leads to much higher invasion and extinction thresholds of the top 

predator KP(T) and KA(T), especially at temperatures near the lower limit 

of the thermal window of both species (Figs. 2ad). This is caused by slower 

consumer population growth and decrease in predation efficiency, which 

must be compensated by a much higher system productivity. 

TSR in both consumer and the top predator leads to increasing predator 

invasions and extinction thresholds KP(T) and KA(T) with warming 

(Scenario 6, Fig. 2e), but the rate of increase is lower than the rate of 

decrease when TSR affects only consumers (Scenario 3, see Fig. 2b). This 
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is because warming-induced reduction in predation size threshold lv, 

corresponding to TSR only in the top predator, leads to a smaller range of 

juvenile consumers vulnerable to predation that must be compensated by 

increased habitat productivity and hence higher predator invasion and 

extinction thresholds KP(T) and KA(T) with warming (Fig. S3a). 

Interestingly, this effect of decreased predation threshold on the predator 

invasion and extinction thresholds KP(T) and KA(T) is offset by the 

reduction in consumer size at maturation (Fig. S3e), but further enhanced 

by the reduction of consumer asymptotic size (Fig. S3f) with warming. 

Finally, the joint effect of temperature-dependent rates and TSR in the top 

predator and consumer on the community structure (Scenario 7, Fig. 2f) 

confirms that the effects of temperature on community structure arises 

primarily through the varying vital rates of both consumer and the top 

predator. As in Scenario 5 with only temperature-dependent vital rates, the 

predator invasion and extinction thresholds KP(T) and KA(T) depend on 

both consumer and predator vital rates when temperatures are below the 

optimum (T < Topt), but are primarily driven by the vital rates of the 

consumer when temperatures are above the optimum (compare Figs. 2f 

and 2c). 

 

Effects of warming on community structure 

The effects of warming on community structure depends on the initial 

temperature, habitat productivity and the type of temperature dependence 

included in the model (Fig. S1). Some of the effects are rather 

counterintuitive, as illustrated in an example in which both vital rates and 

body size of the consumer depend on temperature (Scenario 4, Fig. 2c), 

habitat productivity is at an intermediate level (K = 1.3×10-4 g.L-1) and 

temperature increases from 5°C to 30°C (Fig. S1b). In this case, warming 

triggers community transitions from a system with only the resource 

present at low temperatures (below ~ 8°C) to a stable tri-trophic food chain 

at ~8–12.5°C, followed by the tri-trophic chain with alternative stable 

states (with the potential collapse of the top predator, e.g. if predator 

mortality increased or if habitat productivity decreased as in Fig. S1a) at 
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~12.5–23°C, a stable tri-trophic chain at ~23–25°C, and finally a collapse 

to the system with only the resource present at high temperatures above 

~25°C (Fig. S1b).  

In other cases, increasing temperatures (up to the upper thermal limit) have 

the same qualitative effect on the community structure as increasing 

habitat productivity, e.g. when all vital rates including the functional 

responses and body size of both the consumer and top predator depend on 

temperature (Scenario 7, Fig. 2f), habitat productivity is at an intermediate 

level (K = 1.3×10-4 g.L-1) and temperature increases from 5°C to 30°C (Fig. 

S1c). In this case, the system transitions from resource-only equilibrium 

below ~ 7°C to a consumer-resource system at ~7–15°C, followed by the 

tri-trophic chain with alternative stable states at ~7–24°C and a stable tri-

trophic chain at ~24–25°C and ultimately the collapse to the resource-only 

equilibrium at temperatures above ~25°C (Fig. S1c). This example also 

illustrates that the predators may require a finely tuned interplay between 

habitat productivity and warming to temperatures close to but below the 

upper limit of the thermal window to invade the system, although they may 

be present at substantially colder temperatures once they become 

established. This contrasts with the effect of increased habitat productivity: 

there is no upper limit on habitat productivity above which the top predator 

would collapse. 

 

Discussion 

Our modelling study integrates multiple responses of organisms to 

warming by considering the direct and indirect effects of warming on the 

vital rates and body sizes of different species in a size-structured tri-trophic 

food chain. Previous theoretical studies have shown that warming can 

induce regime shifts in size-structured consumer-resource dynamics 

(Ohlberger et al. 2011) and simplify more complex food webs (O’Gorman 

et al. 2019). In particular, warming may lead to extinction of the top 

predator in food chains (Binzer et al. 2012; Sentis et al. 2017; Lindmark et 

al. 2019), but also in a simple size-structured intraguild predation 

community (Thunell et al. 2021). 
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Here we show that temperature-dependent vital rates and TSRs affect 

community structure differently. Their effects are dominated by 

temperature-dependent consumer growth rates above optimal temperature 

and consumer growth rates and predator vital rates below optimal 

temperature. This suggests that TSRs in consumer and predator 

populations play only a minor role in community responses to warming, at 

least in some systems. Importantly, our results show that the population 

responses of top predators to warming, at least at temperatures close or 

above the optimum, can be determined primarily by responses at lower 

trophic levels. This means that interspecific interactions must be 

considered when predicting future species responses to warming 

(Ohlberger et al. 2011; Lindmark et al. 2019). 

 

The effects of temperature and habitat productivity on community 

structure 

We have found that the effects of temperature and habitat productivity on 

community structure within the consumer thermal range vary markedly 

depending on the underlying mechanisms captured by our Scenarios 1–7. 

The most important temperature-dependent process driving our results is 

the balance between biomass loss and gain of the top predator. The 

biomass gain depends crucially on the temperature-dependent biomass 

flux from the vulnerable juvenile consumers to the top predator, which in 

turn is determined by the temperature-dependent birth and growth rates of 

the consumers, and on the temperature dependence of the functional 

response parameters of the top predator. That is, our results are similar to 

the warming-induced loss of cultivation leading to an intraguild predator 

collapse at higher temperatures in an intraguild predation system (Thunell 

et al. 2021), although the underlying mechanisms are not identical. 

If we consider temperature-dependent vital rates in the consumer but not 

in the top predator in our tri-trophic food chain model, this only affects the 

biomass gain of the top predator. In this case, the thresholds KP(T) and 

KA(T) of habitat productivity required for successful invasion and 

persistence of the top predator are highest at the optimal temperature, 
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where consumers grow fastest and spend the least time exposed to 

predation. The threshold habitat productivity required for predator 

invasion, KP(T), therefore decreases at temperatures further from the 

optimum, as the somatic growth rate of the consumers is slower, making 

the juvenile consumers more vulnerable to predation. On the other hand, 

the persistence threshold KA(T) appears to be primarily determined by the 

temperature dependence of the consumer ingestion rate. We hypothesise 

that these different relationships are due to the ‘cultivation effect’ of the 

top predators (de Roos & Persson 2002; de Roos et al. 2003): an 

established predator population can efficiently prey on the small juveniles 

and shifts the stage structure of the consumer population in favour of the 

adults. The density-dependent feedbacks mediated by the consumer 

ingestion rate and resource depletion then determine the persistence 

threshold of the top predator. 

The inclusion of temperature-dependent vital rates in the top predator 

significantly changes the results at colder temperatures (T < 15°C), but not 

at temperatures around or above the optimum. We attribute the much 

higher thresholds of habitat productivity required for predator invasion and 

persistence at low temperatures to the much lower feeding rates of the top 

predators combined with the much lower consumer vital rates. The reduced 

consumer performance at high temperatures is partially compensated by 

increased predation rates, so that the invasion and persistence thresholds 

of the top predator are only slightly higher compared to the scenarios with 

temperature-dependent vital rates restricted to the consumer population. 

Given the ubiquitous effects of temperature on ectotherm individuals 

(Brown et al. 2004), we consider these results to be closest to what we 

should expect in natural tri-trophic chains with gape limited top predators 

(Van Leeuwen et al. 2008; Gårdmark et al. 2015). 

 

The effect of TSR on community structure: the importance of being 

specific 

Body sizes and body size ratios of interacting species play an important 

role in invasion success and persistence of top predators along temperature 
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and productivity gradients (de Roos & Persson 2002; Brose et al. 2012; 

Dijoux et al. subm.). In general, current theory predicts that populations 

composed of smaller individuals can withstand greater nutrient limitation 

and warmer temperatures before suffering from a metabolic meltdown 

(Binzer et al. 2012, 2016; Sentis et al. 2017; Dijoux et al. 2023). Invasion 

success of the top predator in a tri-trophic food chain is maximised across 

temperature and productivity gradients by a large size asymmetry between 

adjacent trophic levels, with similarly sized consumer and resource species 

and a large body size ratio between the top predator and intermediate 

consumer species (Dijoux et al. subm.). Body size may also determine 

competitive ability in apparent competition, which can explain the 

observed asymmetries in body size spectra and habitat productivity in 

pelagic and benthic habitats in multi-channel food webs (Rooney & 

McCann 2012; Dijoux & Boukal 2021). All these results suggest that TSR 

may play an important role in structuring communities along habitat 

productivity gradients (Sentis et al. 2017). Surprisingly, we found here that 

the effects of TSR on the structure and stability of the tri-trophic food chain 

with a size-structured population of the intermediate consumer are dwarfed 

by the temperature effects on vital rates. 

Despite the limited role of TSR in the consumer and top predator for the 

invasion and persistence thresholds of the top predator population along 

temperature gradients in our tri-trophic food chain, we found that the TSR 

in consumer size at maturation and asymptotic size lead to qualitatively 

different temperature dependencies of minimum resource requirements for 

the consumer population. Fewer resources are required to maintain the 

consumer population when individuals mature at smaller sizes under 

warming while growing to the same asymptotic size. The opposite 

outcome is observed when their asymptotic size, but not maturation size, 

decreases with temperature. We attribute these differences to changes in 

the juvenile-to-adult biomass ratio, which alters the strength of density 

dependence in the consumer population (de Roos & Persson 2013). 

We also showed that the habitat productivity thresholds for invasion and 

persistence of the top predator depend on TSR in both consumers and the 

top predator. The invasion and persistence thresholds always decrease with 
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warming when the predator size, and thus the predation vulnerability 

window of the consumer, is constant, while the consumer maturation size 

decreases with warming. We explain this result by a reduced delay in 

maturation of invulnerable juvenile consumers, which leads to a faster 

turnover of the consumer population and thus to better feeding conditions 

for the top predator (de Roos & Persson 2002). 

On the other hand, invasion and persistence thresholds of the top predator 

in our model always increase with warming when TSR occurs in the 

predator or when TSR results in lower asymptotic size, but not size at 

maturation, in the consumer. In both cases, the biomass of vulnerable 

juvenile consumers decreases with warming because a smaller size range 

of consumers becomes vulnerable to predation or because the consumer 

birth rate decreases as adult consumers do not grow as large at higher 

temperatures. Finally, a concurrent TSR in the top predator and consumer 

maturation size has a negligible effect on invasion and persistence 

thresholds, as the effects of the reduced predation vulnerability window on 

the intake rate of the top predator are almost entirely offset by the reduced 

delay in maturation of invulnerable juvenile consumers. 

These results complement previous findings by Sentis et al. (2017), who 

showed that the effects of TSRs on the persistence and stability of a simple 

tri-trophic food chain vary predictably with the direction and magnitude of 

the TSR and with the trophic level of the species exhibiting the TSR. Our 

results extend them further, as Sentis et al. (2017) used only a biomass-

based model that did not account for stage-dependent interactions and size-

dependent predation risk among the intermediate consumers. Although we 

only considered one type of TSR relationship, namely declining body size 

with warming with the average TSR slope for aquatic ectotherms, our 

results highlight another new and important aspect. TSR is usually defined 

for size at maturation (Atkinson 1994), but a similar relationship could be 

envisaged for asymptotic size, which can be much larger than size at 

maturation in many taxa with indeterminate growth, such as most fish 

(McDowall 1994). The relationship between TSRs in size at maturation 

and in asymptotic size is driven by the temperature dependence of 

reproductive investment, which itself can be optimised in response to 
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different temperatures (Thunell et al. 2022), suggesting that the magnitude 

of these two TSR responses may differ. Since we have examined both 

extremes where one of the sizes does not depend on temperature, any 

realistic responses are likely to lie between the three possibilities we have 

covered (Fig. S3bcd).  

 

The effects of warming on catastrophic collapses of top predators 

Tri-trophic food chains, intraguild predation modules and multi-channel 

food webs with size-dependent mortality and resource dependent 

consumer growth are characterised by their propensity for emergent Allee 

effects. That is, a small change in the environmental conditions can lead to 

a catastrophic collapse in the predator population associated with abrupt 

changes in its prey size structure (de Roos & Persson 2002; Thunell et al. 

2021) or to a collapse of an intermediate consumer population after a 

successful invasion of the top predator in a multi-channel food web 

(Dijoux & Boukal 2021). These abrupt collapses have been associated with 

decreasing habitat productivity (de Roos & Persson 2002; Dijoux & 

Boukal 2021) and increasing predator mortality (de Roos & Persson 2002) 

and increasing temperature (Lindmark et al. 2019; Thunell et al. 2021). 

Our results provide new insights in the propensity of tri-trophic chains for 

emergent Allee effects and catastrophic collapses of the top predators. We 

show that the hysteresis, i.e. the difference between habitat productivity 

thresholds separating the invasion and persistence thresholds of the top 

predator, is largest at the optimum temperatures and always decreases 

away from the optimum. The propensity for catastrophic collapses will 

therefore increase with future warming if the initial temperature is well 

below the optimum, but it will decrease as the temperature approaches the 

upper thermal limit of the consumers and predators, as in Uszko et al. 

(2017), Lindmark et al. (2019), and Thunell et al. (2021). In addition, our 

results confirm that warming may destabilise the community by triggering 

the bistability as in Lindmark et al. (2019) and similar to Thunell et al. 

(2021). This outcome is most common when both consumer and predator 

vital rates depend on temperature. However, warming may also have the 

opposite effect and stabilise the dynamics when only the consumer vital 
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rates depend on temperature. The latter outcome is unexpected and occurs 

only very rarely in our results when both consumer and predator vital rates 

depend on temperature (e.g. in Fig. S4a). However, it becomes more 

common when only the consumer vital rates depend on temperature. 

 

Conclusions 

Body size and temperature are two universal currencies that determine 

many ecological processes from individuals to entire communities (Brown 

et al. 2004). Using a tri-trophic food chain with temperature- and size-

dependent interactions, we show that a detailed understanding of the 

temperature and size dependence of vital rates and life histories is needed 

to better predict future community responses to global change, including 

the propensity for catastrophic collapses of the top predators. Most 

importantly, we found that the direct and indirect effects of warming on 

species and species interactions can have very different consequences for 

community structure. Our results also suggest that warming can either 

increase or decrease the propensity of top predator populations to abrupt 

collapses. Surprisingly, we found limited evidence for the importance of 

the temperature-size rule on community structure and stability. Our results 

point to promising avenues for future research, such as the development of 

more mechanistic models that examine the role of temperature and size 

dependence of life histories (Ohlberger et al. 2011) across multiple taxa 

and trophic levels, including e.g. asymmetric thermal responses in 

interacting populations (Dell et al. 2014), in community responses to 

warming.  
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Figure legends 

Fig. 1. Temperature dependence of consumer sizes (a) and vital rates 

(b) and overview of the size-structured tri-trophic chain (c). (a) TSR in 

consumers can affect their vulnerability to predation (lv, dotted line), size 

at maturation (lmat, dashed line) and maximum size (l∞, solid line). (b) 

Temperature dependent vital rates of consumers; Tmin and Tmax refer to the 

lower and upper limit of the thermal range, while Topt denotes the optimal 

temperature. (c) Summary of the main processes driving the tri-trophic 

chain dynamics; orange arrows indicate possible size reductions under 

warming that influence consumer life history. 

 

Fig. 2. Effects of TSR and temperature-dependent vital rates on the 

community structure along habitat productivity and temperature 

gradients. Each panel shows different scenario: (a, d) temperature-

dependent rates only (Scenarios 2 and 5), (b, e) TSR only (Scenarios 3 and 

6), (c, f) TSR and temperature-dependent rates (Scenarios 4 and 7) in either 

(a-c) consumer traits only, or in (d-f) both consumer and predator traits. 

TSR implemented in consumer maturation size lmat and maximum size l∞ 

(b, c), and in lmat, l∞ and maximum size lv exposed to predation (e, f). 

Temperature-dependent rates include consumer growth, ingestion and 

birth rates (a, c) and consumer growth, ingestion and birth rates and 

predator functional response and metabolic loss rate (d, f). Colours refer to 

the community structure: resource-only equilibrium (light green), 

consumer-resource equilibrium (CR, ochre), trophic chain equilibrium 

(PCR, dark red), and alternative stable state (PCR/CR, orange). Dotted 

lines = consumer invasion threshold; solid line = top predator invasion 

threshold; dashed line = predator persistence threshold. Topt = optimum 

temperature of consumer and predator traits.  
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This supplementary material contains the following texts, tables and 

figures: 

Text S1. Dynamic energy budget model of consumer life history 

Table S1. Individual state and population-level variables 

Table S2. Model parameters 

Table S3. Equations of temperature-independent and temperature-

dependent consumer and predator traits and vital rates 

Table S4. Equations of state dynamics 

Fig. S1. Community transitions in the trophic chain along habitat 

productivity gradient and temperature gradient. 

Fig. S2. Influence of TSR on community structure along gradients of 

temperature and habitat productivity 

Fig. S3. Influence of temperature-dependent vital rates on community 

structure along gradients of temperature and habitat productivity 

Fig. S4. Influence of TSR and temperature-dependent vital rates in 

community structure along gradients of temperature and habitat 

productivity when all but one model component change  
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Text S1. Dynamic energy budget model of consumer life history 

We use the same dynamic energy budget (DEB) model as in (de Roos & 

Persson 2002, Dijoux and Boukal 2021) to describe how individual size- 

and resource-dependent growth and reproduction vary with temperature. 

This so-called Kooijman-Metz model is a widely used DEB model that 

falls in the category of net production models, in which the ingested energy 

is first used to cover maintenance, a fixed fraction of the remainder is used 

for maturation and reproduction, and the rest for somatic growth (de Roos 

et al. 1990; Noonburg et al. 1998; Smallegange et al. 2017).  

Individual consumers are born at length lb, exposed to predation until 

reaching length lv, mature when reaching length lmat, and can reach the 

maximum length l∞ under unlimited food conditions. Consumer life 

histories are characterized by size-, resource- and temperature-dependent 

feeding rate, growth rate and fecundity rate and size-, predator- and 

temperature-dependent mortality rate (Table S3). The rate of energy 

acquisition is assumed proportional to body surface (~ l2), while 

maintenance is proportional to body weight (~ l3). That is, ingestion rates 

I(l, R, T) of individual consumers with length l feeding on the respective 

basal resource R follow a type II functional response (Eqs. S2 and S10). 

Given that maintenance increases faster with body size than the ingestion, 

consumer individuals follow a von Bertalanffy growth curve with 

resource- and temperature-dependent growth rate and asymptotic size G(l, 

R, T) (Eqs. S3 and S11). They produce offspring after maturation at a per 

capita rate b(l, R, T) that is proportional to l2 (Eqs. S4 and S12). For 

simplicity, we assume that the individuals stop growing and reproducing 

but do not shrink or use energy reserves to cover maintenance costs when 

the food intake becomes insufficient (see (de Roos et al. 1990) for details). 

In addition to predation mortality, individual consumers die with the same 

size-independent background mortality rate μb (Eqs. S6 and S14). Top 

predators feed indiscriminately on vulnerable juvenile consumer 

individuals when present, following a Holling type II functional response 

f (Eqs. S7 and S15), and may face an additional temperature- and size-

dependent metabolic mass loss in addition to constant background 
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mortality (Eqs. S8 and S16). We assume constant conversion efficiency 𝜖 

of ingested prey biomass to predator biomass. 

 

Table S1. Individual state and population-level variables 

Variable Symbol Unit 

Consumer length l mm 

Population density of consumers c mm-1.L-1 

Resource biomass R g.L-1 

Top predator biomass P g.L-1 
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Table S2. Model parameters 

 

Subject Description Symbol Default value Unit 

Environment Temperature T 20 °C 

 Normalisation temperature (=equal to 20°C) T20 293.15 K 

 Converting factor from Celsius to Kelvin T0 273.15 K 

 Boltzmann constant k 8.617×10-5 eV.K-1 

Resource Carrying capacity KR 5×10-4 g.L-1 

 Renewal rate ρ 0.1 day-1 

Consumer Length-weight allometric coefficient a 9×10-6 g.mm-3 

 Length-weight allometric exponent b 3 - 

 Length at birth lb 7 mm 

 Predation vulnerability threshold lv 27 mm 

 Length at maturation lmat 110 mm 

 Asymptotic length l∞ 300 mm 

 Ingestion rate coefficient Imax 10-4 g.day-1.mm-2 



Chapter III 

168 

 

 Half-saturation constant Rh 1.5×10-5 g.L-1 

 
von Bertalanffy growth rate  Gmax 6×103 day-1 

 
Birth rate coefficient Bmax 3×103 day-1.mm-2 

 Background mortality rate μb 0.01 day-1 

Predator Body length LP 200 mm 

 Attack rate AP 5000 L.day-1 

 Handling time HP 0.1 day.g-1 

 Food conversion efficiency ϵ 0.5 - 

 
Biomass loss rate δP 0.01 day-1 

 Intercept of metabolic loss rate Iδ -16.54 - 

 Allometric exponent of metabolic loss rate Sδ -0.31 - 

 Activation energy of metabolic loss Eδ -0.69 eV.K-1 

Consumer / predator Lower temperature threshold for vital rates Tmin 5 °C 

 Optimal temperature for vital rates  Topt 20 °C 

 Upper temperature threshold for vital rates Tmax 25 °C 

 TSR slope β -0.05 (°C)-1 
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 Table S3. Equations of temperature-independent and temperature-dependent consumer and predator traits 

and vital rates. Temperature-dependent and temperature-independent variants of the same parameter or rate always 

in the 

same 

row. 
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Table S4. Equations of state dynamics 

Subject Equation Equation no. 

Resource dynamics 
𝑑𝑅

𝑑𝑡
= 𝜌(𝐾𝑅 − 𝑅) − ∫ 𝐼(𝑙, 𝑅, 𝑇)𝑐(𝑡, 𝑙)𝑑𝑙

𝑙∞

𝑙𝑏

 (S17) 

Population-level 

consumer birth rate 
𝐵(𝑡, 𝑅, 𝑇) =  ∫ 𝑏(𝑙, 𝑅, 𝑇)𝑐(𝑡, 𝑙)𝑑𝑙

𝑙∞

𝑙𝑚𝑎𝑡

 (S18) 

Consumer size 

structure balance 

equation 

𝜕𝑐(𝑡, 𝑙)

𝜕𝑡
+  

𝜕𝑔( 𝑙, 𝑅, 𝑇)𝑐(𝑡, 𝑙)

𝜕𝑙
=  −𝜇(𝑙, 𝐶𝑣, 𝑃, 𝑇)𝑐(𝑡, 𝑙) (S19) 

Biomass of 

vulnerable consumers 
𝐶𝑣 =  ∫ 𝑎𝑙𝑏𝑐(𝑡, 𝑙)𝑑𝑙

𝑙𝑣

𝑙𝑏

 (S20) 

Predator biomass 

dynamics 

𝑑𝑃

𝑑𝑡
= (𝜖 𝑓(𝐶𝑣, 𝑇)𝐶𝑣 − 𝛿(𝑇, 𝐿𝑃))𝑃 (S21) 
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 Fig. S1. Community 

transitions in the trophic 

chain along gradients of 

habitat productivity and 

temperature. (a) Transitions 

observed in Fig. 2 at the 

optimal temperature (T = 

20°C) in all scenarios, (b and 

c) transitions at constant 

habitat productivity (K = 1.3 

10-4 g.L-1) with temperature-

dependent rates and TSR in 

consumers (b, Scenario 4) 

and in consumers and 

predators (c, Scenario 7). 

Solid lines = stable equilibria, 

dashed lines = unstable 

equilibria, dotted vertical 

lines = threshold resource 

productivities (a) and 

temperatures (b-c). Colours 

as in Fig. 2. 
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Fig. S2. Effects of temperature-

dependent rates on community 

structure along gradients of 

temperature and habitat 

productivity. Temperature 

dependence limited to (a-c) one 

rate, (d-e) multiple rates or (f) all 

rates simultaneously. Legend as in 

Fig 2.  
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Fig. S3. Effect of TSR on 

community structure along 

gradients of temperature and 

habitat productivity. TSR affects 

(a-c) one measure of body size, (d-f) 

two measures of body size, or (g) all 

three measures of body size. Colours, 

line types and community structure as 

in Fig. 2.  
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Fig. S4. Combined effects of TSR and 

temperature-dependent rates in 

community structure along gradients 

of temperature and habitat 

productivity. TSR affects all consumer 

and predator sizes and rates except one. 

Exclusion of: (a) consumer TSR (lmat 

and l∞); (b) top predator TSR (through 

lv); (c) temperature-dependent 

consumer rates; (d) temperature-

dependent predator rates. Legend as in 

Fig. 2. 



Summary 

175 

 

 

 

~Summary~ 



Summary 

176 

 

  



Summary 

177 

 

 

~ Summary ~ 

Environmental stressors influence the structure and stability of size-

structured communities in freshwaters through direct and indirect 

interactions ranging from individual physiology to the community scale. 

This thesis aimed to explore how communities respond to environmental 

drivers by accounting for species traits (body size, trophic position, life 

histories, and species thermal niche) and responses to abiotic drivers at the 

community scale. I used bioenergetic and physiologically structured 

population models to explain empirically observed phenomena and to 

provide tools that can be used by theoreticians, empiricists, and field 

ecologists to link individual-level responses to global patterns observed at 

community scale. 

Chapter I dealt with how communities respond to species invasions under 

the joint influence of warming and nutrient enrichment. Using bioenergetic 

models accounting for the interactions between temperature, nutrients, and 

body mass at species levels, this study synthesized all interactions formed 

between resident and invading species and provides robust predictions on 

how future invasions will affect communities subjected to abiotic drivers. 

Using well-known rules of species coexistence and exclusion, I showed 

how body size and trophic position determine the fate of species invasions. 

Notably, I predict that smaller species will be the most likely to succeed 

and invade communities in warmer, nutrient-limited environments, while 

large predators will be more likely to succeed in cold and nutrient enriched 

systems. At the community scale, the synthesis of the changes induced by 

invading species on community structure and stability enabled me to test 

the diversity-stability relationship, to explore the conditions in which 

invading species lead to negative, neutral, or positive changes in the 

community, and to understand whether these changes were mitigating or 

amplifying the actions of abiotic drivers. I demonstrated that while 

invasions (of small competing consumers) could magnify the destabilizing 

actions of nutrient enrichment on the community, other invasions could 

either mitigate nutrient enrichment directly through a rescue effect or by 
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dampening population oscillations, or act indirectly through niche 

occupancy, which helps restore the loss in ecosystem functions due to 

species extinctions. 

Chapters II and III dealt with the structure and dynamics of size-

structured communities along environmental gradients. They accounted 

for species life histories and the feedback effects between community and 

individual responses. Chapter II focused on the joint effect of mesohabitat 

productivities and consumer body size on the structure of multichannel 

food webs. It showed that asymmetries in consumer sizes and mesohabitat 

productivities can explain patterns of ecosystem stability that were 

previously observed in empirical studies but their mechanisms were not 

fully understood. I demonstrate that the stability of freshwater 

communities relies on the compensation effect of both types of 

asymmetries, with small pelagic consumer inhabiting more productive 

systems compared to larger benthic consumer living off more limited 

resources. In the absence of such compensation effects, the interaction 

between these asymmetries leads to a sudden collapse of the top predator 

or the less resilient intermediate species. This enabled me to identify new, 

previously unknown types of emergent Allee effects, such as the cascading 

emergent Allee effect that involves a simultaneous collapse of several 

species in the community. This study also highlights that the rising 

pressure on freshwater habitats can lead to previously unexpected 

disruptions of food webs including the energy pathways between 

mesohabitats, with potentially severe consequences for freshwater 

ecosystems. 

Chapter III extended some of the findings in Chapter II in the trophic 

chain and dealt with the direct and indirect influences of temperature on a 

tri-trophic chain. By exploring multiple scenarios accounting for 

temperature-induced size reductions in consumers and predators and 

temperature-dependent species performance, I showed that different types 

of species responses to warming lead to different community structure at a 

larger scale. However, when these different responses are considered 

together, the resulting community structure is primarily driven by 

temperature-dependent consumer growth and ingestion rates and to some 
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extent also predator foraging efficiency. This highlights that community-

level responses to abiotic drivers are not a simple sum of species-level 

responses, and that species-level responses may be dominated by one 

process. I also observed that, while the emergent Allee effect in the 

predator is driven by food dependency, temperature can alter species 

performance and prevent the emergent Allee effect when the species 

operate further away from their thermal optimum. My findings imply that 

warming alone can trigger or prevent catastrophic collapses of the top 

predator, thereby adding another previously overlooked phenomenon to 

the long list of potential consequences of climate change on freshwater 

ecosystems. 
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Take-home messages and future directions 

Overall, my research in this thesis aimed to demonstrate the importance of 

considering species traits (body size, performance of vital rates, trophic 

position, diet) and life histories to investigate the influences of 

environmental changes on species responses and their feedback actions on 

the environment. Accounting for species traits can improve our prediction 

of the future effects of climate change across ecosystems and to develop 

appropriate conservation measures. Predictions from trophic modules can 

be useful for empiricists as they simplify redundant species interactions 

observed at the large community scale. This thesis also highlights that 

known principle of species coexistence and exclusion in food webs (e.g.., 

R* and P* rules, cascading effect) determine community responses to 

environmental changes and species invasions (Chapter I). 

Accounting for species physiology in models (through physiologically 

structured population models) notably enlarges our perceptions of food 

webs from a network of constant interacting species into something more 

variable and dynamic. Classical views of food webs consider species 

interactions as constant. However, individuals of the same species perceive 

the environment very differently as they grow. They can escape predation 

pressure by reaching a non-vulnerable size (as in Chapters II and III) or by 

shifting to a new habitat (through ontogenetic niche shift). Other trophic 

interactions (exploitative and apparent competition, omnivory) also 

depend on species traits and habitat use. 

Exploring the consequences of habitat linkage through ontogenetic niche 

shifts and predator mobility offers interesting avenues for future research 

to investigate the different impacts of species invasions, temperature, and 

nutrient availability in multichannel food webs. Given the common 

phenomenon of thermal stratification in many standing waters, pelagic 

species are subject to (on average) warmer temperatures compared to 

benthic species. These asymmetries in temperature across mesohabitats 

may play an important role together with resource productivity in the 

stability of multichannel food webs by influencing the energy turnover rate 

and energy transfer to higher trophic positions. For example, future 
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warming may disrupt the survival of larger species in the benthic habitat. 

Another interesting avenue of potentially interesting future research lies in 

the exploration of the consequences of different size and temperature 

scaling of key vital rates such as energy intake and expenditure. In my 

thesis, I assumed that they have the same allometric slope. Deviating from 

this assumption can disrupt the competitive abilities of individuals during 

ontogeny, which can in turn affect how population dynamics and species 

interactions respond to changes in temperature or habitat productivity. 

In the absence of detailed data about life histories for many species, 

bioenergetic models are needed to investigate unexplored complex 

phenomena. One of the current challenges is to understand how 

community diversity, structure and stability respond to additional stressors 

such as microplastics, pesticides and pharmaceutical molecules. 

Accumulation of these pollutants in the highest trophic position, 

accelerated by warming, could disrupt the community through cascading 

effects. Likewise, the interactions between the downsizing effect (caused 

by size-selective harvesting of the largest species and individuals) and 

warming-induced species reduction is currently unexplored, with unknown 

consequences for life history evolution, population dynamics and 

community change. One could expect that the loss of top predators and 

largest size classes in the system can make the community more prone to 

collapses, including those triggered in multichannel food webs due to the 

loss of highest mobile species. 

The complex nature of human impacts on current ecosystems, together 

with the rich behaviour observed in food web models of freshwater 

communities, means that modelling of food webs will continue to provide 

important insight into the functioning of contemporary freshwater 

ecosystems.
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