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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.

130

Introduction

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.
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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
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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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in nursery habitat

0.6

0.2
0

0.5

in adult habitat

Food resource

0.4

Regime shift

A

0.4
0.3

in nursery habitat

1

0.5
0

0.6

in adult habitat

Population biomass

0.2

0.4
0.2
0

B
Body size at
habitat switch

0.35
0.3
0.25
0

100

200
Time

300

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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A

Population biomass

Food resource

0.5
0.4
0.3
Mortality decrease

0.2
0.1
1.2
0.8
0.4

1.2

Food resource

B

1.6
Mortality in adult habitat

2

2.4

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0.5

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.5

0.5

0
0.6

0
0.6

0.4

0.4

0.2

0.2

Population biomass

1

0

1

0.2
0.3
Body size at habitat switch

0.4

0.2
0.3
0.4
Body size at habitat switch

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)
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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 −
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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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