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

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

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
113

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

Resource density
(g/L)

Population biomass
(g/L)

Body length at
habitat shift (cm)

30

A

B

C

D

E

F

20

10
20
10
0
2
1.5
1
0.5
0

0

10

20

30

40
50
10
20
Evolutionary time (x 1000)

30

40

50

Resource density
(g/L)

Population biomass
(g/L)

Body length at
habitat shift (cm)

30

20

10
20
10
0
2
1.5
1
0.5
27.5
28
28.5
Evolutionary time (x 1000)

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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panel, 𝜇2 = 0.003 day−1 ). Other parameter values as in table 5.1.
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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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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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