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"I almost wish I hadn't gone down that rabbit-hole — and yet — and yet — 

it's rather curious, you know, this sort of life!" 

Alice (Alice’s Adventures in Wonderland by Lewis Carroll) 
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Abstract 

Consumer-resource interactions are the basic building blocks of every food web. In 

spite of being a central research theme of longstanding interest in ecology, the 

mechanisms governing the stability and persistence of consumer-resource 

interactions are still not entirely understood. In particular, theoretical predictions on 

consumer-resource stability along gradients of temperature and nutrient enrichment 

diverge widely and are sometimes in conflict with empirical results. In this thesis I 

address these issues from the angle of the functional response, which describes a 

consumer’s feeding rate as a function of resource density. Specifically, I explore 

mechanistic, nutrient-based consumer-resource interaction models with respect to 

the influence of feeding behavior (the shape of the functional response), 

environmental temperature, nutrient enrichment, and resource quality on consumer-

resource stability and persistence. In order to parameterize these models I performed 

extensive laboratory experiments with pairs of freshwater pelagic algae and grazers of 

the genus Daphnia, which are widespread, ecologically important model organisms. 

I found a sigmoidal type III functional response in every studied Daphnia-algae 

species pair. The exact form of its shape is described by an exponent b which is 

determined by fitting functional response models to the experimental data. A high 

value of b can stabilize consumer-resource systems under the otherwise destabilizing 

influence of nutrient enrichment, as predicted by a novel stability criterion relating b 

to the consumer’s prey handling time, food conversion efficiency and mortality. 

Estimated parameter values and, consequently, stability predictions are sensitive to 

the method of parameter estimation, and I propose a new estimation procedure that 

minimizes parameter uncertainty. Because many consumers’ feeding rates depend on 

temperature, warming is expected to strongly affect food web stability. In functional 

response experiments over a broad temperature gradient, I found that the attack rate 

coefficient and the maximum ingestion rate of Daphnia are hump-shaped functions 

of temperature. Moreover, the functional response exponent increases with warming 

towards stronger type III responses. Plugging these findings into a nutrient-based 

consumer-resource model, I found that predator persistence is a U-shaped function 

of temperature in nutrient enrichment-temperature space. Enrichment easily turns 

the system unstable when the consumer has a type II response, whereas a type III 

response opens up a large region of stability at intermediate, for the consumer 

optimal, temperatures. These findings reconcile seemingly conflicting results of 

earlier studies of temperature effects on consumer-resource dynamics, which can be 

mapped as special cases onto the enrichment-temperature space. I finally 

demonstrate the utility of three key model ingredients - temperature dependence of 

rate parameters, a mechanistic description of the dynamics of algal resources, and a 

type III functional response in Daphnia - by successfully implementing them in the 

description and explanation of phytoplankton-Daphnia dynamics in a mesocosm 

experiment exploring effects of warming on the spring succession of the plankton. 
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Background 

Long-term persistence of biological communities and predictability of 

various patterns of their dynamics have always astonished humans. This 

seeming steadiness and ‘balance of nature’ has consequently become one of 

the most important topics in ecology, a discipline which tries to find and 

understand mechanisms governing species abundance and distribution. 

What factors allow for species population persistence over long time scales? 

What causes their (inevitable) extinction? Why do some populations keep 

rather stable abundances, whereas others go through massive boom-and-

bust cycles? These questions stay at the core of ecological research, and 

despite huge research effort aimed at answering them, the mechanisms 

behind population persistence and stability are still debated (May 1973, 

Yodzis 1981, McCann 2000, McCann 2012, Murdoch et al. 1998). 

 

Species are linked through a network of trophic interactions ‒ the so-called 

food webs ‒ describing who eats whom, such as pairs of herbivore-plant, 

predator-prey, or parasite-host. In general, they are known as consumer-

resource interactions, and their nature governs biomass and energy flows 

through the biosphere. Simple food web modules of consumer-resource 

species pairs have been widely studied in both theoretical and empirical 

ecology, trying to answer the above mentioned questions of persistence (long 

term population presence) and stability (low variability of abundance in 

time) of populations. However, many issues remain unresolved. 

 

This thesis deals with how various aspects of consumer-resource interactions 

and environmental factors influence population stability and persistence of 

interacting species. In particular, I looked at how feeding behavior of 

consumers impacts stability under enrichment, how increasing temperature 

influences species and their interactions, and how balance of nutrients 

affects communities. I used both mathematical modeling as well as 

experiments with freshwater pelagic plankton as study organisms. I 

introduce these various aspects of my thesis below. 

 

Functional response 

In his famous paper, Holling (1959) proposed a mathematical formula which 

since then has been incorporated into countless mathematical models of 

species interactions, and which represents a dynamic trophic link between 

consumers and their resources. Holling’s model describes a predator’s 

consumption rate (number of prey eaten by a predator in a unit time) as a 
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function f of prey density R, with the formula: f(R) = (a·R)/(1+a·h·R). The 

function f(R) is called the functional response, with attack rate a and 

handling time h. The predator’s attack rate represents an encounter rate with 

its prey, and handling time is the time spent by the predator in pursuing and 

manipulating prey after its detection. Conventionally, the above formulation 

of functional response (Holling disc equation) is called a type II functional 

response, and is graphically represented by an upward convex curve (see Fig. 

1 A in paper I) saturating asymptotically towards the maximum ingestion 

rate Imax=1/h. However, in predators in which the handling time is negligibly 

short (h=0), the ingestion rate becomes a linear function of prey density 

f(R)=a·R which does not saturate at high prey densities. Such mode of 

predator’s feeding is called a type I functional response, and has been 

traditionally assigned to predators such as filter feeders (Jeschke et al. 2004) 

which feed on small and easy to handle prey. Type I response has been also 

used in various dynamic models of predator-prey interactions, including the 

famous Lotka-Volterra model. Furthermore, if the encounter rate is not 

constant across all prey densities but instead is an increasing function of R, 

the functional response switches its shape from upward convex to sigmoidal 

(Fig. 1 B in paper I). Such functional response type, called a type III, is 

expected to occur in predators able to gain experience with a particular prey 

when more commonly encountered, or in predators switching prey types or 

food patches (Jeschke et al. 2002). However, type III response may also arise 

when a predator decreases its feeding rate at low prey densities in order to 

save energy when expected foraging returns are low (Lam and Frost 1976, 

Lehman 1976). I will discuss this subject further in this thesis. Functional 

response types II and III are typically considered in ecology and employed in 

theoretical models. These two types can be described by a single formula f(R) 

= (a·Rb)/(1+a·h·Rb), where b is the functional response exponent. To 

distinguish between prey density independent a of type II and prey density-

dependent a of type III response, the latter is called the attack rate 

coefficient. For b=1 (predator’s attack rate is independent of prey density) 

the response is of type II, and for b>1 (predator’s attack rate increases with 

power b‒1 of prey density) the response is of type III (Real 1977). It has been 

customary to assign b=2 to the type III response, but in fact every b>1 yields 

increasingly pronounced sigmoidal response shapes. 

 

Similar in their visual shapes, type II and III functional responses 

fundamentally differ in their effects on prey population growth rate under 

predation pressure, which bears important consequences on the stability of 

consumer-resource interactions. If a predator has a type II response, specific 

prey mortality f(R)/R (also called the clearance rate in filter feeders) 

decreases with increasing prey density (Fig. 1 C in paper I), creating a 

positive feedback between prey population density and its growth rate. In 
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contrast, in case of a type III response, specific prey mortality first increases 

at low densities creating a negative density-dependence of the prey 

population on its own growth rate (Fig. 1 C in paper I). A predator-prey 

system with a type II functional response can thus only be stable when 

stabilizing negative density-dependent competition in prey is strong enough 

to counteract the destabilizing effect of predation, for instance in resource-

poor environments. With increasing resource enrichment, as competition 

becomes weaker, a predator-prey system becomes unstable giving rise to the 

paradox of enrichment limit cycles (Rosenzweig 1971). In contrast, if 

predators have a type III functional response, a system can remain stable 

even in highly enriched environments as long as the prey is kept at low, 

stabilizing densities at which the specific prey mortality increases. The 

influence of the functional response type on population stability is widely 

known in theoretical ecology (Murdoch and Oaten 1975, Oaten and Murdoch 

1975, Case 2000). However, despite an overwhelmingly broad use of 

Holling’s functional response in dynamic models, an exact relationship 

between the exponent b and stability remains elusive. A traditional 

viewpoint treating type II and III responses as generally destabilizing and 

stabilizing, respectively, is only to some extent justified. I study this issue in 

much detail in paper I. 

 

Correct empirical determination of functional response type (the exponent b) 

as well parameters a and h is challenging. First, one can only clearly 

distinguish between type II and III responses by looking at the specific prey 

mortality (clearance rate) at very low prey densities, which is experimentally 

demanding. As a type II response is often considered as a default, the design 

of a functional response study can be easily biased. In fact, it is likely that 

many published studies might have overlooked a type III response by not 

giving enough attention to low prey densities (Sarnelle and Wilson 2008). 

Second, different statistical methods of parameter estimation likely deliver 

results of varying fit precision and accuracy, an issue which has not been 

extensively studied. I further discuss this problem in papers I and II. 

 

The functional response type of aquatic filter feeders, including Daphnia, is 

still a matter of debate. In the review of Jeschke et al. (2004), a type I 

functional response has been solely assigned to filter feeders. However, 

many other studies reported a type II (Burns and Rigler 1967, DeMott 1982, 

Porter et al. 1982), or a type III response (Frost 1975, Sarnelle and Wilson 

2008, Smout and Lindstrom 2007; papers I, II and III in this thesis) in this 

animal group. Despite these various findings, theoretical models of grazer-

algae interactions commonly assume a type II response leading to limit 

cycles under enrichment (Gurney et al. 1990, Scheffer et al. 1997, Diehl 

2007). However, such systems are known to be stable in nature across a wide 
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range of environmental enrichment (Murdoch et al. 1998), which defy 

common expectations of oscillations originating from theoretical studies. I 

address this puzzle in paper I. 

 

Temperature 

Current climate warming is already affecting various biological phenomena 

(Parmesan 2006), and its effects will become even more pronounced as 

global temperatures are expected to rise by as much as 4°C until the end of 

this century (IPCC Synthesis Report 2014). As temperature affects all living 

organisms through changes in their physiological rates, often to different 

extent depending on their habitat and trophic position (Dell et al. 2011), 

global warming constitutes an urgent challenge for ecologists. In particular, 

we are in a pressing need for models generating reliable predictions of 

warming effects on consumer-resource interactions and food web stability. 

 

A first step in approaching this goal is to find out how various physiological 

rate parameters change with increasing temperature. Most studies assume 

that parameters change exponentially with warming according to the 

Arrhenius equation. However, this assumption is well supported across a 

wide temperature range only for metabolic rates. Parameters describing 

biomass production can be described by exponential functions only at low to 

moderate temperatures (called, somehow awkwardly, the “biologically 

relevant” temperature range) after which they start to decrease (Kingsolver 

2009). This decline at beyond-optimal temperatures of parameter rates has 

been rarely incorportated in dynamical models of consumer-resource 

interactions (but see Amarasekare 2015 and paper III in this thesis), a fact 

which has been recently claimed a major gap in our understanding of 

temperature effects on food webs (Gilbert et al. 2014). 

 

One of the parameters which potential temperature dependence is still 

unclear is the prey carrying capacity, which is generally expected to decline 

with warming (Savage et al. 2004, Fussmann et al. 2014). However, the 

density at which prey equilibrates in absence of predators is not a 

phenomenological constant, but rather a dynamic outcome of many 

processes governed by various predator- and prey-related parameters. It is 

the temperature dependence of these different parameters and their 

interplay which determine how prey carrying capacity changes with 

warming. I have taken this mechanistic approach to study temperature 

dependence of this parameter in paper III. 

 

As I described in the previous part, functional response parameters strongly 
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affect the stability of consumer-resource interactions. Accordingly, the 

nature of the temperature dependence of a, h and b will influence how food 

webs respond to warming. Englund et al. (2011) analyzed numerous 

published functional response studies and showed that attack rates and 

maximum ingestion rates (the inverse of handling time) relate to 

temperature in a hump-shaped manner. Still, this fact is not typically 

incorporated into predator-prey models, but will most likely affect 

persistence and stability of consumers and their resources. The temperature 

dependence of the functional response shape parameter b remains almost 

entirely unknown, with a few studies on pest control suggesting a shift from 

type II to type III responses with warming (Mohaghegh et al. 2001, Wang 

and Ferro 1998). Nearly all studies on consumer-resource dynamics assume 

a temperature-independent type II functional response. An assumption of a 

type III instead of type II response in such studies will likely greatly change 

their stability predictions, especially if the exponent b is shown to depend on 

temperature. I study these issues in papers II and III, focusing on pelagic 

grazers and their algal food as useful empirical models to study these effects. 

 

Given the lack of a broadly accepted, coherent framework for the description 

of temperature effects on model parameters, it comes with no surprise that 

published studies differ remarkably in their predictions on system stability. 

Possible reported modeling outcomes include increased stability, decreased 

stability and species extinction in response to warming (see introduction in 

paper III). Such an overwhelming variety of predictions puts in question the 

efforts to reliably predict global warming effects on food webs. Ecology needs 

a synthesizing framework to navigate between these different dynamic 

trajectories of system shifts along temperature gradient. I try to satisfy this 

need in paper III. 

 

Ecological stoichiometry 

As I describe further in the methods section, every model I used throughout 

this thesis (papers I, III and IV) is resource-based, meaning that the growth 

rate of each species is limited by (=is a function of) its resource density. The 

basal resource in each of these models is a mineral nutrient (phosphorus; 

papers I, III and IV) and/or light (papers III and IV). Here, I will discuss the 

assumptions and implications of the nutrient-explicit approaches I have 

taken in this thesis. First, each organism has a certain, fixed or flexible, 

explicit nutrient body content in their bodies. Second, the growth rate of prey 

(algae in my systems) depends on the ambient nutrient concentration. 

Additionally, in models allowing for a flexible nutrient body content, algal 

growth is at the same time a function of its internal phosphorus storage. That 
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is, the higher the ambient nutrient levels and the lower the intracellular 

nutrient quota, the higher per capita growth is achieved by algae. Third, 

nutrients from dead biomass as well as nutrients ingested but not 

assimilated by grazers are recycled back to the mineral nutrient 

compartment. The three above model formulations guarantee that the mass 

balance constraint is satisfied, meaning that all possible nutrient sources and 

flows are taken into account. In particular, there can never be more living 

biomass than it is allowed by the total nutrient level present in the system. 

 

All in all, nutrient-explicit models acknowledge a possibility that consumer 

growth can be limited not only by the density, but also by the nutrient 

content of their resources. However obvious, it is not until the arrival of the 

ecological stoichiometry theory, summarized in a book by Sterner and Elser 

(2002), that this fact has been widely recognized in ecology. In general, 

ecological stoichiometry postulates a crucial role for the balance of elements 

like carbon, nitrogen and phosphorus in the growth of organisms and their 

ecological interactions. From its early days, the development of this theory 

has been closely associated with observations derived from aquatic plankton 

systems (Andersen 1997), and it has developed a suite of several hypothesis 

describing various ecological phenomena. One of them, the so-called 

light:nutrient hypothesis, states that in excess of light, primary producers 

may build up very high carbon-rich biomass of  extremely low nutrient 

content. Such organisms serve as very low-quality food for their consumers, 

which in extreme cases may lead to consumer extinction despite high 

biomass of their resources (Andersen et al. 2004). I treat this phenomenon 

further in paper IV, and show how this mismatch between consumer needs 

and food quality can be triggered by warming.  
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Objectives of this thesis 

The following points i-iv describe the main questions asked in this thesis, 

and the approaches I have taken to answer them. They roughly correspond 

to respective papers I-IV. 

i) How does the shape of functional response (the exponent b) affect stability 

of consumer-resource interactions under enrichment? A first step to answer 

this question was to find an analytical stability criterion relating b to other 

parameters of a mechanistic model of consumer-resource interactions. Then, 

stability predictions of this novel criterion have been checked against model 

simulations of empirically parameterized Daphnia-algae species pairs under 

scenarios of increasing nutrient enrichment. The accuracy and implications 

on system stability of two different Daphnia functional response estimation 

methods have been compared and discussed. 

ii) What are temperature optima of the attack rate coefficient a and 

maximum ingestion rate Imax (=1/h) in Daphnia, and is the exponent b 

temperature dependent? To address these questions, we performed 

extensive functional response experiments over broad temperature and food 

density ranges. When parameterizing functional responses, we paid special 

attention to differences in precision and accuracy of different methods, and 

subsequently used the best method in describing Daphnia’s feeding 

parameters across temperature gradient. As we used two different Daphnia 

clones, we were able to detect differences in ingestion rates across both 

temperature and algal densities gradients at the sub-species level. 

iii) How does temperature and resource enrichment affect the stability and 

persistence of predator-prey systems? We constructed and analyzed a 

resource-based model of predator-prey dynamics with plausible assumptions 

on temperature dependence of its parameters. We analytically found and 

plotted persistence and stability boundaries in the temperature-resource 

enrichment space based on empirically derived parameters for Daphnia-

algae system. Unlike most previous models, we allowed for a type III 

functional response in the predator. Adiditonally, we aimed at finding out 

how prey carrying capacity relates to temperature depending on the 

dynamics of the limiting resource. In the end, we used our framework to 

synthesize many previous studies on the effects of warming on consumer-

resource dynamics. 

iv) What mechanisms govern the responses of a freshwater planktonic food 

web to warming during early spring? To answer this question, we developed 
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a theoretical nutrient-explicit model of a planktonic food web parameterized 

for an algae-ciliate-Daphnia system. The model assumes a type III functional 

response in Daphnia, and temperature dependence of parameters governing 

Daphnia and ciliate feeding and metabolic rates as well as algal production 

and loss rates. Daily temperature values were taken from an outdoor 

experiment in which pelagic communities were exposed to ambient or 

warmed temperature conditions in near-natural mesocosm environment. 

The model predictions on the transient early spring dynamics were 

compared with experimental results. In particular, isocline analysis allowed 

us to identify different attractors governing the transient dynamics of 

modeled food webs depending on temperature conditions.  
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Study system and methods 
 

In this thesis, I have employed a combination of theoretical modeling and 

laboratory studies to tackle the above listed objectives. Mathematical 

modeling has proved not only useful, but even crucial in the development of 

ecological theory as it provides a framework to explicitly formulate and test, 

in the language of mathematics, our assumptions on the mechanisms 

governing natural systems. In combination with experimental data, it is a 

powerful tool to predict the consequences of various processes, such as 

global warming or nutrient enrichment. 

 
Study organisms 

 

The theoretical models developed in this thesis can be employed for nearly 

any consumer-resource species pair, and the results they provide are to a 

great extent general across many ecological systems. However, models used 

here were empirically parameterized for planktonic grazer-algae system for 

two reasons. In the first place, empirical parameterization provides a chance 

to predict and test model predictions in a real system, as I will discuss 

further. Second, my aim was to gain insight into the mechanisms governing 

pelagic systems. This knowledge is fundamental in ecology, as the grazer-

algae systems are one of the most important food web links on the global 

scale. It not only connects primary production with all other upper trophic 

levels, but also governs key biogeochemical processes such as nutrient 

cycling (Sterner et al. 1992), carbon storage and oxygen production (Duarte 

and Cebrián 1996, Field et al. 1998). 

 

Planktonic species are very suitable laboratory subjects due to their short 

generation times, ease of handling, and in case of many zooplankters 

parthenogenetic reproduction which lowers individual variation between 

organisms. Pelagic crustaceans of the genus Daphnia have been used for 

decades as model organisms in ecology (Lampert 2011), and constitute a 

dominant zooplankton group in temperate and boreal pelagic lake waters 

during the growing season (Flößner and Kraus 1986). Single-celled pelagic 

phytoplankton species are a typical and preferred food source for 

zooplankton, and are similarly easy to study. The above facts make Daphnia-

algae systems a very appropriate subject for empirical studies, as well as for 

comparisons between results of numerous studies using plankton as their 

model system. 

 



 

10 

Mathematical models 
 

In this thesis, I have theoretically represented study systems by differential 

equations describing the rates of change of species densities as functions of 

various parameters and variables. I always built upon the widely used 

Rosenzweig-MacArthur model (Rosenzweig 1971) cast in terms of biomass, 

following Yodzis and Innes (1992). I have modified and extended the 

Rosenzweig-MacArthur model in various ways. First, I resigned from using 

the prey carrying capacity (prey density in absence of predators, often 

denoted as K) as a phenomenological descriptor of prey growth. Instead, I 

used a resource-based approach, in which consumer growth is a function of 

its resource’s density. Second, I took a nutrient-explicit approach, in which 

limiting nutrient (or light) dynamics are explicitly modeled. Thus, nutrients 

become building blocks of the living biomass, which allows for the possibility 

of food quality limitation, as I described in the section above. Third, instead 

of the commonly used type II functional response of the predator, I applied a 

more general formulation of the Holling disc equation allowing for a type III 

response. As I discussed earlier, this assumption can strongly influence the 

stability predictions of modeled food webs. Finally, to study the effects of 

warming on consumer-resource dynamics, I expressed various model 

parameters as functions of temperature. 

 

Typically, the first step in model analysis was to derive analytical solutions 

for equilibrium biomass of interacting species, also called the zero net 

growth isoclines. A graphical analysis of plotted isoclines in a predator-prey 

density space is a very powerful tool to study both transient and equlibirium 

behavior of the model. The shapes and intersection points of predator and 

prey isoclines, and how they change with changes in parameters values, offer 

exact information on system stability and stable state species densities. I 

have extensively used this graphical approach in papers I and III. Even in 

paper IV, isocline analysis gave valuable insight into transient behavior of 

the modeled food web. However, to study species density changes in time 

before reaching the equilibrium, I additionally ran numerical simulations of 

models in all papers mentioned above. Simulations also proved useful in 

studying relative stability of models with stable equilibria (return time; 

paper I), as well as when analytical formulations of isoclines become too 

complex and untractable. 

 

Empirical model parameterization 
 

In order to study not only the qualitative behavior of a theoretical model, but 

also its predictions for a given natural system that it represents, a reliable 
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estimation of model parameters is crucial. In my work, the majority of model 

parameters come from my own laboratory experiments performed on algae 

and Daphnia. At the core of my experimental work lie feeding behavior 

experiments the aim of which was to parameterize grazer functional 

responses. Such experiments have been widely used in aquatic ecology, and 

their methods became standardized to a great extent (Båmstedt et al. 2000). 

They typically consist of short-term experimental runs in which grazers are 

incubated at different densities of their food. However, achieving high 

reliability of functional response parameter estimation is a challenging task 

requiring special experimental attention. First, treatments with high enough 

food density levels must be used in order to find a grazer saturation level 

where the functional response curve reaches its plateau (maximum ingestion 

rate). Second, high quality data at very low food density levels are needed - 

only then a potential decline in the clearance rate can be detected, and the 

functional response exponent estimated accurately. Third, to correctly 

characterize how functional response parameters depend on temperature, 

experiments have to be run at a wide temperature range (24°C in my study). 

I followed these rules in my experiments which constitute an empirical basis 

of papers I, II and III. Other model parameters mainly included the 

parameters describing algal growth and nutrient quotas. To estimate them, I 

performed single species algal growth experiments under flow-through 

(chemostat) conditions or in closed batch cultures under various phosphorus 

concentration levels. Additional parameters were either taken from the 

literature, or they were treated as control parameters and varied in model 

analysis. 

 

Another very important aspect of reliable model parameterization in my 

study was to choose an adequate description of the functional response type 

(paper I) and temperature dependence functional response parameters 

(papers II and III). The model selection process, for datasets with low 

number of data points relative to the number of model parameters as in the 

latter case, can often be debated. Choosing the best model is a matter of 

trade-off between the goodness of fit and model complexity. To solve this 

challenge, I considered different competing model formulations (type II vs. 

type III response, linear vs. quadratic temperature dependence) and 

compared the goodness of the nonlinear regression fits they generated by 

their respective AICC and R2 values. It is also often the case that our choices 

on the best available model can be guided by generally expected patterns, 

such as unimodal shapes of attack rates and maximum ingestion rates along 

the temperature gradient (paper III; Englund et al. 2011). It is also worth 

mentioning that various results included in this thesis did not qualitatively 

depend on alternative formulations of model parameters and their dynamics, 

for example fixed vs. flexible nutrient body content of algae (paper I), hump-
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shaped vs. exponential temperature dependence of prey intrinsic growth rate 

(paper III), or U-shaped vs. temperature-independent exponent b (paper 

III). Situations like these show, to some comfort, that our theoretical 

predictions are robust to a variety of possible model formulations. 

 

In paper IV, predictions of a theoretical model I built have been compared 

with results of an outdoor mesocosm study. In this experiment, an 

assembled food web similar to a natural plankton community was exposed to 

either ambient or warmer by 3.6°C temperatures, and monitored over almost 

100 days of early spring. Studies like this offer a remarkable opportunity to 

study responses of interacting species to experimental manipulations in 

nearly natural conditions. 
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Results and discussion 

I: Type III functional response and population stability 
 

Despite ubiquitous use of functional response in ecological models, 

analytical stability conditions for the exponent b values different from 1 and 

2 have not yet been given enough attention in theoretical ecology (but see 

Sugie et al. 1997). We addressed this gap by deriving a novel analytical 

condition b > e/[e-h·(m+D)], where b is the functional response exponent, e 

is the predator’s food conversion efficiency, m is the predator’s mortality and 

maintenance rate, and D is dilution rate of the system. If fulfilled under 

infinite enrichment, this condition guarantees a stable equilibrium of a 

system in study. However, as we have shown for four different empirically 

parameterized Daphnia-algae species pairs, it approximates very well 

stability under rather moderate nutrient enrichment levels. Therefore, it may 

become a useful tool to determine stability of natural and experimental 

predator-prey systems. 

 

Analysis of four different Daphnia-algae species pairs, using our newly 

derived condition and by numerical simulations of empirically 

parameterized models, have revealed that the type III response stabilizes the 

dynamics of only some of the systems in study. Interestingly, stability 

predictions differ depending on the method of functional response 

parameter estimation, with the clearance rate-based method yielding 

typically less stable dynamics than the ingestion rate-based method. This 

result may have far reaching consequences as there exists a systematic bias 

in how empiricists parameterize functional responses, with aquatic studies 

typically using clearance rate, and terrestrial studies using ingestion rate in 

parameter estimation. To achieve reliable stability predictions of various 

predator-prey systems, ecologists have to be more mindful of the methods 

they use and their shortcomings. 

 

We have found a type III functional response in all studied Daphnia-algae 

species pairs, with the exponent b ranging from 1.19 to 2.46. Our study adds 

to the growing evidence of type III responses in filter feeders, in line with 

other works on various animals from this group such as copepods (Frost 

1975), Daphnia pulicaria (Sarnelle and Wilson 2008), zebra mussels 

(Sarnelle at al. 2015), and even minke whales (Smout and Lindstrom 2007). 

All these animals are much bigger than their prey. Indeed, a type III 

response is expected to arise for high predator:prey body mass ratios, as 

suggested by Hassell (1977) and recently shown by Kalinkat et al. (2013) and 

Barrios et al. (2016). In such predator-prey species pairs, prey body mass is 
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small enough so that expected foraging returns at low prey densities are low. 

It is therefore energetically beneficial for a predator to decrease its clearance 

rate when feeding at low densities of its prey. Results confirming these 

assumptions have been shown by models of copepod filtering rates 

suggesting a decrease in clearance rates as an energetically optimal way of 

filter feeding at low algal densities (Lam and Frost 1976, Lehman 1976).  

Additionally, as the exponents we found are smaller than expected for 

terrestrial hunting arthropods of similar predator-prey body size ratios 

(b=4.3; Kalinkat et al. 2013), we believe that the strength of type III response 

may depend on predation mode. 

 

In general, paper I shows that a type III functional response is not a 

sufficient condition guaranteeing stability of consumer-resource 

interactions. The dynamics of these systems depend on the functional 

response shape, level of enrichment, as well as other model parameters, 

which is well described by our new stability criterion. Systems with a type III 

response can be highly stable even at infinite enrichment as long the 

equilibrium prey density (R*) is within a stabilizing region of low densities 

(see Fig. 1 F in paper I). I believe that this is often the case in natural pelagic 

grazer-algae systems, which were shown to be stable (Murdoch et al. 1998) 

despite high algal production rate and the so-called inverted biomass 

pyramid (consumers reaching higher biomass then their resources). A classic 

consumer-resource theory, typically assuming a type II response, predicts 

limit cycles for such top-heavy systems with high resource flux to consumers 

(Rip and McCann 2011).  We addressed this issue further in paper III where 

we show that at temperatures where predator feeding reaches its optimum, 

stability can be highest (the dominant eigenvalue lowest) even at high 

nutrient enrichment. 

 

II: Temperature dependence of type III functional response 
 

We found strong evidence for a hump-shaped temperature dependence of 

attack rate coefficient a and maximum ingestion rate Imax in Daphnia 

hyalina, as generally expected for consumer feeding rates (Englund et al. 

2011). Here, we found that these two rate parameters peak at rather 

moderate temperatures (18-24°C) in contrast to much higher physiologically 

tolerable temperature limits of Daphnia hyalina (Xiangfei 1984). This might 

reflect thermal adaptation of this species to temperatuers it encounters in 

pelagic waters, especially given the diel vertical migration behavior exposing 

animals to low hypolimnion temperatures every day (Zaret and Suffern 

1976). Additionally, detected maxima in a and Imax differ, with the former 

achieving its peak at at least 3°C higher temperature than the latter. Such a 
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difference in the temperature sensitivities of these two parameters could be 

potentially utilized as a way of behavioral thermoregulation. Remaining in 

warm epilimnion waters allows for efficient ingestion, whereas dwelling in 

colder hypolimnion parts of a lake maximizes food digestion. A similar 

mechanism has been recently suggested by Fey and Vasseur (2016) for 

animals inhabiting thermally variable environments. 

 

In paper II, we report a completely novel result showing that the functional 

response exponent b monotonously increases with warming. This effect can 

be translated into terms of grazer clearance rate: it is generally expected to 

decrease, with its maximum pushed towards higher prey densities with 

warming. The latter effect may bring stark consequences on system stability, 

which I address in papers I and III. At higher temperatures, consumer loss 

rates increase while its attack and maximum ingestion rates decrease. As I 

discussed in part I above, higher exponents b may arise in order to save 

energy under elevated metabolic demands. I expect a similar effect to occur 

at very low temperatures also characterized by low attack and maximum 

ingestion rates. In fact, in paper III we report that b relates, however slightly, 

in a U-shape manner to temperature. 

 

Knowing how each of the three functional response parameters depend on 

temperature, we looked at warming effects on the ingestion rate itself. We 

found it to change unimodally along the temperature gradient. Importantly, 

ingestion rate reaches its maximum at temperatures 10-22°C which are 

currently encountered by Daphnia in their environment. Further climate 

warming will likely push these consumers beyond their feeding optima, an 

effect which we have found to be the strongest at low food densities. 

Moreover, we noted several differences in clone-specific responses of 

ingestion rate to rising temperatures. Among others, different clones feed at 

different rates depending on food density, and reach their optima at different 

temperatures. Possible influence of intraspecific variation on warming 

effects needs to be better understood in order to reliably forecast global 

warming effects on biota (Thomas et al. 2012, Mitchell and Lampert 2000). 

 

As a follow-up of our results in paper I, we again used two different methods 

of functional response parameter estimation: based on either ingestion or 

clearance rate. Again, we found that the former method estimates the 

maximum ingestion rate Imax with more precision, whereas the later method 

is more precise when fitting attack rate coefficient a and the exponent b. 

Accordingly, we decided to employ a combined method in our further 

analyses (fitting first Imax to the ingestion rate data, and then fit a and b to 

the clearance rate data with the fixed estimate of Imax from the former fit) as 

it likely delivers the most accurate and precise parameter estimates. 
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III: Warming effects on consumer-resource dynamics 
 

In this paper, we tackled the question of temperature effects on predator-

prey systems by extending the widely used Rosenzweig-MacArthur model in 

three ways which differ from commonly used approaches. First, we consider 

the entire physiologically relevant temperature range at which attack rate 

coefficient a and handling time h respond to temperature in a hump-shaped 

and U-shaped manner, respectively. As a consequence, we found the 

predator persistence boundary to be a U-shpaed curve in temperature-

resource enrichment space. Both at low and high temperatures, where the 

predator biomass production falls below its maintenance rate due to 

increasing h, the predator goes extinct. This is in line with other findings 

reporting consumer extinction at high temperatures (Fussmann et al. 2014, 

O’Connor et al. 2011, Rall et al. 2010). 

 

Second, we consider both type II and type III functional response types of 

the predator. In case of a type II response, the stability boundary is similarly 

a U-shaped function of temperature in temperature-resource enrichment 

space. In other words, at every temperature where predators can persist, the 

system always turns unstable if sufficiently enriched. As nearly all previous 

studies on warming effects on predator-prey dynamics use the Rosenzweig-

MacArthur model with a type II functional response, we were able to map 

different trajectories (from several previous studies) of system state shifts 

with increasing temperature onto our picture. Different temperature 

sensitivities of feeding rate parameters and of prey carrying capacity (further 

discussed below) can be represented as different regions of the graph. We 

showed that a bewilderingly diverse set of published theoretical predictions 

can be confined into a limited number of possible scenarios of warming 

effects on stability and persistence of consumers and their resources. 

 

The possibility of a type III functional response (as we found in Daphnia) 

essentially change the previous picture, opening up a large stability region at 

intermediate temperatures, and confining the limit cycles to narrow U-shape 

regions at the low and the high ends of predator’s persistence temperature 

range. It has been recently proposed that a ratio between prey equilibrium 

density in absence over the prey equlibirum density in presence of its 

predator is a reliable measure of warming effects on stability, with high 

ratios implying low stability (Gilbert et al. 2014). However, we found this 

correlation to be weak and inconsistent, especially for predators with a type 

III functional response. In contrast, intermediate temperatures which are 

optimal for predators yield often very stable system dynamics. 

 

We analyzed three models differing in their limiting resource dynamics: 
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closed and open nutrient-limited and open light-limited systems. For these 

models, we derived an analytical expression for the equilibrium prey density 

in absence of predators, which defines prey carrying capacity. We showed 

that the relationship between prey carrying capacity can vary between 

decrasing, hump-shaped, and nearly temperature-inepdendent with 

warming. However, the general shapes of persistence and stability 

boundaries described above do not change qualitatively with different 

temperature dependencies of prey carrying capacity. 

 

All in all, paper III shows that knowledge of ambient temperature, limiting 

resource enrichment and the predator’s functional response type is crucial, 

and likely sufficient, to reliably predict warming effects on stability of 

consumer-resource systems. It provides a framework which not only 

encompasses the diversity of many previous theoretical findings, but also can 

serve as a tool for empiricists studying warming effects on natural food webs. 

 

IV: Warming effects on transient plankton dynamics in 
early spring 
 

Predictions of the theoretical model developed in paper IV starkly differ 

depending on the temperature regime driving the dynamics. In an ambient 

temperature scenario, initial increase in algal density is followed by an 

increase in Daphnia and ciliate densities, leading to the so-called clear water 

phase by the end of the simulated period (ca. 100 days). In contrast, under 

the warming scenario, phytoplankton achieves a fast growth rate early, and 

quickly blooms at very high densities. Interestingly, an initial early increase 

in Daphnia population density is quickly subdued so that grazers are present 

at very low densities by the end of the simulated period, and the clear water 

phase does not occur. These predictions are consistent with the results from 

the mesocosm experiment, which show the same qualitative transient 

dynamics of plankton communites. Additionally, the recorded maximum of 

the carbon to phosphorus (C:P) ratio of algal biomass was around 2-3 times 

higher in warmed vs. ambient temperature scenarios. Interestingly, in both 

the model and the mesocosm experiment, the presence of ciliates seemed to 

benefit Daphnia which reached slightly higher densities. Moreover, we 

observed a switch in phytoplankton community composition in the 

mesocosms towards bigger slow-growing diatom species under ambient 

tempertures, and smaller fast-growing green algae (mostly Monoraphidium 

minutum) under warming. It is worth noting that these two dominant 

groups are easily edible by zooplankton grazers. 

 

As Daphnia is generally considered to be strongly limited by the phosphorus 
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content of their food (Sterner and Elser 2002), a mismatch between 

Daphnia requirements and the actual P content of algae is the most likely 

mechanism behind the observed difference between two temperature 

scenarios. As warming allows phytoplankton to reach high carbon biomass of 

extremely poor quality very quickly, Daphnia become strongly P-limited and 

nearly reach extinction. In contrast, under ambient conditions algae 

constitute a nutritious food for zooplankton during the whole spring bloom, 

which allows for a fast grazer growth and leads to a clear water phase. The 

isocline analysis of the model shows that, under ambient temperatures, the 

system has a single attractor in which grazers keep highly nutritional algae at 

low densities. However, warming allows for an attractor with high densities 

of algae of very poor quality, and grazers gone extinct. This attractor can be 

quickly approached with sufficient warming of the system early in the 

season. The presence of ciliate may alleviate a negative effect of algal quality 

on Daphnia through additional grazing pressure preventing to some extent 

an increase in algal C:P ratios. 

 

In general, paper IV suggests that a warming-driven stoichiometric 

mismatch between consumer nutrient requirements and the quality of its 

food may lead to a regime shift in pelagic communities. An increase in water 

temperatures in late winter can push the communites onto a fast trajectory 

leading to a massive bloom of poor quality algae, and nearly extinction of 

zooplankton grazers, which may potentially have serious consequences to the 

dynamics of higher trophic levels. 
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Concluding remarks 

In this thesis, I addressed some important and still debated subjects in 

modern ecology. By means of mathematical modelling and experimental 

data, I aimed for better understanding of the mechanisms behind the effects 

of functional response type, warming, and resource enrichment on the 

stability of predator-prey interactions. Many of the results presented here 

are novel, and they have a potential to improve and unify our understanding 

of various ecological phenomena. 

 

A leading thread in this thesis is the functional response of consumer feeding 

on its resources. I have shown how the functional response parameters relate 

to population stability and persistence in various mechanistic consumer-

resource interaction models. A type III response, which I found in all my 

experiments, produces theoretical predictions which strongly differ from 

models typically assuming type II response. Generally speaking, exponents 

b>1 allow for more stability along gradients of temperature and resource 

enrichment comparing to strict type II responses. However, stability 

conditions of modelled populations depending on the functional response 

shape is not straightforward, and depends on various model variables. 

Nevertheless, I believe that a general type III response (flexible exponent b) 

should become a default assumption in theoretical models not only 

describing plankton dynamics, but also other predator-prey systems. In a 

recent article by Frank (2013), it has been suggested that most biological 

systems are expected to produce sigmoidal outputs along the gradient of 

inputs. In ecology, much effort needs to be put into describing and 

understanding how and in which organisms type III functional responses 

arise. 

Another common subject here is the effect of warming on species 

interactions. As we are facing increasing average temperatures on a global 

scale, we need coherent and reliable predictions on how these ongoing 

changes may influence natural food webs. I have shown that sufficient 

warming always leads to predator extinction, and that stability of modelled 

food webs strongly depend on predator’s functional response shape. In 

particular, a decline in consumer feeding rates at high temperatures is an 

important model ingredient allowing for a full suite of different population 

dynamic scenarios under warming. This, together with resource-based and 

nutrient-explicit approaches, can effectively predict how food web dynamics 

may respond to increasing temperatures, and what mechanism lie behind 

these responses. 
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It is my experience that ‘classic’ population and community ecology still 

holds many unresolved issues and also provides us with a powerful toolbox 

to study various phenomena of species interactions. My thesis forms another 

piece to this puzzle, and represents yet another step towards a better 

understanding of the dynamics of living systems. 



 

21 

 

References 

Amarasekare, P. 2015. Effects of temperature on consumer–resource 

 interactions. Journal of Animal Ecology 84:665–679. 

Andersen, T. 1997. Pelagic nutrient cycles: herbivores as sources and sinks. 

 Springer-Verlag. 

Andersen, T., J. J. Elser, and D. O. Hessen. 2004. Stoichiometry and 

 population dynamics. Ecology Letters 7:884–900. 

Båmstedt U., D. J. Gifford, X. Irigoien, A. Atkinson, and M. Roman. 2000. 

 Feeding. In: ICES Zooplankton Methodology Manual. Edited 

 by: Harris R., Wiebe P., Lenz J., Skjoldal H. R., and M. 

 Huntley. Elsevier. 

Barrios-O'Neill D., R. Kelly, J. T. A. Dick, A. Ricciard, H. J. MacIsaac, and M. 

 C. Emmerson. 2016. On the context-dependent scaling of 

 consumer feeding rates. Ecology Letters 19:668–678. 

Burns, C. W., and F. H. Rigler. 1967. Comparison of filtering rates of 

 Daphnia rosea in lake water and in suspension of yeast. 

 Limnology and Oceanography 12:492–502. 

Case, T. J. 2000. An illustrated guide to theoretical ecology. Oxford 

 University Press. 

Dell, A. I., S. Pawar, and V. M. Savage. 2011. Systematic variation in the 

 temperature dependence of physiological and ecological 

 traits. Proceedings of National Academy of Sciences USA 

 108:10591–10596. 

DeMott, W. R. 1982. Feeding selectivities and relative ingestion rates of 

 Daphnia and Bosmina. Limnology and Oceanography 

 27:518–527. 

Diehl, S. 2007. Paradoxes of enrichment: effects of increased light vs. 

 nutrient supply on pelagic producer-grazer systems. American 

 Naturalist 169:E173–E191. 



 

22 

Duarte, C. M., and J. Cebrián. 1996. The fate of marine autotrophic 

 production. Limnology and Oceanography 41:1758–1766. 

Englund, G., G. Öhlund, C. L. Hein, and S. Diehl. 2011. Temperature 

 dependence of the functional response. Ecology Letters 

 14:914–921. 

Fey, S.B., and D. A. Vasseur. 2016. Thermal variability alters the impact of 

 climate warming on consumer-resource systems. Ecology (in 

 press) doi: 10.1890/15-1838.1. 

Field, C. B., M. J. Behrenfeld, J. T. Randerson, P. Falkowski. 1998. Primary 

 production of the biosphere: integrating terrestrial and 

 oceanic components. Science 281:237−240. 

Flößner, D., and K. Kraus. 1986. On the taxonomy of the Daphnia hyalina-

 galeata complex (Crustacea: Cladocera). Hydrobiologia 

 137:97−115. 

Frank, S. A. 2013. Input-output relations in biological systems: 

 measurement, information and the Hill equation. Biology 

 Direct 8:31. 

Frost, B. W. 1975. A threshold feeding behaviour in Calanus pacificus. 

 Limnology and Oceanography 20:263–266. 

Fussmann, K.E., F. Schwarzmüller, U. Brose, A. Jousset, and B. C. Rall. 

 2014. Ecological stability in response to warming. Nature 

 Climate Change, 4:206–210. 

Gilbert, B., T. D. Tunney, K. McCann, J. P. DeLong, D. A. Vasseur, V. Savage,  

 J. B. Shurin, A. I. Dell, B. T. Barton, C. D. G. Harley, H. M. 

 Kharouba, P. Kratina, J. L. Blanchard, C. Clements, M. 

 Winder, H. S. Greig, and M. I. O’Connor. 2014. A  

 bioenergetics framework for the temperature dependence of 

 trophic interactions. Ecology Letters 17:902–914. 

Gurney, W. S. C., E. McCauley, R. M. Nisbet, and W. W. Murdoch. 1990. The 

 physiological ecology of Daphnia: a dynamic model of growth 

 and reproduction. Ecology 71:716–732. 



 

23 

Hassell, M. P., J. H. Lawton, and J. R. Beddington. 1977. Sigmoid functional 

 responses by invertebrate predators and parasitoids. Journal 

 of Animal Ecology 46:249–262. 

Holling, C. S. 1959. The components of predation as revealed by a study of 

 small mammal predation of the European pine sawfly. 

 Canadian Entomologist 91:293–320. 

IPCC: Climate Change 2014: Synthesis Report. Contribution of Working 

 Groups I, II and III to the Fifth Assessment Report of the 

 Intergovernmental Panel on Climate Change [Core Writing 

 Team, Pachauri RK, Meyer LA (eds.)]. IPCC, Geneva, 

 Switzerland. 

Jeschke, J. M., M. Kopp, and R. Tollrian. 2002. Predator functional 

 responses: discriminating between handling and digesting 

 prey. Ecological Monographs 72:95–112. 

Jeschke, J. M., M. Kopp, and R. Tollrian. 2004. Consumer-food systems: 

 why type I functional responses are exclusive to filter feeders. 

 Biological Reviews 79:337–349. 

Kalinkat, G., F. D. Schneider, C. Digel, C. Guill, B. C. Rall, and U. Brose. 

 2013. Body masses, functional responses and predator–prey 

 stability. Ecology Letters 16:1126–1134. 

Lam, R. K., and B. W. Frost. 1976. Model of copepod filtering response to 

 changes in size and concentration of food. Limnology and 

 Oceanography 21:490–500. 

Lampert, W. 2011. Daphnia: development of a model organism in ecology 

 and evolution. Excellence in Ecology: Book 21. International 

 Ecology Institute. 

Lehman, J. T. 1976. The filter-feeder as an optimal forager, and the predicted 

 shapes of feeding curves. Limnology and Oceanography 

 21:501–516. 

May, R. M. 1973, Stability and complexity in model ecosystems. Princeton 

 University Press. 

McCann, K. S. 2000. The diversity–stability debate. Nature 405:228–233. 



 

24 

McCann, K. S. 2012. Food webs. Princeton University Press. 

Mitchell, S. E., and W. Lampert. 2000. Temperature adaptation in a 

 geographically widespread zooplankter, Daphnia magna. 

 Journal of Evolutionary Biology 13:371–382. 

Mohaghegh, J., P. De Clercq, and L. Tirry. 2001. Functional response of the 

 predators Podisus maculiventris (Say) and Podisus 

 nigrispinus (Dallas) (Het., Pentatomidae) to the beet 

 armyworm, Spodoptera exigua (Hübner) (Lep., Noctuidae): 

 effect of temperature. Journal of Applied Entomology 

 125:131–134. 

Murdoch, W. W., and A. Oaten. 1975. Predation and population stability. 

 Advances in Ecological Research 9:1–131. 

Murdoch, W. W., R. M. Nisbet, E. McCauley, A. M. deRoos, and W. S. C. 

 Gurney. 1998. Plankton abundance and dynamics across 

 nutrient levels: tests of hypotheses. Ecology 79:1339–1356. 

Oaten, A., and W. W. Murdoch. 1975. Functional response and stability in 

 predator–prey systems. American Naturalist 109:289–298. 

O’Connor, M.I., B. Gilbert, and C. J. Brown. Theoretical predictions for how 

 temperature affects the dynamics of interacting herbivores 

 and plants. American Naturalist, 178:626–638. 

Parmesan, C. 2006. Ecological and evolutionary responses to recent climate 

 change. Annual Reviews of Ecology, Evolution and 

 Systematics 37, 637–669. 

Porter, K. G., J. Gerritsen, and J. D. Orcutt, Jr. 1982. The effect of food 

 concentration on swimming patterns, feeding behavior, 

 ingestion, assimilation, and respiration by Daphnia. 

 Limnology and Oceanography 27:935–949. 

Rall, B.C, O. Vucic-Pestic, R. B. Ehnes, M. Emmerson, and U. Brose. 2010. 

 Temperature, predator–prey interaction strength and 

 population stability. Global Change Biology, 16:2145–2157. 

Real, L. 1977. The kinetics of functional response. American Naturalist 

 111:289–300. 



 

25 

Rip, J. M. K., and K. S. McCann. 2011. Cross‐ecosystem differences in 

 stability and the principle of energy flux. Ecology Letters 

 14:733–740. 

Rosenzweig, M. L. 1971. Paradox of enrichment: destabilization of 

 exploitation ecosystems in ecological time. Science 171:385–

 387. 

Sarnelle, O., and A. E. Wilson. 2008. Type III functional response in 

 Daphnia. Ecology 89:1723–1732. 

Sarnelle O., J. D. White, T. E. Geelhoed, and C. L. Kozel. 2015. Type III 

 functional response in the zebra mussel, Dreissena 

 polymorpha. Canadian Journal of Fisheries and Aquatic 

 Science 72:1202−1207. 

Savage, V. M, J. F. Gillooly, J. H. Brown, G. B. West, and E. L. Charnov. 

 2004. Effects of body size and temperature on population 

 growth. American Naturalist 163:429–441. 

Scheffer, M., S. Rinaldi, Y. A. Kuznetsov, and E. H. van Nes. 1997. Seasonal 

 dynamics of Daphnia and algae explained as a periodically 

 forced predator–prey system. Oikos 80:519–532. 

Smout, S., and U. Lindstrøm. 2007. Multispecies functional response of the 

 minke whale Balaenoptera acutorostrata based on small-

 scale foraging studies. Marine Ecology Progress Series 

 341:277–291. 

Sterner, R. W., J. J. Elser, and D. O. Hessen. 1992. Stoichiometric 

 relationships among producers, consumers and nutrient 

 cycling in pelagic ecosystems. Biogeochemistry 17:49−67. 

Sterner, R. W., and J. J. Elser. 2002. Ecological stoichiometry: the biology of 

 elements from molecules to the biosphere. Princeton 

 University Press, Princeton, New Jersey, USA. 

Sugie, J., R. Kohno, and R. Miyazaki. 1997. On a predator–prey system of 

 Holling type. Proceedings of the American Mathematical 

 Society 125:2041–2050. 



 

26 

Thomas, M. K., C. T. Kremer, C. A. Klausmeier, and E. Litchman. 2012. A 

 global pattern of thermal adaptation in marine 

 phytoplankton. Science 338:1085–1088. 

Yodzis. P. 1981. The stability of real ecosystems. Nature 289:674‒676. 

Yodzis, P., and S. Innes. 1992. Body size and consumer-resource dynamics. 

 American Naturalist 139:1151–1175. 

Wang, B., and D. N. Ferro. 1998. Functional responses of Trichogramma 

 ostriniae (Hymenoptera: Trichogrammatidae) to Ostrinia 

 nubilalis (Lepidoptera: Pyralidae) under laboratory and field 

 conditions. Environmental Entomology 27:752–758. 

Xiangfei, H. 1984. Effect of temperature on development and growth of 

 Daphnia hyalina and Daphnia carinata ssp. Indet 

 (Cladocera-Daphnidae). Acta Hydrobiologica Sinica 2:006. 

Zaret, T.  M., and J. S. Suffern. 1976. Vertical migration in zooplankton as a 

 predator avoidance mechanism. Limnology and 

 Oceanography 21:804–813. 



 

27 

Acknowledgements 

I would like to thank my supervisor Sebastian Diehl for his invaluable help 

and support during all my years as a PhD student. Doing research under 

your guidance was an incredible journey, during which I learned a lot thanks 

to your passion, vast knowledge and expert skills to convey it. You are my 

role model for how ecology in general, and writing in particular, should be 

done! 

My special gratitude goes to Kathrin Lengfellner, Thomas Müller, Nadine 

Pitsch and Carin Olofsson for their lab assistance. Big thanks to the heads, 

administration stuff, and IT support of my department for ensuring that 

everything works fine. Also, thanks to my teaching mates and course 

coordinators for sharing their experience and passion with me. I warmly 

thank all my colleagues from EMG and IceLab for creating a great working 

atmosphere.  

Thanks to my family and friends for their love and support. Your impact on 

my science, and on my life in general, goes much beyond the scope of this 

thesis. 

 

 

I thank the Swedish Research Council (VR) and the German Science 

Foundation (DFG) for funding. 


