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General Introduction

Catalina Chaparro Pedraza
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Chapter 1 - General Introduction

1.1 – Foundations of an explanatory and predictive science
"Theoretical population biology is the science of the possible; only direct
observation can yield a knowledge of the actual." - Lewontin (1968)
In any population, the number of individuals changes over time in response to
biotic and abiotic factors i.e. resource availability, predation, disease, competition,
climate. How those factors affect the rate of change of population abundance is the
main focus of population ecology. Relevant empirical observations, theories, models
and hypotheses exist for this problem. Empirical observations provide us with information about abundance or density of a specific population in a particular time; but
unless this information is integrated in a larger body of knowledge it may be of little
use to ecologists who did not conduct the empirical study. Hence, ideally, evidence
documented in individual empirical studies is integrated into theory (Michael 2002).
The purpose of theories is to explain and to predict phenomena (Kerlinger 1966).
Specifically in population ecology, theories aim to explain by identifying the possible
factors and the relationships among them that cause the population dynamics and
to predict the possible consequences of a certain set of factors for the population dynamics (Lewontin 1968). The antecedent-consequent (cause-and-effect) nature of the
explanatory and predictive purposes of a theory entails a mechanistic explanation.
"By calling the explanations mechanistic, we are highlighting the fact that they
treat the systems as producing a certain behavior in a manner analogous to
that of machines developed through human technology. A machine is a
composite of interrelated parts, each performing its own functions, that are
combined in such a way that each contributes to producing a behavior of the
system. A mechanistic explanation identifies these parts and their
organization, showing how the behavior of the machine is a consequence of the
parts and their organization." - Bechtel and Richardson (1993)
Mechanisms consist of entities and activities organized such that they produce the
phenomenon of study (Craver 2007). Entities are the components of the mechanism
and activities are what they do. Components of mechanisms producing ecological phenomena come from various levels of biological hierarchy that extend from molecules
and cells to organisms and ecosystems and include inanimate objects or processes
(Pâslaru 2014). Since properly organized activities of components are responsible for
causing the phenomenon, mechanistic explanations in population ecology must describe the relevant behaviors of individuals and inanimate components (i.e. resources,
abiotic conditions), integrating information from various levels of organization.
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"How could our seemingly old-fashioned subjects (i.e., ecology and
evolutionary biology) achieve new intellectual rigor and originality compared
to molecular biology? What can we learn from molecular biology on how to
advance our own science? We agreed that the basic problem was that ecology
and evolutionary biology were mostly unrooted. They needed foundations from
which explanations can be developed bottom-up. Theory has to work from
lower to higher levels of biological organization. Either alone will not do.
Population biology was the discipline we thought could serve as base to
reinvigorate the theory of ecology and evolutionary biology." - Wilson (2009)
In the first theoretical models in population ecology, such as Lotka-Volterra models,
the relevant behaviors of individuals included reproducing, dying, competing, feeding, predating; posteriorly, behaviors such as moving and dispersing were introduced
in spatial population ecology studies. More recently, other behaviors regarding individual development, such as growing, maturing, and developing, have been added to
population ecological theory. Such behaviors of individuals and inanimate components
establish relationships that are causal in ecological mechanisms and thus exploitable
for manipulation and control (Woodward 2005). Therefore, one can formulate predictions of what are the consequences of specific values regarding the behavior of
individuals (i.e. feeding rate, growth rate, mortality rate) and inanimate components (i.e. temperature variability, resource availability) for the population dynamics.
Yet, formulation of accurate predictions requires accurate description of mechanisms
(Pâslaru 2014).
"How fast is ecology moving forward? If we quantify progress by how
predictive ecology is, then progress has been slow and insufficient to solve many
problems related to the loss of biodiversity, global changes in climate and land
use and the potential collapse of ecosystem services. Ecology will not be able to
solve these problems alone, but without improving its predictiveness, there
might be no solutions at all." - Grimm and Railsback (2012)
Predictions play an important role in biodiversity management policy, as they alert
about potential risks, provide a means to attribute biological changes to a particular
factor and support the development of strategies to reduce negative impacts (Bellard
et al. 2012). Predictiveness in ecology is therefore necessary to address the multiple
impacts of environmental change rapidly occurring (Grimm and Railsback 2012; Karl
and Trenberth 2003). However, accurate ecological predictions have proved difficult
to formulate (Dawson et al. 2011; Grimm and Railsback 2012).
To date, assessments of impacts on populations due to environmental change
typically rely on descriptions of processes coming from aggregated population data
3
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(Chevin et al. 2010; Dawson et al. 2011). The limited ability of those approaches to
accurately predict is therefore not surprising, and can be attributed to the focus of
traditional ecological theory on patterns at a single level of organisation (Clark et al.
2011; Grimm and Railsback 2012). As I argued above, accurate ecological predictions
arise only from accurate descriptions of ecological mechanisms that have components
coming from various levels of biological organisation.
Ecological systems are complex systems whose properties at higher levels emerge
from interactions among components at lower levels (Levin 1998). Therefore, a pattern
observed at the population level cannot be mechanistically explained by describing
only the population properties rather than the behavior of individuals and their interactions with the environment and other individuals. Elucidating interactions between
components and processes acting at different biological levels of organisation may be
challenging but is necessary to attain mechanistic understanding of ecological systems.
In a theoretical foundation that serves as a framework of an explanatory and predictive ecological science, mechanistic understanding of ecological systems is certainly
required. This thesis aims to contribute to this theoretical foundation by providing
a mechanistic understanding of the effects of changing environmental conditions on
populations. In the following sections of this introduction, I will discuss what components are essential in this theoretical foundation.

1.2 – Changing environment
As the human population continues to increase and its activities to expand, global
climate change, biodiversity loss, land cover transformation and pollution intensify.
Almost all ecosystems on Earth are facing the impacts of environmental change at all
biological scales through a wide variety of stressors. Although most biological effects
have been recorded at a single scale, there is evidence that changes at individual and
population level are intimately linked (Parmesan 2006). Given the nature of ecological
systems organisation, in which properties at higher levels (i.e. population, species)
emerge from interactions among components at lower levels (i.e. individuals), such
joint responses should be the rule. However, the mechanisms causing these joint
responses to environmental change are rarely identified because most efforts have
focused on these responses of population or even species in an aggregated way (but
see Ozgul et al. (2010); Thompson and Ollason (2001)). Nonetheless, populations
do not respond to the environment, only individuals do (Clark et al. 2011) and these
responses may differ among individuals.
Organisms differ in their requirements and demographic rates in different life
stages. Those differences may make individuals more or less susceptible to distinct
stressors during different life stages. Consequently, the effects of a particular stressor
4
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on the population depend on the life stage that is susceptible to it. For instance,
a particular stressor reducing the feeding rate of juveniles does not directly affect
population growth because juveniles do not reproduce; in contrast, reduced feeding
rate of adults decreases individual fecundity and thus population growth.
Accounting for the multiple individual responses to a particular individual stressor
may have counterintuitive consequences for populations. For example, competition for
food resources between juveniles and adults can result in an increase in the total population biomass when mortality increases (i.e. biomass overcompensation (de Roos
et al. 2007; Persson and de Roos 2013)). Therefore, assessing the consequences of environmental change for populations requires a consideration of its impacts on individual
life history.
Characterizing responses to environmental change for communities and ecosystems may be even more challenging. Biotic interactions are a fundamental organizing
feature of ecological communities and therefore need to be integrated in a theoretical
framework that enables predicting how environmental change impacts community
composition and stability. In fact, recent work has highlighted that considering biotic interactions improves our ability to predict biological responses to environmental
change (Gilman et al. 2010; Mellard et al. 2015).
It is increasingly acknowledged that environmental change does not only have
direct effects on individuals but it influences interactions between them. For instance,
stress avoidance can alter activity patterns (Tuomainen and Candolin 2011) affecting
encounter rates between competitors, between prey and predator or between parasite and host. Although progress is being made to integrate biotic interactions into
assessments of biological consequences of environmental change (Thuiller et al. 2013),
most studies have assumed interactions between species to be constant. However, hypothesized interactions between species do not operate at the species level but at the
individual level (Clark et al. 2011). In other words, species do not interact, individuals
do.
Interactions between individuals do not remain constant throughout life history.
For most animal species the outcome of encounters with competitors, potential prey
and predators depends on the life stage of the interacting organisms. For instance,
in aquatic ecosystems the majority of predator species do not have a predatory diet
as small juveniles. While adult predators reach large body sizes and prey on smaller
fish species, the body size of a predator species at birth is often similar to that of
their future prey (de Roos and Persson 2013). Hence, these small juvenile predators
necessarily feed upon other types of food that might be the same as the food types
of their future prey; therefore individuals of a predator and prey species may be engaged in a competitive or a predatory interaction depending on the life stage of the
predator individual interacting. These ecological transitions between different life
5
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stages involving a shift in food resource or habitat use are widespread across various
taxa of the animal kingdom (Werner 1988). Those shifts result in complex interactions in natural communities because individuals in different life stages face different
competitors and predators. The interplay between individual life history and biotic
interactions is causal in ecological mechanisms shaping population abundance and
community composition (de Roos and Persson 2002, 2013; Persson and de Roos 2013).
Therefore, this interplay cannot be overlooked if we aim to accurately predict effects
of environmental change on population abundance and community composition.

1.3 – Eco-evolutionary dynamics
"At every moment natural selection is operating to change the genetic
composition of populations in response to the momentary environment, but as
that composition changes it forces a concomitant change in the environment
itself. Thus organisms and environments are both causes and effects in a
coevolutionary process." - Lewontin (2001)
One of Darwin’s greatest insights was to recognize that populations have the
potential to grow exponentially, but confronted with the limited resources provided
by the environment, individuals that compete the best would have the best chance to
survive and procreate (Darwin 1859). Therefore, the idea that ecological processes
influence evolutionary processes by setting a selective environment for evolution has
been deep-seated in evolutionary theory since its origin. Instead, the opposite idea
that evolutionary processes influence ecological processes had been disregarded based
on the traditional belief that evolutionary change does not proceed sufficiently fast to
be observable on ecological timescales. However, there is growing empirical evidence
that evolutionary and ecological processes can occur in commensurate timescales and
that evolution can have significant ecological effects (Pelletier et al. 2009; Schoener
2011). In Darwin’s finches, for instance, evolutionary contributions to population
growth were estimated to exceed ecological contributions (Hairston et al. 2005).
The realization that evolutionary dynamics can affect ecological dynamics has
opened the door to the possibility that they interact in a feedback loop. If in addition to the long supported idea that ecology can affect evolution, evolution can affect
ecology, then the transformed ecology may influence evolution, and so on, back and
forth (Schoener 2011). The bidirectional feedback therefore requires 1) that organisms
strongly impact the environment in which they reside and, 2) that the altered environment differentially affects the fitness of phenotypically diverse individuals (Post and
Palkovacs 2009). In this loop, one pathway corresponds to the effect exerted by phenotypic changes on the population density and composition, and the second pathway
6
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corresponds to the effect that population density and composition has by differentially
favoring certain phenotypes in the population.
The interaction between ecological and evolutionary processes has effects not only
at the population but also at the community level. The fitness of an individual is
the result of its interactions with competitors, resources and natural enemies. The
strength and outcome of ecological interactions are influenced by the phenotypic traits
of the interacting individuals. Hence, natural selection can cause changes in ecological
phenotypic traits such as habitat or resource use that can alter ecological interactions,
and these in turn have an effect on individual fitness and thus are subjected to natural
selection.
There are an increasing number of documented examples of this effect of community composition on the evolution of life history and ecological traits and the feedback
effect of this evolution on community composition. In a consumer-resource interaction between rotifers and green algae, population genotype composition of the
resource varies in response to variations in the abundance of the consumer in the
system. A resource variant carrying costly defense against predation increased in
frequency as the consumer density increased, while the frequency of an undefended
resource variant with higher intraspecific competitive ability increased as the consumer density decreased in response to the increase in the defended variant (Yoshida
et al. 2003). Likewise, predator density affects individual life history and density of
populations of guppies and these changes in turn have an effect on resource availability and subsequently on diet preference (Reznick et al. 2001, 1996). Similarly,
eco-evolutionary feedbacks have been reported in communities in which species coevolve between intra- and interspecific competitive abilities, resulting in oscillations of
species abundance in the community (Lankau and Strauss 2007). Furthermore, the
impact of eco-evolutionary feedbacks goes beyond the community level by altering
ecosystem processes such as nutrient cycling and productivity (Pelletier et al. 2009).
Therefore, considering the interaction between ecological and evolutionary processes
is fundamental to studying how population abundance, community composition and
ecosystem functioning are shaped.
Changing environmental conditions do not only affect population densities but also
selective pressures. Rapid changes in phenotypic traits of wild populations have been
documented as a result of changes in selective pressures caused by the novel conditions imposed by environmental change (Allendorf and Hard 2009; Olsen et al. 2004;
Palkovacs et al. 2012; Singer et al. 1993). Most research addressing the effects of environmental change has focused on its ecological consequences while its evolutionary
consequences have received less attention (Urban et al. 2012). Recent synthetic efforts
have demonstrated the emergence of unexpected phenomena when both ecological
and evolutionary processes are considered in concert and have highlighted the need
7
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of a strong eco-evolutionary theoretical foundation to generate accurate predictions
regarding the effects of environmental change on population abundance and community composition (Bolchoun et al. 2017; Norberg et al. 2012; Palkovacs et al. 2012; Urban
et al. 2012).

1.4 – Ontogenetic shifts in habitat use
Most animal species undergo major ecological transitions between different life stages
that involve a shift in food resource and possibly habitat use (Werner 1988). Although
best-known examples of species with an ontogenetic habitat shift correspond to species
undergoing metamorphosis, such as amphibians, holometabolous insects or marine
invertebrates, it is also common in non-metamorphic species including fish (Hampton
2000; Krause et al. 1998; Mittelbach and Osenberg 1993; Sogard 1997) and reptiles
(Ferguson and Fox 1984; Keren-Rotem et al. 2006). For instance, various salmonid
species breed in freshwater and subsequently migrate to the ocean. Sticklebacks begin
their life cycle in the benthic environment and afterwards become pelagic. Similarly,
in some species of coral reef fish only old individuals use the coral reef ecosystem
while young ones use mangroves as nursery habitats.
One of the most remarkable types of ontogenetic habitat shift is anadromy, a lifehistory behavior in which individuals use oceans and freshwater habitats for feeding
and reproduction, respectively, during different life stages. The anadromous life cycle
begins in freshwater (the breeding habitat), where early development takes place.
Afterward individuals migrate to the ocean (the non-breeding habitat), where they
grow larger, mature and subsequently return to freshwater for spawning.
Anadromous fish migrations have fascinated humans since ancient time. In the
oral tradition of native American tribes, there are stories that evidence the cultural
importance of salmon migration as it fed large numbers of people on a seasonal basis
(Hymes 1985). Nowadays, anadromous fish species including salmons, sturgeons, and
shads are of particular concern because of their economic and cultural importance:
although these species comprise overall less than 1% of the world fish fauna, their
share in global fisheries trade currently exceeds 17% and continues to increase (Food
and of the United Nations. Fisheries Department 2016). However, major declines in
anadromous wild populations have been documented in the last decades (Limburg
and Waldman 2009).
Multiple threats have contributed to the decline of anadromous populations, including infrastructure building in freshwater streams, overfishing, pollution and climate change (Limburg and Waldman 2009). Those threats do not have equal impact
on the freshwater and the marine habitat and as a consequence their effects differ
among individuals in different life stages. For instance, reproducing individuals are
8
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more vulnerable to infrastructure building in freshwater streams as it obstructs their
migratory routes to the spawning grounds, while it does not have a direct effect on
young individuals. Because individuals in different life stages contribute in different
ways to the population dynamics (i.e. juveniles do not reproduce and thus do not
contribute to population growth, whereas instead, adults do), the impact of a particular stressor on the population depends on the life stage that is susceptible to it.
Effects of threats on an anadromous population therefore are the result of multiple
responses of individuals in different life stages that make up the population. Hence,
accurately assessing impacts of threats on anadromous populations certainly requires
a consideration of the different responses throughout individual life history.
Since environmental change impacts frequently differ across habitats, the last
statement in the previous paragraph holds more generally and can be extended to
other life cycles involving an ontogenetic habitat shift. Given that in species with
an ontogenetic habitat shift individuals in different stages use different habitats, the
impact of environmental change on the population varies depending on its effects on
either habitat and thus on either life stage. Therefore, an explicit description of the
individual life history is required to accurately assess the consequences of environmental change for populations with an ontogenetic habitat shift. In addition I argued in a
previous section for a greater emphasis on the interplay between individual life history
and biotic interactions in a framework to study the effects of environmental change
on population abundance and community composition. This interplay is especially
relevant for populations with an ontogenetic habitat shift because the community
composition differs in the two habitats and therefore the habitat shift implies as well
a shift in interactions with food resources, competitors and predators.
In summary, I have argued that individual life history, ecological interactions, and
eco-evolutionary dynamics are essential components of a theoretical foundation that
serves as a framework of an explanatory and predictive ecological science.
In that context, this thesis aims to reveal the ecological and eco-evolutionary consequences of changing environmental conditions on the dynamics of populations with
an ontogenetic habitat shift. It focuses in particular on revealing and understanding
the mechanisms by which populations with an ontogenetic habitat shift respond to
changing ecological conditions and does so by considering both the ecological as well
as the eco-evolutionary consequences of the interplay between individual life history
and resource-consumer interactions.
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1.5 – Responses to a changing environment when life history
involves a habitat shift
This thesis studies the ecological (chapters 2 and 3) and eco-evolutionary (chapters 4,
5 and 6) consequences of changing environmental conditions on populations with an
ontogenetic habitat shift. To study the ecological consequences, I use the framework
of Physiological Structured Population Models (PSPM) that allows for the explicit description of the individual life history, and ecological dynamics at higher levels (i.e.
population and community) then emerge from the interaction between individuals
and their environment. An individual bioenergetics approach is used to link the food
resource available in the environment to individual feeding, body growth and fecundity. To study the eco-evolutionary consequences, I also use the adaptive dynamics
and population genetics approaches that allow analyzing phenotypic evolution based
on the ecological dynamics predicted by the PSPM approach.
Since the effect of changing environmental conditions on a population with a habitat shift depends on its effects on the different life stages that are susceptible to it,
chapter 2 and 3 study the consequences for the entire population of changes in ecological conditions directly affecting only individuals in a particular life stage. Specifically,
I study how increased energetic costs of the breeding travel and reduced survival and
food availability in the non-breeding habitat affect an anadromous population. These
three unfavorable ecological conditions affect directly only older individuals in the
population. In both chapters, I use a population model in which continuous dynamics
describe the individual resource consumption, body growth, reserves dynamics and
survival and a discrete map describes the pulse-wise reproduction (Persson et al. 1998).
In chapter 2, I investigate the independent effect of these unfavorable conditions on the
entire population and their indirect effect on other life stages via changes in population processes. This chapter identifies some mechanisms causing joint responses in life
history traits and population dynamics as a consequence of changing environmental
conditions. In chapter 3, I investigate the effects of these unfavorable conditions affecting the population in a cumulative way. In this chapter, two unfavorable conditions
with independent negative effects show a highly non-linear type of interaction leading
to a counterintuitive, beneficial effect on population persistence as a consequence of
the specifics of the anadromous individual life history.
The two habitats used throughout the individual’s life differ in a variety of conditions including food abundance and mortality risk. As a result, individuals experience
multiple changes during the habitat shift that influence their survival, growth and
fecundity. Therefore, the timing of the habitat shift is fundamental in determining individual fitness and thus subjected to selection. In chapters 4, 5, and 6 I investigate the
eco-evolutionary consequences of changing environmental conditions on a population
10
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in which the timing of the habitat shift evolves. To do so, I formulate a population
model in which all life history processes, including individual food consumption, body
growth, survival and fecundity, follow continuous-time dynamics. Because small individuals are usually more vulnerable to predation than large ones (Hampton 2000;
Krause et al. 1998; Sogard 1997), in chapter 4, I investigate the relative role that sizedependent and size-independent mortality have on the evolution of the timing of the
habitat shift. I found that through indirect effects mediated by changes in population
structure, the nature of the mortality source (size-dependent vs. size-independent)
influences the evolution of this life history trait in previously unexpected ways. In
chapter 5, I examine the role of mortality risk and food resource productivity on the
interaction between ecological and evolutionary dynamics. This chapter shows that
eco-evolutionary feedbacks may drive phenotypic changes in the timing of the habitat
shift and that these changes impact community dynamics. In chapter 6, I study how
changes in mortality risk influence the eco-evolutionary dynamics of the timing of a
habitat shift and describe a new mechanism whereby changes of abiotic conditions
cause delayed regime shifts in nature.
In chapter 7, I summarize the results of the thesis and discuss how they contribute to
understand the effects of a changing environment on populations with an ontogenetic
habitat shift. I will then conclude by suggesting directions for future research.
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Abstract
Migration, the recurring movement of individuals between a breeding and a nonbreeding habitat, is a widespread phenomenon in the animal kingdom. Since the life
cycle of migratory species involves two habitats, they are particularly vulnerable to
environmental change, which may affect either of these habitats as well as the travel
between them. In this study, we aim to reveal the consequences of environmental
change affecting older life history stages for the population dynamics and the individual life history of a migratory population. We formulate a population model based on
the individual energetics and life history to study how increased energetic cost of the
breeding travel and reduced survival and food availability in the non-breeding habitat
affect an anadromous fish population. These unfavorable conditions have impacts at
the individual and the population level. First, when conditions deteriorate individuals
in the breeding habitat have a higher body growth rate as a consequence of reductions
in spawning that reduce competition. Second, population abundance decreases, and
its dynamics change from a regular annual cycle to oscillations with a period of four
years. The oscillations are caused by the density-dependent feedback between individuals within a cohort through the food abundance in the breeding habitat, which
results in alternation of a strong and a weak cohort. Our results explain how environmental change, by affecting older life history stages, has multiple consequences for
other life stages and for the entire population. We discuss these results in the context
of empirical data and highlight the need for mechanistic understanding of the interactions between life history and population dynamics in response to environmental
change.
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2.1 – Introduction
Animals from all major animal taxa set out every year on a journey between habitats in
step with seasonal changes. Generally, these seasonal changes also define the timing
of breeding; therefore, the habitats occupied by animals during different seasons are
known as breeding and non-breeding habitat. Since migratory animals utilize multiple
habitats and resources, they appear to be particularly vulnerable to environmental
change (Vagg and Hepworth 2006). Furthermore, given the spatial separation between
the habitats, the effect of environmental change may differ across the habitats used
by individuals at different stages of their life cycle. As a consequence, a change in
ecological conditions in one of the habitats directly impacts individual life history. Life
history, in turn, has large effects on population processes (de Roos and Persson 2013),
which strongly influence the realized life history of organisms through the population
feedback on, for example, food conditions (de Roos and Persson 2003). Therefore,
environmental change has the potential to affect the interaction between life history
and population ecology of migratory, and in particular, anadromous species.
Anadromous individuals begin their life cycle in the breeding habitat in freshwater
and later migrate to the non-breeding habitat in the ocean (this migration we from
here on refer to as habitat switch), where they grow larger and eventually become
mature. Mature individuals migrate back to the breeding habitat in order to reproduce
(hereafter breeding travel). Many anadromous fishes including salmons, sturgeons,
and shads are of both economic and cultural importance. However, like many other
commercially exploited fish, they are in decline and their conservation is a major
concern (Pauly et al. 2002).
Anadromous species have shown major declines in the last decades due to multiple
threats such as damming, overfishing and climate change (Limburg and Waldman
2009). Damming increases the cost of the breeding travel to the spawning grounds that
negatively affects individual fecundity as it leads to larger depletion of energy reserves
(Jonsson et al. 1997). Overfishing increases mortality in later life stages as especially
mature individuals are targeted by fishing. And climate change, among many other
impacts, is predicted to reduce ocean productivity (Hoegh-Guldberg and Bruno 2010)
which results in reduced growth rate in the marine phase of the life cycle. These threats
have negative impacts on the life history of individuals by affecting their fecundity,
survival and growth rate during the life stage after the habitat switch. This raises the
question how these threats, by influencing the life history of individuals in a late life
history stage, affect the dynamics of the entire population and, in turn, the realized
life history of individuals. To address this question, we use a theoretical approach
to study the consequences of increased energetic cost of the breeding travel and
reduced survival and food availability in the non-breeding habitat on an anadromous
15
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Figure 2.1 – Schematic representation of the modelled anadromous life cycle.

population. Since these threats have an effect on the population by affecting the
life history of individuals after their first habitat switch, the representation of the
individual life history in our model is crucial. Hence, we use a dynamic energy budget
model to describe how individuals acquire and utilize energy (Nisbet et al. 2000) and
to translate these individual-level energetics into different life history trajectories. In
the present study, we use data from Atlantic salmon to parameterize the dynamic
energy budget model and consider its ecology to build the model at the population
level. In addition, available data of wild populations of Atlantic salmon is used to test
predictions of the model.

2.2 – Methods
We formulate a model that accounts for an anadromous population migrating between
two habitats (figure 2.1). We assume that in each habitat (breeding and non-breeding)
the individuals exploit a different resource. The migratory population is structured
by age, individual body size and energy reserves and follows semi-discrete dynamics:
continuous dynamics describe the resource consumption, somatic growth, stored energy reserves and survival and, a discrete map describes the pulse-wise reproduction
(Persson et al. 1998).
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Yearly cycle and life history events
Salmon utilizes freshwater streams to breed, therefore its first life stages occur in this
habitat. In the model female salmon are assumed to spawn in autumn at day 𝑡𝑟 of the
year, the eggs develop throughout winter and hatch at age 𝑎ℎ (in spring) (Hendry and
Cragg-Hine 2003). After hatching, individuals remain in the stream until they reach
an age 𝑎𝑠 , when they smolt and migrate to the ocean (Hendry and Cragg-Hine 2003)
(hereafter, individuals younger than 𝑎𝑠 are referred to as presmolts, in contrast to
older individuals that are referred to as postsmolts). Every autumn, sexually mature
individuals in the ocean return to the stream and start migrating upstream at day 𝑡𝑢𝑚
to spawn somewhat later at day 𝑡𝑟 . After spawning, postsmolts return to the ocean and
finish downstream migration at day 𝑡𝑑𝑚 of the year. Atlantic salmon is an iteroparous
species, hence in the model repeated migration and spawning is allowed.
Habitats
Density-dependence is strong in the breeding habitat (Jonsson et al. 1998), and directly
affects growth in body size in salmonids (Walters et al. 2013). Therefore we incorporate
density-dependence effects on the growth rate of presmolts via competition for food.
In the absence of consumers, the biomass of assimilates density 𝑅𝑟 (hereafter food
density) is assumed to follow a semi-chemostat growth dynamics with maximum
density 𝑅 𝑚𝑎𝑥 and growth rate 𝜌 (for an explanation and justification of this type of
growth dynamics, see Persson et al. (1998)):

𝑑𝑅𝑟
= 𝜌( 𝑅𝑚𝑎𝑥 − 𝑅𝑟 )
𝑑𝑡

(2.1)

The food density is depleted by the consumption of individuals in this habitat (presmolts). Therefore, high density of presmolts results in a lower food density in the
breeding habitat (see equation 2.A8 in appendix 2.A). In contrast, in the non-breeding
habitat, postsmolts do not experience density-dependence (Jonsson et al. 1998), therefore we assume a constant biomass of assimilates density which translates into a
constant feeding level.
In both habitats, temperature 𝑇 is assumed to oscillate during the year around
the average temperature 𝑇𝑚 with an amplitude 𝑇𝑎 and a period equal to the length of
the year. Therefore, the temperature reaches its maximum in summer (middle of the
year) and its minimum in winter.



𝑇 (𝑡 ) = 𝑇𝑚 + 𝑇𝑎 sin 2𝜋



𝑡
1
−
𝑡𝑦
4



(2.2)

Where the 𝑡 is the current time in days and 𝑡 𝑦 is the number of days of the year.
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Individual dynamics
The core part of the model is the description of the individual behavior, that is, feeding,
growth, reproduction and mortality as a function of the individual state (age, body
size and energy reserves) and the state of the environment (food availability and
temperature). In the following sections we describe the individual level dynamics.
Feeding
In the breeding habitat, individuals are assumed to feed on the food resource following
a Holling type II functional response. So their feeding level 𝑓𝑟 (or scaled functional
response) is given by:
𝑅𝑟
(2.3)
𝑓𝑟 =
𝐾 + 𝑅𝑟
where 𝐾 is the half saturation food density.
While, in the non-breeding habitat density-dependence is assumed to be negligible so
individuals feed at a constant feeding level 𝑓𝑠 .
Dynamic energy budget model: Individual states
The model follows the bioenergetics approach introduced by Kooijman and colleagues
(Kooijman and Metz 1984; Nisbet et al. 2000) in which the energy allocation to somatic
and reproductive metabolism are proportional to a fraction 𝜅 and a 1 − 𝜅 of the
total energy assimilation rate, respectively. More specifically, we adopt the model
developed and described in detail by Martin et al. (2017). Below we provide only a
concise synopsis of the model. Individuals are characterized by three state variables:
individual age 𝐴, structural mass 𝑊 and energy reserves storage 𝑆. The acquisition
and utilization of energy are described by equations 2.4 to 2.13.
The energy assimilation flux is given by:

𝐽 𝐹 = 𝑓 𝑗 𝑎 𝑊 2/ 3

(2.4)

where 𝑓 is the feeding level in either the breeding or the non-breeding habitat introduced above, 𝑗𝑎 is the maximum area-specific assimilation rate and the surface area
for assimilation is assumed to scale with structural mass to the power of 2/3.
Metabolic maintenance cost is the product of the mass-specific maintenance cost
𝑗𝑚 and the structural mass:
𝐽 𝑀 = 𝑗𝑚 𝑊
(2.5)
Assimilates are assumed to split into two energy fluxes: the 𝜅 flux and the 1 − 𝜅
flux. The 𝜅 flux is first used to cover metabolic maintenance cost, while the remaining
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flux 𝐽𝑊 is used to synthesize structural mass. On the other hand, the 1 − 𝜅 flux 𝐽𝑆 is
allocated to energy reserves storage. Thus,

𝐽𝑊 = 𝜅 𝐽𝐹 − 𝐽 𝑀

(2.6)

𝐽𝑆 = (1 − 𝜅) 𝐽𝐹

(2.7)

If the metabolic maintenance cost is larger than the 𝜅 flux, the individual starves,
stops growing and depletes its storage if necessary to cover the deficit in maintenance
requirements, thus in case of starvation ( 𝐽 𝑀 > 𝜅 𝐽𝐹 ):

𝐽𝑊 = 0,
𝐽𝑆 = 𝐽𝐹 − 𝐽 𝑀 .

(2.8)

Therefore, the individual state dynamics of structural mass 𝑊 and energy reserves
storage 𝑆 are described by the following system of differential equations:

𝜁𝑊 (𝜅 𝑓 𝑗𝑎 𝑊 2/3 − 𝑗𝑚 𝑊 ),
𝑑𝑊
=
𝑑𝑡
0,

(

( 1 − 𝜅 ) 𝑓 𝑗 𝑎 𝑊 2/ 3 ,
𝑑𝑆
=
𝑑𝑡
𝑓 𝑗𝑎 𝑊 2/3 − 𝑗𝑚 𝑊,

if 𝜅 𝑓 𝑗𝑎 𝑊 2/3 > 𝑗𝑚 𝑊
otherwise,

if 𝜅 𝑓 𝑗𝑎 𝑊 2/3 > 𝑗𝑚 𝑊

(

otherwise,

(2.9)
(2.10)

where the parameter 𝜁𝑊 represents the efficiency with which assimilates are converted
into structural mass.
The rate constants ( 𝑗𝑎 , 𝑗𝑚 ) are assumed to be temperature-dependent and scale
from the reference temperature 𝑇 ∗ to the actual temperature at time 𝑡 , 𝑇 (𝑡 ), following the Arrhenius relationship. Hence, both rate constants are multiplied by the
temperature-correction factor 𝐹𝑇 (𝑡 ):

𝐹𝑇 (𝑡 ) = exp



𝑇𝐴
𝑇𝐴
−
𝑇 ∗ 𝑇 (𝑡 )



(2.11)

where 𝑇𝐴 is the Arrhenius temperature.
Maturation, reproduction and breeding travel
Individuals mature when they have reached a fixed structural mass 𝑊𝑝 . The storage:structure ratio at maturity 𝑆 𝑝 /𝑊𝑝 is the threshold for reproductive investment;
therefore, the excess of energy reserves above the amount that equals the 𝑆 𝑝 /𝑊𝑝 storage:structure ratio is used for reproduction. Reproduction occurs at a discrete time
19

Chapter 2 - Individual stressors affecting an anadromous population

𝑡𝑟 . The number of offspring 𝜃 produced by an adult individual with structural mass 𝑊
and energy reserves storage 𝑆, hence, equals:



𝜃 = max 𝑆 −

𝑆𝑝
𝑊𝑝

𝑊, 0



𝜁𝑒
𝑊𝑒

(2.12)

Simultaneously, if reproduction occurs the energy reserves storage value of the
reproducing individuals is reduced to 𝑆 = min((𝑆 𝑝 /𝑊𝑝 )𝑊, 𝑆). The number of offspring
produced is dependent on the yield for the conversion of storage into eggs 𝜁𝑒 and the
egg mass 𝑊𝑒 . During the egg stage individuals do not feed, therefore we assumed
newly hatched individuals to be born with a structural mass equal to 𝜅𝑊𝑏 and an
energy reserve storage (1 − 𝜅) 𝑊𝑏 .
During the breeding travel individuals are assumed to cease feeding, stop growing
and use their energy reserves (Jonsson et al. 1997) to meet their basic metabolic
maintenance cost as well as the energetic cost of the travel, which we assumed to be
proportional to the metabolic maintenance cost:

𝑑𝑆
= −( 𝑗𝑚 𝑊 + 𝐶 𝑗𝑚 𝑊 )
(2.13)
𝑑𝑡
here 𝐶 is the proportionality constant relating the cost of the breeding travel to the
metabolic maintenance cost. Individuals travel to the spawning grounds and reproduce
if their storage:structure ratio when arriving at the spawning grounds is larger than
the storage:structure ratio with which they matured. They can repeat the breeding
travel and spawn several times during their lifespan as long as they meet this condition.
Survival
Individuals may die from either starvation or background mortality. The mortality
rate of starving individuals with a storage:structural mass ratio 𝑆/𝑊 smaller than a
threshold level 𝑞𝑆 increases with decreasing values of 𝑆/𝑊 :



0,




 


if



𝜇𝑠𝑡𝑎𝑟𝑣𝑖𝑛𝑔 = 𝜑 𝑞 𝑊 − 1 ,
𝑆


𝑆




 ∞,


𝑆
> 𝑞𝑆
𝑊

if 𝑆 > 0 and

𝑆
≤ 𝑞𝑆
𝑊

(2.14)

otherwise,

where 𝜑 is a positive proportionality constant (Persson et al. 1998). Once they have
depleted their storage (𝑆 = 0) completely, starving individuals die instantaneously. In
addition to starvation mortality, individuals die at a rate 𝜇𝑒 during the egg stage, at a
rate 𝜇𝑟 if they are presmolts and 𝜇𝑠 if they are postsmolts. The total per capita death
rate is the sum of the different sources of mortality.
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Population dynamics
Since reproduction occurs as a discrete event at a specific time in the year, all individuals that are born in the same reproductive event are lumped into a single cohort and
assumed to grow at the same rate. Thus, we can describe the dynamics of every cohort
by using a system of ordinary differential equations, which keeps track of the density of
individuals, their structural mass and their energy reserves storage (see appendix 2.A).
Therefore, the dynamics of the population can be followed by numerically integrating
the ordinary differential equations for each cohort separately. When a reproductive
event occurs, a new cohort is added to the population, which implies additional differential equations describing the population dynamics. In addition, food density in the
breeding habitat increases by an intrinsic growth process (following semi-chemostat
dynamics, see Persson et al. (1998)) and decreases by consumption; these changes
in food density can be followed by numerical integration of the ordinary differential
equation that accounts for food resource growth and consumption. The numerical
integration is carried out using the EBT (Escalator Boxcar Train) (de Roos 1988), a
numerical integration method specifically designed to handle the system of differential
equations that describes a physiologically structured population.
We parameterized the model for Atlantic salmon based on literature data of its individual life history and the characteristics of the breeding and non-breeding habitats.
All parameter values and their sources are presented in table 2.1, while appendix 2.A
provides details about the population-level formulation of the model.
Model analysis
Our main interest is to investigate the consequences of three unfavorable conditions
on the population and the realized life history of individuals: the effects of 1) increased
cost of the breeding travel, 2) low survival and 3) food availability in the non-breeding
habitat. To do so, we vary the feeding rate in the non-breeding habitat 𝑓𝑠 between ad
libitum food and 0.3 times the amount of food ad libitum, the background mortality
rate of postsmolt individuals 𝜇𝑠 between 0.0063 and 0.0107 per day, equivalent to
annual survival probabilities of 0.1 and 0.02, respectively, and lastly, the cost of the
breeding travel 𝐶 between 0 and 1 times the metabolic maintenance cost for the
period that the breeding travel lasts (between 𝑡𝑢𝑚 and 𝑡𝑑𝑚 ). In addition, we evaluate
the effect of within-yearclass growth rate variation. To do so, we assume that within
a yearclass the maximum area-specific assimilation rate 𝑗𝑎 follows a truncated normal
distribution with a mean value of 0.18 and a minimum and maximum value of 𝑗𝑎 equal
to 80% and 120% of this mean, respectively.
All model results presented correspond to the values of the population statistics
after transient dynamics have disappeared.
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Data analysis
In order to test predictions of the model regarding the relationship between growth
rates of presmolts and postsmolts we estimated growth rates of presmolts and
postsmolts based on data of wild population of Atlantic salmon presented by Hutchings
and Jones (1998) (see table in appendix 2.B). The growth rate of presmolts is estimated
as the difference in length between 1 year old individuals (1+ parr) and individuals at
the time of smolting (smolt), divided by the age of these smolting individuals minus 1.
Growth rate of postsmolts is estimated as the difference in length between smolts and
grilse (individuals that spend one winter in the sea after smolting to migrate upstream
to spawn) as well as smolt and 2SW fish (individuals returning to spawn after two
winters in the sea). Hutchings and Jones (1998) present data for smolt age and length
of 1 year old individuals, smolt and grilse for 25 populations and of length of 2SW for
22 populations. We tested the correlation between the growth rate of presmolts and
the growth rate of postsmolts with a Pearson correlation test.
In addition, from Hutchings and Jones (1998), we selected data of populations
with annual survival rates of smolt-grilse below 0.1 to ensure survival is a critical
factor in the dynamics of those populations. Given that data on smolt-grilse survival
is only available for a small number of populations (11 populations) and that for
these populations the data on smolt age, length of 1 year old individuals and smolt
is incomplete, we use only the smolt age and smolt length (if available) as a proxy
of growth rate of presmolts. Smolt age is an approximate measure of the growth
rate of presmolts, so the higher the smolt age the lower the growth rate as presmolts
(Hutchings and Jones 1998; Metcalfe and Thorpe 1990; Power 1981). The growth rate
was calculated as the ratio between the smolt length and the smolt age. For those
populations without information on smolt length (2 populations), we use the smolt
length average of all populations (14.8 cm (Hutchings and Jones 1998)). We tested the
correlation between the growth rate of presmolts and the survival rate of postsmolts
with a Pearson correlation test.
Table 2.1 – Parameters of the model
Description

Par.

Value

Unit

Year

𝑡𝑦

365

day

Average temperature

𝑇𝑚

283

K

Amplitude of temperature varia-

𝑇𝑎

5

K

Environment

tion
Events within the season
Continues on next page

22

References

Methods

Table 2.1 – Continued from previous page
Description

Par.
𝑡𝑢𝑚

Value

Unit

References

205

day

1

Day of reproduction (spawning)

𝑡𝑟

215

day

2

Day of the end of breeding travel

𝑡𝑑𝑚

225

day

1

Day of the beginning of breeding
travel

Age-dependent events during life cycle
Age at hatching

𝑎ℎ

150

day

2

Age at smolting

𝑎𝑠

545

day

3

Food resource in the breeding habitat
Food resource growth rate

𝜌

0.1

day−1

Maximum food resource density

𝑅 𝑚𝑎𝑥

varied

g m−3

Half saturation food resource den-

𝐾

1

g m−3

Feeding level of postsmolts

𝑓𝑠

varied

Fraction of assimilation flux to

𝜅

0.8

𝑗𝑎

0.18

sity
Anadromous population
4

structural mass and maintenance
g g−2/3

Calculated with method of 5

tion rate

day−1

from regressions of 6

Mass-specific maintenance cost

g g−1
day−1

Calculated with method of 5

Maximum area-specific assimila-

𝑗𝑚

0.006

from regressions of 6

Reference temperature

𝑇∗

293

K

Arrhenius temperature

𝑇𝐴

8000

K

Yield of structural mass on assimi-

𝜁𝑊

0.8

g g−1

5

Yield of egg buffer on storage

𝜁𝑒

0.95

g g−1

5

Mass of a single egg

𝑊𝑒

0.1

g

7

Mass of a newborn

𝑊𝑏

0.06

g

8

Structural mass at maturity

𝑊𝑝

74

g

9

Cost of breeding travel

𝐶

varied

-

Mortality rate of eggs

𝜇𝑒

0.0125

day−1

10

0.0025

day−1

10

day−1

10

lates

Mortality rate of presmolts

𝜇𝑟

Mortality rate of postsmolts

𝜇𝑠

varied

Minimum storage/structural mass

𝑞𝑆

0.1

11

ratio that individuals stand without starvation mortality
Continues on next page
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Table 2.1 – Continued from previous page
Description

Par.

Value

Unit

References

Scaling coefficient for starvation

𝜑

0.2

day−1

11

mortality
1 Doucett

et al. (1999)

4 Kooijman

(2010)

8 Shearer

et al. (1994)

11 Persson

et al. (1998)
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2 Thorpe

5 Jager

et al. (1998)

et al. (2013)

9 Pecquerie

3 McCormick

6 Sutton

et al. (2011)

et al. (1998)

et al. (2000)
10 Bley

7 Potts

and Rudy (1969)

and Moring (1988)
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2.3 – Results
Under most conditions studied, the population model exhibits a regular annual cycle
(annual fixed point dynamics), meaning that the same values of population abundance
and biomass, as well as food density in the breeding habitat, occur every year at a
particular point of the year cycle (i.e. start of the year, spawning day, hatching day),
even though within the year these densities, of course, vary. The population also
exhibits 4 year cycles when conditions for postsmolts are very unfavorable, meaning
a particular value of population abundance and biomass, and food density in the
breeding habitat repeats itself every 4 years.
Unfavorable conditions for postsmolts increase presmolt growth rate and affect
life history trajectories
When the food in the non-breeding habitat is abundant (high feeding levels), the
survival in the non-breeding habitat is high and the cost of the breeding travel is low,
the offspring production by the population is high. High food levels and survival in
the non-breeding habitat as well as low energetic cost of the breeding travel (favorable
conditions) result in high offspring production due to the combination of 1) high
growth rate of postsmolts which reach a large body size and hence a high fecundity
(figure 2.2A), long lifespan that increases the opportunities to reproduce (figure 2.2C)
and 3) low energy expenditure during the breeding travel resulting in more energy
reserves available for reproduction at arrival at the spawning grounds (figure 2.2E).
High offspring production means a large number of presmolts competing for food
in the next generation, which by foraging deplete the food abundance in the nonbreeding habitat to a low level and therefore causes a low growth rate during the
presmolt stage (figure 2.2B, D, F).
In contrast, low food abundance in the non-breeding habitat (low feeding levels) results in a decrease in the growth rate of postsmolts, which in turn causes a reduction in
the population offspring production (figure 2.2A). Similarly, low survival of postsmolts
reduces the individual lifespan and therefore the opportunities to reproduce, causing a
low offspring production (figure 2.2C). Likewise, high cost of the breeding travel causes
the individuals to spend a larger amount of their energy reserves during the migration
(about 37%)1, leaving less energy available for reproduction upon their arrival at the
spawning grounds (63%). Consequently, it results in low offspring production, and
therefore in low densities of presmolts in the next generation (figure 2.2E). Since a
low number of presmolts means less competition in the breeding habitat, the food
availability in this habitat is higher and therefore presmolts of the next generation
1
Data from Bowerman et al. (2017) show that female Chinook Salmon spend more than 50% of their
energy content during the spawning migration.

25

Chapter 2 - Individual stressors affecting an anadromous population

40000

20

20000

0

0.4
0.6
0.8
Feeding level in the
non–breeding habitat

280

0
1
40000

270
20000
260

Energy resreves spent
during breeding travel (g)

E

0
0.02
0.06
0.1
Annual survival of postsmolts
40000

3

B

D

F

3

20

2

15

1

0.4
0.6
0.8
Feeding level in the
non–breeding habitat

5

3

10

20

15

1
10
0.02
0.06
0.1
Annual survival of postsmolts
4

20

3

2
20000
1
0

1

15
2

1

0.5
Cost of breeding travel

0

0

1

1

0.5
Cost of breeding travel

10
0

Figure 2.2 – A, B: Effects of variation in feeding level in the non-breeding habitat, C,
D: annual survival of postmolts, and E, F: cost of the breeding travel on life history traits
of postsmolts (growth rate, expected lifespan and proportion of energy reserves at the
beginning of the breeding travel spent during travelling; solid lines in left column plots),
population reproductive output (dashed lines in left column plots), food availability in
the breeding habitat (solid lines in right column plots) and growth rate of presmolts
(dashed lines in right column plots). Default values representing favorable conditions
(feeding level in the non-breeding habitat 𝑓𝑠 = 1, annual survival of postsmolts 𝜇𝑠 =
0.1 day−1 and cost of the breeding travel 𝐶 = 0) are used for parameters that are not
varied. 𝑅 𝑚𝑎𝑥 = 5 g m−3 , other parameter values as in table 2.1. The values correspond
to the average population statistics after the transient dynamics have disappeared.
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grow at higher rate (figure 2.2B, D, F). Hence, unfavorable conditions for postsmolts
including low food abundance and survival in the non–breeding habitat and high cost
of the breeding travel cause high growth rate of presmols in the next generation. This
result is robust to intracohort growth rate variation (see appendix 2.C).
Interestingly, despite that the three types of unfavorable conditions have the same
consequence for presmolts, i.e. result in a high presmolt growth rate, their impacts
on the life history trajectories of postsmolts differ. While low food abundance and low
survival in the non-breeding habitat result in younger spawners (figure 2.3A, B), high
cost of the breeding travel does not reduce the age at spawning (figure 2.3C). In the
former case, the lower age at first spawning is a direct consequence of a high growth
rate in the breeding habitat, which enables individuals to reach the maturation size
faster and therefore to reproduce earlier. However, when the cost of the breeding travel
is high, although the individuals after 1 year in the sea have reached the maturation
size, the energy reserves they have accumulated after maturation only cover the high
costs of the breeding travel, leaving no energy for offspring production. Effectively,
they therefore postpone spawning until the reproductive season in the following year.
Unfavorable conditions for postsmolts affect population dynamics
Unfavorable conditions for postsmolts have effects on the population by affecting its
abundance and its dynamics. For instance, a decrease in food abundance in the nonbreeding habitat not only causes a decrease in the total population biomass, but also
leads to the occurrence of population cycles with a period of 4 years when feeding levels
are low (feeding level below 0.5 in figure 2.4A, B). Similarly, low survival of postsmolts
or high cost of the breeding travel can also lead to the occurrence of such cycles (figure
2.4C, D). These 4-years cycles are caused by the alternation of a fast and a slowgrowing presmolt cohort. As mentioned above, unfavorable conditions for postsmolts
result in low offspring production, which is very low when the conditions are extremely
unfavorable, such as very low feeding levels in the non-breeding habitat. Very low
offspring numbers result in low competition in the breeding habitat and therefore high
growth rates of presmolts in the next generation. Those individuals can reach large
sizes before smolting and therefore accumulate sufficient energy for a high fecundity.
This fast-growing cohort, therefore, produces a large number of offspring experiencing
high competition in the breeding habitat, which causes the next generation cohort to
grow slowly and accumulate less energy. As a consequence, this slow-growing cohort
has low fecundity and produces an offspring cohort of small number that experiences
low competition in the non-breeding habitat, resulting in a fast-growing cohort. The
period cycle equals twice the average age at first spawning of the fast-growing cohort
(2 years). The destabilization of the system from a regular annual cycle to regular 4-
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Figure 2.3 – A: Effects of variation in feeding level in the non-breeding habitat,
B: annual survival of postmolts and C: cost of the breeding travel on sea-age at first
spawning. Same parameters as in figure 2.2. The values correspond to the average
population statistics after the transient dynamics have disappeared. The lower age at
first spawning (in A and B) is a direct consequence of a high growth rate in the breeding
habitat.
years cycles involves a transition of irregular dynamics with a period of approximately
4 years (figure 2.4C, D). Intracohort growth rate variation dampens the oscillatory
dynamics when survival of postsmolts is low while it has only slight quantitative
effects when food abundance is low in the non-breeding habitat. Changes in the cost
of the breeding travel make that the regular 4-year cycles become irregular dynamics
with a period of approximately 4 years in the presence of intracohort growth rate
variation. In addition, the presence of intracohort growth rate variation affects the
values of cost of the breeding travel at which the transition from a regular annual cycle
to irregular dynamics with a period of approximately 4 years occurs (see appendix
2.C).
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Figure 2.4 – A, B: Effect of feeding level in the non-breeding habitat, C: annual survival

of postmolts, and D: cost of the breeding travel on population biomass dynamics. A:
Annual fixed-point dynamics (blue) and 4 year cycles (brown) occur when feeding level
in the non-breeding habitat equals 0.7 and 0.5 respectively. Dotted lines in A indicate
the time points in the dynamics at which the yearly census the population biomass
occurs, resulting in the values shown in B. In B, C, and D irregular dynamics with a
period of approximately 4 years occur in the transition from a regular annual cycle to
regular 4-years cycles. Default values representing favorable conditions (feeding level
in the non-breeding habitat 𝑓𝑠 = 1, annual survival of postsmolts 𝜇𝑠 = 0.1 day−1
and cost of the breeding travel 𝐶 = 0) are used for parameters that are not varied.
𝑅 𝑚𝑎𝑥 = 8 g m−3 , other parameter values as in table 2.1. The values in plots B, C,
and D correspond to the population biomass census occurring every year at the time of
hatching after the transient dynamics have disappeared.
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The regular 4-years population cycles also occur as a consequence of favorable
conditions in conjunction with high maximum food density (food resource productivity) in the breeding habitat (see appendix 2.D). Higher maximum food density in the
breeding habitat results in higher growth potential of presmolts. Hence, very low offspring production due to extremely unfavorable conditions in the non-breeding habitat
is not necessary to achieve high growth rate in the breeding habitat. In this case, a
fast-growing cohort can reach large body sizes and fecundity and consequently produce numerous offspring. Large number of individuals in the next generation means
strong competition for food in the breeding habitat and therefore slow growth rate
during the presmolt stage. This slow-growing cohort can reach smaller body size and
lower fecundity and consequently it produces a less numerous offspring cohort that
experiences less strong competition in the breeding habitat and therefore grows fast
during the presmolt stage. This fast-growing cohort will give rise to a slow-growing
cohort in the next generation and the alternation between fast- and slow- growing
cohorts is maintained over generations.
Data from wild populations
Data from wild populations show that low survival of postsmolts and low food abundance in the non–breeding habitat are correlated with high growth rates of presmolts. The growth rate of postsmolts (taken as a proxy for the food availability in
the non–breeding habitat) is negatively correlated with the growth rate of presmolts
(figure 2.5A). Thus, when the food available in the non–breeding habitat is high and
consequently the growth rate of postsmolts is high, the growth rate of presmolts is low.
Conversely, a high growth rate of presmolts occurs when the growth rate of postsmolts
is low. Similarly, the survival rate of postsmolts is negatively correlated to the growth
rate of presmolts (figure 2.5B). These correlations support our model prediction that
unfavorable conditions for postsmolts cause high growth rate of presmols in the next
generation.

2.4 – Discussion
Although relations between postsmolt conditions and presmolt growth rates in
salmonids have rarely been studied in wild populations, the negative correlation
between postsmolts and presmolts growth rates was previously described in a wild
population (Einum et al. 2002). Similarly, the growth rate of postsmolts from the
Drammen River have decreased in the last decades while the growth rate of presmolts have increased (McCarthy et al. 2008). Yet, the mechanism that causes this
difference in growth rates between different stages was not clear and different explanatory hypotheses have been proposed: the presence of traits having opposing
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Figure 2.5 – A: Growth rate of presmolts vs growth rate of postsmolts of 25 populations

based on length of grilse (Regression: p<0.05, R-squared=-0.42, blue circles) and of
22 populations based on length of 2SW fish (Regression: p<0.05, R-squared=-0.43, red
squares). B: Growth of presmolts vs annual survival of postsmolts of 11 wild populations
(Regression: p<0.05, R-squared=-0.61). Data is shown in table in appendix 2.B from
Bley and Moring (1988) and Hutchings and Jones (1998).

effects on growth in different environments (Einum et al. 2002) or a different growth
rate in each environment due to a different necessity of escapement from different
predation risk (Abrahams and Sutterlin 1999). Here, we describe a simple mechanism arising from the interaction between individuals, in particular, the intimate link
between the strength of density-dependence in the breeding habitat and the reproductive output of postsmolts (figure 2.6). Furthermore, given that the strength of
the density-dependence in the breeding area determines the presmolt growth rate
while the postsmolt growth rate directly affects the reproductive output and thus the
strength of density-dependence in the next generation, the presmolt and postsmolts
growth rates are negatively correlated in a population. Moreover, farmed Atlantic
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Figure 2.6 – Direct (narrow arrows) and indirect (thick arrows) effects of environmental change on life history traits and population processes. Life history traits and
population processes causing 4-years cycles in grey arrows and boxes.

salmon that are not limited by food grow faster as presmolts compared to wild salmon
(McGinnity et al. 2003), whereas both farmed and wild Atlantic salmon have similar
growth rates in the ocean (Jonsson and Jonsson 2003). Therefore, the difference in
growth rates of individuals in wild populations in the two habitats is not an individual
trait but is more likely arising from the interaction between individuals. This supports
our hypothesis that density-dependence in the breeding habitat is the main cause of
the negative correlation in growth rates rather than individual traits or predation risk.
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Likewise, based on data of Atlantic salmon presented by Hutchings and Jones
(1998), we show that low survival of postsmolts is correlated with high growth rate of
presmolts as well, which is also predicted by our model as a consequence of reduced
competition in the breeding habitat. Low food abundance and survival of postsmolts in
the non-breeding habitat also have an impact on the life history trajectory of individuals
by reducing the sea-age at first spawning from 2 to 1 year. In fact, the average sea-age
at first spawn has decreased in recent decades and this decrease coincides with a
decline in the growth rate of postsmolts (Jonsson and Jonsson 2004).
The effects of environmental change on wild populations, both in abundance (Lane
et al. 2012; Ozgul et al. 2010) and in dynamics (Cornulier et al. 2013; Nelson and Yamanaka 2013) have become increasingly documented. However, most analyses are
phenomenological. Here, we focus on the mechanisms leading to changes in population abundance and dynamics of anadromous fishes facing environmental change
through variation in food abundance, survival and cost of the breeding travel. In
particular, we predict a change of dynamics from regular annual cycles to 4-years
cycles in the face of unfavorable conditions for postsmolts or favorable conditions in
combination with high food carrying capacity in the breeding habitat. Interestingly,
cyclic dynamics have been observed in wild populations of other salmonid species. For
instance, four year oscillations in some populations of Sockeye salmon (Oncorhynchus
nerka) have motivated theoretical studies that explained the occurrence of this dynamics to be caused by tritrophic interactions (Guill et al. 2011), stochastic processes
(Myers et al. 1998), depensatory predation or genetic effects (Levy and Wood 1992).
Our model successfully predicts the oscillations as a result of the density-dependent
feedback between individuals within a cohort through the food density in the breeding
habitat that causes the alternation of a fast and a slow-growing cohort (figure 2.6).
The 4-years cycles in populations of sockeye salmon occur in case of a breeding habitat with high food carrying capacity rather than unfavorable conditions of postsmolts,
according to empirical evidence and in line with previous theoretical studies (Guill
et al. 2011). To our knowledge, there are no reported examples of transitions from
stable annual to multi-annual cyclic dynamics in anadromous populations to date.
However, under a scenario of declining ocean productivity due to climate change
(Hoegh-Guldberg and Bruno 2010), we may observe in the future a destabilization of
populations into cyclical dynamics. Such changes in population dynamics potentially
will have consequences for the entire marine community the salmon is part of (Millon
et al. 2014).
Simultaneous changes in life history traits and population dynamics in response to
environmental change are common in nature (Parmesan 2006). However, the causes
underlying these joint responses remain largely unidentified. Few studies have shown
the causal relation between coupled responses of individual traits and population
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dynamics to environmental change (Ozgul et al. 2010; Thompson and Ollason 2001). In
this study, we demonstrate how changes in life history traits and population dynamics
are intimately linked. In particular, we show how environmental change, by affecting
individuals in a specific life stage, has multiple consequences for other life stages and
for the entire population. This is particularly relevant for species with complex life
cycles involving more than one habitat; because they are exposed to different impacts
of environmental change across the habitats and, therefore, across their life cycle. In
this context, we provide a mechanistic understanding of the interactions between life
history and population dynamics based on individual energy budgets for anadromous
fishes. If we hope to accurately predict the biological consequences of environmental
change, this mechanistic understanding is certainly required.
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Appendix 2.A

Physiologically–structured population model

The physiologically–structured population model follows the cohort-based approach
for populations with seasonal reproduction introduced by Persson et al. (1998). Since
reproduction occurs as a discrete event at a specific time in the year, all individuals
that are born in the same reproductive event are equal. They are collected into a single
cohort and assumed to grow at the same rate. Thus, we can describe the dynamics of
each cohort 𝑖 ∈ N with a system of ordinary differential equations, which keeps track
of the density of individuals 𝑁𝑖 , their age 𝐴𝑖 , their structural mass 𝑊𝑖 and their energy
reserves storage 𝑆𝑖 . Juveniles are defined as individuals with structural mass smaller
than the structural mass at maturity 𝑊𝑝 and adults as individuals with structural mass
equal or larger than 𝑊𝑝 . For each cohort 𝑖, age is a monotonically increasing function
of time,

𝑑
𝐴𝑖 = 1
(2.A1)
𝑑𝑡
The age of the individuals determines the stage, which in turn, determines the differential equations that describe the variation in density of individuals, their structural
mass and stored energy reserves. Equations 2.A2, 2.A3 and 2.A4 define the dynamics of
eggs, presmolts and postsmolts, respectively. The density of individuals decreases due
to a mortality rate specific to each stage. In addition, the presmolts and postsmolts
may die due to starvation. During the egg stage the structural mass and storage do not
change. The dynamics of the structural mass and energy reserves storage in presmolts
and postsmolts depend on the amount of food they encounter as well as the breeding
travel period if they are adults.
for 0 ≤ 𝐴𝑖 < 𝑎ℎ

𝑑



𝑁 𝑖 = −𝜇 𝑒 𝑁 𝑖


𝑑𝑡


𝑑

𝑊𝑖 = 0

𝑑𝑡


𝑑


 𝑆𝑖 = 0
 𝑑𝑡
(2.A2)
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(2.A4)
2/3

In this last equation 𝑐1, 𝑐2 and 𝑐3 are the conditions 𝜅 𝑓𝑠 𝑗𝑎 𝑊𝑖
> 𝑗𝑚 𝑊𝑖 ,
𝑡𝑢𝑚 ≤ 𝑡 ≤ 𝑡𝑑𝑚 , and 𝑊𝑝 ≤ 𝑊𝑖 , respectively, while ¬𝑐1, ¬𝑐2 and ¬𝑐3 refer to the
36

Appendix 2.A

situation that these conditions do not hold. When the conditions are true, the amount
of assimilates necessary to meet metabolic maintenance from the 𝜅 fraction are enough
(𝑐1), the current time corresponds to the breeding travel period (𝑐2) and the cohort
is adult (𝑐3).
Whenever a juvenile cohort reaches the maturation size 𝑊𝑖 = 𝑊𝑝 , at a particular
time 𝑡 = 𝑡 𝑝 , a maturation event occurs. At a maturation event, the juvenile cohort
becomes an adult cohort. This does not affect any cohort statistics:


𝐴𝑖 (𝑡 𝑝 ) = 𝐴𝑖 (𝑡 −𝑝 )





 𝑁𝑖 (𝑡 𝑝 ) = 𝑁𝑖 (𝑡 −𝑝 )


𝑊𝑖 (𝑡 𝑝 ) = 𝑊𝑖 (𝑡 −𝑝 )




 𝑆 𝑖 (𝑡 𝑝 ) = 𝑆 𝑖 (𝑡 − )
𝑝


(2.A5)

Reproduction occurs instantaneously at 𝑡𝑟𝑛 = 𝑛 𝑡 𝑦 + 𝑡𝑟 , where 𝑛 ∈ N. At a
reproductive event, a new cohort is formed from the storage biomass of adults, but
only if their storage is such that their current storage:structural mass ratio exceeds the
storage:structural mass ratio with which the adult individual matured:


𝐴0 (𝑡𝑟𝑛 ) = 0









𝑆𝑝

© Õ
ª 𝜁𝑒

 𝑁0 (𝑡𝑟𝑛 ) = 

𝑁𝑖 max 𝑆𝑖 −
𝑊𝑖 , 0 ®
𝑊𝑝
𝑊𝑒

«𝑖 ∈ { 𝑗 |𝑊𝑗 ≥𝑊𝑝 }
¬




𝑊0 (𝑡𝑟𝑛 ) = 𝜅 𝑊𝑏



𝑆0 (𝑡𝑟𝑛 ) = (1 − 𝜅) 𝑊𝑏


(2.A6)

At the same time, all other cohorts are renumbered and the energy reserves storage
of the adults that do reproduce is set to the amount that makes their storage:structural
mass ratio equal to their storage:structural mass ratio at maturation.
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𝐴𝑖+1 (𝑡𝑟𝑛 )






𝑁𝑖+1 (𝑡𝑟𝑛 )




𝑊𝑖+1 (𝑡𝑟𝑛 )








𝑆𝑖+1 (𝑡𝑟𝑛 )






= 𝐴𝑖 (𝑡𝑟𝑛− )
= 𝑁𝑖 (𝑡𝑟𝑛− )
= 𝑊𝑖 (𝑡𝑟𝑛− )



𝑆𝑝

−
−

 min 𝑆𝑖 (𝑡𝑟𝑛 ),

𝑊𝑖 (𝑡𝑟𝑛 )
𝑊𝑝
=


−
𝑆𝑖 (𝑡𝑟𝑛
)


if 𝑊𝑖 ≥ 𝑊𝑝
otherwise.
(2.A7)

The resource density in the breeding habitat grows following a semi–chemostat
growth and declines by foraging of presmolts.

𝑑
𝑅𝑟
𝑅𝑟 = 𝜌( 𝑅𝑚𝑎𝑥 − 𝑅𝑟 ) −
𝑗𝑎
𝑑𝑡
𝐾 + 𝑅𝑟
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Õ
𝑖 ∈ { 𝑗 | 𝑎ℎ ≤ 𝐴 𝑗 < 𝑎 𝑠 }

2/3

𝑁𝑖 𝑊𝑖

(2.A8)
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Appendix 2.B

Atlantic salmon population data
Table 2.B1 – Data used in figure 2.5

Region

River

Labrador
Maritimes
Newfoundland
Newfoundland
Newfoundland
Newfoundland
Newfoundland
Newfoundland
Newfoundland
Quebec
Quebec
Quebec
Quebec
Quebec
Quebec
Quebec
Quebec
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Norway
Ireland
Ireland
Scotland

Sandhill
Miramichi
Conne
Highlands
Little Codroy
NE Trepassey
North Hr
West Arm Bk
Wings Bk
Bec-Scie
Bouleau
Kosoak
Matamek
Moisie
Pigou
Saint-Jean
Trinité
Figgenelva
Haelva
Imsa
Laerdalselva
Mandalselva
Namsen
Nummendals
Ogna
Orkla
Otra
Tengselva
Tovdalselva
Varhaugelva
Burrishoole
Corrib
North Esk

Parr
+1
length

Smolt
length

Smolt age

Grilse
length

2SW
length

(cm)

(years)

(cm)

(cm)
73.4

53.3
54.1

73.4
75.1

8.43
7.54
7.63

15.1
16.8
16.4

55.1
52.9
51

76.3

8.36
7
8.59
6.31
9.62
5.42
8.06
8.4
8.9

13.1
20.6
15
12
15.1
11.5
12.1
11.7
12.5
15.4
11.9
13.3
11.9
10.5
13.2
11.4
12.8
14.1
13
12.1
12.1
13.4
12.6

4.44
2.8
3.28
2.9
2.66
3.67
3.2
3.68
4
2.97
3.14
5.6
3.11
3.57
2.93
3.52
3
2.28
2.47
1.95
2.82
2.82
2.67
2.47
2.65
2.82
2.63
2.92
2.72
2.73
2.24
1.75
2.33

55.3

8.27
8.59

16
12.8
14.8
13.1
15

50.6
62.3
52.9
48.7
53.1
54.4
54.2
54.3
60.2

74.6
80.3
72.9
74.6
72.7
73.3
74.7
77.1
80

67.96
54
58.49
65.4
54.6
56.8
60.1
60.8
52.8
49.3

89.26
79.3
86.75
84.5
78.6
81.6
86.8
75.8
76.1

(cm)
9.39

8.2
8.5
8
7.2
8.8
7.8
8.6
9.3
8.7
8.6

Smoltgrilse
survival

References

0.0815

1
1
1
1
1, 2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1,2
1
1

0.0578
0.0229
0.0622
0.0489
0.0283

0.0237

0.0357

0.0375
0.0266
0.0601

1 Hutchings and Jones (1998)
2 Bley and Moring (1988)
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Intracohort variation in growth rate
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Cost of breeding travel
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1

1
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Cost of breeding travel

10

Figure 2.C1 – A, B: Effects of variation in feeding level in the non-breeding habitat,

C, D: annual survival of postmolts, and E, F: cost of the breeding travel on life history
traits of postsmolts (solid lines in left column plots), population reproductive output
(dashed lines in left column plots), food availability in the breeding habitat (solid lines in
right column plots) and growth rate of presmolts (dashed lines in right column plots).
Colored lines correspond to a population formulation without intracohort variation
(lines redrawn from figure 2.2 in the main text) while black lines correspond to a model
formulation in which within a year class the parameter 𝑗𝑎 follows a truncated normal
distribution ranging from 80% to 120% of its mean. Default values as in figure 2.2
are used for parameters that are not varied. The values correspond to the average
population statistics after the transient dynamics have disappeared.
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Figure 2.C2 – A: Effects of variation in feeding level in the non-breeding habitat, B:
annual survival of postmolts, and C: cost of the breeding travel on sea-age (left) and
body length at first spawning (right). Same parameters as in figure 2.C1. Colored lines
correspond to a population formulation without intracohort variation (lines redrawn
from figure 2.3 in the main text) while black lines correspond to a model formulation
in which within a year class the parameter 𝑗𝑎 follows a truncated normal distribution
ranging from 80% to 120% of its mean. The black dashed lines show the average body
length at first spawning and the shaded areas show the frequency distribution of body
lengths at first spawning within the population. The transition from 2 to 1 year of
age at first spawning when the food abundance and the survival in the non-breeding
habitat decrease coincides with a bimodal distribution of body length at first spawning
in the population. The values correspond to the average population statistics after the
transient dynamics have disappeared.
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Figure 2.C3 – A: Effect of feeding level in the non-breeding habitat, B: annual
survival of postmolts, and C: cost of the breeding travel on population biomass dynamics.
Colored lines correspond to a population formulation without intracohort variation
(lines redrawn from figure 2.4 in the main text) while black lines correspond to a
model formulation in which within a year class the parameter 𝑗𝑎 follows a truncated
normal distribution ranging from 80% to 120% of its mean. Default values representing
favorable conditions (feeding level in the non-breeding habitat 𝑓𝑠 = 1, annual survival
of postsmolts 𝜇𝑠 = 0.1 day−1 and cost of the breeding travel 𝐶 = 0) are used for
parameters that are not varied. 𝑅 𝑚𝑎𝑥 = 8 g m−3 , other parameter values as in table
2.1. The values correspond to the population biomass census occurring every year at
the time of hatching after the transient dynamics have disappeared.
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Effect of food resource productivity in the
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Figure 2.D1 – Types of dynamics (left column) and total biomass (right column) of

a population exposed to different feeding levels in the non-breeding habitat (top row),
cost of the breeding travel (middle row) and survival of postsmolts (bottom row) and
variation in maximum food density in the breeding habitat (horizontal axes). Default
values representing favorable conditions for postsmolts as in figure 2.2 are used for
parameters that are not varied. Feeding level in the non-breeding habitat 𝑓𝑠 equals 0.6
and 0.8 in middle and bottom plot respectively. The values correspond to the average
population statistics after the transient dynamics have disappeared.
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Chapter 3 - Multiple stressors affecting an anadromous population

Abstract
Migratory fish populations, like salmon, have dramatically declined for decades. Because of their extensive and energetically costly breeding travel anadromous fish are
sensitive to a variety of environmental threats, in particular infrastructure building in
freshwater streams and food declines in the ocean. Here, we analyze the effects of
these two threats combined. Unexpectedly, we find that low marine food availabilities
favor, as opposed to threaten, the ecological success of endangered populations. This
counterintuitive effect results from an aspect of individual energetics that individuals
switching to higher food levels reach larger sizes with concomitant larger migration
costs but have lower energy densities. Surprisingly, the decline of food levels in the
ocean after the completion of dams may thus mitigate the risk of extinction of migratory fish populations. This highlights the need of a mechanistic understanding
integrating individual energetics, life history, and population dynamics to accurately
assess biological consequences of environmental change.
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3.1 – Introduction
Migratory fish populations have shown dramatic declines over the last decades. In
the North Atlantic, historical records of 24 migratory fish species reveal that they all
decreased in abundance by more than 90% (Limburg and Waldman 2009). Conservation of these populations is of particular concern because of their economic and
cultural importance: although anadromous fish comprise on average less than 1% of
the world fish species, their share in global fisheries trade currently exceeds 17% and
continues to increase (Food and of the United Nations. Fisheries Department 2016).
Anadromous fish are exposed to a wide range of environmental influences in both
freshwater and marine habitats, which makes them particularly vulnerable to environmental change. Multiple threats have contributed to the decline of anadromous
populations (Limburg and Waldman 2009), including infrastructure building in freshwater streams and food declines in the ocean. In fact, collapse of Atlantic salmon
(Salmo salar) populations throughout North-Western Europe in pre-modern times coincided with the spread of watermills in river basins (Lenders et al. 2016). Likewise,
a multidecadal decline of food abundance in the ocean occurs concurrently with the
reduction of Atlantic salmon abundance (Friedland et al. 2009). While the effects of
these threats separately are well documented, the cumulative and interactive impacts
of them are poorly understood.
On their own, both food reductions in the ocean and infrastructure building in
freshwater streams have negative impacts on fish life history by affecting individual
energetics. Low food abundance in the ocean limits body growth rate during the
oceanic stage resulting on average in individuals with smaller body sizes (Friedland
et al. 2009) and concomitant lower fecundity (Thorpe et al. 1984). On the other hand,
dams and other anthropogenic structures increase the energetic costs of the breeding
migration (Caudill et al. 2007; Mesa and Magie 2006). In wild salmonid populations,
these costs depend on the upriver distance and elevation traveled. Because individuals
cease feeding when leaving the ocean and use only their energy reserves to meet the
energetically costly upriver travel (Jonsson et al. 1997), this results in a depletion
of energy reserves available for reproduction (Crossin et al. 2004). This depletion,
however, varies between individuals of different body sizes: since transporting a
large body upstream is relatively more energy demanding, large individuals spend
disproportionally more energy than small ones (Bowerman et al. 2017; Glebe and
Leggett 1981; Jonsson et al. 1997) (see figure 3.C1). The presence of infrastructure
in the freshwater habitat thus causes a disproportionate fecundity reduction of largesized individuals in particular.
Anadromous fish species, as other migratory species, are exposed to a broad range
of environmental influences owing to the use of multiple habitats during different
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parts of their life cycle. Because the freshwater habitat and the ocean differ in a wide
variety of ecological and, particularly, nutritional conditions wild salmon individuals experience energetic changes (Gagliano and McCormick 2007; MacFarlane 2010;
Werner and Gilliam 1984) during the habitat switch with consequences for individual
growth and fecundity. During their early life stages in freshwater, salmon individuals
experience strong density–dependence and intense competition for food, while density–dependence in the ocean is subsequently more relaxed and food more abundant
(Jonsson et al. 1998). The increase in food availability during the switch from freshwater to seawater leads to an increase in growth rates but a decrease in energy density
in wild salmon (MacFarlane 2010) with individuals after the habitat switch apparently
allocating more energy to somatic growth and less to energy storage (Johansen et al.
2001) (figure 3.1A). Such bias toward increased growth at the expense of energy storage following an increase in food also occurs in various other vertebrate (Auer et al.
2010; Sinervo and Doughty 1996; Taborsky 2005) and invertebrate (Kleinteich et al.
2015; Zeller and Koella 2016) species. Individuals of these species compensate their
growth after an experimental period of food rationing and reach similar sizes as when
experiencing continuously high food levels, at the expense of lower fecundity (figure
3.1B; table 3.1). Martin et al. (2017) offered a mechanistic explanation for the increase
in somatic growth at the expense of energy density after a transition from low to high
food levels based on a well-established theory of individual energetics (Kooijman 2010)
(see appendix 3.B). Yet, it is not known how these energetic changes experienced by
individuals during the habitat switch interact with the negative effects that low marine
food levels and infrastructure building in freshwater streams independently have on
individual energetics.
Infrastructure building in spawning streams and declining food levels in the ocean
are concurrently occurring, however these stressors have been studied only in isolation. The population consequences arising from the individual effects of these two
threats combined have not been explored. In this study we assess the cumulative and
interactive impact of high costs of the breeding migration and a decline in ocean food
availability on the persistence of Salmo salar populations using a population dynamic
model based on the individual energetics and life history.

3.2 – Methods
To assess the cumulative and interactive impact of high costs of the breeding migration
and a decline in ocean food availability on the persistence of anadromous populations,
we formulated a population model based on the model implemented in chapter 2 of
this thesis. A more detailed description of the model aspects regarding yearly cycle
and life history events can be found in the 2.2 methods section. Similarly, a detailed
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Phalloptycus januarius
Uta stansburiana
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Larinioides sclopetarius

0
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Step-up change
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Figure 3.1 – Effect of step-up change in food on energy reserves and fecundity A:
Observed energy density as a function of individual body length in Sacramento River
Chinook salmon before (blue circles) and after the habitat switch (red crosses) (KruskalWallis test p<0.001)(Martin et al., 2017). The right panel summarizes the observations
for individuals before and after the habitat switch independent of their length. B: Effect
of an experimental step-up change in food provisioning on fecundity per unit of biomass
in six species (see table 3.1). To allow comparison between species the mean fecundity
of control individuals (constant high food) is normalized to 1. The error bars represent
the standard deviation.
description of the habitats can be found in the same section 2.2. Below we describe in
detail the individual life history and energetics, which is the core of the model.
We formulate a physiologically structured population model that includes two
habitats and an anadromous population. We assume each habitat to have a different
food resource. The anadromous population is structured by age, structural and reversible mass and follows semi-discrete dynamics: continuous dynamics describe the
resource consumption, growth in both structural and reversible mass and survival and
a discrete map describes the pulse-wise reproduction (Persson et al. 1998). Structural
mass we consider to include bones and organs which cannot be starved away to cover
energetic demands, whereas reversible mass comprises stored energy reserves such as
fat and gonads. We use data from Atlantic salmon to parameterize the model (see
table 3.2).
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Table 3.1 – Summary of results of compensatory growth studies that reported fecundity
Species

Daphnia
magna
(Cladoceran)
Poecilia reticulata
(Fish)
Phalloptycus
januarius (Fish)
Uta stansburiana
(Lizard)
Aedes aegypti (Insect)
Larinioides
sclopetarius (Arachnid)
Coturnix coturnix
(Bird)
Mus
musculus
(Mammal)
*

Growth

Reduced fecundity
due to step-up
change?

Average individual fecundity

Units

Ref.

60.1 *

eggs

1

Indeterminate

Yes

after step-up
change
in
food
15.1 *

control

Indeterminate

Yes

40.6 *

52.3 *

eggs

2

Indeterminate

Yes

4.5 *

7.5 *

eggs/week

3

Indeterminate

Yes

3.53 *

5.1 *

eggs/ clutch

4

Determinate

Yes

49 *

70 *

eggs

5

Determinate

Yes

384 **

772 **

eggs

6

Determinate

No

7

Determinate

No

8

Data digitalized from figures in the original publication
Data listed in the original publication

**
1
5

Kooijman, unpublished
Zeller and Koella (2016)

2

3
4
Auer et al. (2010)
Pollux and Reznick (2011)
Sinervo and Doughty (1996)
7
8
Kleinteich et al. (2015)
Fidan and Kaya (2014)
Zamiri (1978)
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Individual dynamics
The description of the individual energetic dynamics and its link with life history
follows the bioenergetics approach introduced by Kooijman and Metz (1984) in which
the energy allocation to somatic and reproductive metabolism are proportional to a
fraction 𝜅 and a 1 − 𝜅 of the total energy assimilation rate, respectively. Specifically,
we adopt the model developed and described in detail by Martin et al. (2017) for
fishes; because it provides an explicit dynamics of energy reserves (in our model
represented by reversible mass), which are necessary to model individual life history
with starvation periods like those happening to salmon during the breeding migration.
Here we provide only a concise synopsis of the model. Individuals are characterized
by three state variables: individual age 𝐴, structural mass 𝑊 and reversible mass 𝑆.
The body mass of an individual is the sum of its structural and reversible mass. Body
length 𝑙 and structural mass 𝑊 are related to each other following:

𝑊 = 𝜈 (𝛿 𝑙 )3

(3.1)

where 𝜈 is the density of structural mass and 𝛿 is a shape coefficient factor. Hereafter
we refer to 𝑙 as body size (notice that body size is different to body mass described
above because it only relates to structural mass).
The acquisition and utilization of energy are given by equations 3.2 to 3.11. The
energy assimilation flux is given by:

𝐽 𝐹 = 𝑓 𝑗 𝑎 𝑊 2/ 3
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where 𝑓 is the feeding level in either the breeding or the non-breeding habitat, 𝑗𝑎
is the maximum area-specific assimilation rate and the surface area for assimilation is
assumed to scale with the structural mass to the power of 2/3.
Metabolic maintenance costs are the product of the structural mass-specific maintenance costs 𝑗𝑚 and the structural mass:

𝐽 𝑀 = 𝑗𝑚 𝑊

(3.3)

Assimilates are assumed to split into two energy fluxes: the 𝜅 flux and the 1 − 𝜅
flux. The 𝜅 flux is first used to cover metabolic maintenance cost, while the remaining
flux 𝐽𝑊 is used to synthesize structural mass. On the other hand, the 1 − 𝜅 flux 𝐽𝑆 is
allocated to reversible mass. Thus,

𝐽𝑊 = 𝜅 𝐽𝐹 − 𝐽 𝑀

(3.4)

𝐽𝑆 = (1 − 𝜅) 𝐽𝐹

(3.5)

If the metabolic maintenance cost is larger than the 𝜅 flux, the individual starves,
stops growing and thus depletes its reversible mass to cover the deficit in maintenance
requirements:

𝐽𝑊 = 0,
𝐽𝑆 = 𝐽𝐹 − 𝐽 𝑀 .

(3.6)

Therefore, the individual state dynamics are described by the following system of
differential equations:

𝜁𝑊 (𝜅 𝑓 𝑗𝑎 𝑊 2/3 − 𝑗𝑚 𝑊 ),
𝑑𝑊
=
𝑑𝑡
0,

(

( 1 − 𝜅 ) 𝑓 𝑗 𝑎 𝑊 2/ 3 ,
𝑑𝑆
=
𝑑𝑡
𝑓 𝑗𝑎 𝑊 2/3 − 𝑗𝑚 𝑊,

if 𝜅 𝑓 𝑗𝑎 𝑊 2/3 > 𝑗𝑚 𝑊
otherwise,

if 𝜅 𝑓 𝑗𝑎 𝑊 2/3 > 𝑗𝑚 𝑊

(

otherwise,

(3.7)
(3.8)

where the parameter 𝜁𝑊 represents the efficiency with which assimilates are converted into structural mass.
The rate constants ( 𝑗𝑎 , 𝑗𝑚 ) are assumed to be temperature-dependent and scale
from the reference temperature 𝑇 ∗ to the actual temperature at time 𝑡 , 𝑇 (𝑡 ), following the Arrhenius relationship. Hence, both rate constants are multiplied by the
temperature-correction factor 𝐹𝑇 (𝑡 ):



𝑇𝐴
𝑇𝐴
𝐹𝑇 (𝑡 ) = exp ∗ −
𝑇
𝑇 (𝑡 )



(3.9)

where 𝑇𝐴 is the Arrhenius temperature.
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Maturation, reproduction and breeding migration
Individuals mature when they have reached a fixed structural mass 𝑊𝑝 . The reversible:structure ratio at maturity 𝑆 𝑝 /𝑊𝑝 is the threshold for reproductive investment;
therefore, the surplus of reversible mass in excess of the amount that equals the 𝑆 𝑝 /𝑊𝑝
reversible:structure ratio is used for reproduction. Reproduction occurs at a discrete
time 𝑡𝑟 . The number of offspring 𝜃 produced by an adult individual with structural
mass 𝑊 and reversible mass 𝑆, hence, equals:



𝜃 = max 𝑆 −

𝑆𝑝
𝑊𝑝

𝑊, 0



𝜁𝑒
𝑊𝑒

(3.10)

Simultaneously, the reversible mass of reproducing individuals is reduced to 𝑆 =
min((𝑆 𝑝 /𝑊𝑝 )𝑊, 𝑆). The number of offspring produced is dependent on the yield for
the conversion of storage into eggs 𝜁𝑒 and the egg mass 𝑊𝑒 . During the egg stage
individuals do not feed, therefore we assumed newly hatched individuals to be born
with a structural mass equal to 𝜅𝑊𝑏 and a reversible mass (1 − 𝜅) 𝑊𝑏 .
During the breeding travel individuals cease feeding, stop growing and use their
reversible mass to meet their metabolic maintenance costs and the costs of the travel
(Jonsson et al. 1997) (see further justification of breeding migration costs in appendix
3.C), which is assumed to be proportional to the metabolic maintenance:

𝑑𝑆
= −( 𝑗𝑚 𝑊 + 𝐶 𝑗𝑚 𝑊 )
𝑑𝑡

(3.11)

here 𝐶 represents the relative costs of the breeding migration. According to equation
3.11 structural mass-specific energetic costs of the breeding migration are the same for
every individual regardless of their body size, while total body mass-specific energetic
costs of the breeding migration decrease with body size as reversible mass increases
with body size (see appendix 3.C and figure 3.C3).
Survival
Individuals may die from either starvation or background mortality. The mortality
rate of starving individuals with a reversible:structural mass ratio 𝑆/𝑊 smaller than a
threshold level 𝑞𝑆 increases with decreasing values of 𝑆/𝑊 :



0,



 



if



𝜇𝑠𝑡𝑎𝑟𝑣𝑖𝑛𝑔 = 𝜑 𝑞 𝑊 − 1 ,
𝑆


𝑆




 ∞,
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𝑆
> 𝑞𝑆
𝑊

if 𝑆 > 0 and
otherwise,

𝑆
≤ 𝑞𝑆
𝑊

(3.12)
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where 𝜑 is a positive proportionality constant (Persson et al. 1998). Once they have depleted their reversible mass entirely (𝑆 = 0), starving individuals die instantaneously.
In addition to starvation mortality, individuals die at a rate 𝜇𝑒 during the egg stage,
at a rate 𝜇𝑟 if they are presmolts and 𝜇𝑠 if they are postsmolts. The total per capita
death rate is the sum of the different sources of mortality.
Population dynamics
To study the population dynamics we follow the same approach than in chapter 2,
in which dynamics of the population is based on individual cohort dynamics. We
describe the dynamics of every cohort by using a system of ordinary differential
equations, which keeps track of the number of individuals, their age, structural and
reversible mass. A detailed description of these dynamics can be found in appendix 3.A.
The dynamics of the population are followed by numerically integrating the ordinary
differential equations for each cohort separately. The numerical integration is carried
out using the Escalator Boxcar Train (EBT) (de Roos 1988).
Model analysis
In the model, we investigate the effect of a decline in food availability in the ocean
under both scenarios of high and low costs of the breeding migration. To do so,
we computed the dynamics of the population biomass for 70 years exposed to low
(𝐶 = 0.5) and high costs of the breeding migration (𝐶 = 1.5). During the first 20
years the feeding level in the ocean 𝑓𝑠 was assumed high (0.9 times the amount of
food ad libitum (maximum food intake)) whereas it was low during the following 50
years (0.5 times the amount of food ad libitum) (figure 3.2). In this simulation, the
annual survival of postsmolts 𝜇𝑠 was equal to 0.1. In addition, we studied dynamics
for feeding levels in the ocean 𝑓𝑠 between ad libitum food and 0.5 times ad libitum
food and costs of the breeding migration 𝐶 between 0 and 2 times the metabolic
maintenance costs with annual survival of postsmolts 𝜇𝑠 equal to 0.1 (figure 3.3A).
For the same range of feeding level 𝑓𝑠 used in figure 3.3A, we investigate the effect
of variation in the background mortality rate of postsmolts 𝜇𝑠 between 0.0063 and
0.0107 per day, equivalent to annual survival of 0.1 and 0.02, respectively (figure 3.3B).
In addition, we investigate the effect of a nonlinear scaling of the costs of the breeding
migration with structural mass and of reversible mass contributing to the costs of the
breeding migration (see appendix 3.C). The effect of a nonlinear scaling of the costs of
the breeding migration with structural mass is investigated with a variant of equation
3.11:
𝑑𝑆
0
= −( 𝑗𝑚 𝑊 + 𝐶 𝑗𝑚
𝑊 𝑃𝑊 )
(3.13)
𝑑𝑡
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where 𝑃𝑊 is the size scaling exponent for the costs of the breeding migration,
0 is the structural
which in the original model had a default value equal to 1; and 𝑗𝑚
mass-specific metabolic costs of the breeding migration. The effect of non-linear
scaling of the costs of the breeding migration with structural mass is investigated for
feeding levels in the ocean 𝑓𝑠 between ad libitum food and 0.5 times ad libitum food
and different values of the scaling constant 𝐶 (see figure 3.C2). The effect of reversible
mass contributing to the costs of the breeding migration is investigated using the
following variant of equation 3.11:

𝑑𝑆
= −( 𝑗𝑚 𝑊 + 𝐶 𝑗𝑚 (𝑊 + 𝑆))
𝑑𝑡

(3.14)

The dynamics of the population biomass is computed for 70 years exposed to low
(𝐶 = 0.5) and high costs of the breeding migration (𝐶 = 1) and a decrease in the
feeding level in the ocean in the year 20 as in figure 3.2A by using equations 3.11 and
3.14. The high costs of the breeding migration are lower than in figure 3.3A because
when reversible mass contributes to the costs of the breeding migration and 𝐶 = 1.5
the population is extinct when the feeding level in the ocean is 0.9 (see figure 3.C4).
Table 3.2 – Parameters of the model
Description

Par.

Value

Unit

References

Year

𝑡𝑦

365

day

Average temperature

𝑇𝑚

283

K

Amplitude of temperature varia-

𝑇𝑎

5

K

𝑡𝑢𝑚

205

day

1

Day of reproduction (spawning)

𝑡𝑟

215

day

2

Day of the end of breeding travel

𝑡𝑑𝑚

225

day

1

Environment

tion
Events within the season
Day of the beginning of breeding
travel

Age-dependent events during life cycle
Age at hatching

𝑎ℎ

150

day

2

Age at smolting

𝑎𝑠

545

day

3

Food resource in the breeding habitat
Food resource growth rate

𝜌

0.1

day−1

Maximum food resource density

𝑅 𝑚𝑎𝑥

varied

g m−3

Half saturation food resource den-

𝐾

1

g m−3

sity
Continues on next page
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Table 3.2 – Continued from previous page
Description

Par.

Value

Feeding level of postsmolts

𝑓𝑠

varied

Fraction of assimilation flux to

𝜅

0.8

𝑗𝑎

0.18

Unit

References

Anadromous population
4

structural mass and maintenance
g g−2/3

Calculated with method of 5

tion rate

day−1

from regressions of 6

Mass-specific maintenance cost

𝑗𝑚

0.006

g g−1
day−1

Calculated with method of 5

Mass-specific cost of the breeding

𝑗0

0.006

g g− 𝑃𝑊
day−1

Reference temperature

𝑇∗

293

K

Arrhenius temperature

𝑇𝐴

8000

K

Yield of structural mass on assimi-

𝜁𝑊

0.8

g g−1

5

Yield of egg buffer on storage

𝜁𝑒

0.95

g g−1

5

Mass of a single egg

𝑊𝑒

0.1

g

7

Mass of a newborn

𝑊𝑏

0.06

g

8

Structural mass at maturity

𝑊𝑝

74

g

9

Shape coefficient factor

𝛿

0.21

Maximum area-specific assimila-

𝑚

travel

from regressions of 6

lates

9
g cm−3

Density of structural mass

𝜈

1

Cost of breeding travel

𝐶

varied

Size scaling exponent of the costs

𝑃𝑊

varied

𝜇𝑒

0.0125

day−1

10

0.0025

day−1

10

day−1

10

of the breeding travel
Mortality rate of eggs
Mortality rate of presmolts

𝜇𝑟

Mortality rate of postsmolts

𝜇𝑠

varied

Minimum storage/structural mass

𝑞𝑆

0.1

𝜑

0.2

11

ratio that individuals stand without starvation mortality
Scaling coefficient for starvation

day−1

11

mortality
1 Doucett

et al. (1999)

4 Kooijman

(2010)

2 Thorpe

5 Jager

8 Shearer

et al. (1994)

11 Persson

et al. (1998)

et al. (1998)

et al. (2013)

9 Pecquerie

3 McCormick

6 Sutton

et al. (2011)

et al. (1998)

et al. (2000)
10 Bley

7 Potts

and Rudy (1969)

and Moring (1988)
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3.3 – Results
A decline in food availability in the ocean decreases the biomass of populations when
the costs of the breeding travel are low or intermediate, but surprisingly increases the
population biomass when individuals experience high travelling costs (figure 3.2A)
due to more extensive infrastructure in the freshwater habitat. This counterintuitive
outcome results from the size-dependency of the travelling costs and the smaller energy allocation to growth in structural mass compared to reversible mass when food
availability in the ocean is low. With an increase in food, growth in structural mass
increases more than growth in reversible mass and this bias to structural mass growth
scales with the magnitude of the food increase. Consequently, low food abundance in
the ocean will result in lower structural mass and thus smaller, but fattier salmon individuals after their habitat switch (figure 3.2B; see 3.B). Their smaller sizes entail lower
energy requirements during their first travel to the spawning grounds, while relative
to their body size they have more energy reserves to support them. In contrast, individuals experiencing a large increase in food availability when switching habitats are
larger but have lower reversible-structural mass ratios and thus require proportionally
more of their energy reserves for their breeding travel. When costs of the breeding
travel are high, individuals with smaller body sizes but higher reversible-structural
mass ratios suffer a less dramatic depletion of their energy reserves and thus have
more energy available for reproduction upon arrival at the spawning grounds (figure
3.2C). In contrast, when the costs of the breeding travel are lower, larger individuals,
having more reversible mass (in absolute value, but lower relative to their body size),
arrive with more reversible mass at the spawning grounds and thus have higher fecundity. With lower costs of the breeding travel the depletion of energy reserves is not as
dramatic and a decline in food availability in the ocean hence decreases population
biomass. In summary, high costs of the breeding travel favor small individuals over
large, and conversely, low costs favor large over small.
Our population dynamic model also predicts that the highest population biomass
occurs, as expected, in unthreatened anadromous populations: when energetic costs
of the breeding migration are low and food levels and survival in the ocean are high.
Conversely, it predicts that populations facing high energetic costs of the breeding
migration or low survival in the ocean go extinct when food availability in the ocean,
and therefore the growth potential, is high (figure 3.3). However, under these stressed
conditions low food abundance in the ocean enables persistence of the population. The
effect that population biomass decreases with declining food availability in the ocean
for low to intermediate costs of the breeding migration, whereas it increases when
individuals experience high migration costs, occurs robustly as long as the breeding
migration costs scale with structural mass with a power larger than 0.5 and also when
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Figure 3.2 – Population and individual consequences of declining food abundance
in the ocean A: Modeled biomass dynamics of a Salmo salar population facing low
(0.5 times the metabolic maintenance costs; grey) and high (1.5 times the metabolic
maintenance; black) costs of the breeding migration preceding and following a drop in
feeding level in the ocean (90% of maximum food intake during year 0- 20 years and
50% of maximum food intake during year 20-70). B: Body size (solid line) and energy
density dynamics (i.e. ratio between reversible and structural mass; dashed line) from
hatching till the start of the first breeding migration for two individuals exposed to
either small (feeding level changes from 50 to 60% of maximum food intake during the
habitat switch; gray lines in top panels, also shown in bottom panels for comparison)
or a large step-up change in food availability (feeding level change from 50 to 90% of
maximum food intake during the habitat switch; black lines in lower panel). The fishes
show the relative sizes and body compositions (structural mass in blue and reversible
mass in red) of individuals before their first breeding migration. C: Total reversible mass
of the same individuals before (dashed line) and after (solid line) their first breeding
migration dependent on the costs of the breeding migration (expressed as multiple of
the metabolic maintenance costs when not travelling).
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Figure 3.3 – Consequences of interacting threats for population biomass. Predicted

biomass of anadromous populations exposed to different feeding levels in the ocean
(horizontal axes) and facing different A: costs of the breeding migration and B: annual
survival of migrants. A population is considered extinct when its biomass is smaller than
100 kg (dark blue). Values shown represent the average population biomass computed
over the stable annual cycle that the population exhibits.

reversible mass contribute to the migration costs (see appendix 3.C and figures 3.C2,
3.C4).
We searched for empirical observations to explore the prediction that a decline in
food availability and thus in growth potential in the ocean increases the biomass of a
population when costs of the breeding migration are high. In line with our results, the
salmon populations from the Imsa (river length 1 km) and the North Esk river (river
length>100 km) have shown a decrease and increase in abundance, respectively, while
the body growth in the ocean has decreases in the same period in both populations
(figure 3.4).
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Figure 3.4 – Consequences of declining food availability in the ocean in two wild

Atlantic salmon populations. Increase in individual body size of Salmo salar during
its oceanic life stage (gray)(Friedland et al. 2009; Jonsson and Jonsson 2004) and
population abundance (black) in number of eggs (Jonsson and Jonsson 2017) or catch
(ASFB 2010) from the rivers Imsa and North Esk, respectively. Mr = mass of returning
adults and Ms = mass of the same fish at the habitat switch, for the same life stages, Lr
and Ls correspond to the fork length.

3.4 – Discussion
The beneficial effect of low marine food availabilities on anadromous populations
threatened by other stressors such as high energetic costs of the breeding migration or
low survival in the ocean is caused by the highly non-linear manner in which changes
experienced by individuals during the habitat switch and the effects of low marine
food levels and high energetic costs of the breeding migration interact and influence
individual energetics. The mechanism underlying this counterintuitive result arises
from the fact that large individuals spend more energy than small ones transporting
their body upstream (Bowerman et al. 2017; Glebe and Leggett 1981; Jonsson et al.
1997) and that a low food level in the ocean influences the individual energetics in two
ways: 1) it entails a lower growth potential and therefore a smaller body size and, 2)
it causes a small increase in food availability during the habitat switch, which reduces
the bias toward growth in structural versus reversible mass. As a consequence, high
costs of the breeding migration favor small individuals over large, and conversely, low
costs favor large over small. Any factor decreasing the individual growth rate, such as a
decline in food availability, will therefore increase population biomass in the first case
but decrease it in the second case. Accordingly, wild populations of sockeye salmon
(Oncorhynchus nerka) experiencing naturally high costs of the breeding migration are
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composed of smaller individuals than populations facing lower costs of the breeding
migration (Crossin et al. 2004).
The size-scaling of the energetic costs of the breeding migration is key in the mechanism causing the favoring effect of low marine food levels on threatened anadromous
populations. In the model, we assumed the energetic costs of the breeding migration
to be proportional to the structural mass of an individual and thus structural massspecific energetic costs of the breeding migration to be the same for all individuals
regardless of their body size (see figure 3.C3 in appendix 3.C). Although in laminar
flows the mass-specific costs of swimming are usually considered to decrease with
body size (Alexander 1998), actual field data of energy expenditure during the breeding migration of Chinook salmon Oncorhynchus tshawytscha show that the structural
mass-specific energy requirements increase with body size (Bowerman et al. 2017).
That is, larger individuals spent more energy per unit of structural mass than smaller
ones and the energetic costs of the breeding migration scale hyperallometrically with
structural mass (figure 3.C1). Based on this evidence, our assumption of size-scaling
factor is conservative, as a hyperallometric scaling of energy costs with body size
would exacerbate the effect by causing large individuals to spend even more energy
than small ones.
We find support for the effect that population biomass decreases with declining
food availability in the ocean for low to intermediate costs of the breeding migration,
whereas it increases when individuals experience high migration costs in long-term
data of salmon populations from the Imsa and the North Esk rivers. In the first the
population abundance has declined while in the last it has increased, despite that
a declining trend in body growth in the ocean, due to low marine food availability,
is observed in the populations of both rivers (Friedland et al. 2009). In accordance
with our model prediction, salmon in the Imsa river indeed migrate short distances in
freshwater while in the North Esk river they migrate long distances and hence face
higher energetic costs of the breeding migration.
Various consequences for the conservation and fisheries industry of Atlantic salmon
and other anadromous species arise from the prediction that populations facing high
energetic costs of the breeding migration or low survival in the ocean go extinct when
food availability in the ocean, and therefore the growth potential, is high. In particular, increased harvesting or increased costs of migration by infrastructure construction
in the freshwater habitat are more likely to result in extinction of salmon populations
migrating to a highly productive marine habitat, especially if these negative impacts
occur in a time frame that is too short for an evolutionary response towards, for example, slow body growth rate and other physiological and morphological adaptations for
an energetically costly upriver travel (Eliason et al. 2011). Although the rate at which
dams were completed declined from around 1000 a year in the 1970s to around 260
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a year in the 1990s, during the first decades of the 20th century the number of large
dams increased with on average more than 500 new dams annually from 45000 (WCD
2000) to 55000 (ICOLD 2017). This trend implies that an increasing number of anadromous populations are facing higher costs of the breeding migration, possibly resulting
in local extinction or selection for smaller body sizes with negative effects for fisheries
in either case. Paradoxically, the decline of food levels in the Northeast Atlantic during
the last decades may have mitigated the collapse of Atlantic salmon populations due to
increased infrastructure building in freshwater streams. In the upcoming decades food
levels are predicted to continue dropping due to climate change (Hoegh-Guldberg and
Bruno 2010; Moore et al. 2018), which although bad for fisheries, may benefit salmon
population persistence.
Other factors may affect the persistence of anadromous populations facing concurrently high costs of the breeding migration and declining food availability in ocean.
After the habitat switch, size-dependent predation mortality risk increases and therefore high food availability in the ocean that enables high body growth rate increases
survival in the first marine stage (Friedland et al. 2009) favoring the persistence of
threatened populations. Reduced size-dependent predation mortality risk could be the
result either of a high growth rate during the first marine stage or of reaching a large
body size before the habitat switch. In fact, a long-term study of Atlantic salmon in
the Simojoki river shows that survival during the marine phase is positively correlated
with body size at the habitat switch (Jutila et al. 2006). Moreover, the body size at the
habitat switch in this population is negatively correlated with the individual density
in the freshwater habitat (Jutila et al. 2006); therefore large body sizes at the habitat
switch are reached when population abundance is low in this habitat. This is the consequence of relaxed density-dependence enabling a high body growth rate (Walters
et al. 2013). Since threatened anadromous populations have relatively low population
abundance, this suggests that its individuals are more likely to reach a larger body
size at the habitat switch and therefore to experience lower predation mortality once
in the ocean. Further research is necessary to understand how size-dependent predation mortality interacts with reduced food availability in the ocean and high costs of
the breeding migration accounting for density-dependence effects in the freshwater
habitat.
Current environmental changes increase the variety and intensity of stressors affecting ecological communities in cumulative and interactive ways (Crain et al. 2008).
We demonstrate that two specific stressors with independent negative effects interact
in a highly non-linear manner as a consequence of the specifics of individual energetics
and life history. Given that environmental change comes with other stressors such as
warming trends in the spawning streams that also affect individual salmon energetics
and thus life history (Eliason et al. 2011; Jonsson and Jonsson 2009) and that are
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currently co-occurring with the stressors investigated in this study, the consequences
of these multiple interacting stressors on anadromous populations need further research. For this purpose, as we show in the present study, the description of the life
history based on individual energetics is essential for a mechanistic understanding of
their effects at the population and community levels. Our results show that in the
face of multiple environmental threats the outcome of conservation efforts aimed at
population persistence (i.e. increasing growth rate during oceanic life stage of Atlantic
salmon) may in fact promote extinction and highlight the need for accurately predicting ecological consequences of environmental change. If we are to predict ecological
consequences of environmental change a mechanistic understanding linking individual energy budgets, life history, and population dynamics will be almost certainly
required.
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Appendix 3.A

Physiologically–structured population model

The physiologically–structured population model follows the cohort-based approach
for populations with seasonal reproduction introduced by Persson et al. (1998). Since
reproduction occurs as a discrete event at a specific time in the year, all individuals
that are born in the same reproductive event are equal. They are collected into a single
cohort and assumed to grow at the same rate. Thus, we can describe the dynamics of
each cohort 𝑖 ∈ N with a system of ordinary differential equations, which keeps track
of the density of individuals 𝑁𝑖 , their age 𝐴𝑖 , their structural mass 𝑊𝑖 and their energy
reserves storage 𝑆𝑖 . Juveniles are defined as individuals with structural mass smaller
than the structural mass at maturity 𝑊𝑝 and adults as individuals with structural mass
equal or larger than 𝑊𝑝 . For each cohort 𝑖, age is a monotonically increasing function
of time,

𝑑
𝐴𝑖 = 1
(3.A1)
𝑑𝑡
The age of the individuals determines the stage, which in turn, determines the differential equations that describe the variation in density of individuals, their structural
mass and stored energy reserves. Equations 3.A2, 3.A3 and 3.A4 define the dynamics
of eggs, presmolts and postsmolts, respectively. The density of individuals decreases
due to a mortality rate specific to each stage. In addition, the presmolts and postsmolts
may die due to starvation. During the egg stage the structural mass and storage do not
change. The dynamics of the structural mass and energy reserves storage in presmolts
and postsmolts depend on the amount of food they encounter as well as the breeding
travel period if they are adults.
for 0 ≤ 𝐴𝑖 < 𝑎ℎ

𝑑



𝑁 𝑖 = −𝜇 𝑒 𝑁 𝑖


𝑑𝑡


𝑑

𝑊𝑖 = 0

𝑑𝑡


𝑑


 𝑆𝑖 = 0
 𝑑𝑡
(3.A2)

for

𝑎 ℎ ≤ 𝐴𝑖 < 𝑎 𝑠
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−𝜇 𝑟 𝑁 𝑖
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𝑆𝑖
= − 𝑁 𝜇 + 𝜑 𝑞 𝑊𝑖 − 1
if 𝑆𝑖 > 0 and
≤ 𝑞𝑆
𝑖
𝑟
𝑆


𝑆𝑖
𝑊𝑖




 −∞
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𝑅
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𝑟
𝑟
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(3.A3)
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if 𝑐1 and (¬𝑐2 or ¬𝑐3)
=

0
otherwise,


(1 − 𝜅) 𝑓𝑠 𝑗𝑎 𝑊𝑖2/3
if 𝑐1 and (¬𝑐2 or ¬𝑐3)





2
/
3
 𝑓𝑠 𝑗𝑎 𝑊 − 𝑗𝑚 𝑊𝑖

if ¬𝑐1 and (¬𝑐2 or ¬𝑐3)
𝑖
=
0
𝑃𝑊


−( 𝑗𝑚 𝑊𝑖 + 𝐶 𝑗𝑚 𝑊𝑖 )
otherwise.





(3.A4)
2/ 3

In this last equation 𝑐1, 𝑐2 and 𝑐3 are the conditions 𝜅 𝑓𝑠 𝑗𝑎 𝑊𝑖
> 𝑗𝑚 𝑊𝑖 ,
𝑡𝑢𝑚 ≤ 𝑡 ≤ 𝑡𝑑𝑚 , and 𝑊𝑝 ≤ 𝑊𝑖 , respectively, while ¬𝑐1, ¬𝑐2 and ¬𝑐3 refer to the
situation that these conditions do not hold. When the conditions are true, the amount
of assimilates necessary to meet metabolic maintenance from the 𝜅 fraction are enough
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(𝑐1), the current time corresponds to the breeding travel period (𝑐2) and the cohort
is adult (𝑐3).
Whenever a juvenile cohort reaches the maturation size 𝑊𝑖 = 𝑊𝑝 , at a particular
time 𝑡 = 𝑡 𝑝 , a maturation event occurs. At a maturation event, the juvenile cohort
becomes an adult cohort. This does not affect any cohort statistics:


𝐴𝑖 (𝑡 𝑝 ) = 𝐴𝑖 (𝑡 −𝑝 )





 𝑁𝑖 (𝑡 𝑝 ) = 𝑁𝑖 (𝑡 −𝑝 )

−

𝑊𝑖 (𝑡 𝑝 ) = 𝑊𝑖 (𝑡 𝑝 )



 𝑆 𝑖 (𝑡 𝑝 ) = 𝑆 𝑖 (𝑡 − )
𝑝


(3.A5)

Reproduction occurs instantaneously at 𝑡𝑟𝑛 = 𝑛 𝑡 𝑦 + 𝑡𝑟 , where 𝑛 ∈ N. At a
reproductive event, a new cohort is formed from the storage biomass of adults, but
only if their storage is such that their current storage:structural mass ratio exceeds the
storage:structural mass ratio with which the adult individual matured:


𝐴0 (𝑡𝑟𝑛 ) = 0








Õ

𝑆𝑝

ª 𝜁𝑒
 𝑁 (𝑡 ) = ©


𝑁𝑖 max 𝑆𝑖 −
𝑊𝑖 , 0 ®
0 𝑟𝑛
𝑊𝑝
𝑊𝑒

«𝑖 ∈ { 𝑗 |𝑊𝑗 ≥𝑊𝑝 }
¬




𝑊0 (𝑡𝑟𝑛 ) = 𝜅 𝑊𝑏



𝑆0 (𝑡𝑟𝑛 ) = (1 − 𝜅) 𝑊𝑏


(3.A6)

At the same time, all other cohorts are renumbered and the energy reserves storage
of the adults that do reproduce is set to the amount that makes their storage:structural
mass ratio equal to their storage:structural mass ratio at maturation.


𝐴𝑖+1 (𝑡𝑟𝑛 )





 𝑁𝑖+1 (𝑡𝑟𝑛 )




𝑊𝑖+1 (𝑡𝑟𝑛 )








𝑆𝑖+1 (𝑡𝑟𝑛 )






= 𝐴𝑖 (𝑡𝑟𝑛− )
= 𝑁𝑖 (𝑡𝑟𝑛− )
= 𝑊𝑖 (𝑡𝑟𝑛− )



𝑆𝑝

−
−

 min 𝑆𝑖 (𝑡𝑟𝑛

),
𝑊𝑖 (𝑡𝑟𝑛
)
𝑊𝑝
=


−
𝑆𝑖 (𝑡𝑟𝑛 )


if 𝑊𝑖 ≥ 𝑊𝑝
otherwise.
(3.A7)
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The resource density in the breeding habitat grows following a semi–chemostat
growth and declines by foraging of presmolts.

𝑑
𝑅𝑟
𝑅𝑟 = 𝜌( 𝑅𝑚𝑎𝑥 − 𝑅𝑟 ) −
𝑗𝑎
𝑑𝑡
𝐾 + 𝑅𝑟
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Õ
𝑖 ∈ { 𝑗 | 𝑎ℎ ≤ 𝐴 𝑗 < 𝑎 𝑠 }

2/3

𝑁𝑖 𝑊𝑖

(3.A8)
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Energy allocation effects of the habitat switch
explained by dynamic energy budget theory

Dynamic energy budget (DEB) theory provides a conceptual framework to describe the
individual life history based on individual energetic dynamics. DEB theory describes
the rules by which an individual assimilates energy and utilizes it to grow, reproduce
and cover metabolic maintenance (Kooijman 2010; Kooijman and Metz 1984; Nisbet
et al. 2000). It has been used to describe the life history of several species including
salmonids (Pecquerie et al. 2011). In particular, the net assimilation model offers a
conceptual explanation for the negative effect on fecundity caused by an increase in
food abundance. This model assumes that a fraction 𝜅 of assimilates is allocated to first
meet metabolic maintenance with the remainder of this fraction allocated to growth
in structural mass, while a fraction 1 − 𝜅 is allocated to growth in reversible mass to
be used for reproduction (figure 3.B1A) and covering energetic deficits during starvation periods. Given the assumption that metabolic maintenance is deducted from the
fraction 𝜅, a change in the proportion of assimilates required to meet metabolic maintenance affects the proportion of assimilates allocated to growth in structural mass but
not the fraction allocated to growth in reversible mass. When an individual experiences
a step-up change in food, the amount of assimilates available for growth, reproduction
and metabolic maintenance increases. However, the amount of assimilates required
to meet metabolic maintenance remains constant because the somatic structure of the
individual does not suddenly change. Since the amount of total assimilates increases,
the proportion of assimilates to meet metabolic maintenance thus decreases with the
surplus now being allocated to growth in structural mass. Therefore, the proportion
of assimilates allocated to growth in structural mass increases, while the proportion of
assimilates allocated to growth in reversible mass, and thus to reproduction remains
constant (figure 3.B1B). The model hence predicts that an individual that experiences a
step-up change in food has lower energy density (lower ratio of reversible to structural
mass) and consequently, lower mass-specific fecundity than an individual of the same
size that never experiences a change in food, in line with data presented in figure 3.1.
Furthermore, the model predicts that this bias toward increased growth in structural
mass compared to reversible mass is larger in individuals experiencing a large step-up
change in food than in those experiencing a small one. Consequently, individuals that
experience a large change in food grow larger (are bigger) and have a lower energy
density (are leaner).
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Figure 3.B1 – Energy allocation rule causes bias toward somatic growth after a large

step-up change in food A: Net assimilation energy budget model. When a step-up
change in food occurs, metabolic maintenance requirements remain constant because
the somatic structure only changes after growth has occurred. Because a fixed fraction
𝜅 of assimilates is allocated to cover both metabolic maintenance requirements and
growth in structural mass, the sudden increase in available assimilates translates into a
proportionally larger increase in the allocation to growth in structural mass compared
to the increase in reversible mass. B: Proportion of assimilates allocated to growth (in
structural mass), storage (reversible mass) and metabolic maintenance of individuals
exposed to either a small (feeding level changes from 50 to 60% of maximum food
intake; top) or large step-up in food abundance when switching habitats (feeding level
changes from 50 to 90% of maximum food intake; bottom). See also figure 3.2.
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Size-scaling of the breeding migration costs
with structural mass and breeding migration
costs dependent on structural and reversible
mass

Metabolic rates of swimming and resting salmon scale with body mass with a power
0.79 and 0.78, respectively (Alexander 1998). It is important to notice that these
exponents hold for an allometric relation between metabolism and body mass, which
quantities are different from the metabolic maintenance and structural mass in the
model that correspond to only part of the metabolism and part of the body mass,
respectively. However, this study suggests that metabolic costs of swimming scale
with a similar factor than resting metabolic costs. Nonetheless, this study is based on
fish swimming in still water but for swimming against a current the energetic costs
are different because the optimal speed is higher in the latter than in the former
(Alexander 1998).
The breeding migration entails multiple costs. In the freshwater habitat where
the habitat is not iso-osmotic, individuals invest energy in osmoregulation, such that
respiration rate can increase more than 20% just due to osmoregulatory expenses
(Fry 1971). These osmoregulatory costs increase in proportion to the surface area
of individual (Kooijman 2010) and therefore scale allometrically with the structural
mass 𝑊 with an exponent equal to 0.67. In addition, large fishes travel upstream
using portions of the river further from the bank than small ones (Hughes 2004)
where the current is faster and therefore they spend more energy traveling against
a faster current (Hinch and Rand 2000). In support of these arguments, data of
energy expenditure during the breeding migration of Chinook salmon Oncorhynchus
tshawytscha show that the size-specific energy requirements of large individuals are
larger than of small individuals (Bowerman et al. 2017). That is, larger individuals
spend more energy per unit of structural mass than smaller ones (figure 3.C1), hence
𝑃𝑊 is larger than 1. The energy loss during the migratory travel is also higher in large
than in small individuals of Atlantic salmon (Jonsson et al. 1997) and American Shad
(Alosa sapidissima) (Glebe and Leggett 1981).
Given this, we evaluated the effect that different size-scaling exponents of the costs
of the breeding migration 𝑃𝑊 have on population persistence (figure 3.C2). Smaller
values of 𝑃𝑊 increase persistence when costs of the breeding migration are high,
because reversible mass is depleted to a lesser extent during the breeding migration.
Persistence of a migratory population at low food levels but extinction occurring for
higher food levels in the ocean when the costs of the breeding migration are high
occurs when 𝑃𝑊 is 0.5 or larger. This effect is reversed for smaller 𝑃𝑊 , for example
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Figure 3.C1 – Nonlinear scaling of the costs of the breeding travel with size in

wild sockeye salmon. A: Total energy content of female individuals of Oncorhynchus
tshawytscha at the beginning of the breeding travel (Ebt = 14.57 Structural mass +
4.0085, R-squared = 0.845, blue) and at arrival in the spawning grounds (Eat =
6.3057 Structural mass + 9.5457, R-squared = 0.514, red) from Bowerman et al.
(2017) (data courteously provided by T. Bowerman). Structural mass was calculated from fork length 𝐿𝑓 data (Structural mass = 𝑑𝑤 ( 𝐿𝑓 ∗ 𝑠𝑐)3 , where 𝑑𝑤 =
1 g m−3 is the density of the organism and 𝑠𝑐 = 0.2 is the shape coefficient for this species (Pecquerie et al. 2011). B: Mass-specific energy expenditure calculated as the difference between the total energy content at the beginning of the breeding travel and at arrival in spawning grounds, and divided by
the structural mass (Mass specific energy spent during the breeding travel = 8.26 −
5.54 (structural mass−1 )).

when equal to 0.3. However, the evidence presented above makes values of 𝑃𝑊 below
0.5 unlikely and suggests that it actually scales with a value larger than 1 with respect to
body size, resulting in a stronger persistence effect of declining food in the ocean when
a population faces high costs of the breeding migration because large individuals have
higher size-specific migration costs than small individuals. Based on that evidence,
a choice of the size-scaling exponent of the energetic costs of the breeding migration
PW equal to 1 with respect to the structural mass as used in figures 3.2 and 3.B1 is
conservative. Our assumption of a size-scaling exponent of the energetic costs of the
breeding migration 𝑃𝑊 of 1 implies that structural mass-specific energetic costs of the
breeding migration are the same for every individual regardless of their body size,
while energetic costs of the breeding migration per unit of total mass (structural plus
reversible) decrease with body size because the reversible mass increases with body
size (figure 3.C3).
An increasing impact of reversible mass on the costs of breeding migration, meaning
taking into account the total body mass in these costs, has no qualitative effects for
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Figure 3.C2 – Consequences of interacting threats for population biomass with nonlinear scaling of the costs of the breeding travel with body size Predicted biomass of
anadromous populations exposed to different feeding levels in the ocean (horizontal
axes) and facing different costs of the breeding travel (vertical axes) for four different scaling exponents of the costs of the breeding travel with individual body size. A
population is considered to be extinct when its biomass is smaller than 100 kg (dark
blue). Values shown represent the average population biomass computed over the stable
annual cycle that the populations exhibit.
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Figure 3.C3 – Mass-specific costs of the breeding migration when this energetic costs
scale with a factor of 1 with respect to structural mass ( 𝑃𝑊 = 1) and the relative
costs of the breeding migration are 0.5 (𝐶 = 0.5, grey lines) and 1 (𝐶 = 1, black
lines). For this factor, the energetic cost of the breeding migration divided by structural
mass is the same for every individual regardless of its body size (solid lines), while the
energetic cost of the breeding migration divided by its total body mass (structural mass
+ reversible mass) decreases with body size because reversible mass increases with
body size (dashed lines). Data are representative for an individual migrating to the
breeding grounds for first time after a feeding level of 0.6 in the ocean ( 𝑓𝑠 = 0.6).

the increase of persistence of a migratory population at low food levels but extinction
occurring for higher food levels in the ocean when the costs of the breeding migration
are high. However, the costs of the breeding migration at which this phenomenon
occurs are lower compared to the case in which the costs of the breeding migration
are independent of the reversible mass. When the costs of the breeding migration
are proportional to structural mass only the population shows a small variation in
the population biomass when the decrease of food level in the ocean occurs in year
20, whereas when the costs of the breeding migration are proportional to total mass
(structural plus reversible) the population increases in biomass in response to the
decrease of food level (figure 3.C4). Therefore, including the reversible mass in the
costs of the breeding migration causes the population experiencing high food levels in
the ocean to go extinct at lower costs of the breeding migration but still to persist at
low food levels in the ocean.
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Figure 3.C4 – Population consequences of declining food abundance in the ocean
when migration costs are dependent on total mass (structural + reversible). Biomass
dynamics of a population facing low (0.5 times the metabolic maintenance costs; grey)
and high (1 times the metabolic maintenance costs; black) costs of the breeding travel
preceding and following a drop in feeding level in the ocean (as in figure 3.2). Solid lines
show dynamics for the default case (equation 3.11) and dotted lines show the dynamics
when the costs of the breeding travel dependent on total (structural plus reversible)
mass (equation 3.14). Notice that in the latter case the increase of population biomass
when decreasing food levels in the ocean occurs at lower energy costs than in the former
(figure 3.2).
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Chapter 4 - Mortality and evolution of the timing of habitat shifts

Abstract
Many animal species across different taxa change their habitat during their development. An ontogenetic habitat shift enables the development of early vulnerable-topredation stages in a safe ‘nursery’ habitat with reduced predation mortality, while less
vulnerable stages can exploit a more risky, rich feeding habitat. Therefore, the timing
of the habitat shift is crucial for the survival, growth and reproduction of individuals.
In this study, we investigate the relative role that size-dependent and size-independent
mortality in the rich feeding habitat have on the optimal timing of the habitat shift. Using a size-structured population model that accounts for density-dependent processes
and the adaptive dynamics approach, we show that with an increasing proportion of
mortality caused by size-dependent mortality in the rich feeding habitat the optimal
body size to shift habitat decreases. This result is a consequence of the change in the
body size distribution of the population that size-dependent mortality causes. Our
results reveal the interdependence between population structure and optimal life history traits, such as timing of a habitat shift, and highlight the need for integrating
ecological interactions in the study of the evolution of life histories.
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4.1 – Introduction
Interactions between organisms do not remain constant throughout their lives. Instead, the outcome of encounters between competitors, between prey and predator
or between parasite and host depends on the developmental stage of the interacting organisms. An increase in body size is the most important ecological aspect of
ontogenetic development as it determines to a large extent those interactions besides
feeding, growth and reproduction (de Roos and Persson 2013). Ecological interactions,
therefore, change with the increase in size during ontogeny. In particular, smaller or
younger individuals of diverse fish (Hampton 2000; Krause et al. 1998; Sogard 1997),
amphibian (Arendt 2009; Rudolf and Armstrong 2008; Semlitsch 1990), reptile (Ferguson and Fox 1984; Keren-Rotem et al. 2006) and invertebrate species (Boulton and
Polis 1999; Keller and Ribi 1993) experience higher predation or cannibalistic risk than
larger ones. To reduce the risk of injury or lethal interactions, small individuals often
avoid areas with predators or larger conspecifics (Ohgushi et al. 2012) by using the
same habitat differentially (Diehl and Eklov 1995) or using two different habitats for
small and large individuals (Dodson et al. 2009).
Among vertebrate animal species, ontogenetic habitat shifts, understood as the use
of different habitats in different stages of the life history, have been documented in a
wide range of fish and amphibian species, as well as, in some reptiles (Keren-Rotem
et al. 2006; Werner and Gilliam 1984). By switching habitat small individuals can
develop in a safe ‘nursery’ habitat with reduced predation mortality, while large individuals exploit a riskier, but richer feeding habitat. For instance, salmon and other
anadromous species utilize freshwater streams as breeding habitats that offer a reduced predation mortality for embryos and larval stages compared to their marine
counterparts, whilst large less vulnerable-to-predation individuals exploit the productive marine grounds at high latitudes (Dodson et al. 2009). Likewise, in several fish
species associated to coral reefs, only large individuals are actually present in this
highly productive habitat, and small vulnerable-to-predation stages occur in habitats
with lower predation mortality such as mangroves and seagrass beds (Cocheret de
La Morinière et al. 2002; Kimirei et al. 2013).
The physical separation between different ontogenetic habitats implies multiple
changes in ecological conditions experienced by individuals during the habitat shift:
the individuals do not only experience a change in predation vulnerability during the
habitat shift, but also a diet shift (Hobson 1999), as well as changes in intraspecific
competition and food abundance (Diehl and Eklov 1995; Keren-Rotem et al. 2006).
Generally, the ‘nursery’ habitat is of relatively small size and low productivity compared
to the habitat occupied by older individuals. As a consequence, individuals in the
former experience increased density while density-dependence is very low to negligible
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in the latter (Cocheret de La Morinière et al. 2002; Diehl and Eklov 1995; Jonsson et al.
1998). This relaxation of the intraspecific competition in the habitat occupied by older
individuals leads to an increase in food abundance after the habitat shift that, in turn,
increases the available energy to allocate to both somatic growth and reproduction.
An early habitat shift thus enables an early onset of rapid growth and reproduction.
However, small individuals are more vulnerable to predation on arrival in the second
habitat. A late habitat shift would allow them to reach a larger body size before
entering the riskier habitat and therefore lowers predation mortality at the expense
of an extended period of slow growth in the first habitat. Under such a trade-off,
the timing to shift habitat is a crucial determinant of individual fitness. Werner and
Gilliam (1984) concluded that when the two habitats differ in size-specific growth
and mortality rates (indicated with 𝑔 and 𝜇, respectively), fitness is maximized when
the switching size minimizes the ratio of mortality to growth rate (also referred to
as the “𝜇/𝑔 rule”). However, this conclusion is based on an individual optimization
in an invariant environment. It therefore ignores density-dependent processes at the
population level caused by the interactions among individuals, such as the difference
in intraspecific competition in the two habitats mentioned above. Furthermore, the
optimal size to switch habitats determines the outflow and inflow of individuals in the
two habitats through growth and reproduction and thus the densities of individuals
in each habitat. These changes in population density affect intraspecific competition
that, in turn, affects individual growth rate and therefore the optimal strategy to switch
habitats. A few studies have investigated the optimal timing of a habitat or niche shift
incorporating intraspecific competition (Claessen and Dieckmann 2002), but the role
of differential mortality in the two habitats and in particular its link with body size has
not been explored yet. In this study, we investigate how variation in size-dependent
and size-independent mortality rates in the rich feeding habitat affects the optimal
timing of a habitat shift. Furthermore, given that an increase in size-dependent
mortality does not only raise the total mortality but it also increases the proportion
of mortality due to size-dependent sources with respect to size-independent sources,
we investigate the relative effect of size-dependent vs. size-independent mortality
on this optimal timing by varying their relative contribution to overall mortality in
the same habitat. To do so, we implement a size-structured population model for a
consumer-resource interaction that incorporates density-dependent individual growth
for the consumers. We analyze the ecological dynamics predicted by the model and
use the adaptive-dynamics approach to determine the optimal body size of the habitat
shift in the context of these ecological dynamics.
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4.2 – Methods
The model We formulate a model that accounts for a population in two habitats.
We assume that in each habitat the individuals exploit a different resource. The
population is structured by individual body size. Individual resource consumption,
somatic growth, survival and reproduction are following continuous-time dynamics.
We study the population in the ecological equilibrium state.
Life cycle
Individuals are born in the ‘nursery’ habitat (hereafter habitat 1) with size 𝑙 0 where
they remain until they reach a body size 𝑙 𝑠 when they shift to the rich feeding habitat
(occupied by older individuals, hereafter habitat 2). Juvenile individuals mature and
start to reproduce at a body size 𝑙 𝑚 .
Habitats
Density-dependence due to competition for food is considered to be strong in the
habitat 1, so we assume the food or resource density to be depleted by the foraging of
consumer individuals. In the absence of consumers, the resource is assumed to follow
a semi-chemostat growth dynamics with maximum density 𝑅1 𝑚𝑎𝑥 and growth rate 𝜌
(for an explanation and justification of this type of growth dynamics, see Persson et al.
(1998)). Dynamics of the resource density 𝑅1 in the habitat 1 is hence given by:

𝑑𝑅1
= 𝜌(𝑅1 𝑚𝑎𝑥 − 𝑅1 )
𝑑𝑡

(4.1)

In contrast, in the habitat 2, density-dependence is considered negligible, therefore
we assume a constant resource density.
Individual dynamics
The core part of the model is the description of the individual behavior, that is, feeding,
growth, reproduction and mortality as a function of the individual state (i.e. body
size) and the state of the environment (food availability). In the following sections
we describe the individual level dynamics.
Feeding
In habitat 1, individuals are assumed to feed on the resource following a Holling type
II functional response. So their feeding level 𝑓1 (or scaled functional response) is given
by:
𝑅1
(4.2)
𝑓1 =
𝐾 + 𝑅1
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where 𝐾 is the half-saturation resource density. In habitat 2 individuals feed at a
constant feeding level 𝑓2 .
Dynamic energy budget model: Individual state and fecundity
The model follows the bioenergetics approach introduced by Kooijman and colleagues
(Kooijman 2010; Kooijman and Metz 1984; Nisbet et al. 2000) in which the energy
allocation to somatic and reproductive metabolism is proportional to a fraction 𝜅 and
a 1 − 𝜅 of the total energy assimilation rate, respectively.
Individuals are characterized by the state variable structural mass, 𝑊 . Body length
𝑙 and structural mass 𝑊 are related to each other following:

𝑊 = 𝜈 (𝛿 𝑙 )3

(4.3)

where 𝜈 is the density of structural mass and 𝛿 is a shape coefficient factor. Hereafter
we refer to 𝑙 as body size.
The acquisition and utilization of energy are described by equations 4.4 to 4.10.
The energy assimilation rate is given by:

𝐽 𝐹 = 𝑓 𝑗 𝑎 𝑊 2/ 3

(4.4)

where 𝑓 is the feeding level in either the breeding or the non-breeding habitat introduced above, 𝑗𝑎 is the maximum area-specific assimilation rate and the surface area
for assimilation is assumed to scale with structural mass to the power of 2/3.
Metabolic maintenance cost is the product of the mass-specific maintenance cost

𝑗𝑚 and the structural mass:
𝐽 𝑀 = 𝑗𝑚 𝑊

(4.5)

Assimilates are assumed to split into two energy fluxes: the 𝜅 flux and the 1 − 𝜅
flux. The 𝜅 flux is first used to cover metabolic maintenance cost, while the remaining
flux 𝐽𝑊 is used to synthesize structural mass. On the other hand, the 1 − 𝜅 flux 𝐽𝑆 is
allocated to reproduction when adult. Hence,

𝐽𝑊 = 𝜅 𝐽𝐹 − 𝐽 𝑀

(4.6)

𝐽𝑆 = (1 − 𝜅) 𝐽𝐹

(4.7)

Therefore, the dynamics of structural mass 𝑊 as a function of age 𝑎 is described
by the differential equation:

𝑑𝑊
= 𝜁𝑊 (𝜅 𝑓 𝑗𝑎 𝑊 2/3 − 𝑗𝑚 𝑊 )
𝑑𝑎

(4.8)

The parameter 𝜁𝑊 in equation 4.8 represents the efficiency with which assimilates
are converted into structural mass. The previous equation can be rewritten as growth
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in body size by substituting structural mass by body size (from equation 4.3) and doing
some manipulation:
𝑑𝑙
0
𝑙)
(4.9)
= 𝛾( 𝑓, 𝑙 ) = 𝜉(𝜅 𝑓 𝑗𝑎0 − 𝑗𝑚
𝑑𝑎
The parameter 𝜉 characterizes the growth rate in size and is defined as 𝜁𝑊 /(3𝜈𝛿3 ).
0 correspond to the assimilation and mainWhile the compound parameters 𝑗𝑎0 and 𝑗𝑚
tenance rates with respect to body length and are defined as 𝑗𝑎 𝜈2/3 𝛿2 and 𝑗𝑚 𝜈 𝛿3
respectively.

𝜁


 (1 − 𝜅) 𝑓 𝑗𝑎0 𝑙 2 ) 𝜎 𝑒

𝑊0
𝛽( 𝑓, 𝑙 ) =

0


if 𝑙 > 𝑙 𝑚

(4.10)

otherwise.

The number of offspring produced per unit time is dependent on the yield for the
conversion of assimilates into eggs 𝜁𝑒 and the newborn structural mass 𝑊0 = 𝜈 (𝛿 𝑙 0 )3 .
In addition, although we do not consider explicitly the egg stage, we do consider the
egg survival 𝜎 that reduces the number of individuals effectively recruited as newborns.
Notice that starvation conditions are ignored, therefore, individuals do not shrink in
0 𝑙 is always fulfilled given that we
structural mass because the condition 𝜅 𝑓 𝑗𝑎0 > 𝑗𝑚
consider only the population state at equilibrium.
Survival
Individuals in the habitat 1 may die from background mortality 𝜇1 and in the habitat
2 from either background 𝜇2𝑏 or predation mortality 𝜇2 𝑝 . Background mortality is
assumed to be size-independent and predation mortality is assumed size-dependent.
To describe the size-dependent mortality experienced by individuals in the habitat 2
we adopt a continuous piecewise-differentiable sigmoid function of body size (figure
4.1):
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𝜀 − 𝐿(𝑙 ) + 1
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3
1


 𝜀 𝐿(𝑙 )3 − 𝐿(𝑙 )2 +

3
2
𝜇 2 𝑝 (𝑙 ) =




1
3


𝜀
𝐿(𝑙 )3 + 𝐿(𝑙 )2 −


6
2




0


if 𝐿(𝑙 ) ≤ 1
3
2
9
2

𝐿(𝑙 ) +

1



if 1 < 𝐿(𝑙 ) ≤ 2

2

𝐿(𝑙 ) + 9/2



(4.11)

if 2 < 𝐿(𝑙 ) ≤ 3
otherwise

where 𝐿(𝑙 ) is a scaled body size value, defined as 𝐿(𝑙 ) = 3𝑙 /𝑙 𝑣 . The sigmoid function
is bounded by the maximum size-dependent mortality 𝜀, which occurs at 𝑙 = 0, and
the maximum vulnerable-to-predation body size 𝑙 𝑣 at which size-dependent mortality
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Figure 4.1 – Size-dependent mortality in the habitat 2.

vanishes. The total per capita death rate is the sum of the background and sizedependent mortality.
Population dynamics
Based on the individual life history described above, the size-structured population
model can be formulated by bookkeeping (de Roos 1997):
The food resource density in the habitat 1 is given by

𝑑𝑅1
𝑅1 𝑗𝑎0
= 𝜌( 𝑅1 𝑚𝑎𝑥 − 𝑅1 ) −
𝑑𝑡
𝐾 + 𝑅 1 𝜁𝑎

∫𝑙 𝑠

𝑙 2 𝑐1 (𝑡, 𝑙 ) 𝑑𝑙

(4.12)

𝑙0

𝑐1 (𝑡, 𝑙 ) and 𝑐2 (𝑡, 𝑙 ) are the density functions of the size-structured population with
habitat shift in the habitat 1 and habitat 2, respectively and 𝜁𝑎 is the efficiency with
which ingested food is assimilated
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∂ 𝑐1 (𝑡, 𝑙) ∂(𝛾( 𝑓1 , 𝑙 )𝑐1 (𝑡, 𝑙 ))
+
= −𝜇1 𝑐1 (𝑡, 𝑙)
∂𝑡
∂𝑙

(4.13)

∂ 𝑐2 (𝑡, 𝑙 ) ∂(𝛾( 𝑓2 , 𝑙 )𝑐2 (𝑡, 𝑙))
+
= −(𝜇2𝑏 + 𝜇2 𝑝 (𝑙 )) 𝑐2 (𝑡, 𝑙)
∂𝑡
∂𝑙

(4.14)

𝛾( 𝑓2 , 𝑙 𝑠 )𝑐2 (𝑡, 𝑙 𝑠 ) = 𝛾( 𝑓1 , 𝑙 𝑠 )𝑐1 (𝑡, 𝑙 𝑠 )

(4.15)
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𝛾( 𝑓1 , 𝑙 0 )𝑐1 (𝑡, 𝑙 0 ) =


∫𝑙 𝑠
∫∞




 𝛽( 𝑓1 , 𝑙 )𝑐1 (𝑡, 𝑙 ) 𝑑𝑙 + 𝛽( 𝑓2 , 𝑙 )𝑐2 (𝑡, 𝑙) 𝑑𝑙



𝑙𝑚

𝑙𝑠

if 𝑙 𝑚 < 𝑙 𝑠


∫∞




𝛽( 𝑓2 , 𝑙 )𝑐2 (𝑡, 𝑙 ) 𝑑𝑙




𝑙𝑚

otherwise

(4.16)

Equations 4.15 and 4.16 provide the boundary condition at the switching size 𝑙 𝑠
from habitat 1 to habitat 2 and at the birth size 𝑙 0 , respectively. The latter boundary
condition corresponds to the total population birth rate. The total biomass of juveniles
and adults is calculated with the integral expressions


∫𝑙𝑚



 𝜈(𝛿 𝑙)3 𝑐1 (𝑡, 𝑙 ) 𝑑𝑙




 𝑙0


if 𝑙 𝑚 < 𝑙 𝑠


∫𝑙𝑚
∫𝑙 𝑠




𝜈(𝛿 𝑙 )3 𝑐2 (𝑡, 𝑙 ) 𝑑𝑙
𝜈(𝛿 𝑙 )3 𝑐1 (𝑡, 𝑙 ) 𝑑𝑙 +




𝑙𝑠
 𝑙0

otherwise


∫𝑙 𝑠
∫∞




 𝜈(𝛿 𝑙)3 𝑐1 (𝑡, 𝑙 ) 𝑑𝑙 + 𝜈(𝛿 𝑙)3 𝑐2 (𝑡, 𝑙) 𝑑𝑙



𝑙𝑚

𝑙𝑠

if 𝑙 𝑚 < 𝑙 𝑠


∫∞




𝜈(𝛿 𝑙 )3 𝑐2 (𝑡, 𝑙 ) 𝑑𝑙




𝑙𝑚

otherwise

(4.17)

and

(4.18)

respectively.
Evolutionary dynamics
In this study, we are interested in understanding how variation in size-dependent and
size-independent mortality rates in the rich feeding habitat affects the optimal timing
of a habitat shift. Therefore, we study the evolution of the body size at the habitat
shift using the adaptive dynamics framework, a suitable framework to analyze phenotypic evolution. Adaptive dynamics assumes that a population is monomorphic and
that evolution in this population occurs through fixation of small and rare mutations
(Geritz et al. 1998). A mutation is fixed if the population growth rate of mutant individuals in the ecological conditions imposed by the resident population is positive.
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This population growth rate represents the mutant’s invasion fitness, which for the
resident equals 0 when it is an equilibrium state. The selection gradient due to the difference in invasion fitness between mutant and resident determines the rate at which
evolutionary change occurs (Dieckmann and Law 1996). In particular, we use the
canonical equation of adaptive dynamics to determine the evolutionary trajectories.
Both mutation rate and selection gradient affect the evolutionary rates. However, a
constant mutation rate larger than 0 has only a time scaling effect on the evolutionary
trajectories, while the selection gradient affects both the evolutionary rate and its outcome. The evolutionary outcome correspond to the trait value where Evolutionarily
Singular Strategies (ESS) occur; and it is where selection gradient vanishes (Geritz
et al. 1998). In addition, we determine the convergence and evolutionary stability of
the ESS encountered according to the classification of Geritz et al. (1998).
Model parameterization
All biomass densities are expressed in grams per liter, and time is expressed in days.
Parameters of the population with a habitat shift are based on the biology of Atlantic
salmon (Salmo salar). Scaling coefficients of assimilation and metabolic rate ( 𝑗𝑎 , 𝑗𝑚 )
were estimated from regressions of Koskela et al. (1997) with the method of Jager et al.
(2013) and corrected for a temperature of 10 °C (despite large variation in temperature
in wild populations FishBase (Froese and Pauly 2018) lists an approximate preferred
temperature of 9.3 °C for Atlantic salmon). The yield parameter of assimilates from
ingested food efficiency has only a scaling effect on the population biomass equal for
all stages, therefore, as it does not have any qualitative effect on the results, we assume
a value of 1 g/g. The shape coefficient was estimated from regressions of Sutton et al.
(2000); its estimated value is similar to shape coefficient by Pecquerie et al. (2011) for
Pacific salmon species. Other parameters of the bioenergetics model are taken from
Jager et al. (2013), while life history traits (i.e. body size at birth) were derived from
reported data in the literature (parameters of the model in table 4.1).
Model analysis
We focus on populations in an ecological equilibrium and use the PSPManalysis software package (de Roos 2018) to numerically compute and continue the equilibrium of
the size-structured model described above as a function of model parameters. Specifically, we study the ecological effects of size-dependent and size-independent mortality for a population with a habitat shift at a body size of 16 cm. Subsequently,
we perform the evolutionary analysis using the PSPManalysis package that allows us
to detect, classify and continue an ESS as a function of 𝜀, the scaling factor in the
size-dependent mortality function 𝜇2 𝑝 , and 𝜇2𝑏 , the size-independent mortality pa84
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Table 4.1 – Parameters of the model
Description
Resource in the ‘nursery’ habitat
Resource growth rate

Par.

Value

Unit

References

𝜌

0.01

day−1

Maximum resource density

𝑅1𝑚𝑎𝑥

4

g L−1

Population with habitat shift
Half saturation food resource density
Feeding level in the habitat 2

𝐾
𝑓2

1
0.6

g L− 1

Fraction of assimilation flux to structural
mass and maintenance
Maximum area-specific assimilation rate

𝜅

0.8

𝑗𝑎

0.0572*

g g−2/3
day−1

Calculated with method
of 1 from regressions of 2

Mass-specific maintenance cost

𝑗𝑚

0.0019*

g g−1
day−1

Calculated with method
of 1 from regressions of 2

Yield of assimilates on ingested food

𝜁𝑎

1

g g−1

Yield of structural mass on assimilates

𝜁𝑊

0.8

g g−1

1

Yield of egg buffer on storage

𝜁𝑒

0.8

g g−1

1

Shape coefficient factor

𝛿

0.21

Density of structural mass

𝜈

1

Body size of a newborn

𝑙0

2

cm

Body size at the habitat shift

𝑙𝑠

varied**

cm

Body size at maturation

𝑙𝑚

30

cm

Maximum vulnerable-to-predation body
size
Maximum size-dependent mortality

𝑙𝑣

50

cm

𝜀

varied

day−1

Egg survival

𝜎

0.5

Mortality rate in habitat 1

𝜇1

0.002

day−1

Size-independent mortality rate in habitat
2

𝜇2 𝑏

varied

day−1

1

3
g cm−3
4

*
The rate constant ( 𝑗𝑎 , 𝑗𝑚 ) values include a temperature correction following the Arrhenius relationship
for a temperature of 10 °C.
**
1
2
Parameter can change because of evolution
Jager et al. (2013)
Koskela et al. (1997)
3
4
Pecquerie et al. (2011)
Gilbey et al. (2009)

rameter in the habitat 2. In addition, to study the differential effect of size-dependent
and size-independent mortality on the optimal timing of the habitat shift, we analyze
the evolutionary response of a sudden change in the proportion of size-dependent
vs. size-independent mortality without changing the overall mortality in habitat 2.
To do so, we find the ESS value for the body size to shift habitat when there is only
size-independent mortality equal to 0.006 day1 in the habitat 2 and adopt this as
our starting, resident population. A size-independent mortality equal to 0.006 day1
implies that an individual has an expected lifetime of 167 days in habitat 2 from the
moment it shifts habitats. Adopting the ESS body size for the resident phenotype in
case it only experiences the size-independent mortality of 0.006 day1 we infer two
combinations of size-dependent and size-independent mortality that also result in a
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life expectancy of 167 days in habitat 2. We subsequently study the evolutionary response of our starting resident population (with the ESS value for body size to shift
habitat adapted to a size-independent mortality of 0.006 day1 in the habitat 2) if the
mortality suddenly changes to one of the inferred combinations of size-dependent and
size-independent mortality that also lead to an average life expectancy of 167 days. We
repeat the above process starting from the ESS value for the body size to shift habitat
when there is only size-dependent mortality with a maximum value of 0.015 day1 in
the habitat 2. We select again two other combinations of size-dependent and sizeindependent mortalities that result in the same life expectancy in the habitat 2 as the
size-dependent mortality with maximum value of 0.015 day1 for individuals shifting
habitat at the ESS body size (see appendix 4.A, figure 4.A2) and study the evolutionary response of the starting resident population to a sudden change to one of the two
inferred mortality schedules. This procedure ensures that the evolutionary change we
observe is only due to the variation in the proportion of the two sources of mortalities
and not to a change in total mortality. For the four combinations of size-dependent
and size-independent mortalities mentioned above we use the PSPManalysis software
package to compute the evolutionary trajectories of the body size at the habitat shift
(evolutionary time 100 000 to 600 000 in figures 4.6 and 4.A2) as predicted by the
canonical equation of adaptive dynamics. We perform an evaluation of the fitness
components of the resident and a mutant individual in the environment set by the
resident before and immediately after the change in the proportion of the two sources
of mortalities (evolutionary time 100 000 in figures 4.6 and 4.A2) to determine how
various fitness components are maximized by selection under variation in the proportion of size-dependent vs. size-independent mortality sources (see appendix 4.A,
figure 4.A3).

4.3 – Results
To understand the eco-evolutionary consequences of size-dependent and sizeindependent mortality on the optimal timing of the habitat shift we first explore
the ecological effects of them on the population and the individual life history. The
direct consequence of increased mortality in habitat 2 is the low survival and, therefore, low life expectancy in this habitat. Interestingly, this effect has consequences
for other life stages and for the population. For a given size at the habitat shift, an
increase in the mortality experienced in habitat 2 causes a reduction of adult biomass;
this lower biomass of adults has lower reproductive output, which results in lower
biomass of juveniles in habitat 1. The drop in the juvenile biomass in habitat 1 leads to
an increase in food density and results in higher growth rates as individuals encounter
more food. As a consequence, recruitment from habitat 1 to habitat 2 increases, de86
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Figure 4.2 – Effects of size-independent mortality in the habitat 2 on adult (top plot

solid line), juvenile (top plot dotted line) and food (bottom plot) biomass density in
habitat 1 and juveline biomass density in habitat 2 (top plot dashed line) when the
habitat shift occurs at a body size of 16 cm and size-dependent mortality is 0. Other
parameter values as in table 4.1.

spite the decrease in reproductive rate, and thus raises juvenile biomass in habitat 2
(figure 4.2). Therefore, increased mortality in habitat 2 results in higher biomass of
juveniles in this habitat; except at very high mortality values that lead the population
to extinction. These consequences for population structure occur with increasing mortality regardless of the source: size-independent (figure 4.2) or size-dependent (figure
4.A1). From the individual’s perspective, increased mortality in habitat 2 affects its
fitness, directly, by reducing its survival in habitat 2 and, indirectly through population
feedbacks, by increasing its growth rate in habitat 1.
Increased size-dependent and size-independent mortality increases optimal
body size at habitat shift
With a higher mortality in habitat 2 a postponed habitat shift has two advantages:
by arriving later in this habitat, individuals are not only reducing the time exposed
to the high mortality but also benefiting from the increased growth rates in habitat 1
due to the reduced competition resulting from the high mortality, as mentioned above.
Therefore, an increase in either size-dependent or in size-independent mortality in
habitat 2 results in a larger ESS value for the body size at habitat shift (figure 4.3).
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Our numerical analysis of these evolutionary endpoints indicates that body size at the
habitat shift always evolves to a convergent stable strategy, hence these ESSs are CSSs
(according to classification of Geritz et al. (1998). In turn, the evolutionary increase in
body size at the habitat shift results in a decrease of the total population biomass, while
the population biomass in habitat 1 increases, due to longer stay in this habitat where
growth is limited by density-dependence. In contrast, when individuals shift habitat
early in life the total population biomass increases and approaches exponential growth
when very low mortalities allow individuals to live in the habitat 2 (with a feeding
level unaffected by density-dependence) from birth onward. Although qualitatively
both size-dependent and size-independent mortality increases in habitat 2 have similar
effects on the ESS value of the body size at habitat shift and on population biomass,
their effects differ quantitatively. At low size-dependent mortality and early habitat
shift the population biomass in habitat 1 makes up a larger proportion of the total
biomass than when size-independent mortality is low. Hence, size-dependent and
size-independent mortality have different effects on the population structure and
distribution over the two habitats.
Size-dependent mortality shapes population structure
Size-dependent mortality due to predation implies a decreasing mortality rate as
body size increases. Therefore, when mortality in habitat 2 is mainly caused by sizedependent mortality, small individuals experience higher mortality rates than large
individuals in this habitat. In contrast, when mortality in habitat 2 is mainly caused by
size-independent mortality, all individuals in this habitat experience similar mortality
rates regardless of their body size. As a consequence, when size-dependent mortality
is the only source of mortality in habitat 2, juveniles in this habitat are less and adults
are more abundant compared to a population experiencing only size-independent
mortality in the same habitat and shifting at the same optimal body size (figure 4.4).
A larger adult population produces more offspring and thus results in a larger juvenile
biomass in habitat 1, which, in turn, consumes and depletes the food resource in
this habitat to a lower density (figure 4.4). In the following section we study how
size-dependent and size-independent mortality on the population structure affect the
optimal timing of habitat shift.
Size-dependent and size-independent mortality determine habitat use
The combination of size-dependent and size-independent mortalities in habitat 2 determines whether individuals utilize only one of the habitats or both throughout
their life cycle (figure 4.5). When both mortalities are low, evolution selects for a
very small body size to switch habitat that approaches the body size at birth, hence,
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Figure 4.3 – A, B: Body size at which individuals shift habitat and C, D: total popula-

tion biomass density at the CSSs as a function of the maximum size-dependent mortality
(A and C) and the size-independent mortality (B and D) in the habitat 2. Population
biomass in habitat 1 and habitat 2 correspond to the yellow and blue areas repectively.
Size-independent mortality is 𝜇2𝑏 = 0 day−1 in A and C and maximum size-dependent
mortality is 𝜀 = 0 day−1 in B and D. Other parameter values as in table 4.1.

individuals are selected to use habitat 2 from birth where they do not experience
density-dependence. Intermediate values of mortality in habitat 2 result in a habitat
shift, in which individuals effectively use habitat 1 during an early stage and habitat
2 subsequently. When mortality in habitat 2 is high, the habitat shift occurs after
maturation; therefore individuals in habitat 1 start reproducing before shifting habitat
and complete their life cycle in habitat 1. In either case, the body size at the habitat
shift always evolves to a convergent stable strategy (CSS).
The source of mortality affects the optimal timing of the habitat shift
When the proportion of mortality caused by size-dependent mortality increases, the
body size at habitat shift decreases, so individuals have an earlier habitat shift with
respect to the individuals exposed only to size-independent mortality (figure 4.6A).
This result differs from the positive relation between size-dependent mortality and the
body size at habitats shift shown in figure 4.3, because in figure 4.6 overall mortality
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Figure 4.4 – Adult biomass density, juvenile biomass density in habitat 1 and habitat
2 and food biomass density in habitat 1 as a function of the ESS value of the body
size at the habitat shift when these changes in the ESS value of body size are due to
variation in maximum size-dependent mortality in habitat 2 (solid line and axis; no
size-independent mortality) or to variation in size-independent mortality in the same
habitat (dashed line and axis; no size-dependent mortality) as shown in figure 4.3A and
C, respectively. Other parameter values as in table 4.1.
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table 4.1.

is constant and we have thus corrected for the confounding effect that an increase
in (size-dependent) mortality alone decreases life expectancy (notice the constant
life expectancy over time in figure 4.6B). Conversely, when the proportion of mortality caused by size-independent mortality increases, the body size at habitat shift
increases, so individuals have a delayed habitat shift with respect to the individuals
exposed only to size-dependent mortality (figure 4.A2A). The cause of these opposite
evolutionary responses in the optimal timing at the habitat shift is the differential
effect that size-dependent and size-independent mortalities have on population structure. To understand these evolutionary responses we focus first on the ecological
effects of a sudden change in the proportion of mortality caused by size-dependent vs.
size-independent mortality and subsequently on the evolutionary responses and the
ecological effects resulting from the evolutionary process.
An increase in the proportion of mortality in habitat 2 caused by size-dependent
mortality leads to a change in the population structure (at evolutionary time 100 000
in figure 4.6B). Because small individuals experience higher mortality rates than large
individuals in habitat 2, adult biomass increases and juvenile biomass decreases in this
habitat. This larger biomass of adults produces more offspring (higher population
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Figure 4.6 – A: Evolutionary dynamics of body size at which individuals shift habitat

and B: resultant effects on life expectancy of individuals in the habitat 2, average body
size in each of the habitats and population birth rate (left column). In addition, changes
in the biomass density of food resource in the habitat 1, of juveniles in each of the habitats
and of adults are shown (right column). Evolutionary dynamics start from the ESS
value for the body size at habitat shift (19.5cm) when the size-independent mortality is
𝜇2𝑏 = 0.006 day−1 . Until time 100000 mortality in the habitat 2 remains the same while
at time 100000 a sudden increase of size-dependent and decrease of size-independent
mortality occur. Notice that this sudden change translates into the same life expectancy
in the habitat 2 (about 167 days) and that the contribution of size-dependent mortality
increases and of size-independent mortality decreases (contributions are indicated in
percentage). Other parameter values as in table 4.1.
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birth rate) which results in a higher biomass of juveniles in habitat 1 competing for
and depleting the food in this habitat to a lower level. Low food densities cause
slow growth rates in habitat 1 and thus a decrease in the average body size in this
habitat. Therefore, by advancing their shift to habitat 2 individuals escape at an
earlier age the reduced body growth they experience in the habitat 1 as a consequence
of the increased proportion of size-dependent mortality in habitat 2. In contrast,
an increased proportion of mortality in habitat 2 due to size-independent mortality
causes an increase in juvenile biomass and a decrease in adult biomass in this habitat
(at evolutionary time 100 000 in figure 4.A2B). With a reduction in adult biomass
the population birth rate decreases and thus the biomass of juveniles in habitat 1.
Therefore, competition is relaxed and food density increases in this habitat. As a
consequence, the growth rate in habitat 1 increases and thus the average body size in
this habitat. With a high growth potential in habitat 1, a later habitat shift enables
individuals to increase their survival by postponing the shift to the riskier habitat 2.
An analysis of the fitness components of the resident individual in the environment
set by the resident before and after the evolutionary time 100 000 shows that an
increase in the proportion of mortality due to size-dependent sources results in slower
growth rate and thus longer stay in the habitat 1, higher survival and later maturation
(solid lines in figure 4.A3, left column). In contrast, this analysis reveals that a decrease
in the proportion of mortality due to size-dependent sources results in shorter stay
in the habitat 1 as a consequence of the increased growth rate in this habitat, lower
survival and earlier maturation (solid lines in figure 4.A3, right column). Similarly,
the comparison of the resident and mutant individuals in the environment set by
the resident after the evolutionary time 100 000 shows that after the increase in the
proportion of mortality due to size-dependent sources, a smaller body size at habitat
shift is selected to maximize growth rate and attain earlier maturation and fecundity
at the expense of lower survival (grey lines in figure 4.A3, left column). This analysis
shows as well that after the decrease in the proportion of mortality due to sizedependent sources larger body size at the habitat shift maximizes survival at expense
of slower growth rate and thus, later maturation (grey lines in figure 4.A3, right
column). Hence, variation in the proportion of size-dependent vs. size-independent
mortality produces changes in the individual fitness components that are countered
subsequently by selection.
The changes in population structure associated with the changes in the nature
of mortality in habitat 2 affect the selection pressure. Likewise, the resulting evolutionary process in body size at habitat shift changes on an evolutionary time scale
the population structure. On the one hand, as a consequence of selection towards
a habitat shift at smaller body sizes, average body size in both habitats decreases.
In addition, juvenile biomass in habitat 2 increases because individuals enter habitat
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2 at a smaller body size, and given that maturation size is fixed, the range of body
sizes in this stage is larger (end of the evolutionary dynamics in figure 4.6B). Adult
biomass also increases because individuals arrive earlier in the richer feeding habitat
2 enabling a higher growth rate and, thus, maturation at younger age. The increase
in adult biomass causes an increase in the population birth rate, resulting in more
numerous offspring and in a drop of the food density in this habitat. On the other
hand, as a result of selection towards a habitat shift at a larger body size (figure 4.A2),
the average body size in both habitats increases. Since the range of juvenile body sizes
in habitat 1 increases the juvenile biomass increases as well, while this range decreases
in habitat 2 and thus the juvenile biomass in this habitat (end of the evolutionary
dynamics in figure 4.A2). A slight increase in adult biomass results in an increase of
offspring production that, in combination with higher juvenile biomass in habitat 1,
strongly depletes the food density in this habitat.
The changes in population structure and food density in habitat 1 due to the
change in the proportion of size-dependent and size-independent mortality and those
resulting from the evolutionary process differ. For instance, when the proportion
of size-dependent mortality increases and is followed by its evolutionary response,
changes in adult biomass and food density occur in the same direction (increase),
unlike the changes in juvenile density in both habitats, which are opposite (juvenile
biomass first increases in habitat 1 with the change in the source of mortality and then
decreases during the evolutionary process; while juvenile biomass in habitat 2 first
decreases and then increases). While with an increased proportion of size-independent
mortality, the changes in population structure and food density that result from the
change in mortality are for all stages opposite to the changes in population structure
and food density that follow subsequently due to the evolutionary response in body
size at habitat shift: the juvenile biomass in habitat 2 and food density in habitat 1
show first an increase with the change in mortality and then a decrease during the
evolutionary process; as opposed to the adult biomass and the juvenile biomass in the
habitat 1 that first decrease and then increase. In summary, the evolutionary process
counters only the changes in the biomass of the juvenile stages caused by an increased
proportion of size-dependent mortality, while it counters the changes in biomass in all
stages caused by an increased proportion of size-independent mortality.

4.4 – Discussion
We have shown that mortality in the rich feeding habitat affects the optimal timing of
the habitat shift not only because of its effect on survival but also through its effects
on other fitness components such as growth and fecundity. Werner and Gilliam (1984)
have hypothesized before that the optimal timing of a habitat shift is determined by
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both the mortality and growth rate in the two habitats, and that the mortality rate
is largely dependent on growth. Yet, the opposite effect that mortality regulates the
strength of density-dependence is a recent concept introduced by structured population theory: by relaxing competition, mortality affects and in particular promotes
food-dependent processes such as growth and reproduction (de Roos et al. 2007). In
line with those findings for a population within a single habitat, we show that when
there is a habitat shift, increased mortality in the rich feeding habitat relaxes competition in the ‘nursery’ habitat causing increased individual growth in this habitat.
Therefore, the habitat shift is delayed with increasing mortality in the rich feeding
habitat because relaxed competition causes increased individual growth in the ‘nursery’ habitat in addition to the direct impact on survival. We have found that the nature
of the mortality source (size-dependent vs. size-independent) affects population structure and life history traits (i.e. growth rate, age at maturation) in a population with
a habitat shift, in the same way as size-dependent mortality promotes changes in
population structure and individual life history in populations within a single habitat
(Claessen and Dieckmann 2002; de Roos et al. 2007). Furthermore, we found that such
effects on population structure and life history indirectly affect the optimal timing of
the habitat shift. Our naïve expectation, based on an individual-level optimization,
was that when the proportion of overall mortality caused by size-dependent mortality
in the rich feeding habitat increases, the body size at habitat shift would increase
because delaying the habitat shift would cause individuals to benefit from increased
survival in a larger part of their life cycle than when size-dependent mortality is only
a small proportion of the total mortality in the rich feeding habitat. In contrast, the
structured population model shows that the body size at habitat shift decreases with
an increasing proportion of overall mortality caused by size-dependent mortality in the
rich feeding habitat. The differential effect that size-dependent and size-independent
mortality have on the population structure is the cause of that outcome. Specifically,
by changing the population structure, higher size-dependent mortality increases the
density in the ‘nursery’ habitat resulting in increased competition and, thus, triggers
an earlier habitat shift.
Multiple studies have reported density, food availability and growth rate as determinants of the habitat shift in both experimental manipulations and wild populations.
For instance, experimental manipulations have shown that Brown trout is more likely
to migrate (shift habitat) when growing slowly at high density but less likely to do
so when density is low and growth rate is high (Olsson et al. 2006). This effect was
proven to be mediated by food availability (Wysujack et al. 2009); and, like Brown
trout, Arctic char (Nordeng 1983) and Atlantic salmon (Lans et al. 2011) are more
likely to migrate at low food availability causing slow growth rate. Similarly, low
food availability causing slow growth rate results in smaller size at metamorphosis
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than that of fast growers in amphibians (Alford and N. 1988; Beachy et al. 1999). In
wild populations observations are similar: a long-term study of Atlantic salmon in the
Simojoki river showed that the mean body size at smolting (habitat shift) was negatively correlated with density in the previous autumn (Jutila et al. 2006). Hence, high
density by depressing food levels and thereby growth rate triggers an early habitat
shift in different species with ontogenetic habitat shift. This effect that growth rate
has on the optimal timing of the habitat shift is well known from an individual-level
optimization perspective, however its connection with density-dependent processes
resulting from feedbacks between the population and the individual life history are
only recently started to be explored. In this study, we showed the intimate linkage between population structure and the optimal timing of the habitat shift as they
have reciprocal effects on each other. Given the multiple and dramatic consequences
that population structure and habitat shifts have independently on communities and
ecosystems (de Roos and Persson 2002; Schreiber and Rudolf 2008), the implications
that the interactions between them has on communities and ecosystems needs to be
studied in future research.
In this study we have focused on size-dependent predation mortality in the rich
feeding habitat whose size-selectivity implies a negative relation between mortality
risk and body size. However, a positive relation between mortality risk and body
size is also common. For instance, in general, fishing mortality imposed on exploited
fish populations is higher for larger individuals. Fish stocks, therefore, may experience strong positive size-selective mortalities. Since adult biomass increases when the
proportion of size-dependent predation mortality increases as mortality cause, sizedependent fishing mortality targeting mainly large individuals would reduce the adult
biomass; hence, it cancels out the effect on population structure that size-dependent
predation mortality has. As a consequence, in a population with size-dependent predation mortality as main source of natural mortality, size-dependent fishing mortality
would reduce density and relax competition in the ‘nursery’ habitat. Consequently,
the combination of negatively size-dependent predation mortality and positively sizedependent fishing mortality would promote a habitat shift at larger body size. Indeed,
Atlantic salmon in the Baltic sea has seen a drop in the fishing effort in the last decades
with concurrent higher density of individuals in the ‘nursery’ Simojoki river resulting
in smaller mean sizes at the habitat shift (Jutila et al. 2006). Survival in early stages
after the habitat shift are correlated with body size at the shift; therefore, Simojoki
river Atlantic salmon is experiencing lower survival after the habitat shift. This suggests that some size-dependent fishing mortality may actually increase survival after
habitat shift and perhaps enhance the fishing yield. Further research is necessary to
determine the effects of fishing mortality on the optimal timing of the habitat shift.
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Survival and growth rate have long been recognized as the traits to optimize when
shifting habitat. In addition, a growing body of theoretical work and experimental
evidence shows that survival and growth rate are interdependent and interact through
feedbacks between the population and the individual life history. Despite this, the
analysis of the optimal timing of a habitat shift, as well as other life history traits,
has been traditionally carried out in a context of individual optimization in isolation.
Our results demonstrate the strong mutual influence that population structure and
optimal timing of a habitat shift have on each other. This highlights the need for
integrating ecological interactions in the study of optimal life history traits. If we are
to understand the evolution of life histories the integration of ecological interactions
in the evolutionary analysis is certainly required.
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density in habitat 1 and juveline biomass density in habitat 2 (top plot dashed line)
when the habitat shift occurs at a body size of 16 cm and size-independent mortality is
0. Other parameter values as in table 4.1.

98

Appendix 4.A

25

20

Population birth
rate (x 0.001 ind/L)

0.015 (100%)
0.012 (80%)
0.01 (66.7%)

0

1

2

3

0
0.003 (20%)
0.005 (33.3%)

4

Evolutionary time (x 100 000)

70

0.2
0.1

60

1

30

0.5

25

6

12

5

11

4

10

3

1.5

1

1

0.5

0.5
0

Adults
(g/L)

0.3
65

0

1

2

3

0

1

Evolutionary time (x 100 000)

2

3

Juveniles
in habitat 2 (g/L)

Average body size
in habitat 1 (cm)
in habitat 2 (cm)

Life expectancy in
habitat 2 (days)

B

Mortality in habitat 2
after the change in mortality
Maximum size- Sizedependent
independent

Juveniles
in habitat 1 (g/L)

Body size at
habitat shift (cm)

30

Food
in habitat 1 (g/L)

A

0

4

Figure 4.A2 – A: Evolutionary dynamics of body size at which individuals shift habitat

(top plot) and B: resultant effects on life expectancy of individuals in the habitat 2,
average body size in each of the habitats and population birth rate (left column). In
addition, changes in the biomass density of food resource in the habitat 1, of juveniles
in each of the habitats and of adults are shown (right column). Evolutionary dynamics
start from the ESS value for the body size at habitat shift (21 cm) when the maximum
size-dependent mortality is 𝜀 = 0.015 day−1 . Until time 100000 mortality in the
habitat 2 remains the same while at time 100000 a sudden decrease of size-dependent
and increase of size-independent mortality occur. Notice that this sudden change
translates into the same life expectancy in the habitat 2 (about 67 days) and that the
contribution of size-independent mortality increases and of size-dependent mortality
decreases (contributions are indicated in percentage). Other parameter values as in
table 4.1.
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time cumulative fecundity before (black line) and after (grey lines) the proportion of
size-dependent mortality increases (left column) and decreases (right column) in the
habitat 2. Resident (grey solid line) and mutant (grey dashed line) phenotypes in
the populations immediately after the sudden change in mortality regime are shown.
When the proportion of size-dependent mortality increases, this and size-independent
mortality in the habitat 2 change from 0 and 0.006 to 0.001 and 0.005 day−1 , respectively. Similarly, when the proportion of size-dependent mortality decreases, this
and size-independent mortality in the habitat 2 change from 0.015 and 0 to 0.012 and
0.003 day−1 , respectively. Resident phenotypes shift habitat at 19.5 cm (left column)
and 21 cm (right column) and mutant phenotypes correspond to a habitat shift at a
body size that differs 5% from the body size at habitat shift of the resident phenotype
in direction of the selection gradient (negative difference when smaller body size at
habitat shift is selected in left, positive if larger in right).
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Abstract
Several animal species change their habitat over the course of their life. These ontogenetic habitat shifts result in complex dynamics that affect the structure and dynamics
of natural communities. The timing of the ontogenetic habitat shift influences individual fitness and thus is subject to selection. This life history trait can furthermore alter
the strength of competition in the habitats that host the different life stages, which
in turn affects the individual fitness. Therefore, eco-evolutionary feedbacks are key
to understand the evolution of the timing of ontogenetic habitat shifts. In this study,
we investigate how eco-evolutionary feedbacks drive phenotypic changes in this life
history trait and how these changes impact community dynamics. We show that under low mortality and over broad ranges of food productivities, alternative ecological
stable states (ASSs) exist for intermediate values of the timing of the habitat shift.
In these trait-based ASSs, natural selection can drive the timing of a habitat shift to
values beyond a critical value (tipping point), which causes an abrupt regime shift to
a contrasting ASS. This process can repeat itself resulting in eco-evolutionary cycles
that alternate between the ASSs. As a consequence, evolution causes gradual and
abrupt shifts in the communities of both habitats simultaneously. Our results suggest
that the interaction between ecological and evolutionary processes is a fundamental
factor determining the structure and stability of communities and ecosystems.
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5.1 – Introduction
Many animal species from diverse taxa occupy different ecosystems over the course of
their life (Werner and Gilliam 1984). Although best-known examples of species with
an ontogenetic habitat shift correspond to species undergoing metamorphosis, such as
amphibians, holometabolous insects or marine invertebrates, it is also common in nonmetamorphic species including fish (Hampton 2000; Krause et al. 1998; Mittelbach and
Osenberg 1993; Sogard 1997) and reptile (Ferguson and Fox 1984; Keren-Rotem et al.
2006). Werner (1988) estimated that around 80% of all animal species have a complex
life cycle and thus undergo a major ecological transition between two different life
stages that involves a change in food resource or habitat use.
As a consequence of the complex life cycle, the different habitats hosting different
life stages are indirectly connected through the flux of individuals between them.
It is increasingly recognized that such connections can have strong impacts on the
structure and dynamics of the local communities (Doughty et al. 2016; Polis et al.
2004; Sánchez-Hernández et al. 2018). Schreiber and Rudolf (2008) showed that
multiple stable community states exist in habitats connected through species with a
habitat shift, and that changes in mortality risk or maximum resource density in either
habitat can cause dramatic ecological changes in the population and its food resources
in both habitats simultaneously. Similarly, de Roos and Persson (2013) showed that the
habitat shift causes the biomass of a population to increase with increasing mortality
(biomass overcompensation). Community consequences of a habitat shift go beyond
the population and its food resources. In fact, two predators foraging on different
life stages of a population can facilitate each other’s persistence owing to the use of
alternative food resources by their prey in different life stages (de Roos and Persson
2013). To date, studies investigating the ecological effects of ontogenetic habitat shifts
assumed adults and juveniles to use different habitats, however the habitat shift often
occurs within the juvenile stage (Jonsson and Jonsson 1993; Kimirei et al. 2013) and
its specific timing is subject to selection.
The two habitats used by individuals in different life stages often differ in a variety
of conditions, including mortality risk (i.e. disease and predation) and food availability. As a result, individuals experience a change in growth, fecundity and mortality
rates during the habitat shift (Diehl and Eklov 1995; Hobson 1999; Keren-Rotem et al.
2006). Therefore, the timing of the habitat shift is fundamental in determining individual fitness. Based on an individual optimization approach, Werner and Gilliam
(1984) concluded that the optimal timing of a habitat shift is such that it minimizes
the ratio of mortality to growth rate of the individual (also referred to as the “𝜇/𝑔
rule”). However, their optimality analysis ignores interactions among individuals.
Since the timing of a habitat shift determines the flow of individuals between the
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habitats, changes in this trait affect the population density in each habitat and thus
alters the strength of competition. The strength of competition in each habitat, in turn,
influences the optimal timing of a habitat shift by altering individual survival, growth
and fecundity. Therefore, the eco-evolutionary feedback is essential to understand the
evolution of this life history trait, which in turn influences ecological process at the
community and population level.
Despite the prevalence of habitat shifts in animal life cycles and their impacts on
the communities which are connected as a result of them, it is not well understood how
ecological and evolutionary dynamics interact in the selection process of the timing
of a habitat shift. In this study, we investigate how eco-evolutionary feedbacks drive
phenotypic changes in this life history trait and how these changes impact community
dynamics. Specifically, we examine the role of mortality risk and maximum resource
density in either habitat on the interaction between ecological and evolutionary dynamics. To do so, we analyze a model of a consumer population with a habitat shift
in which young and old individuals feed upon resources in different habitats and the
size at which they switch between the habitats is allowed to evolve. We use the physiologically structured population model (de Roos 1988) approach to numerically infer
the ecological state (resource densities and population distribution in the habitats)
in equilibrium conditions and the adaptive-dynamics (Geritz et al. 1998) approach to
determine the evolutionary dynamics in the context of these ecological states.

5.2 – Methods
We formulate a model that accounts for a population in two habitats. We assume
that in each habitat the individuals exploit a different resource. The population
is structured by individual body length. Individual resource consumption, somatic
growth, survival and reproduction are following continuous-time dynamics.
Life cycle
Individuals are born in the ‘nursery’ habitat (hereafter habitat 1) with length 𝑙 0 where
they remain until they reach a body length 𝑙 𝑠 when they shift to the rich feeding habitat
(occupied by older individuals, hereafter habitat 2). Juvenile individuals mature and
start to reproduce at a body length 𝑙 𝑚 .
Habitats
In each habitat, the resource density declines by the foraging of consumer individuals.
In the absence of consumers, the resources are assumed to follow a semi-chemostat
growth dynamics with maximum density 𝑅 𝑚𝑎𝑥 and growth rate 𝜌 (for an explanation
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and justification of this type of growth dynamics, see Persson et al. (1998)). Dynamics
of the resource density 𝑅1 and 𝑅2 in the habitat 1 and 2, respectively, is hence given
by:
𝑑𝑅 𝑖
= 𝜌𝑖 (𝑅 𝑖 𝑚𝑎𝑥 − 𝑅 𝑖 )
(5.1)
𝑑𝑡
where 𝑖 can take values 1 and 2 depending on the habitat the equation refers to.
Individual dynamics
The core part of the model is the description of the individual life history, that is,
feeding, growth, reproduction and mortality as a function of the individual state (i.e.
age and body length) and the state of the environment (food availability). In the
following sections we describe the individual dynamics.
Feeding
Individuals are assumed to feed on the resource following a Holling type II functional
response. So their feeding level 𝑓𝑖 (or scaled functional response) is given by:

𝑓𝑖 =

𝑅𝑖
𝐾 + 𝑅𝑖

(5.2)

where 𝐾 is the half-saturation resource density.
Dynamic energy budget model: Individual state and fecundity
The model follows the bioenergetics approach introduced by Kooijman and colleagues
(Kooijman 2010; Kooijman and Metz 1984; Nisbet et al. 2000) in which the energy
allocation to somatic and reproductive metabolism is proportional to a fraction 𝜅 and
a 1 − 𝜅 of the total energy assimilation rate, respectively.
Individuals are characterized by their body length 𝑙 , which is related to their
structural mass, 𝑊 , following:

𝑊 = 𝜈 (𝛿 𝑙 )3

(5.3)

where 𝜈 is the density of structural mass and 𝛿 is a shape coefficient factor. Hereafter
we refer to 𝑙 as body size.
The energy assimilation rate is given by:

𝐽 𝐴 = 𝜁𝑎 𝐽𝐹 = 𝑓𝑖 𝑗𝑎 𝑊 2/3

(5.4)

where 𝜁𝑎 is the efficiency with which ingested food 𝐽𝐹 is assimilated, 𝑓𝑖 is the feeding
level in either habitat, 𝑗𝑎 is the maximum area-specific assimilation rate and the surface
area for assimilation is assumed to scale with structural mass to the power of 2/3.
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Metabolic maintenance cost is the product of the mass-specific maintenance cost
𝑗𝑚 and the structural mass:
𝐽 𝑀 = 𝑗𝑚 𝑊
(5.5)
Assimilates are assumed to split into two energy fluxes: the 𝜅 flux and the 1 − 𝜅 flux,
which equal a constant fraction 𝜅 and 1 − 𝜅, respectively, of the energy assimilation
rate. The 𝜅 flux is first used to cover metabolic maintenance cost, while the remaining
flux 𝐽𝑊 is used to synthesize structural mass. On the other hand, the 1 − 𝜅 flux 𝐽𝑆 is
allocated to reproduction when adult. Hence,

𝐽𝑊 = 𝜅 𝐽 𝐴 − 𝐽 𝑀

(5.6)

𝐽𝑆 = (1 − 𝜅) 𝐽 𝐴

(5.7)

Therefore, the dynamics of structural mass 𝑊 is described by the differential
equation:
𝑑𝑊
= 𝜁𝑊 (𝜅 𝑓𝑖 𝑗𝑎 𝑊 2/3 − 𝑗𝑚 𝑊 )
(5.8)
𝑑𝑡
The parameter 𝜁𝑊 in equation 5.8 represents the efficiency with which assimilates
are converted into structural mass. The previous equation can be rewritten as growth
in body length by substituting structural mass by body length (from equation 5.3) and
some equation manipulations as:

𝛾( 𝑓, 𝑙 ) =

𝑑𝑙
0
= 𝜉(𝜅 𝑓𝑖 𝑗𝑎0 − 𝑗𝑚
𝑙)
𝑑𝑡

(5.9)

The parameter 𝜉 characterizes the growth rate in size and is defined as 𝜁𝑊 /(3𝜈𝛿3 ).
0 correspond to the assimilation and mainWhile the compound parameters 𝑗𝑎0 and 𝑗𝑚
tenance rates with respect to body length and are defined as 𝑗𝑎 𝜈2/3 𝛿2 and 𝑗𝑚 𝜈 𝛿3
respectively.

𝜁


 (1 − 𝜅) 𝑓𝑖 𝑗𝑎0 𝑙2 𝑒

𝑊
0
𝛽( 𝑓, 𝑙 ) =


0


if 𝑙 > 𝑙 𝑚

(5.10)

otherwise.

The number of offspring produced per unit time is dependent on the yield for the
conversion of assimilates into eggs 𝜁𝑒 and the newborn structural mass 𝑊0 = 𝜈 (𝛿 𝑙 0 )3 .
Notice that starvation conditions are ignored, therefore, individuals do not shrink
0 𝑙 is always fulfilled given that
in structural mass because the condition 𝜅 𝑓 𝑗𝑎0 > 𝑗𝑚
we consider only the population state at equilibrium.
Survival
Individuals may die from background mortality rate 𝜇1 and 𝜇2 in either habitat.
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Population dynamics
Based on the individual life history described above, the size-structured population
model can be formulated by bookkeeping (de Roos 1997):
The food resource density in the habitat 1 is given by

𝑑𝑅1
𝑅1 𝑗𝑎0
= 𝜌1 (𝑅1 𝑚𝑎𝑥 − 𝑅1 ) −
𝑑𝑡
𝐾 + 𝑅 1 𝜁𝑎

∫𝑙 𝑠

𝑙 2 𝑐1 (𝑡, 𝑙 ) 𝑑𝑙

(5.11)

𝑙 2 𝑐2 (𝑡, 𝑙 ) 𝑑𝑙

(5.12)

𝑙0

and in habitat 2 by

𝑑𝑅2
𝑅2 𝑗𝑎0
= 𝜌2 (𝑅2 𝑚𝑎𝑥 − 𝑅2 ) −
𝑑𝑡
𝐾 + 𝑅 2 𝜁𝑎

∫∞
𝑙𝑠

In equations 5.11 and 5.12, 𝑐1 and 𝑐2 are the density functions of the part of the
size-structured population before and after the habitat shift and living in habitat 1 and
habitat 2, respectively. The dynamics of these density functions is described by

𝛾( 𝑓1 , 𝑙 0 )𝑐1 (𝑡, 𝑙 0 ) =

∂ 𝑐1 (𝑡, 𝑙 ) ∂(𝛾( 𝑓1 , 𝑙 )𝑐1 (𝑡, 𝑙 ))
+
= −𝜇1 𝑐1 (𝑡, 𝑙 )
∂𝑡
∂𝑙

(5.13)

∂ 𝑐2 (𝑡, 𝑙 ) ∂(𝛾( 𝑓2 , 𝑙 )𝑐2 (𝑡, 𝑙 ))
+
= −𝜇2 𝑐2 (𝑡, 𝑙 )
∂𝑡
∂𝑙

(5.14)

𝛾( 𝑓2 , 𝑙 𝑠 )𝑐2 (𝑡, 𝑙 𝑠 ) = 𝛾( 𝑓1 , 𝑙 𝑠 )𝑐1 (𝑡, 𝑙 𝑠 )

(5.15)


∫𝑙 𝑠
∫∞





𝛽( 𝑓1 , 𝑙 )𝑐1 (𝑡, 𝑙 ) 𝑑𝑙 +
𝛽( 𝑓2 , 𝑙 )𝑐2 (𝑡, 𝑙 ) 𝑑𝑙



𝑙𝑚

𝑙𝑠

if 𝑙 𝑚 < 𝑙 𝑠


∫∞




𝛽( 𝑓2 , 𝑙 )𝑐2 (𝑡, 𝑙 ) 𝑑𝑙




𝑙𝑚

otherwise

(5.16)

Equations 5.15 and 5.16 provide the boundary condition of the partial differential
equations 5.13 and 5.14, respectively, at the switching size 𝑙 𝑠 from habitat 1 to habitat
2 and at the birth size 𝑙 0 corresponding to the total population birth rate.
The total biomass of individuals in habitat 1 is

∫𝑙 𝑠

𝜈(𝛿 𝑙 )3 𝑐1 (𝑡, 𝑙 ) 𝑑𝑙,

(5.17)

𝑙0
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and in habitat 2 is

∫∞

𝜈(𝛿 𝑙 )3 𝑐2 (𝑡, 𝑙 ) 𝑑𝑙.

(5.18)

𝑙𝑠

Evolutionary dynamics
In this study, we are interested in understanding how eco-evolutionary feedbacks affect the selection process of the timing of a habitat shift when resource productivity
and individual mortality vary in either habitat. Therefore, we use adaptive dynamics
theory to study how the body length at the habitat shift evolves when those conditions
vary. Adaptive dynamics is a suitable framework to analyze phenotypic evolution,
it assumes that a population is monomorphic and that evolution in this population
occurs through fixation of small and rare mutations (Geritz et al. 1998). A mutation
is fixed if the fitness of a mutant individual is larger than that of an individual in the
monomorphic resident population. The difference in fitness between the resident and
mutant phenotypes determines the selection gradient, and hence the rate at which
evolutionary change occurs (Dieckmann and Law 1996). We assumed the mutation
rate to be constant and positive; hence, it has only a time scaling effect on the evolutionary trajectories. The evolutionary outcome corresponds to the trait value where
the selection gradient vanishes (Geritz et al. 1998) and it is where Evolutionarily Singular Strategies (ESSs) occur. We determine the convergence and evolutionary stability
of the ESSs encountered according to the classification of Geritz et al. (1998). We use
the canonical equation of adaptive dynamics to determine the resultant evolutionary
trajectories (Durinx et al. 2008).
Model parameterization
All biomass densities are expressed in grams per liter, and all rate constants in the ecological model are expressed per day, whereas a unit of time on the evolutionary time
scale is proportional to the mutation rate, which we arbitrarily set to 1. Parameters of
the population with a habitat shift are loosely based on the biology of Atlantic salmon
(Salmo salar). Assimilation and metabolic rate constants ( 𝑗𝑎 , 𝑗𝑚 ) were estimated from
regressions of Koskela et al. (1997) with the method of Jager et al. (2013) and corrected for a temperature of 10 °C (large variation in temperature in wild populations,
however, approximate preferred temperature of 9.3 °C in FishBase (Froese and Pauly
2018)). The shape coefficient was estimated from regressions of Sutton et al. (2000);
the estimated value is similar to shape coefficient by Pecquerie et al. (2011) for Pacific
salmon species. Other parameters of the bioenergetics model are taken from Jager
et al. (2013). Length-related life history traits (i.e. body length at birth) from reported
data in literature (see table 5.1).
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Table 5.1 – Parameters of the model
Description
Parameters characterizing habitat 1
Resource growth rate

Par.

Value

Unit

References

𝜌1

0.1

day−1

Maximum resource density

𝑅1𝑚𝑎𝑥

varied

g L−1

Mortality rate

𝜇1

varied

day−1

Parameters characterizing habitat 2
Resource growth rate

𝜌2

0.1

day−1

Maximum resource density

𝑅2𝑚𝑎𝑥

varied

g L−1

Mortality rate

𝜇2

varied

day−1

Consumer life history parameters
Half saturation food resource density
Feeding level in the habitat 2

𝐾
𝑓2

1
0.6

g L− 1

Fraction of assimilation flux to structural
mass and maintenance
Maximum area-specific assimilation rate

𝜅

0.8

𝑗𝑎

0.0572*

g g−2/3
day−1

Calculated with method
of 1 from regressions of 2

Mass-specific maintenance cost

𝑗𝑚

0.0019*

g g−1
day−1

Calculated with method
of 1 from regressions of 2

Yield of assimilates on ingested food

𝜁𝑎

0.6

g g−1

Yield of structural mass on assimilates

𝜁𝑊

0.8

g g−1

1

Yield of egg buffer on storage

𝜁𝑒

0.8

g g−1

1

Shape coefficient factor

𝛿

0.21

Density of structural mass

𝜈

1

Body size of a newborn

𝑙0

2

cm

Body size at the habitat shift

𝑙𝑠

varied**

cm

Body size at maturation

𝑙𝑚

30

cm

1

3
g cm−3
4

*
The rate constant ( 𝑗𝑎 , 𝑗𝑚 ) values include a temperature correction following the Arrhenius relationship
for a temperature of 10 °C.
**
Parameter can change because of evolution
1
2
3
4
Jager et al. (2013)
Koskela et al. (1997)
Pecquerie et al. (2011)
Gilbey et al. (2009)

Model analysis
As a first step to understanding how eco-evolutionary feedbacks drive phenotypic
changes in the timing of the habitat shift and how these changes impact community
dynamics, we study the interaction of the ecology and evolution of the population
under equilibrium conditions. We use the PSPManalysis software package (de Roos
2018) to numerically compute and continue the ecological equilibrium for the sizestructured population model described above as a function of model parameters.
Specifically, we compute the population and resource densities in the two habitats in
the equilibrium as a function of the body length at habitat shift when the mortality in
the habitat 2 is low (0.003 day−1 ) and high (0.006 day−1 ). Subsequently, we compute
the selection gradient of the life history trait (body length at habitat shift) in the
computed ecological equilibria and thus identify the ESS. The PSPManalysis package
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also allows us to classify and continue an ESS of the trait as a function of maximum
resource densities and mortalities in both habitats.

5.3 – Results
To understand how eco-evolutionary feedbacks drive phenotypic changes in the timing
of the habitat shift (body length at habitat shift) and how these changes impact
community dynamics, we first explore how this trait affects the ecological stage where
the evolutionary play takes place. Subsequently, we investigate the selection process
associated with the ecological setting.
Ecological effects of the timing of the habitat shift
The body length at habitat shift has effects on the distribution of the population
biomass and food abundance in the two habitats. When the habitat shift occurs at
a small body length, the range of body sizes in this habitat is small and therefore
population biomass is highest in habitat 2. Conversely, when individuals shift habitat
at a large body length, population biomass is highest in habitat 1. Since individuals
deplete resources by consumption, the patterns in resource density mirror those of
population biomass in each habitat (figure 5.1A).
Mortality in habitat 2 affects the strength of competition via the population biomass
and thus food abundance in the two habitats (figure 5.1). When mortality in habitat
2 is low and individuals shift habitat at a small body length, the population biomass
is high and food density is low in this habitat, which results in strong competition in
habitat 2. In contrast, high mortality in habitat 2 reduces population biomass even
when the body length at habitat shift is small and, hence increases food abundance
which results in weaker competition in this habitat. Therefore, when mortality in
habitat 2 is high the population biomass in this habitat only changes to a limited
extent for increasing values of the body length at habitat shift, while concomitantly
the biomass density in habitat 1 smoothly increases form low to high. In contrast,
when mortality in habitat 2 is low, two qualitatively different stable states occur at
small and large values of the body length at habitat shift with the largest fraction
of total population biomass occurring in habitat 1 and 2 for small and large values
of this trait, respectively. Interestingly, there is no monotonous transition between
these stable states. Instead, for intermediate values of the body length at habitat
shift both stable states co-occur separated by an unstable equilibrium (saddle point).
When the population biomass is highest in habitat 1, it is dominated by small juveniles
and adults; in contrast, when the population biomass is highest in habitat 2, it is
dominated by large juveniles (figure 5.1B). In the former case, the high abundance of
adults translates into a high population birth rate (figure 5.B1) and therefore a large
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Figure 5.1 – A: Population biomass and resource densities in habitat 1 and in habitat
2 and selection gradient of body length at the habitat shift as a function of the latter
trait when mortality in habitat 2 is high (left, 𝜇2 = 0.006 day−1 ) and low (right,
𝜇2 = 0.003 day−1 ). (continues on next page)
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Figure 5.1 – (continued from previous page) Stable (solid lines) and unstable (dashed

lines) equilibrium values of population density are shown with arrows indicating the
direction of selection. The evolutionary end-point (where the selection gradient vanishes) is indicated with circles (filled and open circles for ecological equilibria that are
stable and unstable, respectively). Double arrows (in grey) indicate the direction of
abrupt changes between two alternative ecological equilibria. Depending on the value
of the trait, the selection gradient (bottom panel) is positive, meaning a larger value
of the trait is selected (light shaded area), selection gradient is negative (dark shaded
area) or the selection gradient can have both positive or negative values for a given
trait value (mixed shaded area) dependent on the ecological conditions. B: Body length
distribution of the population in habitat 1 (pink shaded area) and in habitat 2 (blue
shaded area) at the ESS when mortality in habitat 2 is high (left) and in the alternative
stable states when mortality in the habitat 2 is low and individuals shift habitat at a body
length of 14 cm (right). These distributions correspond to the alternative stable states
mark with an x of the same color in A. Parameter values are 𝑅1𝑚𝑎𝑥 = 𝑅2𝑚𝑎𝑥 = 2 g/L,
𝜇1 = 0.002 day−1 . Other parameter values as in table 5.1.

abundance of small, newborn individuals that deplete the food density in habitat 1 to a
low level. In turn, the low food density causes slow body growth during the life stage
in habitat 1 and the recruitment of individuals to the habitat 2 is consequently low.
This results in low population biomass in habitat 2. However, once these individuals
reach the body length at habitat shift their growth rate speeds up due to the large
amount of food they encounter in habitat 2, which allows them to reach a large body
length and translates into the high density of adults. In the alternative stable state,
due to the low adult density the population birth rate and thus population biomass in
habitat 1 is low (figure 5.B1). As a consequence, the food abundance is high, allowing
individuals to grow fast during the life stage in habitat 1 and to quickly reach the body
length at habitat shift; this results in a high recruitment rate of individuals to habitat 2
and thus a high population biomass in that habitat. The resulting strong competition
in habitat 2 causes individuals to grow at a slow rate such that few of them reach
the body length at maturation and reproduce. Given that this bistability is driven by
strong competition in either of the two habitats, low mortality favors its occurrence.
Furthermore, the range of values of body length at habitat shift at which the bistability
region occurs increases with decreasing mortality in either habitat (thick grey line in
figures 5.3, 5.B2 and 5.B3). High productivity of the food resources also increases the
range of trait values at which there is bistability (thick grey line in figures 5.3 and
5.B3).
Eco-evolutionary dynamics
The selection gradient for the body length at habitat shift is positive at small and
negative at large values (figure 5.1A bottom panels). Owing to the low population
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density and abundant food in habitat 1 when individuals shift habitat at a small
body length, mutants with larger trait values that hence postpone the habitat shift
can successfully invade the resident population. While a resident population with
a habitat shift at a large body length causes the food to be scarce in habitat 1 but
abundant in habitat 2. Therefore, mutants shifting habitat earlier (at smaller body
length) successfully invade. The trait value at which evolution halts (ESS) thus occurs
at intermediate values of the body length at habitat switch. This ESS trait value is
higher when mortality in habitat 2 is higher (figure 5.1A bottom panels) because higher
mortality reduces survival and thus fitness in this habitat, which selects for a delayed
habitat shift.
When mortality in habitat 2 is high, the trait evolves to a convergent and evolutionary stable strategy (CSS according to Geritz et al. (1998) classification) (figure
5.2A,C,E). However, when mortality in habitat 2 is low, the ESS occurs in a steady
state that is ecologically unstable, therefore the population never reaches this ESS.
Instead, the population biomass and food densities together with the trait value continuously change in a cyclic manner (figure 5.2B,D,F). These variations in population
biomass and food densities over evolutionary time involve gradual changes and abrupt
transitions. Selection produces phenotypic changes causing gradual changes in the
population biomass and food densities that follow the curve of one of the alternative
ecologically stable states (thin arrows in figure 5.1A right panel) until the trait value
reaches a critical phenotype (limit point or saddle-node bifurcation point) at which
this equilibrium disappears and the population and food densities experience a sudden transition to the alternative ecologically stable state (grey vertical arrows in figure
5.1A right panels). Since the selection gradient has opposite signs in the alternative
ecologically stable states, the evolution in the trait value is reversed with each abrupt
transition to a contrasting state.
Over evolutionary time, the periods during which the population biomass is highest
in habitat 2 last long, while the periods corresponding to the alternative stable state in
which the population biomass is highest in habitat 1 are short (figure 5.2B,D,F). This
is a consequence of the difference in the rate of evolution in each of the alternative
ecologically stable states due to a difference in the magnitude of the selection gradient.
When the system is in the equilibrium with high population biomass in habitat 2, the
selection gradient is positive and its magnitude is small and evolution is thus slow.
Conversely, when the system is in the alternative state the selection gradient is negative
and its magnitude is large and evolution proceeds much faster.
The ESS value for the body length at habitat shift is large at both high and low
mortalities in habitat 2 (black solid or dashed line in figure 5.3). It is large at high
mortality because it is advantageous to delay the habitat shift when the survival in
habitat 2 is low as mentioned above. It is also large at low mortality in habitat 2
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Figure 5.2 – A, B: Evolutionary dynamics of the body length at which individuals shift

habitat, and the resultant effects on C, D: population biomass and E, F: food densities in
habitat 1 (orange and green lines, respectively) and in habitat 2 (blue and yellow lines,
respectively) when mortality in habitat 2 is high (left panel, 𝜇2 = 0.006 day−1 ) and
low (right panel, 𝜇2 = 0.003 day−1 ). The bottom panel shows the dynamics between
evolutionary time 27500 and 28500 when the mortality in habitat 2 is low. Parameter
values are 𝑅1𝑚𝑎𝑥 = 𝑅2𝑚𝑎𝑥 = 2 g/L, 𝜇1 = 0.002 day−1 . Other parameter values as in
table 5.1.
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because the low mortality causes a crowding effect and thus strong competition in
this habitat, which can be avoided by delaying the habitat shift. However, the strong
competition at low mortality does not only cause the habitat shift to be delayed but also
results in ecological bistability. For most values of the body length at habitat shift this
gives rise to the eco-evolutionary cycles explained above, since the ESS corresponds
to an ecologically unstable steady state. For limited parameter ranges, however, the
evolutionary attractor (ESS) corresponds to a state that is ecologically stable. In these
cases the evolutionary process encounters an endpoint, yet, the evolutionary trajectory
may nonetheless include an abrupt transition between alternative ecologically stable
states depending on the initial trait value in the population (figure 5.B4).
When the maximum food density in habitat 2 is high, the ESS value of the body
length at the habitat shift increases with decreasing mortality until a critical value of
mortality at which the ESS disappears and the selection gradient becomes negative
for all values of the trait (figure 5.3B, C, D). Below this critical mortality rate the
selection process results in a population of individuals that shift habitat immediately
after birth and effectively only use habitat 2. Interestingly, an increase in mortality rate
to just above this critical mortality value does not restore the complex life cycle (i.e.
the use of the two habitats) in the population because for a small range of mortality
rates just above the critical value an additional ESS exists, which corresponds to an
evolutionary repeller occurring at a smaller trait value than the evolutionary attractor.
Hence, the life history with a habitat shift immediately after birth is an evolutionarily
stable strategy for this small range of mortality rates above the critical value. For the
evolutionary repeller to disappear and thus for the population to use both habitats it is
therefore necessary for the mortality to increase more (see appendix 5.A, figure 5.A1).
The mortality rates in both habitats also determine whether the ESSs that correspond to ecologically stable equilibria are convergent as well as evolutionarily stable
(CSS), convergent but not evolutionarily stable (EBP) or convergent and evolutionarily neutrally stable (NSS) (figures 5.4 and 5.B5). When mortality in habitat 1 is
lower than in habitat 2, evolution comes to a halt in a CSS; conversely, when it is
higher than in habitat 2, directional selection drives the trait to a value where the ESS
occurs, and at this point selection turns disruptive causing evolutionary branching
(EBP). Potentially this may lead to the evolution of a polymorphism in the population,
but further investigation of this phenomenon is outside the scope of this study. When
mortality is equal in both habitats and individuals hence do not experience changes
in survival when they shift habitat, directional selection converges to an ESS. In this
ESS the equilibrium resource densities in the two habitats are equal (figure 5.B5). As
a result, selection is neutral (NSS) in this ESS. This case marks the transition between
evolutionary stability and branching. Small perturbations of this ESS may result in
the evolution of a polymorphism as well (Dercole et al. 2016).
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Figure 5.3 – Eco-evolutionary dynamics as a function of the mortality rate in habitat
2 for four different maximum densities of the resource in habitat 2 (A: 𝑅2𝑚𝑎𝑥 = 1 g/L,
B: 𝑅2𝑚𝑎𝑥 = 2 g/L, C: 𝑅2𝑚𝑎𝑥 = 4 g/L, and D: 𝑅2𝑚𝑎𝑥 = 8 g/L). The population

is extinct in the white region. Multiple ecological equilibria occur in between the
thick grey lines (cross-hatched dark/light grey area). Black thin lines indicate the trait
value in the evolutionary stable state (solid if it is an attractor and corresponds to
an ecologically stable equilibrium, dashed if it corresponds to an ecologically unstable
state and dotted if it is an evolutionary repeller which only occurs in case of a stable
ecological equilibrium). The direction of selection is indicated with arrows (selection
of larger trait values in the light grey region, selection of smaller trait values in the dark
grey region or both larger and smaller values might be selected for at a given trait value
in the cross-hatched dark/light grey area). Thin vertical lines in the top right panel
indicate the parameters values used for the dynamics presented in figures 5.1 and 5.2.
Parameter values are 𝑅1𝑚𝑎𝑥 = 2 g/L, 𝜇1 = 0.002 day−1 . Other parameter values as in
table 5.1.
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Figure 5.4 – Eco-evolutionary dynamics of the timing of a habitat shift for different
values of the mortality rates in habitat 1 and 2. Parameter values are in 𝑅1𝑚𝑎𝑥 =
𝑅2𝑚𝑎𝑥 = 2 g/L, other parameters as in table 5.1. ESSs are classified according to Geritz
et al. (1998): CSS = convergent and evolutionarily stable strategy, EBP = Evolutionary
branching point, NSS = Neutrally stable strategy, ERP = Evolutionary repeller.

5.4 – Discussion
We show for a population of individuals that change habitats at some point during their
life history that the timing of this habitat shift has strong impacts on the food densities
and the biomass distribution of the population over the two habitats. Mortality risk and
maximum food densities in the two habitats determine whether one or two alternative
ecologically stable states occur in a range of values of the body length at habitat shift.
These ASSs correspond to a population state dominated by small individuals and
an alternative state dominated by large, but still juvenile individuals that occupy
predominantly habitat 1 and habitat 2, respectively. In either state, competition is
strong and food depleted to a low level by consumption in the habitat in which biomass
is highest and food density lowest, while in the other habitat food is abundant. In
line with the finding of Schreiber and Rudolf (2008), who for the first time showed
the presence of ASSs in a population with a complex life cycle under a set of external
conditions (i.e. mortality and resource productivity), the ASSs described in this
study arise from 1) intraspecific competition for food, 2) food-dependent life history
traits, such as growth rate and fecundity, and 3) the dependence of these rates on
different food resources in different life stages. Unlike previous studies that described
the presence of ASSs under a set of external conditions (Scheffer et al. 2001), we
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demonstrate the occurrence of ASSs under a range of values of a life history trait and
determine how external conditions affect this range and thus the presence of ASS.
Such trait-based ASSs suggest that human-induced or artificial selection can result in
abrupt transitions between ASSs when traits are driven beyond values at which the
transition to an ASS occurs, in a similar manner how gradual changes in external
ecological conditions do.
In addition, we demonstrate that through gradual phenotypic changes natural
selection can drive the timing of a habitat shift to values beyond a critical value (tipping
point), which causes an abrupt transition to a contrasting ASS and that this process
can occur repeatedly resulting in eco-evolutionary cycles that involve an alternation
between the ASSs. These cyclic dynamics are the consequence of the opposite sign of
the selection gradient in the contrasting ASSs. In general, ASSs in diverse ecosystems
correspond to qualitatively very different ecological conditions (Scheffer et al. 2001)
that cause selective forces to be different as well. In shallow lakes, for instance, a
clear plant-dominated state and a turbid algae-dominated state occur due to changes
in nutrient loading (Scheffer et al. 1993). For Daphnia, a major zooplankton and
grazer of algae in these ecosystems, changes in dietary selective pressure result in
phenotypic changes (Hairston Jr et al. 2001). Since the two ASSs represent different
diets for Daphnia, selective pressures and thus phenotypic traits may change when
the transition to an ASS occurs. In a population with a complex life cycle, contrasting
selective pressures on the timing of the habitat shift result in the cyclic alternation
between ASSs because, by determining the flow of individuals from one habitat to
the other, this life history trait has a direct influence on the strength of competition
which is the mechanism causing the ASSs. Natural selection can thus drive and
maintain eco-evolutionary cycles that alternate between ASSs when the traits under
opposite selection pressures have a direct effect on the mechanism that gives rise to
the occurrence of the ASSs. For instance, Dercole et al. (2002) described similar ecoevolutionary cycles in a population model with alternative stable states associated with
different population densities and an evolving trait that directly influences population
density.
Evolutionary phenotype cycles may also occur as a consequence of other type of
eco-evolutionary feedbacks. In predator-prey cycles, the oscillating predator and prey
abundance results in contrasting selective pressures for the prey between developing
predator-defense and intraspecific competitive ability (Yoshida et al. 2003). In this
case, contrasting selective pressures and thus cycling traits are caused by the varying
ecological conditions that occur along with ecological cycles. In other systems, selection leads to the alternation between evolutionary branching and extinction of one of
the branches resulting in cyclic dynamics of the phenotype with associated cycling of
population density (Doebeli and Ruxton 1997). Evolutionary oscillations occur as well
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in communities in which species coevolve between intra- and interspecific competitive
abilities, resulting in oscillations of species abundance in the community (Lankau and
Strauss 2007; Vasseur et al. 2011). These eco-evolutionary cycles involve oscillations of
both phenotype and population densities and require the interaction of them to occur,
similarly to the eco-evolutionary cycles in this study. But unlike the cyclic dynamics
presented in this study, the mechanisms causing the oscillations do not involve the
presence of alternative ecologically stable states.
As a consequence of the cyclic dynamics, evolution can cause gradual and abrupt
shifts in the communities that host the different life stages. The evolutionary process
produces gradual changes in the population structure and the resource densities in the
two habitats when the timing of the habitat shift continuously evolves in one direction
(larger or smaller body length at habitat shift). However, when the trait reaches a
critical value (tipping point) the population and food densities experience an abrupt
shift to the alternative ecologically stable state. During these abrupt regime shifts,
the biomass of the population with a habitat shift suddenly increases in one of the
habitats while it rapidly decreases in the other. In addition, the resource density rises
in the habitat where the population biomass decreases and it drops in the other. The
community consequences of these gradual changes and abrupt regime shifts can extend
beyond the population and its food resources. On the one hand, changes in resource
densities may have an effect on other species that share these resources with the species
with a complex life cycle in either habitat (Persson and Greenberg 1990). On the other
hand, changes in the biomass of the population with a habitat shift may have impacts
on abundance and persistence of predators that prey on that population in either
habitat. For instance, in the absence of phenotypic change, two predators present in
the different habitats and thus foraging on the different life stages of this population
can facilitate each other’s persistence (de Roos and Persson 2013). A sudden and abrupt
drop in prey abundance in one of the habitats may then lead to the extinction of the
predator species in this habitat and subsequently to the extinction of the other species
as well. How gradual and abrupt ecological changes induced by phenotypic change in
the timing of a habitat shift influence the structure of a community with more trophic
levels is a topic for future research. Similarly, changes in resource abundance may
also trigger phenotypic changes in competitors and predators; determining community
consequences of such co-evolutionary processes also requires additional investigation.
In a first approach to understand how ecological and evolutionary dynamics interact in the evolution of the timing of a habitat shift and its effects on community
structure, we address in this study this question assuming ecological equilibrium conditions. However, it is known that stable population oscillations may occur between
the multiple alternative stable states in a population with a habitat shift (de Roos and
Persson 2013; Schreiber and Rudolf 2008). Non-equilibrium dynamics such as oscil119
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lations can alter the direction of selection (ten Brink and de Roos 2018). Therefore,
further research is needed to understand how non-equilibrium dynamics affect the
maintenance of the eco-evolutionary cycles reported here for equilibrium conditions.
Irrespectively, even in the absence of eco-evolutionary cycles, gradual and abrupt shifts
in the different communities inhabited by the population in different life stages may
occur as consequence of shifts in an evolutionary endpoint caused by, for instance,
changes in mortality risk and resource productivity in either habitat.
Ontogenetic habitat shifts are taxonomically and ecologically widespread (Werner
and Gilliam 1984) and have strong impacts on community dynamics and structure
(de Roos and Persson 2013). Here we show that phenotypic changes in the timing of
an ontogenetic habitat shift caused by the eco-evolutionary feedback can drive gradual and abrupt changes in population and community structure. Likewise, recent
research efforts have started to reveal the effects of eco-evolutionary feedbacks on
population and community dynamics (Patel and Schreiber 2015; Reznick et al. 2001,
1996; Schoener 2011; Yoshida et al. 2003). Some of these effects include the emergence of novel phenomena caused by the interaction of ecological and evolutionary
processes, such as the eco-evolutionary cycles caused by trait-based alternative ecologically stable states. Characterizing interactions between ecological and evolutionary
processes may be challenging but is certainly required to attain insights into the mechanisms determining the structure and stability of communities and ecosystems on both
ecological and evolutionary time scales.
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Appendix 5.A

Evolutionary bistability

When maximum resource density in habitat 2 or mortality rate in habitat 1 is high
there exist two ESSs: one evolutionary attractor and a repeller at a smaller trait value.
Therefore, the evolutionary process can drive the trait to either the evolutionary
attractor or the body length at habitat shift evolves to the length at birth depending on
initial conditions. Two cases are analyzed: 1) when the evolutionary repeller occurs at
a trait value at which the alternative ecologically stable states co-occur (figure 5.A1 left
panels) and 2) when it occurs at a trait value at which a single ecological equilibrium
occurs (figure 5.A1 right panels). Starting with an initial population with a trait value
equal to the length at maturation, smaller trait values are selected for until the trait
value reaches the critical value (tipping point) at which the ecological equilibrium
disappears and a sudden and abrupt change to the alternative ecologically stable state
occurs in both cases. However, in the first case the selection gradient of the body
length at habitat shift in this contrasting state is negative resulting in selection toward
a habitat shift immediately after birth while in the second case the selection gradient
is positive and selection drives the trait value to the ESS attractor. The difference in
evolutionary dynamics results from the trait value at which the ESS repeller occurs.
In the second case, all trait values smaller than the repeller result in selection toward
a habitat shift immediately after birth while larger values result in selection of a body
length at habitat shift toward the ESS attractor. Instead, in the first case, trait values
that are larger than the ESS repeller result in selection of the trait value toward the
ESS attractor only when the initial ecological state corresponds to that alternative
stable state in which the ESS repeller occurs. Hence, in the first case, any initial trait
value may result in a habitat shift immediately after birth and thus the loss of the
complex life cycle (yellow line in figure 5.A1B left panel).
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Figure 5.A1 – A: Population biomass (top) and resource densities (middle) in habitat

1 (orange and green lines) and in habitat 2 (blue and yellow lines) and the selection
gradient of body length at the habitat shift (bottom) as a function of the latter trait
value (left 𝜇2 = 0.0007 day−1 , right 𝜇2 = 0.00075 day−1 ). Ecologically stable
and unstable states as in figure 5.1. The evolutionary equilibria are indicated with
circles if they are attractors (filled circles if they correspond to an ecologically stable
equilibrium) and x if they are evolutionary repellers. Grey arrows indicate the direction
of the abrupt change between two alternative ecologically stable states which occur only
when the initial value of the trait is large. Selection gradients represented as in figure
5.1. The selection gradient of the second alternative stable state, which is negative and
approaches a value of −10, is not visible as it is off the scale of the graph. B: Evolutionary
trajectory of the trait when the population initially has a trait value equal to the length
at maturation (yellow), slightly larger than the evolutionary repellor (blue) and slightly
smaller than the evolutionary repeller (red) (mortality in habitat 2 as in A). For all
panels: 𝑅2𝑚𝑎𝑥 = 4 g/L, 𝜇1 = 0.002 day−1 . Other parameter values as in table 5.1.
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Figure 5.B1 – Population birth rate as a function of the body length at habitat shift
when mortality in the habitat 2 is high (left panel, 𝜇2 = 0.006 day−1 ) and low (right
panel, 𝜇2 = 0.003 day−1 ). Other parameter values as in table 5.1.

123

Chapter 5 - Gradual and abrupt ecological changes driven by natural selection

Body length at habitat shift (cm)

A

Body length at habitat shift (cm)

C

Body length at habitat shift (cm)

E

B

30

30

25

25

20

20

15

15

10

10

5

5
0

0.005

0.01

0.015

30

0.02
D

0

25

20

20

15

15

10

10

5

5
0.002

0.004

0.006

0.008

0.01

30

0.01

0.015

30

25

0

0.005

0

0.002 0.004 0.006 0.008 0.01
Mortality rate in habitat 2 μ2 (day -1)

25
20
15
10
5
0

0.002 0.004 0.006 0.008 0.01
Mortality rate in habitat 2 μ2 (day -1)

Figure 5.B2 – Eco-evolutionary dynamics as a function of the mortality rate in habitat
2 for five different mortality rates in the habitat 1 (A: 𝜇1 = 0.001 day−1 , B: 𝜇1 =
0.002 day−1 , C: 𝜇1 = 0.003 day−1 , D: 𝜇1 = 0.004 day−1 , and E: 𝜇1 = 0.005 day−1 ).
The population is extinct in the white region. Multiple ecological equilibria occur in
between the thick grey lines and the ecological equilibrium is unique outside of this
region. Black thin lines indicate the evolutionary singular strategy (solid if it is an
attractor and corresponds to an ecologically stable equilibrium, dashed if it corresponds
to an ecologically unstable state and dotted if it is an evolutionary repeller which only
occurs in case of a stable ecological equilibrium). (continues on next page)
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Figure 5.B2 – (continued from previous page) The direction of selection is indicated
with arrows (selection for larger trait values in the light grey region, selection for smaller
trait values in the dark grey region or both larger and smaller values might be selected
for at a given trait value in the cross-hatched dark/light grey area). Parameter values
are 𝑅1𝑚𝑎𝑥 = 𝑅2𝑚𝑎𝑥 = 2 g/L. Other parameter values as in table 5.1.
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Figure 5.B3 – Eco-evolutionary dynamics as a function of the maximum resource

density in habitat 2 for four different maximum densities of the resource in habitat 1 (A:
𝑅1𝑚𝑎𝑥 = 1 g/L, B: 𝑅1𝑚𝑎𝑥 = 1.5 g/L, C: 𝑅1𝑚𝑎𝑥 = 2 g/L, and D: 𝑅1𝑚𝑎𝑥 = 4 g/L). The
population is extinct in the white region. Multiple ecological equilibria occur in between
the thick grey lines and a unique ecological equilibrium occurs outside of this region.
Black thin lines indicate the evolutionary singular strategy (solid if it is an attractor
and corresponds to an ecologically stable equilibrium, dashed if it corresponds to an
ecologically unstable state and dotted if it is an evolutionary repeller which only occurs
in case of a stable ecological equilibrium). The direction of selection is indicated with
arrows (selection for larger trait values in the light grey region, selection for smaller
trait values in the dark grey region or both larger and smaller values might be selected
for at a given trait value in the cross-hatched dark/light grey area). Parameter values
are 𝜇1 = 𝜇2 = 0.002 day−1 . Other parameter values as in table 5.1.
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Figure 5.B4 – A: Population biomass (top) and resource densities (middle) in habitat

1 (orange and green lines) and in habitat 2 (blue and yellow lines) and the selection
gradient of body length at habitat shift (bottom) as a function of the latter trait value.
Ecologically stable and unstable states as in figure 5.1. The evolutionary endpoint is
indicated with circles (filled circles if they correspond to an ecologically stable equilibrium). Grey arrows indicate the direction of the abrupt change between two alternative
ecologically stable states occurring only when the initial value of the trait is large.
Selection gradients represented as in figure 5.1.The selection gradient of the second
alternative stable state, which is negative and approaches a value of −20, is not visible
as it is off the scale of the graph. (continues on next page)
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Figure 5.B4 – (continued from previous page) B: Evolutionary trajectory of the trait
(top) and resultant effects on population biomass (middle) and resource densities (bottom) in habitat 1 (orange and green lines) and in habitat 2 (blue and yellow lines)
when the population initially has a trait value equal to the length at birth (left) and the
length at maturation (right). Parameter values are 𝑅1𝑚𝑎𝑥 = 2 g/L, 𝑅2𝑚𝑎𝑥 = 8 g/L,
𝜇1 = 0.002 day−1 , 𝜇2 = 0.001 day−1 . Other parameter values as in table 5.1.
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Figure 5.B5 – A: Evolutionary dynamics of body length at which individuals shift
habitat (top row) and resultant effects on population biomass (middle row) and resource
density (bottom row) in habitat 1 (orange and green lines) and in habitat 2 (blue and
yellow lines) when mortality in the habitat 2 is higher (left column), equal (middle
column) or lower (right column) than in habitat 1. B: Pairwise invasibility plots for the
combinations of mortality in A show from left to right a CSS, a NSS and an EBP (the
mutant can invade the resident population for trait values in the dark grey areas). The
bottom panels zoom in on the values of the trait of the resident between 7 and 8 cm.
Parameter values are 𝑅1𝑚𝑎𝑥 = 1 g/L, 𝑅2𝑚𝑎𝑥 = 6 g/L. Other parameter values as in
table 5.1.
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Chapter 6 - Delayed regime shifts

Abstract
Abrupt transitions between alternative ecosystem states receive much attention because of their catastrophic ecological consequences. Responsible factors inducing
regime shifts are identified by correlating their occurrence with changes in current
environmental conditions, which ignores that ecosystems also change on evolutionary
time scales. We investigate how mortality affects the eco-evolutionary dynamics of
animal populations that use different habitats in different stages of their life. Such life
cycles occur ubiquitously and are known to promote alternative states of the habitats
they connect. We show how a decrease in mortality with little immediate ecological
effect triggers an evolutionary process that ends after a delay in a regime shift to a
contrasting ecological state. We conclude that regime shifts in ecosystems observed in
the present may result from changes in the distant past and argue for integrating both
ecological and evolutionary dynamics in a mechanistic understanding of ecosystems
responses to environmental change.
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6.1 – Introduction
Abrupt transitions in the composition and functioning of diverse ecosystems, including
lakes, coral reefs, deserts, woodlands and oceans have been attributed to the presence of alternative stable ecosystem states (ASSs) (Scheffer et al. 2001). Ecosystems
can have multiple qualitatively different states for the same set of biotic and abiotic
conditions and abrupt regime shifts between them occur as a result of changes in
these conditions beyond a threshold or tipping point. The possibility that changing
conditions owing to, for instance, input of nutrients, climate change and habitat fragmentation result in an abrupt transition to a dramatically contrasting ecosystem state
has motivated a large body of research (Scheffer et al. 2001) and spurred the development of early warning signals for such regime shifts (Carpenter et al. 2014; Guttal and
Jayaprakash 2008; Scheffer et al. 2009). However, with perturbations come novel conditions that do not only trigger ecological but also evolutionary responses (Parmesan
2006; Walther 2010). Rapid changes in phenotypic traits of wild populations as a result
of changes in selective pressures caused by novel conditions have been documented in
a wide range of species (Allendorf and Hard 2009; Olsen et al. 2004; Palkovacs et al.
2012; Singer et al. 1993). Yet, the evolutionary and ecological implications of ASSs for
responses of ecosystems to changing conditions have not been studied jointly.
Regime shifts in different ecosystems may occur simultaneously (Rocha et al. 2018)
because of connections between these ecosystems, among others, through animal
migration (van Gils et al. 2016), cross-ecosystem subsidies (Doughty et al. 2016), and
through species with a complex life cycle. Complex life cycles occur in around 80%
of all animal species and imply that individuals undergo a major ecological transition
between two different life stages that involves a change in food resource or habitat
use (Werner 1988). Schreiber and Rudolf (2008) showed that abrupt transitions
between ASSs as a result of changes in mortality risk or food resource productivity
in either habitat can cause dramatic regime shifts in both habitats simultaneously.
Changes in mortality risk and food availability in either habitat, however, also affect
the optimal timing of a habitat switch (Werner and Gilliam 1984). This life history trait
is fundamental in determining individual fitness because the habitats used throughout
the life history often differ in a variety of ecological conditions, including mortality
risk and food availability, that influence individual growth, fecundity and survival
(Diehl and Eklov 1995; Hobson 1999; Keren-Rotem et al. 2006). Hence, the timing
of a habitat switch is subjected to natural selection and changes in mortality may
trigger changes in this trait value. Natural selection may cause abrupt transitions
between alternative stable states if the trait evolves beyond a threshold (tipping point),
in the most extreme case even leading to evolutionary suicide (Rankin and LópezSepulcre 2005). Phenotypic trait changes following an alteration of selective pressures
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Box 6.1: Potential ecological and evolutionary effects of changing
conditions in ecosystems with alternative stable states
While existing theory in ecology has considered catastrophic ecosystem regime shifts to
be caused by changes in external conditions only, we postulate that regime shifts may
be caused by changes in phenotypic traits as well. A: The view of existing theory in
ecology therefore implies that only external forces driving ecological conditions beyond
a tipping point (yellow dot in bottom plane of plot) can cause a regime shift. This
view ignores that changes in ecological conditions imposed by external forces affect
selective pressures and thus may trigger evolutionary responses. In contrast to this
traditional view, we consider the possibility that changes in ecological conditions affect
the fitness landscape of phenotypic traits. B: Initially the system is ecologically and
evolutionarily stable. A change in ecological conditions (black arrow), that does not alter
the ecological stability, alters selective pressures and thus destabilizes the evolutionary
steady state (black dot in bottom plane of plots). Subsequently, natural selection causes
gradual phenotypic change (brown single arrow) beyond a phenotype value at which an
ecological tipping point (yellow dot in bottom plane of plot) occurs, at this point the system
experiences a regime shift to an alternative ecological stable state (yellow double arrows).
B

A

Change in
conditions
Tipping point

Tipping point

after an ecological change may therefore cause a regime shift (see box 6.1). In this
study, we investigate the eco-evolutionary consequences of changes in mortality in
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a population with a habitat switch. To do so, we adapt a generic model of a sizestructured population (de Roos and Persson 2003) competing for shared resources to
account for individuals switching between two habitats during their life history. These
habitats we will refer to as the nursery and adult habitat. In the model, we allow
the body size at this habitat switch to evolve (see Methods for details). Accordingly,
the ecological dynamics (i.e. ASSs) arising from the model are emergent from the
interaction between individuals and their environment. We use an approach that
combines population genetics and adaptive dynamics to determine the evolutionary
consequences of the selection process of the timing of a habitat switch after the change
in mortality.

6.2 – Methods
We consider a population in two habitats structured by individual body size 𝑠. In each
habitat individuals exploit a different resource. Individual resource consumption,
somatic growth, survival and reproduction follow continuous-time dynamics.
Life cycle
Individuals are born in habitat 1, the nursery habitat, with a size 𝑠𝑏 where they remain
until they reach body size 𝑠𝑠 when they switch to habitat 2, the adult habitat. Juvenile
individuals mature in habitat 2 and start to reproduce at a body size 𝑠𝑚 (𝑠𝑏 ≤ 𝑠𝑠 ≤ 𝑠𝑚 ).
Habitats
In each habitat, the food resource density declines by the foraging of consumer individuals. In the absence of consumers, the resources are assumed to follow a semichemostat growth dynamics with maximum density 𝐷 and growth rate 𝜃 (for an explanation and justification of this type of growth dynamics, see Persson et al. (1998).
Dynamics of the resource density 𝐹1 and 𝐹2 in the habitat 1 and 2, respectively, is
hence given by:

𝑑𝐹𝑖
= 𝐷𝑖 − 𝜃 𝐹 𝑖
(6.1)
𝑑𝑡
where 𝑖 can take values 1 and 2 depending on the habitat the equation refers to.
Individual dynamics
Individuals are assumed to feed on the food resource at rate 𝑎1 𝐹1 and to grow at a
rate

𝑔1 ( 𝐹1 ) = 𝜖𝑔 𝑎1 𝐹1

(6.2)
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in the habitat 1, and

𝑔2 ( 𝐹2 ) = 𝜖𝑔 𝑎2 𝐹2

(6.3)

in the habitat 2. Where 𝜖𝑔 is the conversion efficiency of ingested food into biomass.
Adults reproduce at a rate
𝑏( 𝐹2 ) = 𝜖𝑏 𝑎2 𝐹2
(6.4)
where 𝜖𝑏 is the conversion efficiency of ingested food into offspring. Individuals die at
a mortality rate 𝜇1 in the habitat 1 and 𝜇2 in the habitat 2.
Population ecological dynamics
Based on the individual life history described above, the size-structured population
model can be described by the following set of equations:
The food resource density in the habitat 1 is given by

𝑑𝐹1
= 𝐷1 − 𝜃 𝐹1 − 𝑎1 𝐹1
𝑑𝑡

∫

𝑑𝐹2
= 𝐷2 − 𝜃 𝐹2 − 𝑎2 𝐹2
𝑑𝑡

∫

𝑠𝑠

𝑛1 (𝑡, 𝑠)𝑑𝑠,

(6.5)

𝑛2 (𝑡, 𝑠)𝑑𝑠.

(6.6)

𝑠𝑏

and in habitat 2 by
∞

𝑠𝑠

In equations 6.5 and 6.6, 𝑛1 and 𝑛2 are the density functions of the size-structured
population in the habitat 1 and habitat 2, respectively.

∂ 𝑛1 (𝑡, 𝑠)
∂ 𝑛1 (𝑡, 𝑠)
+ 𝑔1 ( 𝐹1 )
= −𝜇1 𝑛1 (𝑡, 𝑠)
∂𝑡
∂𝑠

(6.7)

∂ 𝑛2 (𝑡, 𝑠)
∂ 𝑛2 (𝑡, 𝑠)
+ 𝑔2 ( 𝐹2 )
= −𝜇2 𝑛2 (𝑡, 𝑠)
∂𝑡
∂𝑠

(6.8)

𝑔2 ( 𝐹2 )𝑛2 (𝑡, 𝑠𝑠 ) = 𝑔1 ( 𝐹1 )𝑛1 (𝑡, 𝑠𝑠 )

(6.9)

𝑔1 ( 𝐹1 )𝑛1 (𝑡, 𝑠𝑏 ) = 𝑏( 𝐹2 )

∫

∞

𝑛2 (𝑡, 𝑠)𝑑𝑠

(6.10)

𝑠𝑚

Equations 6.9 and 6.10 provide the boundary condition at the switching size 𝑠𝑠 from
habitat 1 to habitat 2 and at the birth size 𝑠𝑏 corresponding to the total population
birth rate. The total biomass of individuals equals in habitat 1

∫

𝑠𝑠

𝑠 𝑛1 (𝑡, 𝑠)𝑑𝑠
𝑠𝑏
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and in habitat 2

∞

∫

𝑠 𝑛2 (𝑡, 𝑠)𝑑𝑠

(6.12)

𝑠𝑠

We have non-dimensionalized the model (appendix 6.A) and as a result the scaled
model is described by the following set of equations:

𝑑𝐹1
= 1 − 𝛿 𝐹1 −
𝑑𝑡

∫

𝑑𝐹2
= 𝜌 − 𝛿 𝐹2 −
𝑑𝑡

∫

𝑤𝑠

0

𝛾1 ( 𝐹1 )𝑚1 (𝑡, 𝑤) 𝑑𝑤

(6.13a)

𝛾2 ( 𝐹2 )𝑚2 (𝑡, 𝑤) 𝑑𝑤

(6.13b)

∞

𝑤𝑠


∂ 𝑚1 (𝑡, 𝑤)
∂ 𝑚1 (𝑡, 𝑤)


+ 𝛾1 ( 𝐹 1 )
= −𝜂1 𝑚1 (𝑡, 𝑤)


∂𝑡
∂𝑤
∫∞


 𝛾1 ( 𝐹1 )𝑚1 (𝑡, 0) = 𝛽𝛾2 ( 𝐹2 )
𝑚2 (𝑡, 𝑤) 𝑑𝑤
1


(6.13c)


∂ 𝑚2 (𝑡, 𝑤)
∂ 𝑚2 (𝑡, 𝑤)


+ 𝛾2 ( 𝐹 2 )
= −𝜂2 𝑚2 (𝑡, 𝑤)


∂𝑡
∂𝑤


 𝛾2 ( 𝐹2 )𝑚2 (𝑡, 𝑤𝑠 ) = 𝛾1 (𝐹1 )𝑚1 (𝑡, 𝑤𝑠 )


(6.13d)

In this system 𝛾1 ( 𝐹1 ) = 𝐹1 and 𝛾2 ( 𝐹2 ) = 𝑞𝐹2 .
In the scaled system of partial differential equations the parameters relate to the
parameters in the unscaled model according to table 6.1. The results presented in
this study are carried out using the non-dimensional form of the model, which is
parameterized following de Roos and Persson (2003).
Eco-evolutionary dynamics
In this study, we are interested in understanding the eco-evolutionary consequences of
the selection process of the timing of a habitat switch when individual mortality varies
in either habitat. To investigate this, we study the evolutionary dynamics on ecological
timescales using a population genetics approach. The body size at habitat switch is
considered to be a quantitative trait controlled by a number of loci of small effect. The
trait is distributed according to a truncated normal distribution with mean 𝑤¯𝑠 and, a
minimum and a maximum value (1 − 𝜎) 𝑤¯𝑠 and (1 + 𝜎) 𝑤¯𝑠 , respectively. Given that
individual fecundity 𝛽𝛾2 ( 𝐹2 ) is identical for every adult individual, selection depends
only on survival. Hence, the mean trait value of offspring born at every time 𝑡 equals
the mean trait value of the reproducing (adult) part of the population at this time.
The rate of change of the mean trait value of offspring born at time 𝑡 equals the rate
of change of the mean trait value of the adult population. The genetic variation 2𝜎
is assumed constant. A detailed model description of the eco-evolutionary dynamics
can be found in appendix 6.B.
135

Chapter 6 - Delayed regime shifts

In addition, we assess the possibility of evolutionary endpoints (ESS) on the unstable ecological equilibrium by using an adaptive dynamics approach (Durinx et al.
2008).
Model analysis
We use the Escalator Boxcar Train method (de Roos 1988) to carry out numerical
simulations of the non-dimensional form of the model. The central idea of this method
is to group individuals into cohorts. In the absence of genetic variation, these cohorts
are collections of individuals that are born with the same size at birth within a very
short period of time; therefore, each cohort can be characterized by the number
of individuals and their average body size. To implement genetic variability in the
population, we consider each of these cohorts to be subdivided in 10 subcohorts, which
are identical in their body size at birth and maturation but differ in the value of the body
size at habitat switch. Individuals within a subcohort are considered identical. Each of
the 10 subcohorts is assigned its own phenotype: five with lower and five with higher
𝑤𝑠 values than 𝑤𝑠∗ , equidistantly separated by a factor of 2 𝜎 𝑤𝑠∗ /10. Since selection
depends only on survival, the mean offspring trait value 𝑤𝑠∗ is the mean 𝑤𝑠 of the adult
population. The dynamics of the population are followed by numerically integrating
the ordinary differential equations for each subcohort separately. Specifically, we
carry out simulations to investigate the eco-evolutionary dynamics before and after a
reduction of the mortality rate 𝜂2 in habitat 2 from 2 to 1.5 when the mortality rate 𝜂1
in habitat 1 is constant and equal to 0.8 (figure 6.1, 6.3B and D), and after a reduction
of the mortality the 𝜂2 in habitat 2 from 2 to 1.2 when the mortality rate 𝜂1 1 in habitat
1 is constant and equal to 2 (figure 6.3A and C). In both cases, genetic variation was
represented with a truncated normal distribution with 𝜎 = 0.2. The effect of lower

𝜎 = 0.1 was also investigated in appendix 6.C (figure 6.C2).
We use the PSPManalysis software package (de Roos 2018) to numerically compute
and continue the ecological equilibrium of the non-dimensional form of the model.
This approach is complementary to the population genetics approach because it enables us to detect and continue the unstable equilibrium occurring between the two
ASSs, which is not possible with dynamics simulations. We use a combination of the
EBT and PSPManalysis package to visualize stable and unstable equilibrium values as
well as maximum and minimum densities during limit cycles as a function of mortality
in habitat 2 and body size at habitat switch (figure 6.2). The PSPManalysis package
also enables us to detect evolutionary endpoints irrespective of whether the equilibrium is ecologically stable or unstable by calculating the selection gradient through the
adaptive dynamics approach. Hence, by using a combination of EBT and PSPManal-
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ysis package we detect evolutionary endpoints in the ecological setting (figure 6.C1).
The model was parameterized according to de Roos and Persson (2003) (table 6.1).
Table 6.1 – Scaled parameter values
Description

*

Symbol

Relation with unscaled parameters

Value
0.5

Ratio of maximum resource density in habitat 1 and habitat 2

𝜌

𝜌=

Resource growth rate

𝛿

𝛿=𝜃

𝑠𝑚 − 𝑠𝑏
𝜖𝑔 𝑎1 𝐷1

1

Mortality in habitat 1

𝜂1

𝜂1 = 𝜇1

q

𝑠𝑚 − 𝑠𝑏
𝜖𝑔 𝑎1 𝐷1

varied

Mortality in habitat 2

𝜂2

𝜂2 = 𝜇2

q

𝑠𝑚 − 𝑠𝑏
𝜖𝑔 𝑎1 𝐷1

varied

Attack rate ratio on food resource
of habitat 1 and habitat 2

𝑞

𝑞=

𝑎2
𝑎1

Adult fecundity scaled constant

𝛽

𝛽=

(𝑠𝑚 −𝑠𝑏 )𝜖𝑏

Body size at the habitat switch

𝑤𝑠

𝑤𝑠 =

𝐷2
𝐷1

q

1

𝜖𝑔
𝑠 𝑠 − 𝑠𝑏
𝑠𝑚 − 𝑠𝑏

2000
varied* (0 − 1)

Parameter can change because of evolution

6.3 – Results
Changes in an abiotic condition, specifically decreases in mortality experienced in the
habitat used by older individuals, do not cause an immediate regime shift but trigger
an evolutionary response that later on results in a regime shift. Before the mortality
change the population is at an ecologically and evolutionarily stable equilibrium in
which the body size at habitat switch (in scaled units) is high (time 0 to 100 in figure
6.1). At this trait value, the selection gradient vanishes when mortality in the habitat
used by older individuals is high, reflecting that with a high risk of mortality in the
adult habitat it is advantageous for individuals to postpone their switch to this habitat.
A decrease in the mortality experienced by individuals in the adult habitat, due to for
instance the loss of a predator or a reduction in harvesting pressure, destabilizes the
ecological and evolutionary dynamics. The ecological dynamics change from a stable
equilibrium to oscillatory dynamics (limit cycle) with limited amplitude (figure 6.1
at time 100). Population biomass fluctuates around the equilibrium value occurring
before the change in mortality, whereas population biomass in the nursery habitat
on average increases following the change in mortality. This cyclic dynamics are
maintained if the trait variation is zero and no mutations occur, preventing natural
selection to produce phenotypic changes in the population (figure 6.1 grey line). In
137

Chapter 6 - Delayed regime shifts

contrast, as soon as there is variation in the body size at habitat switch, individuals
that switch habitats at a smaller body size are selected for because the new conditions
changed the selection pressures (figure 6.1B black line). This evolutionary process
stabilizes the ecological dynamics by dampening the oscillations, such that the food
resource and population biomass densities appear to slowly return to similar values as
those occurring before the decrease in mortality (time 100 to 290 in figure 6.1 black
line). However, this evolutionary process much later causes a dramatic regime shift in
the system to an ASS with significantly lower and higher population biomass levels in
the nursery and adult habitat, respectively (after time 290 in figure 6.1 black line).
The direct ecological consequences of the change in mortality do not entail a regime
shift and even lead to a minor increase in total population biomass. In contrast, the
indirect consequences mediated by the evolutionary response ultimately result in such
a regime shift. In fact, alternative ecological stable states do not occur for any value
of mortality in the adult habitat if individuals switch habitats at a body size equal to
its original, evolutionarily stable value for high mortality in the adult habitat (figure
6.2A). The change in mortality merely causes a change in stability of the ecological
dynamics from stable equilibrium to cyclic dynamics (yellow lines in figure 6.2A).
Similarly, alternative stable states do not occur for any value of the body size at habitat
switch when mortality in the adult habitat is high. However, alternative ecological
stable states do occur for smaller values of the body size at habitat switch when the
mortality in the adult habitat is low (figure 6.2B). The decrease in mortality in the
adult habitat causes the direction of selection to be negative (orange arrows); hence,
smaller values of the body size at habitat switch are selected for. Natural selection
subsequently drives the population to the region where ASSs exist and beyond the
critical body size at habitat switch at which one of the ASSs disappears (saddle point
bifurcation or tipping point) and a regime shift to the contrasting alternative stable
state occurs (yellow vertical arrows at a scaled body size value of 0.24 in figure 6.2B
left). During the regime shift, the dynamics show a larger change in food resource
and population biomass densities than expected on the basis of the values of the
contrasting ASS. For instance, at the end of the shift to the contrasting alternative
stable state as shown by the dynamics (figure 6.1A black line just before time 300),
the food resource in the nursery habitat and population biomass in the adult habitat
overshoot their equilibrium values, whereas the food resource in the adult habitat and
population biomass in the nursery habitat drop below their equilibrium values (at the
end of yellow vertical arrow in figure 6.2B). As a consequence, the transient dynamics
following the regime shift show dampening oscillations towards the stable state (after
time 290 in figure 6.1A).
After the regime shift the long term ecological dynamics of the population depends
on its evolutionary dynamics. The ecological dynamics may approach a new ecolog138
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Figure 6.1 – A: Ecological and B: evolutionary dynamics of a size-structured population, whose individuals shift from a nursery to an adult habitat at a particular body
size, before and after a reduction of mortality in the adult habitat (vertical dotted line,
from 2 to 1.5). When there is no trait variation in the population (grey lines) the change
in mortality causes a destabilization of the ecological dynamics, whereas when there is
variation in the population (black lines) a delayed regime shift occurs (vertical dashed
line) after a slow evolution to smaller size at habitat shift (B). Trait variation is represented with a truncated normal distribution with a minimum and maximum value equal
to 80% and 120% of the mean trait value, mortality in the nursery habitat equals 0.8,
other parameter vales as in table 6.1.
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Figure 6.2 – A: Direct ecological effects and B: eco-evolutionary responses following
a decrease in mortality in the adult habitat (from 2 to 1.5). Stable (solid lines) and
unstable (dashed lines) ecological equilibria as well as minimum and maximum values
of oscillating dynamics (dotted lines) in the nursery (black lines) and adult habitat
(grey lines) show that the mortality reduction causes a destabilization of the ecological
dynamics (black and grey dots to yellow cycling dynamics). In the novel conditions (B
left panel), selection (orange thick arrows) gradually reduces the body size at habitat
shift until the trait value at which the regime shift occurs (double vertical arrows).
Parameter values as in figure 6.1.
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Figure 6.3 – A, B: Ecological and C, D: evolutionary dynamics before and after a

reduction in mortality in the adult habitat (vertical dotted line) from 2 to 1.2 in A and
C and from 2 to 1.5 in B and D. One (A) or multiple (B) delayed regime shifts (dashed
vertical lines) occur after the change in mortality. Mortality in the nursery habitat
equals 2 in A and C and 0.8 in B and D. Trait variation is represented with a truncated
normal distribution with a minimum and maximum value equal to 80% and 120% of
the mean trait value, other parameters as in table 6.1.

ical and evolutionary stable equilibrium after the first regime shift (figure 6.3A,C) or
may perpetually alternate with repeating regime shifts between alternative ecological
stable states (figure 6.3B). The latter scenario occurs when the evolutionary stable
state corresponds to an equilibrium that is ecologically unstable, making the evolutionary endpoint ecologically unreachable (figure 6.C1 right panels). Together with
the ecological dynamics, the body size at habitat switch oscillates over time (figure
6.3D) because the selection gradient in the ASSs has opposite directions (figure 6.C1).
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The amount of variation in the population influences the eco-evolutionary dynamics following the decrease in mortality. As expected, lower variation causes the
evolutionary dynamics to slow down. A reduction of variation in the population of
the body size at habitat switch by 50% increases the time to the regime shift after the
change in mortality by more than 3 times (regime shift at time 390 when minimum
and maximum trait values are 80% and 120% of the mean trait value and at time 940
when they are 90% and 110% of the mean trait value in figure 6.C2). Although the
amount of variation affects the time it takes for natural selection to drive the population to the critical trait value at which the regime shift occurs, once the mean trait
value is equal to the critical value, the ecological trajectory followed by the population
and its resources is not affected by the amount of trait variation in the population.

6.4 – Discussion
Our model reveals that a minor change in ecological conditions may trigger an evolutionary process of gradual phenotypic change in the timing of a habitat shift, which
ultimately causes a delayed regime shift to a contrasting ASS. Although changes in
mortality rates only have minor ecological effect and do not cause an immediate
regime shift, the subsequent selection process triggered by such changes does. Previous studies have focused on the existence of ASSs under a range of abiotic conditions
and therefore only described the occurrence of regime shifts in ecosystems immediately following a change in external conditions beyond a critical value (tipping point)
(Scheffer et al. 2001). Here we reveal the occurrence of delayed regime shifts due
to the existence of ASSs for a range of trait values with natural selection driving the
trait value beyond the tipping point where the regime shift occurs in response to a
perturbation with otherwise small ecological effect. Such trait-based ASSs suggest
that human-induced evolution, which is increasingly documented in wild populations
(Allendorf and Hard 2009; Sih et al. 2011; Woodward et al. 2007), may be an important
cause of regime shifts in ecosystems but with the ecological change that is ultimately
responsible for the regime shift occurring long before the regime shift itself.
Faced with novel conditions as a result of perturbations, populations can experience
rapid contemporary evolution (Bone and Farres 2001; Hendry et al. 2008; Palumbi and
Mu 2001), which can contribute to mitigate ecological impacts of those perturbations
in wild populations (Parmesan 2006). Along these lines, our results show that initially
the evolutionary process triggered by the decrease in mortality slowly restores the
food resource and population biomass densities to the levels that occurred before the
perturbation and in addition stabilizes the ecological dynamics. However, this apparently adaptive response also drives the trait value beyond the tipping point and leads
to a collapse in the food resource and population biomass densities to an ASS that is
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qualitatively very different from the original state. Although trait variation in populations has been considered essential for adaptation to novel conditions (Lande and
Shannon 1996), we show that it can also precipitate the regime shift of an ecosystem
with ASS because, paradoxically, it speeds up the adaptive process that results in a
delayed regime shift. While we investigated this adaptive process in a population with
one evolving trait, adaptive processes can be affected by interactions between multiple traits (Dwyer and Laughlin 2017). Since contemporary evolutionary responses
to a changing environment frequently involve phenotypic changes in multiple traits
(Bone and Farres 2001; Good 1993; Walsh et al. 2006), further research is needed to
understand how the interaction between multiple traits affects the eco-evolutionary
trajectory after a perturbation in ecosystems, in which ASSs may occur.
We find that selective forces can be different, or even opposite, in the contrasting
ASSs, such that the direction and strength of selection change once a tipping point
is crossed and the regime shift has occurred. In general, ASSs in diverse ecosystems
correspond to qualitatively very different ecological conditions (Scheffer et al. 2001)
that cause selective forces to be different as well. In shallow lakes, for instance, a
clear plant-dominated state and a turbid algae-dominated state occur due to changes
in nutrient loading (Scheffer et al. 1993). For Daphnia, a major grazing zooplankter
present in these ecosystems, changes in dietary selective pressure result in phenotypic
changes (Hairston Jr et al. 2001). Since the two ASSs represent different diets for
Daphnia, selective pressures and thus phenotypic traits may change when a regime
shift to an ASS occurs. In a population with a habitat switch, opposite selective pressures on the timing of this switch result in the cyclic alternation between ASSs because
this life history trait has a direct influence on the exchange of individuals between the
habitats and hence on the density and competition within each habitat. In which
habitat competition is strongest and hence which habitat is most limiting for population growth is precisely the mechanism giving rise to the occurrence of and transitions
between ASSs. If the trait that is subject to opposite directions of selection in the
different ASSs is involved in the mechanism causing ASSs, natural selection can drive
and maintain eco-evolutionary cycles that alternate between the ASSs. Similar ecoevolutionary dynamics were described by Patel and Schreiber (2015) in an intraguild
predation community in which the intraguild predator evolves between a resource
and a (intraguild) prey-specialized phenotype when a strong tradeoff between these
phenotypes was assumed. Likewise, Dercole et al. (2002) described eco-evolutionary
cycles in a population model assuming ASSs of population density to occur as a function of an evolving trait that influences population density.
Abrupt transitions in the composition and functioning of diverse ecosystems, including lakes, coral reefs, deserts, woodlands and oceans have been attributed to
changes in external conditions beyond a threshold that drives the system from one
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ASS to another (Scheffer et al. 2001). Most studies have focused on the ecological
consequences of changing conditions in ecosystems with ASSs, while ignoring the evolutionary ones. Here we show that changing ecological conditions do not need to cause
an immediate transition to a contrasting ecological stable state but can nonetheless
result one with a substantial time delay due the evolutionary process that is triggered
by the change in conditions. This suggests that abrupt ecosystem regime shifts observed in present times may not only be the consequence of concurrent perturbations
that drive ecological conditions immediately beyond a tipping point, but also the consequence of less dramatic perturbations that occurred long before in the past. In the
last case, we would fail to identify correctly the change in ecological conditions that is
ultimately responsible for the regime shift in the ecosystem if we ignore the evolutionary process initiated by the perturbation. Simultaneously with environmental change
come novel ecological conditions and phenotypic changes (Parmesan 2006; Walther
2010) that jointly can produce complex dynamics with important consequences for
communities and ecosystems. Understanding these dynamics, however, will prove
challenging while ecological and evolutionary processes are studied in isolation. If
we are to understand the responses of communities and ecosystems to environmental
change, further knowledge on the interaction between ecological and evolutionary
processes will be certainly required.
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Non-dimensionalization of the model

Scaling the body size range
Define

𝑤 :=

𝑠 − 𝑠𝑏
𝑠𝑚 − 𝑠𝑏

𝑤𝑠 :=

𝑠 𝑠 − 𝑠𝑏
𝑠𝑚 − 𝑠𝑏

and

Thus, the density functions 𝑛1 (𝑡, 𝑠) and 𝑛2 (𝑡, 𝑠) can then be rescaled to density functions 𝑚1 (𝑡, 𝑤) and 𝑚2 (𝑡, 𝑤) by the following transformation:

𝑚𝑖 (𝑡, 𝑤) = (𝑠𝑚 − 𝑠𝑏 )𝑛𝑖 (𝑡, 𝑠𝑏 + (𝑠𝑚 − 𝑠𝑏 )𝑤)

(6.A1)

for 𝑖 = 1, 2. These transformations lead to the following identity:

∫

𝑤2

𝑚𝑖 (𝑡, 𝑤)𝑑𝑤 =

𝑤1

=
=

∫

𝑤2

𝑤
∫ 1𝑤2

(𝑠𝑚 − 𝑠𝑏 )𝑛𝑖 (𝑡, 𝑠𝑏 + (𝑠𝑚 − 𝑠𝑏 )𝑤) 𝑑𝑤


𝑠 − 𝑠𝑏
(𝑠𝑚 − 𝑠𝑏 )𝑛𝑖 (𝑡, 𝑠𝑏 + (𝑠𝑚 − 𝑠𝑏 )𝑤) 𝑑
𝑠𝑚 − 𝑠𝑏

𝑤1
𝑠𝑏 +(𝑠𝑚 −𝑠𝑏 )𝑤2

∫

𝑛𝑖 (𝑡, 𝑠) 𝑑𝑠
𝑠𝑏 +(𝑠𝑚 −𝑠𝑏 )𝑤1

Using these identities we can derive PDEs for 𝑚1 (𝑡, 𝑤):

∂ 𝑚1 (𝑡, 𝑤)
∂ 𝑛1 (𝑡, 𝑠𝑏 + (𝑠𝑚 − 𝑠𝑏 )𝑤)
= ( 𝑠𝑚 − 𝑠𝑏 )
∂𝑡
∂𝑡
= −(𝑠𝑚 − 𝑠𝑏 )𝑔1 ( 𝐹1 )

= − 𝑔1 ( 𝐹1 )
=−

∂ 𝑛1 (𝑡, 𝑠𝑏 + (𝑠𝑚 − 𝑠𝑏 )𝑤)
− 𝜇1 𝑚1 (𝑡, 𝑤)
∂𝑠

𝑠 − 𝑠𝑏
)
𝑠𝑚 − 𝑠𝑏
− 𝜇1 𝑚1 (𝑡, 𝑤)
∂𝑠

∂ 𝑚1 (𝑡,

𝑔1 ( 𝐹1 ) ∂ 𝑚1 (𝑡, 𝑤)
− 𝜇1 𝑚1 (𝑡, 𝑤)
𝑠𝑚 − 𝑠𝑏
∂𝑤

and similarly for 𝑚2 (𝑡, 𝑤):

∂ 𝑚2 (𝑡, 𝑤)
𝑔2 ( 𝐹2 ) ∂ 𝑚2 (𝑡, 𝑤)
=−
− 𝜇2 𝑚2 (𝑡, 𝑤)
∂𝑡
𝑠𝑚 − 𝑠𝑏
∂𝑤
Defining

𝑔˜1 ( 𝐹1 ) =

𝜖𝑔
𝑠𝑚 − 𝑠𝑏

𝑎1 𝐹 1
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and

𝑔˜2 ( 𝐹2 ) =

𝜖𝑔
𝑠𝑚 − 𝑠𝑏

𝑎2 𝐹 2

The rescaled model equations are:

𝑑𝐹1
= 𝐷1 − 𝜃𝐹1 − 𝑎1 𝐹1
𝑑𝑡

∫

𝑑𝐹2
= 𝐷2 − 𝜃𝐹2 − 𝑎2 𝐹2
𝑑𝑡

∫

𝑤𝑠

𝑚1 (𝑡, 𝑤) 𝑑𝑤

(6.A2a)

𝑚2 (𝑡, 𝑤) 𝑑𝑤

(6.A2b)

0

∞

𝑤𝑠


∂ 𝑚1 (𝑡, 𝑤)
∂ 𝑚1 (𝑡, 𝑤)


+ 𝑔˜1 ( 𝐹1 )
= −𝜇1 𝑚1 (𝑡, 𝑤)


∂𝑡
∂𝑤
∫∞


 𝑔˜1 ( 𝐹1 )𝑚1 (𝑡, 0) = 𝑏(𝐹2 )
𝑚2 (𝑡, 𝑤) 𝑑𝑤
1


(6.A2c)


∂ 𝑚2 (𝑡, 𝑤)
∂ 𝑚2 (𝑡, 𝑤)


+ 𝑔˜2 ( 𝐹2 )
= −𝜇2 𝑚2 (𝑡, 𝑤)


∂𝑡
∂𝑤


 𝑔˜2 ( 𝐹2 )𝑚2 (𝑡, 𝑤𝑠 ) = 𝑔˜1 (𝐹1 )𝑚1 (𝑡, 𝑤𝑠 )


(6.A2d)

Scaling time, food, and population densities
Define the following scaled quantities:

𝑡 0 = 𝑡 /𝑡 ∗
𝐹10 = 𝐹1 / 𝐹1∗
𝐹20 = 𝐹2 / 𝐹2∗
𝑚10 (𝑡, 𝑤) = 𝑚1 (𝑡, 𝑤)/𝑚∗
𝑚20 (𝑡, 𝑤) = 𝑚2 (𝑡, 𝑤)/𝑚∗
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Substituting in the model equations:

𝑑𝐹10

𝑡∗
=
𝐷1 − 𝑡 ∗ 𝜃𝐹10 − 𝑡 ∗ 𝑚∗ 𝑎1 𝐹10
𝑑𝑡 0
𝐹1∗

∫

𝑑𝐹20

∫

𝑑𝑡 0

=

𝑤𝑠

𝑚10 (𝑡, 𝑤) 𝑑𝑤

0

𝑡∗
𝐷2 − 𝑡 ∗ 𝜃𝐹20 − 𝑡 ∗ 𝑚∗ 𝑎2 𝐹20
𝐹2∗

∞

𝑚20 (𝑡, 𝑤) 𝑑𝑤

𝑤𝑠


∂ 𝑚10 (𝑡, 𝑤)
∂ 𝑚10 (𝑡, 𝑤)

∗𝑔

˜
=
−
𝑡
(
𝐹
)
− 𝑡 ∗ 𝜇1 𝑚10 (𝑡, 𝑤)


1
1
∂𝑡0
∂𝑤
∫


 𝑡 ∗ 𝑔˜1 ( 𝐹1 )𝑚10 (𝑡, 0) = 𝑡 ∗ 𝑏( 𝐹2 ) ∞ 𝑚20 (𝑡, 𝑤) 𝑑𝑤
1


where


∂ 𝑚20 (𝑡, 𝑤)
∂ 𝑚 0 (𝑡, 𝑤)


= −𝑡 ∗ 𝑔˜2 ( 𝐹2 ) 2
− 𝑡 ∗ 𝜇2 𝑚20 (𝑡, 𝑤)


∂𝑡
∂𝑤


 𝑡 ∗ 𝑔˜2 ( 𝐹2 )𝑚20 (𝑡, 𝑤𝑠 ) = 𝑡 ∗ 𝑔˜1 (𝐹1 )𝑚10 (𝑡, 𝑤𝑠 )

𝑡 ∗ 𝑔˜𝑖 ( 𝐹𝑖 ) = 𝑡 ∗ 𝐹𝑖∗

𝜖𝑔
𝑠𝑚 − 𝑠𝑏

𝑎𝑖 𝐹𝑖0

and

𝑡 ∗ 𝑏( 𝐹2 ) = 𝑡 ∗ 𝐹2∗ 𝜖𝑏 𝑎2 𝐹20
Scale now such that

𝑡∗
𝑡∗
1
= ∗ =
∗
𝐹1
𝐹2
𝐷1
𝑡 ∗ 𝑚∗ =

1

𝑚∗ =

⇒

𝑎1

𝑡 ∗ 𝐹1∗ = 𝑡 ∗ 𝐹2∗ =
Then

𝐹1∗ = 𝐹2∗ = 𝐷1 𝑡 ∗

⇒

1

𝑎1 𝑡 ∗

𝑠𝑚 − 𝑠𝑏
𝜖𝑔 𝑎1

𝐷1 (𝑡 ∗ )2 =

𝑠𝑚 − 𝑠𝑏
𝜖𝑔 𝑎1

and hence

𝑡 =
∗

r

𝑠𝑚 − 𝑠𝑏
𝜖𝑔 𝑎1 𝐷1

s
𝐹1 = 𝐹2 =
∗

∗

s
𝑚∗ =

(6.A3)

(𝑠𝑚 − 𝑠𝑏 ) 𝐷1
𝜖𝑔 𝑎1

𝜖𝑔 𝐷1
𝑎1 ( 𝑠 𝑚 − 𝑠 𝑏 )

(6.A4)

(6.A5)
147

Chapter 6 - Delayed regime shifts

The rescaled model is:

𝑑𝐹10
𝑑𝑡 0
𝑑𝐹20

∫
r
𝑠𝑚 − 𝑠𝑏 0
=1−𝜃
𝐹1 − 𝐹10
𝜖𝑔 𝑎1 𝐷1

r

𝐷2
=
−𝜃
0
𝑑𝑡
𝐷1

𝑤𝑠

0

𝑠 𝑚 − 𝑠 𝑏 0 𝑎2 0
𝐹 −
𝐹
𝜖𝑔 𝑎1 𝐷1 2 𝑎1 2

𝑚10 (𝑡, 𝑤)𝑑𝑤

∫

∞

𝑚20 (𝑡, 𝑤) 𝑑𝑤

𝑤𝑠

r

∂ 𝑚10 (𝑡, 𝑤)
∂ 𝑚10 (𝑡, 𝑤)
𝑠𝑚 − 𝑠𝑏 0

0

=
−
𝐹
−
𝜇
𝑚 (𝑡, 𝑤)

1
1
 ∂𝑡0

∂𝑤
𝜖𝑔 𝑎1 𝐷1 1
∫

0 𝑚 0 (𝑡, 0) = (𝑠𝑚 − 𝑠𝑏 )𝜖𝑏 𝑎2 𝐹 0 ∞ 𝑚 0 (𝑡, 𝑤) 𝑑𝑤


𝐹
 1 1
2
𝜖𝑔
𝑎1 2 1

r
∂ 𝑚20 (𝑡, 𝑤)

𝑠𝑚 − 𝑠𝑏 0
𝑎2 0 ∂ 𝑚20 (𝑡, 𝑤)


=
−
𝐹
−
𝜇
𝑚 (𝑡, 𝑤)
2


2
∂𝑡
𝑎1
∂𝑤
𝜖𝑔 𝑎1 𝐷1 2
𝑎2


 𝐹20 𝑚20 (𝑡, 𝑤𝑠 ) = 𝐹10 𝑚10 (𝑡, 𝑤𝑠 )
 𝑎1

Defining scaled parameters as in table 6.1, 𝛾1 ( 𝐹1 ) = 𝐹1 and 𝛾2 ( 𝐹2 ) = 𝑞𝐹2 , and after
substitution in the model equations yields:
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𝑑𝐹1
= 1 − 𝛿 𝐹1 −
𝑑𝑡

∫

𝑑𝐹2
= 𝜌 − 𝛿 𝐹2 −
𝑑𝑡

∫

𝑤𝑠

0

𝛾1 ( 𝐹1 )𝑚1 (𝑡, 𝑤) 𝑑𝑤

(6.A6a)

𝛾2 ( 𝐹2 )𝑚2 (𝑡, 𝑤) 𝑑𝑤

(6.A6b)

∞

𝑤𝑠


∂ 𝑚1 (𝑡, 𝑤)
∂ 𝑚1 (𝑡, 𝑤)


+ 𝛾1 ( 𝐹 1 )
= −𝜂1 𝑚1 (𝑡, 𝑤)


∂𝑡
∂𝑤
∫∞


 𝛾1 ( 𝐹1 )𝑚1 (𝑡, 0) = 𝛽𝛾2 ( 𝐹2 )
𝑚2 (𝑡, 𝑤) 𝑑𝑤
1


(6.A6c)


∂ 𝑚2 (𝑡, 𝑤)
∂ 𝑚2 (𝑡, 𝑤)


+ 𝛾2 ( 𝐹 2 )
= −𝜂2 𝑚2 (𝑡, 𝑤)


∂𝑡
∂𝑤


 𝛾2 ( 𝐹2 )𝑚2 (𝑡, 𝑤𝑠 ) = 𝛾1 ( 𝐹1 )𝑚1 (𝑡, 𝑤𝑠 )


(6.A6d)
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Eco-evolutionary model formulation

To study evolutionary dynamics on ecological timescales, we use standard methods
of quantitative genetics. We consider the body size at habitat switch to be a quantitative trait controlled by a number of loci of small effect. To capture both ecological
and evolutionary dynamics the population is characterized by the density functions
𝑚1 (𝑡, 𝑤, 𝜔) and 𝑚2 (𝑡, 𝑤, 𝜔), in which 𝜔 refers to the trait value (body size at habitat
switch) of the individuals. Hence, 𝑚1 (𝑡, 𝑤, 𝜔) and 𝑚2 (𝑡, 𝑤, 𝜔) refers to the density of
individuals at time 𝑡 with body size 𝑤 and trait value 𝜔, respectively. Since the trait
value does not change during life, the dynamics of resource densities and population
abundances are now described by

𝑑𝐹1
= 1 − 𝛿 𝐹1 −
𝑑𝑡

∫

𝑑𝐹2
= 𝜌 − 𝛿 𝐹2 −
𝑑𝑡

∫

1

∫

𝜔

𝛾1 ( 𝐹1 )𝑚1 (𝑡, 𝑤, 𝜔) 𝑑𝑤 𝑑𝜔

(6.B1a)

𝛾2 ( 𝐹2 )𝑚2 (𝑡, 𝑤, 𝜔) 𝑑𝑤 𝑑𝜔

(6.B1b)

∂ 𝑚1 (𝑡, 𝑤, 𝜔)
∂ 𝑚1 (𝑡, 𝑤, 𝜔)
+ 𝛾1 ( 𝐹 1 )
= −𝜂1 𝑚1 (𝑡, 𝑤, 𝜔)
∂𝑡
∂𝑤

(6.B1c)

∂ 𝑚2 (𝑡, 𝑤, 𝜔)
∂ 𝑚2 (𝑡, 𝑤, 𝜔)
+ 𝛾2 ( 𝐹 2 )
= −𝜂2 𝑚2 (𝑡, 𝑤, 𝜔)
∂𝑡
∂𝑤

(6.B1d)

0

0

0
1

∫

∞

𝜔

The boundary condition of the PDE 6.B1d is given by:

𝛾2 ( 𝐹2 )𝑚2 (𝑡, 𝜔, 𝜔) = 𝛾1 ( 𝐹1 )𝑚1 (𝑡, 𝜔, 𝜔)

(6.B2)

which expresses that individuals with trait value 𝜔 switch habitat when they reach
body size 𝑤 = 𝜔. The boundary condition of PDE 6.B1c is given by:

𝛾1 ( 𝐹1 )𝑚1 (𝑡, 0, 𝜔0 ) = Φ(𝜔0 , 𝜔𝑎 , 𝜎) 𝛽𝛾2 ( 𝐹2 )

∫

1

∫

0

∞

1

𝑚2 (𝑡, 𝑤, 𝜔) 𝑑𝑤 𝑑𝜔

(6.B3)

The left-hand side of this equation represents the birth rate of individuals at body
size 𝑤 = 0 with a trait value 𝜔 = 𝜔0 . The function Φ(𝜔0 , 𝜔𝑎 , 𝜎) models the relation between the trait distribution of the offspring and the average trait value of the
reproducing population. Analogous to eq. A2 in Lande (1982), we assume that the
average value of the produced offspring equals the average breeding value of parents
reproducing at time 𝑡 . Since, individual fecundity is independent of both body size
and trait value, the average breeding value of the parents equals their average trait
value:

𝜔𝑎 =

∫
0

1

∫
1

∞

 ∫
𝜔 𝑚2 (𝑡, 𝑤, 𝜔) 𝑑𝑤 𝑑𝜔

0

1

∫
1

∞

𝑚2 (𝑡, 𝑤, 𝜔) 𝑑𝑤 𝑑𝜔

(6.B4)
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We assume the distribution of offspring trait values to follow a truncated normal
distribution around the mean 𝜔𝑎 , in particular Φ(𝜔0 , 𝜔𝑎 , 𝜎) is defined as:
1 2



𝑥 ,


2




3
Φ(𝜔0 , 𝜔𝑎 , 𝜎) = − 𝑥 2 + 3 𝑥 − ,

2



1
9


 𝑥 2 − 3𝑥 + ,
2
2


𝜔0 −𝜔𝑎 (1−𝜎)
where 𝑥 = 32
.
𝜔𝑎 𝜎
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if 𝜔𝑎 (1 − 𝜎) ≤ 𝜔0 ≤ 𝜔𝑎 (1 −
if 𝜔𝑎 (1 −
if 𝜔𝑎 (1 +

1
3
1
3

1
3

𝜎) < 𝜔0 ≤ 𝜔𝑎 (1 +

𝜎)
1
3

𝜎)

𝜎) < 𝜔0 ≤ 𝜔𝑎 (1 + 𝜎)

(6.B5)
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Figure 6.C1 – A, B: Population biomass and food resource densities in the nursery

and adult habitat, and C, D: selection gradient as a function of body size at habitat
switch after a decrease in mortality when the evolutionary endpoint occurs in A and C
in one of the stable alternative ecological equilibria causing a single regime shifts (figure
6.3A), and in B and D in the unstable equilibrium causing causing multiple regime shifts
(figure 6.3B). Ecologically stable (solid lines) and unstable (dashed lines) equilibrium
values are indicated with black lines as well as minimum and maximum densities during
oscillatory dynamics (dotted lines). The direction of selection is indicated with thick
arrows (orange when negative and blue when positive) and ecological dynamics with
double vertical arrows (yellow). (continues on next page)
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Figure 6.C1 – (continued from previous page) Evolutionary endpoints are indicated
with circles (open circles in case it occurs on the unstable ecological equilibrium, filled
circles if it occurs on a stable ecological equilibrium). The direction of selection (bottom plots) is positive at low values of the trait (blue shaded area), negative at high
values (pink shaded area) and either negative or positive at intermediate values of the
trait (mixed shaded area), depending on which of the two ASSs the population is in.
Parameters as in figure 6.3.
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Figure 6.C2 – A: Ecological and B :evolutionary dynamics before and after a reduction
of mortality in the adult habitat (vertical dotted line, from 2 to 1.5). When trait variation
is represented with a truncated normal distribution with a minimum and maximum
value equal to 80% and 120% (black lines) the regime shift occurs at time 390, whereas
when the minimum and maximum value equal to 90% and 110% (grey lines) the regime
shift occurs at time 940. Mortality in the nursery habitat is 0.8, other parameters as in
table 6.1.
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Chapter 7 - Discussion

Predicting population and community responses to current environmental change
presents a major challenge for ecologists. However, we have largely failed to generate
accurate predictions and clear suggestions to reduce negative impacts (Dawson et al.
2011; Gilman et al. 2010; Grimm and Railsback 2012). In the introduction of this thesis,
I argued that this failure stems from the fact that predictive studies of environmental
change are not based on a strong theoretical foundation in which population and community dynamics emerge from interactions between individuals and their responses
to the environment.
Individuals, rather than populations, respond to the environment and engage in
the biotic interactions that shape community structure (Clark et al. 2011). Therefore,
accurate predictions regarding population and community consequences of environmental change can only arise from explicit description of the multiple responses of the
different individuals that make up the population. For instance, the majority of animal species have an ontogenetic habitat shift, where individuals change their habitat
when they grow larger (Werner and Gilliam 1984). Because environmental change
impact differs across habitats, individual responses are different among individuals of
the same population using different habitats in different life stages.
By considering the effects of changing environmental conditions on individual
life history and resource-consumer interactions, this thesis presents the ecological
(chapter 2 and 3) and eco-evolutionary (chapter 4, 5 and 6) consequences of those
changing conditions on populations with an ontogenetic habitat shift. In this chapter
I summarize and discuss the main results presented in previous chapters.

7.1 – Ecological responses to a changing environment
Much of the literature on the biological impacts of environmental change has reported
ecological effects including shifts in distributions and abundances of species as well as
in their biotic interactions (Parmesan 2006; Sih et al. 2011; Walther 2010). Although
most of these effects have been recorded at a population or species level, there is
growing evidence that changes in life history traits and population dynamics in response to environmental change are intimately linked (Parmesan 2006). However,
the mechanisms causing these joint responses remain largely unidentified. Chapter 2
contributes to fill this gap by identifying the mechanisms causing joint responses in
life history traits and population dynamics of anadromous fish populations exposed to
deteriorating environmental conditions. The main result of this chapter is that when
stressors directly affect older individuals only, this causes a population decline that
can lead to indirect positive effects in other life stages. This counterintuitive result
can be explained as follows. Low survival and food abundance in the habitat used
by older individuals as well as high cost of the migratory breeding travel negatively
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impact the population birth rate by reducing the abundance, body size and energy
reserves of reproducing individuals. As a consequence of low population birth rate,
the density of individuals and hence competition for food resources in the breeding
habitat is low, enabling a high body growth rate. This mechanism therefore explains
the relation between negative impacts on individuals in later life stages and increased
body growth rates in other life stages by taking into account population processes. In
particular, the well supported fact that density-dependence is strong in the breeding
habitat of salmon (Jonsson et al. 1998) and negatively affects individual body growth
(Walters et al. 2013).
Characterizing mechanisms causing joint responses in life history traits and population dynamics exposed to environmental change may help to identify early warning
signals of population declines and explosions. For instance, in the yellow-bellied
marmot, larger body masses before hibernation correlate positively with population
growth (Ozgul et al. 2010). The growing season of this mammal species has increased
as a result of environmental change. This allows individuals to gain a large body
mass before hibernation, resulting in lower winter mortality and an abrupt increase
in population size. Likewise, the mechanism presented in chapter 2 reveals that an
increased body growth rate of salmon individuals in the freshwater habitat may be a
signal of population decline and the presence of negative impacts affecting individuals
in the oceanic life stage.
Given that little information regarding the oceanic life stage of salmon is available,
stressors affecting this life stage may be difficult to assess directly. Therefore, characterizing the indirect effects of these stressors on the better-known freshwater life stages
may signal potential risks for the lesser-known oceanic life stages. By characterizing
the indirect effects on freshwater life stages and population dynamics of deteriorating
environmental conditions for individuals in the oceanic life stage, chapter 2 demonstrates that observations of increased growth rates in the freshwater habitat may be
used as an early warning signal for deteriorating oceanic conditions, and therefore,
provides managers with an additional tool to assess salmon populations in order to
adopt conservation measures accordingly.
Populations are often exposed to multiple stressors simultaneously, especially in the
current scenario of rapid environmental change that increases the diversity of stressors
(Crain et al. 2008). Yet, most research addressing the consequences of environmental change has documented the individual effects of various stressors on populations
and communities, while the cumulative and interactive effects of various stressors in
combination are poorly studied (Crain et al. 2008). The cumulative effect of multiple
interacting stressors is often not the result of a simple addition of the independent negative effects of these stressors. In fact, chapter 3 demonstrates that multiple stressors
interact in a highly non-linear manner and thereby, counterintuitively, mitigate each
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other’s negative effect. On their own, both increased costs of the breeding migration
and low marine food levels negatively affect anadromous fish populations, as shown
in chapter 2. But, unexpectedly, low marine food levels benefit as opposed to threaten
the ecological success of anadromous populations when these are negatively affected
by high costs of the breeding migration.
The individual energy budget plays a key role in this counterintuitive effect. Individuals switching to higher food levels in the ocean reach larger sizes with concomitant
larger migration costs but have lower energy densities. Biomass production is fueled
by energy, but covering metabolic maintenance and the costly breeding migration
also require energy; therefore, the processes whereby individuals acquire and utilize
energy are causal mechanisms shaping population abundance and biomass. Previous
population models of migratory fish lacked an explicit description of the individual life
history in terms of the energetic processes described above. These models did therefore not account for the mechanism by which the two stressors interact and mitigate
each other’s negative effect.
Empirical evidence shows that mitigating interaction between multiple stressors
may be common in nature. Crain et al. (2008) synthesized 171 studies manipulating
multiple stressors in marine ecosystems and found found that in 38% of the studies
stressors mitigate each other’s negative effect, while in 36% they exacerbate each
other’s negative effect and only in 26% their effect is equal to the addition of the independent negative effects. This meta-analysis therefore showed that stressors mainly
interact in a non–linear manner (antagonistic 38% and synergetic 36%). Predicting
the ecological consequences of multiple stressors is therefore challenging and requires
gaining further insight into the mechanisms causing these non-linear effects. Chapter
3 shows how such consequences can be investigated by integrating individual energetics and life history into population models.

7.2 – Eco-evolutionary responses to a changing environment
With environmental change come novel conditions that trigger ecological and evolutionary responses simultaneously. Although most studies have focused on the ecological effects of environmental change, there is growing evidence that rapid evolutionary
change in response to the novel conditions is widespread in wild populations (Allendorf and Hard 2009; Olsen et al. 2004; Palkovacs et al. 2012; Singer et al. 1993;
Woodward et al. 2007). The evolution of life history traits has received particular
attention in this context of rapid environmental change (Sih et al. 2011). This is due
to the fact that these traits determine individual fitness and thus individual viability,
which in turn influence demographic processes and ultimately population persistence.
Traditionally, research on life history evolution has been carried out through an ap156
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proach in which the optimal life history traits are inferred by means of an optimization
of individual fitness that ignores ecological interactions between individuals (Parker
and Smith 1990). However, the fitness of an individual is the result of its interactions
with competitors, resources, and natural enemies.
Chapter 4 demonstrates that considering ecological interactions in the evolution
of life history traits can overturn the result of an optimal life history assessment based
exclusively on individual optimization principles. This chapter shows that increasing
size-dependent mortality in the adult habitat will decrease the body mass at which
individuals switch from their natal habitat to the adult habitat. This result is in contrast
with optimization theory, which would in this case predict the exact opposite, namely
that they switch at a larger body size. These results are derived while keeping the
life expectancy of the individuals in the adult habitat constant and hence express the
effect of just the nature of the mortality source (size-dependent vs. size-independent)
while eliminating the effect of the absolute magnitude of mortality.
This evolution to switching habitats at smaller body sizes when mortality is more
size-dependent is the consequence of population processes. In particular, it results
from the indirect effects that are mediated by changes in the strength of competition
and the differential effects that size-dependent and size-independent mortality have
on density dependence processes via population structure. Inferring optimal life
history traits from maximizing individual fitness in isolation inevitably ignores density
dependent feedbacks to and from the population. It is therefore not surprising that
such an approach leads to a different evolutionary outcome.
Empirical evidence demonstrates that environmental change frequently alters population abundance (Ehrlén and Morris 2015) and structure (Allendorf and Hard 2009),
which, in turn, affect density dependence processes. Chapter 4 demonstrates that
those effects on density dependence processes shape the evolution of life history traits
and therefore cannot be overlooked when investigating the eco-evolutionary consequences of a changing environment.
Abrupt and dramatic transitions in the composition and functioning of diverse
ecosystems, including lakes, coral reefs, deserts, woodlands and oceans have been
attributed to the existence of alternative ecosystem stable states (ASS) for the same set
of conditions. Existing ecological theory on ecosystems with alternative stable states
only considers catastrophic ecosystem regime shifts as a consequence of perturbations
of abiotic conditions to values beyond a specific threshold value (Scheffer et al. 2001).
However, the possibility that such regime shifts may result from phenotypic changes
has up to now been overlooked. Furthermore, the idea that selection acts as a driver of
phenotypic trait changes and thereby causes a regime shift to an alternative ecosystem
state is equally novel and unexplored.
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Habitats hosting different life stages of organisms with an ontogenetic habitat shift
are indirectly connected through the flux of individuals between them. Schreiber and
Rudolf (2008) showed that, as a consequence if this connection, multiple stable community states exist under a set of values of mortality risk or food resource productivity
in these habitats. As a result, changes in mortality risk or food resource productivity
in either habitat can cause dramatic ecological changes in the population and its food
resources in both habitats simultaneously. Chapter 5 shows that these alternative ecological stable states (ASSs) exist under a set of values of the timing of the habitat shift
as well. Consequently, natural selection can drive this trait to values beyond a critical
value (tipping point), which causes an abrupt regime shift to a contrasting ASS. This
evolutionary process can, in turn, cause gradual and abrupt ecological changes in the
communities that host the different life stages.
The trait-based ASSs describe in chapter 5 suggest that altered selective pressures
as a result of changes in environmental conditions (i.e. human-induced evolution),
which are increasingly documented in wild populations (Allendorf and Hard 2009;
Sih et al. 2011; Woodward et al. 2007), may be an important cause of regime shifts.
Chapter 6 demonstrates that the evolutionary process initiated by altered selective
pressures can drive trait values beyond the tipping point where a regime shift occurs.
Therefore, changes in environmental conditions may not occur beyond a threshold
and therefore do not immediately cause an abrupt regime shift, but it may trigger
an evolutionary process that ultimately causes a delayed regime shift to a contrasting
ASS.
Chapter 6 therefore contributes to the body of theory on ecosystems resilience
by presenting a new mechanism whereby changes in environmental conditions cause
delayed abrupt regime shifts in nature. Through this mechanism it is possible that
regime shifts in ecosystems, which are observed in the present, are the consequence
of perturbations that occurred in the distant past. The mechanism that is the ultimate
cause of a documented regime shift may therefore be impossible to determine from a
correlation between the time series of the ecosystem state and measured values of the
abiotic environment, which is common praxis at present (Scheffer et al. 2001).
Although most research addressing the effects of environmental change has focused on a separate understanding of its ecological and evolutionary consequences,
simultaneous ecological and evolutionary responses are common in nature (Urban
et al. 2012). Moreover, rapid changes in phenotypic traits can have important effects
on ecological processes (Palkovacs et al. 2012). Such joint responses should in fact
be the rule because, as I mentioned above, environmental change frequently affects
population abundance. In turn, changes in population abundance alter demographic
dynamics that differentially affect the fitness of individuals with different phenotypes,
thus triggering an evolutionary response. Chapters 4, 5 and 6 demonstrate that
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considering both ecological and evolutionary responses to changing environmental
conditions yields unexpected outcomes. Specifically, the result of chapter 4 contradicts classical theory on evolution of life history traits that is based only on individual
optimization. The result of chapter 5 shows that phenotypic changes can affect the
resilience of ecosystems with alternative stable states, in contrast to traditional theory in ecology that assume that only external conditions affect the resilience of these
ecosystems. The result of chapter 6 expands the possible causes of regime shifts in
ecosystems with alternative stable states after a perturbation. These results join recent
research efforts that have documented the emergence of novel phenomena when both
ecological and evolutionary processes are considered in concert (Bolchoun et al. 2017;
Norberg et al. 2012; Palkovacs et al. 2012; Urban et al. 2012).

7.3 – Aspects to consider in the future when investigating
responses to a changing environment
Up to this point I have argued for the integration of individual life history, ecological
interactions, and eco-evolutionary dynamics in a theoretical foundation that serves as
a framework of an explanatory and predictive ecological science. Some aspects of life
history, ecological interactions, and eco-evolutionary dynamics have been considered
in different chapters of this thesis. We should not forget that modeling approaches
necessarily simplify the complexity of natural systems. In this section I discuss other
aspects that should be considered in future research in this field.
Complex communities
In this thesis, I investigated the ecological and eco-evolutionary consequences of
changing environmental conditions on populations with an ontogenetic habitat shift
by considering the interplay between individual life history and ecological interactions. Throughout this thesis, I have considered intraspecific competition via resourceconsumer interaction. Populations, however, inhabit more complex communities: besides their interaction with resources, they interact with competitors of other species
and with natural enemies. Such interactions have large effect on the stability and
structure of populations and communities.
de Roos and Persson (2013) demonstrate that two predator species that forage
in different habitats on the juveniles and adults, respectively, of a prey species with
a shift at maturation between these habitats reciprocally facilitate each other as a
consequence of bistability (the same type of bistability as presented in chapters 5
and 6). Therefore, extinction of one of the predators results in extinction of the
stage-specific predator in the other habitat for a wide range of resource productivities.
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Chapters 4, 5 and 6 demonstrate that mortality, which may be caused by predation,
affects the evolution of the timing of the habitat shift. Therefore, by foraging, the
predators affect this life history trait in their prey population. Since the timing of the
habitat shift determines the recruitment of prey from one habitat to the other, the
predator populations influence the prey biomass in each habitat and thus their own
food availability. This raises the questions: How do habitat-specialized predators affect
the evolution of the timing of the habitat shift and their own persistence when this
trait evolves? May the presence of one or both predators stabilize the eco-evolutionary
cycles observed in chapter 5? How does this life history trait of the prey coevolve with
diet preference traits of the two predators?
In this thesis I assumed a very simple food web with a structured consumer feeding
on unstructured prey. However, in marine pelagic ecosystems the food web can consist
of at least four trophic levels: the primary producers (phytoplankton), the zooplankton
that forages on the phytoplankton, zooplanktivorous fish (forage fish) and piscivorous
fish (top predators), in which ontogenetic shifts are common (de Roos and Persson
2013). In this system, species that dominate the zooplankton (copepods) increase
in body size up to 2 orders of magnitude (Kiørboe and Sabatini 1994), while fishes
grow up to 4 orders of magnitude in size (Werner and Gilliam 1984) throughout the
life cycle. Therefore, marine food webs in their simplest representation include three
trophic levels of consumers comprising at least one population with a pronounced
size-structure.
The introduction of additional size-structured populations is likely to increase
considerably the complexity of the ecological stage where the evolutionary play takes
place. de Roos and Persson (2013) identified three alternative stable community states
occurring under the same conditions of resource productivity when only two trophic
levels (prey and predator) are size-structured and the predator has an ontogenetic
niche shift. We currently can only guess at the ecological consequences of three
size-structured populations operating at different trophic levels and supported by an
unstructured producer population. This opens an enormous scope for future research
to understand how life history traits coevolve in interacting size-structured populations
with ontogenetic shifts and how a changing environment affects these coevolving
populations.
Phenotypic plasticity
Faced with a changing environment, populations may respond by adapting. Adaptive
phenotypic change can be mediated by phenotypic plasticity, which is the range of
phenotypes that a single genotype can express as a function of environmental conditions, or by genetic evolution, in which existing genetic variants that are capable of
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coping with the novel conditions are selected for. A meta-analysis suggests that in
response to environmental change the contribution of phenotypic plasticity to adaptation is greater than that of genetic evolution in phenotypic traits (Hendry et al.
2008). However, given that phenotypic change does not guarantee increased population viability, a future avenue of research should investigate under which conditions
phenotypic plasticity or genetic evolution or both increase population viability.
Most life history traits exhibit plasticity in response to environmental conditions
(Caswell 1983) and this plasticity can alter demographic rates and ecological interactions (Miner et al. 2005). Phenotypic plasticity hence has the potential to influence
stability and composition of population and communities. A first theoretical approach
in a predator-prey system suggests that the source of phenotypic change, that is phenotypic plasticity or genetic evolution, differentially affects population dynamics (Cortez
2011). How do such differential effects influence the stability and composition of communities in response to a changing environment? Do the interaction of ecological and
selective processes after a perturbation differ when phenotypic changes are mediated
by phenotypic plasticity or genetic evolution? Elucidating the effects of phenotypic
plasticity and genetic evolution on ecological processes and the feedback between
them will contribute to characterize the role of evolutionary processes on ecosystem
resilience.

7.4 – Conclusion
The results presented in this thesis contribute to an understanding of the mechanisms
whereby changes in populations with an ontogenetic habitat shift occur as a result of a
changing environment. Characterizing these mechanisms required the consideration
of the multiple responses of individuals that make up the population, including the
different individual responses throughout life history. Individual life history, ecological
interactions, and eco-evolutionary dynamics prove to be necessary ingredients in a
theoretical foundation that serves as a framework of an explanatory and predictive
science. In this framework, the linkage that connects these components is individual
energetics. An explicit description of how individuals acquire and utilize energy is
essential to link individual life history and ecological interactions, which together
determine individual fitness and thus evolutionary processes. In this way, energy
connects individuals with their environment in a bidirectional manner: individuals
depend on their environment and the environment is the product of the organisms that
inhabit it. The consequences of a changing environment on populations, communities
and ecosystems can only be understood in the context of the interaction between
individuals and their environment.
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Populations crossing habitat boundaries in the face of environmental change
Almost all ecosystems on Earth are facing the impacts of rapid environmental change.
As the human population continues to increase and its activities expand, biodiversity
loss and global changes in climate and land cover intensify. Environmental change is
occurring at unprecedented rates (Steffen et al. 2006) and is causing shifts in species
distributions, abundances, phenology, physiology and morphology (Bellard et al. 2012;
Dawson et al. 2011; Ozgul et al. 2010). Accurate predictions are needed to supply
managers and stakeholders with potential responses of biological systems to environmental change in order to facilitate decision-making in conservation management.
However, we have largely failed to generate accurate predictions regarding environmental change responses (Dawson et al. 2011; Gilman et al. 2010; Grimm and Railsback
2012).
In chapter 1 of this thesis, I argue that the failure to generate accurate predictions
stems from the fact that predictive studies of environmental change are not based on
a strong theoretical foundation in which population and community dynamics emerge
from interactions between individuals and their responses to the environment. In
fact, assessments of environmental change impacts on populations typically rely on
descriptions of processes coming from aggregated population data (Chevin et al. 2010;
Dawson et al. 2011). Nonetheless, populations do not respond to the environment, individuals do (Clark et al. 2011), therefore, the limited ability to accurately predict is not
surprising. Impacts of environmental change on populations and communities are the
consequence of the multiple responses of individuals that make up these populations
and communities. Accurately predicting population and community consequences
of environmental change therefore requires an explicit description of the multiple
individual responses.
Environmental change is not uniform; in fact, its impact differs across habitats. Organisms living in different habitats therefore experience different effects of a changing
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environment. Many animal species change their habitat throughout their lives (Werner
1988). Species with an ontogenetic habitat shift use different habitats in different life
stages. One of the most remarkable types of ontogenetic habitat shift is anadromy, of
which salmon life cycle is one of the best-known examples. The anadromous life cycle
begins in freshwater, individuals subsequently migrate to the ocean, where they grow
larger and eventually become mature, after which they migrate back to freshwater for
reproduction. Therefore, in a population with an ontogenetic habitat shift the impact
of environmental change varies depending on its effects on either habitat and thus
on either life stage. An explicit description of the individual life history is required
to accurately assess the consequences of environmental change on populations with
an ontogenetic habitat shift. By considering the effects of changing environmental
conditions on individual life histories, this thesis investigates the ecological (chapters
2 and 3) and eco-evolutionary (chapters 4, 5 and 6) consequences of those changing
conditions on populations with an ontogenetic habitat shift.
There is growing evidence that effects of a changing environment on individuals
and populations are intimately linked (Parmesan 2006). However, the mechanisms
causing these joint responses remain largely unidentified. Chapter 2 contributes to
filling this gap by identifying the mechanisms causing joint responses in life history
traits and population dynamics of anadromous populations exposed to deteriorating
environmental conditions. Specifically, I study what the effects of increased energetic
costs of the breeding migration and reduced survival and food availability in the ocean
are on an anadromous population. These threats directly affect only individuals in
late life stages (oceanic life stage), however its indirect effects include apparently
positive effects such as high body growth rate in other life stages. Low survival and
low food abundance in the habitat used by older individuals, as well as high cost of the
breeding migration, negatively impact the population birth rate. As a consequence of
low population birth rate, individual density in the breeding habitat is low and thus
decreased competition for food resources enables a higher body growth rate. This
mechanism therefore explains the relation between negative impacts on individuals
of late life stages and increased body growth rate in other life stages. This mechanism
reveals that increased growth rate of individuals in the freshwater habitat may be a
signal of population decline and negative impacts affecting individuals in the oceanic
life stage.
Current environmental changes increase the diversity and intensity of stressors
affecting ecological communities simultaneously, however the cumulative and interactive effects of various stressors in combination are poorly studied (Crain et al. 2008).
While in chapter 2, I investigate the independent effects of increased energetic costs
of the breeding migration and reduced survival and food availability in the ocean;
in chapter 3, I investigate the cumulative effects of these deteriorating conditions on
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a population. Chapter 3 shows that multiple stressors may interact in a highly nonlinear manner and thereby, counterintuitively, mitigate each other’s negative effect.
On their own, both increased cost of the breeding migration and low marine food
levels negatively affect anadromous fish populations, as shown in chapter 2. But,
unexpectedly, low marine food levels favor, as opposed to threaten, the ecological success of anadromous populations negatively affected by increased cost of the breeding
migration. This counterintuitive effect is due to the fact that individuals switching to
higher food levels in the ocean reach larger sizes with concomitant larger migration
costs but have lower energy densities. The individual energetic budget has a key role
in the mechanism causing the counterintuitive effect. Stressors mainly interact in a
non–linear manner (Crain et al. 2008), hence predicting the consequences of multiple
stressors affecting a population in a cumulative way requires gaining further insight
into the mechanisms causing these non-linear effects. Chapter 3 demonstrates how
such consequences can be investigated by integrating individual energetics and life
history into population models.
In populations with an ontogenetic habitat shift, the timing of this shift has multiple effects on individual and population processes. Since the two habitats used by
individuals in different life stages differ in a variety of conditions including food abundance and mortality risk, individuals experience multiple changes during the habitat
shift that influence their survival, growth and fecundity. Therefore, the timing of the
habitat shift is fundamental in determining individual fitness and thus subjected to
selection. Effects of environmental change on food abundance and mortality risk may
differ across the habitats used in different life stages, hence changing environmental
conditions may shift the optimal timing of the habitat shift and thus trigger phenotypic
changes on this life history trait. The timing of an ontogenetic habitat shift influences
population processes by determining the outflow and inflow of individuals in the two
habitats and thus the density of individuals in each habitat that. High density of individuals in either habitat imposes a high foraging pressure that causes the depletion
of food resource in this habitat. Conversely, in a habitat with low density of individuals food is abundant. Food availability, in turn, influences the optimal timing of an
ontogenetic habitat shift by altering individual survival, growth and fecundity.
Consequently, the feedback between individual and population processes is fundamental to understand how a changing environment produces evolutionary changes
in the timing of an ontogenetic habitat shift, which in turn causes ecological changes.
Traditionally, the evolution of the timing of an ontogenetic habitat shift has been
studied in a context of individual optimization of fitness that ignores ecological interactions between individuals. However, the fitness of an individual is the result of
its interactions with competitors, resources and natural enemies. These ecological
interactions do not remain constant throughout individuals’ lives. For instance, small
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individuals are usually more vulnerable to predation than large ones (size-dependent
mortality). Chapter 4 demonstrates that size-dependent and size-independent mortality differ in their effects on the structure of a population with an ontogenetic habitat
shift that causes changes in the strength of competition. As a consequence of these
effects, the nature of the mortality source (size-dependent vs. size-independent) influences the evolution the timing of an ontogenetic habitat shift in the opposite direction
of selection than was expected in a context of individual optimization of fitness. Environmental change frequently alters population abundance (Ehrlén and Morris 2015)
and structure (Allendorf and Hard 2009), which, in turn, affect interactions with competitors in the population. Chapter 4 demonstrates that those interactions can shape
the evolution of life history traits and, therefore they cannot be overlooked when
investigating the eco-evolutionary consequences of a changing environment.
As a consequence of a life cycle with an ontogenetic habitat shift, the different habitats hosting different life stages are indirectly connected through the flux of individuals
between them. It is increasingly recognized that such connections can have strong
impacts on the structure and dynamics of the local communities (Doughty et al. 2016;
Polis et al. 2004; Sánchez-Hernández et al. 2018). Although those ecological impacts
are well known, their interactions with evolutionary dynamics are not yet studied.
Chapter 5 shows that the interaction between ecological and evolutionary dynamics
drive changes in the timing of the habitat shift and that this evolutionary process can,
in turn, cause gradual and abrupt ecological changes in the communities that host the
different life stages.
We have witnessed abrupt and dramatic transitions in the composition and functioning of diverse ecosystems, including lakes, coral reefs, deserts, woodlands and
oceans. These so-called regime shifts are attributed to the existence of alternative
ecosystem stable states for the same set of conditions. Traditionally, ecologist have
considered the occurrence of these abrupt regime shifts to a dramatically contrasting
ecosystem state when changes in abiotic conditions occur beyond a threshold (tipping
point)(Scheffer et al. 2001). In contrast to traditional ecological theory, chapter 6
demonstrates that changes in these conditions may not occur beyond a threshold and
therefore do not immediately cause an abrupt transition to a contrasting state, but can
nonetheless result one with a substantial time delay due the evolutionary process that
is triggered by the change in conditions. This suggests that regime shifts in ecosystems observed in the present may be the consequence of perturbations that occur in
the distant past but we would fail to attribute a regime shift to its perturbation if we
ignore the evolutionary process initiated by the perturbation. Chapter 6 contributes to
the body of theory on ecosystems resilience by presenting a new mechanism whereby
changes in environmental conditions cause delayed regime shifts in nature.
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The results presented in this thesis contribute to an understanding of the mechanisms whereby changes in populations with an ontogenetic habitat shift occur as
a result of a changing environment. Characterizing these mechanisms required the
consideration of the multiple responses of individuals that make up the population,
specially, the different individual responses throughout life history. Individuals depend on their environment and the environment is the product of the organisms that
inhabit it. Therefore, if we are to predict ecological consequences of environmental
change and thus to adopt conservation measures accordingly, mechanistic understanding of how individuals interact between them and with their environment is certainly
required.
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Het effect van omgevingsveranderingen op trekkende populaties
Bijna alle ecosystemen op aarde voelen de effecten van snelle veranderingen in de
natuurlijke omgeving. De toenemende groei van de menselijke bevolking en de uitbreidende schaal van menselijke activiteiten leiden tot verlies van biodiversiteit en
tot wereldwijde veranderingen in klimaat en landgebruik. De ongekende snelheid
waarmee huidige ecosystemen veranderen zorgt voor verschuivingen in de verspreiding en aantallen van soorten, en veranderingen in fenologie, fysiologie en morfologie
(Bellard et al. 2012; Dawson et al. 2011; Ozgul et al. 2010). Om de besluitvorming in
het beheer van ecosystemen te faciliteren moeten beheerders en belanghebbende de
effecten van de veranderde omgeving op biologische systemen nauwkeurig kunnen
voorspellen. Echter, we zijn er niet in geslaagd om nauwkeurige voorspellingen te maken over de effecten van veranderingen in de natuurlijke omgeving op ecosystemen
(Dawson et al. 2011; Gilman et al. 2010; Grimm and Railsback 2012).
In hoofdstuk 1 van dit proefschrift beargumenteer ik dat het gebrek aan nauwkeurige voorspellingen wordt veroorzaakt doordat voorspellende studies van omgevingsveranderingen geen theoretische onderbouwing hebben waarin de dynamiek van
populaties en levensgemeenschappen voortkomt uit de interacties tussen individuen
en de individuele reacties op de omgeving. In feite zijn de meeste rapportages over
het effect van omgevingsveranderingen op populaties gebaseerd op data die processen
op het populatieniveau beschrijven (Chevin et al. 2010; Dawson et al. 2011). Omdat
in de werkelijkheid niet de populaties, maar de individuen binnen een populatie reageren op omgevingsveranderingen (Clark et al. 2011) is het gebrekkige vermogen
om nauwkeurige voorspellingen te maken niet verrassend te noemen. De effecten
van omgevingsveranderingen op populaties en levensgemeenschappen worden veroorzaakt door de meerdere reacties van de omgeving op de individuen waaruit deze
populaties en levensgemeenschappen zijn opgebouwd. Om nauwkeurig te kunnen
voorspellen hoe populaties en levensgemeenschappen beïnvloed worden door veran183
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deringen in hun leefomgeving is het dus nodig om de effecten op individuen expliciet
te beschrijven.
Veranderingen in de omgeving zijn niet eenduidig: in feite zijn deze in elk leefgebied anders. Organismen met meerdere leefgebieden ondervinden omgevingsveranderingen dus op meerdere manieren. Er zijn veel soorten die van leefgebied
veranderen gedurende het leven (Werner 1988). Wanneer individuen verschillende
leefgebieden gebruiken in verschillende levensfase spreken we van een ontogenetische habitat verschuiving. Anadromie is een van de meeste opmerkelijke vormen van
een ontogenetische habitat verschuiving en is vooral bekend door de levenscycli van
verschillende zalmsoorten. De anadromische levenscycli begint in zoet water, waarna
individuen migreren naar de oceaan, alwaar zij uitgroeien tot volwassen individuen
en uiteindelijk terug migreren naar het zoetwater habitat om zich daar voort te planten. Voor een populatie met een ontogenetische habitat verschuiving verschillen de
effecten van omgevingsveranderingen per habitat, en dus per levensstadium. Om
nauwkeurige voorspellingen te doen over de effecten van omgevingsveranderingen
op populaties met een ontogenetische habitat verschuiving is een expliciete beschrijving van de levenscyclus noodzakelijk. In dit proefschrift worden de ecologische
(hoofdstukken 2 en 3) en eco-evolutionaire (hoofdstukken 4, 5 en 6) consequenties
van omgevingsverandering op populaties met een ontogenetische habitat verschuiving
onderzocht, door expliciet de effecten van deze verandering op de levenscyclus mee
te nemen.
Er is toenemend bewijs dat de effecten van omgevingsveranderingen op individuen
en populaties onlosmakelijk met elkaar verbonden zijn (Parmesan 2006). Echter, de
mechanismen hierachter zijn grotendeels onbekend. Hoofdstuk 2 draagt bij aan het
identificeren van deze mechanismen door te kijken naar de gelijktijdige veranderingen
in populatiedynamiek en de levenscyclus van individuen in een anadrome populatie
die wordt blootgesteld aan verslechterende omgevingsomstandigheden. Meer specifiek bestudeer ik de effecten van een toename in energetische kosten van migratie en
een afname in overleving en voedselbeschikbaarheid in de oceaan op een anadrome
populatie. Deze omgevingsveranderingen hebben alleen een direct effect voor individuen in het latere (oceanische) levensstadium. Echter, het blijkt dat er ook indirecte
positieve effecten zijn voor de andere levensstadia, zoals een grotere lichaamsgroeisnelheid. De lage overleving en de lage voedselbeschikbaarheid in het leefgebied
van oudere individuen, alsook de hogere kosten van de migratie, hebben een negatief effect op de reproductiesnelheid van de populatie. Een consequentie van een
lage reproductiesnelheid is een lage dichtheid van individuen in het broedgebied en
daardoor een verminderde competitie voor voedselbronnen wat zorgt voor de hogere
lichaamsgroeisnelheid. Dit mechanisme verklaart de relatie tussen de negatieve effecten op individuen in het latere levensstadium en de toegenomen lichaamsgroeisnel184
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heid in de overige levensstadia. Hetzelfde mechanisme onthult dat een toegenomen
lichaamsgroeisnelheid in het zoetwater habitat kan duiden op een populatieafname
en negatieve effecten op individuen in het oceanische levensstadium.
Huidige omgevingsveranderingen leiden tot een toename in diversiteit en intensiteit van stressoren die gelijktijdig ecologische gemeenschappen beïnvloeden. Echter,
de cumulatieve en interactieve effecten van combinaties van verschillende stressoren
zijn slecht onderzocht (Crain et al. 2008). In tegenstelling tot hoofdstuk 2, waarin ik
kijk naar de afzonderlijke effecten van verhoogde energetische kosten van migratie
en verminderde overleving en voedselbeschikbaarheid in de oceaan, onderzoek ik in
hoofdstuk 3 de cumulatieve effecten van deze verslechterende omstandigheden op de
populatie. Hoofdstuk 3 beschrijft hoe meerdere stressoren met elkaar interacteren op
een niet-lineaire manier, waarbij deze elkaars negatieve effect kunnen opheffen. Zoals
wordt beschreven in hoofdstuk 2, hebben zowel de verhoogde kosten van migratie, als
de lage mariene voedselbeschikbaarheid afzonderlijk een negatief effect op anadrome
vispopulaties. Echter, een lage mariene voedselbeschikbaarheid bevordert, in plaats
van verhindert, het ecologisch succes van anadrome populaties die negatief beïnvloed
worden door de hoge kosten van migratie. Dit tegenintuïtieve effect ontstaat doordat
individuen die in de oceaan meer voedsel tot hun beschikking hebben, tot grotere
omvang groeien en daardoor hogere migratiekosten hebben, maar een lagere energiedichtheid. Het individuele energiebudget vervult een sleutelrol in het mechanisme
dat verantwoordelijk is voor dit tegenintuïtieve effect. De interactie tussen meerdere
stressoren is meestal niet-lineair (Crain et al. 2008) en om de cumulatieve effecten van
meerdere stressoren op de populatie goed te voorspellen is het noodzakelijk om een
beter inzicht te krijgen in de mechanismen die deze niet-lineaire effecten veroorzaken.
Hoofdstuk 3 laat zien dat zulke cumulatieve effecten kunnen worden onderzocht door
de energetica en levenscycli van individuen mee te nemen in populatiemodellen.
In populaties met een ontogenetische habitat verschuiving heeft de timing van deze
verschuiving meervoudig effect op individuele- en populatieprocessen. Omdat de twee
verschillende leefgebieden die gebruikt worden door individuen in de opeenvolgende
levensstadia op meerdere manieren van elkaar verschillen, zoals in voedselaanbod of
sterftekans, ervaren individuen die van habitat wisselen meerdere veranderingen die
hun overleving, groei en fecunditeit beïnvloeden. De timing van de habitat verschuiving is daarom van cruciaal belang voor individuele fitness en dus onderhevig aan
natuurlijke selectie. Als effecten van omgevingsveranderingen verschillen tussen de
leefgebieden die door individuen in de opeenvolgende levensstadia gebruikt worden,
leiden veranderingen in de omgeving tot een aanpassing in de optimale timing om
van leefgebied te wisselen en dus tot een fenotypische verandering van deze eigenschap. De timing van de ontogenetische habitat verschuiving beïnvloedt processen
op het populatieniveau doordat het de in- en uitstroom van individuen in de twee
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leefgebieden bepaalt en daarmee ook de dichtheid van individuen in elk habitat. Een
hoge dichtheid van individuen in een leefgebied zorgt voor een hoge voedselopname
wat leidt tot de uitputting van de voedselbron in het leefgebied. Daarentegen is de
voedselbeschikbaarheid in een leefgebied hoog als de dichtheid van individuen laag
is. De voedselbeschikbaarheid beïnvloedt vervolgens de optimale timing van de ontogenetische habitat verschuiving via de effecten op overleving, groei en reproductie.
De terugkoppeling tussen processen op het individu- en het populatieniveau is dus
van fundamenteel belang om te begrijpen hoe een veranderende omgeving de evolutionaire aanpassing in de timing van de ontogenetische habitat verschuiving bepaalt,
die vervolgens weer van invloed is op de ecologische veranderingen.
Van oudsher wordt de evolutie van de timing van een ontogenetische habitat
verschuiving onderzocht door individuele fitness optimalisatie waarbij geen rekening
gehouden wordt met de ecologische interactie tussen verschillende individuen. Echter, de fitness van een individu is het resultaat van de interacties met concurrenten,
voedselbronnen en natuurlijke vijanden. Zulke ecologische interacties blijven niet
hetzelfde gedurende het leven van een individu. Bijvoorbeeld, kleine individuen zijn
meestal vatbaarder voor predatie dan grote individuen (grootte-afhankelijke mortaliteit). Hoofdstuk 4 laat zien dat grootte-afhankelijke en grootte-onafhankelijke
mortaliteit verschillende effecten hebben op de structuur van een populatie met een
ontogenetische habitat verschuiving als deze een verandering veroorzaakt in de sterkte
van competitie. Een consequentie van deze effecten is dat de aard van de mortaliteit
(grootte-afhankelijk of grootte-onafhankelijk) de evolutie van de timing van de ontogenetische habitat verschuiving beïnvloedt op een manier die tegengesteld is aan de
richting van selectie die door een individuele optimalisatie van fitness wordt verwacht.
Verandering in de omgeving leiden vaak tot verandering in de populatiegrootte (Ehrlén and Morris 2015) en –structuur (Allendorf and Hard 2009), die vervolgens van
invloed zijn op interactie met concurrenten in de populatie. In hoofdstuk 4 wordt
laten zien dat deze interacties bepalend zijn voor de evolutie van individuele eigenschappen en daarom kunnen ze niet genegeerd worden bij het onderzoek naar de
eco-evolutionaire consequenties van een veranderende omgeving.
De consequentie van een levenscyclus met een ontogenetische habitat verschuiving is dat de verschillende leefgebieden indirect met elkaar verbonden zijn door de
transitie van individuen tussen de leefgebieden. Het wordt steeds beter erkend dat
zulke connecties een sterke invloed hebben op de structuur en dynamiek van lokale
levensgemeenschappen (Doughty et al. 2016; Polis et al. 2004; Sánchez-Hernández
et al. 2018). Alhoewel de ecologische effecten bekend zijn, zijn de interacties met de
evolutionaire dynamiek nog niet bestudeerd. Hoofdstuk 5 laat zien dat veranderingen
in de timing van de habitat verwisseling worden gedreven door de interactie tussen
ecologische en evolutionaire dynamiek en dat dit evolutionaire proces graduele en
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abrupte ecologische veranderingen veroorzaakt in de levensgemeenschappen van de
verschillende levensstadia.
Wij hebben abrupte en dramatisch transities in samenstelling en functioneren van
diverse ecosystemen waargenomen, zoals van meren, koraalriffen, woestijnen, bossen en oceanen. Deze zogeheten regime transities worden toegeschreven aan het
bestaan van alternatieve stabiele evenwichten die voorkomen bij dezelfde omstandigheden van de omgeving. Van oudsher zijn ecologen er vanuit gegaan dat een abrupte
transities naar een alternatieve toestand van het ecosysteem gebeurt wanneer de abiotische condities een bepaalde drempelwaarde (‘omslagpunt’)(Scheffer et al. 2001)
overschrijden. In tegenstelling tot de gevestigde ecologische theorie, wordt in hoofdstuk 6 beschreven dat wanneer de abiotische condities de drempelwaarde van het
ecosysteem niet overschrijden, en een abrupte transitie naar een alternatief evenwicht
daardoor niet meteen plaatsvindt, een abrupte transitie alsnog kan plaatsvinden na
een aanzienlijke vertraging door het evolutionaire proces dat ingezet wordt als gevolg
van de veranderde omstandigheden. Dit zou betekenen dat recente abrupte transities
in ecosystemen een consequentie kunnen zijn van perturbaties uit het verre verleden.
In dit geval zou een ecosysteem transities niet worden toegeschreven aan de perturbatie als hierbij het evolutionaire proces dat in gang is gezet door deze perturbatie wordt
genegeerd. Hoofdstuk 6 draagt bij aan de theorievorming over de veerkracht van
ecosystemen met een nieuw mechanisme waarin veranderende omstandigheden met
een vertraging verantwoordelijk zijn voor abrupte transities in natuurlijke systemen.
De resultaten in dit proefschrift leiden tot een beter begrip van de mechanismen
waarmee populaties met een ontogenetische habitat verschuiving reageren op veranderende omstandigheden in de natuurlijke omgeving. Om deze mechanismen te
doorgronden is het noodzakelijk om de verschillende reacties van individuen binnen
de populatie in acht te nemen, en meer specifiek, de verschillende individuele reacties
gedurende de volledige levenscyclus van een individu. Individuen zijn afhankelijk
van hun omgeving en de omgeving is het product van de organismen die er in leven.
Om de ecologische consequenties van een veranderende omgeving te voorspellen, en
om overeenkomstige beheersmaatregelen te nemen, is het noodzakelijk om een mechanistisch begrip te hebben van de interacties van individuen met elkaar en met de
omgeving.
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