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Regime shifts in diverse ecosystems, including lakes, coral reefs, 
deserts, woodlands and oceans have been attributed to the 
occurrence of qualitatively different, alternative stable states 

(ASSs) under the same set of external conditions1,2. These abrupt 
transitions between contrasting alternative ecosystem states occur 
as a consequence of small changes in external conditions. Current 
environmental changes are likely to increase the frequency and 
severity of regime shifts3,4, increasing incurred societal costs and 
making the need to uncover the factors that trigger regime shifts 
an urgent matter5–7. Existing theory considers these catastrophic 
transitions to result from changes in external conditions crossing 
a threshold or tipping point (Fig. 1a)1,8. To identify factors trigger-
ing regime shifts, analysis has focused on correlations between time 
series of external conditions and ecosystem variables9,10. However, 
changes in external conditions may also trigger evolutionary 
responses11,12, as exemplified by the rapid changes in phenotypic 
traits of wild populations due to changes in selective pressure that 
have been documented for many species13–16.

Whereas theory has considered that evolution may lead to spe-
cies extinction17, the possibility that current ecological changes may 
induce future regime shifts as a consequence of an evolutionary 
response has mostly been overlooked. Here we postulate an eco-
evolutionary mechanism (Fig. 1b) in which changes in external 
conditions of a system with ASSs do not push the system beyond 
a tipping point and may only have minor, immediate, ecological 
effects, but drastically alter the fitness landscape and thus the selec-
tive pressures on phenotypic traits. The ensuing natural selection 
causes gradual phenotypic change, which after a considerable delay 
drives the phenotype beyond a tipping point and results in the eco-
system undergoing an abrupt regime shift in ecological state.

We illustrate this mechanism by incorporating evolution-
ary dynamics into an ecological system in which previous studies 
showed that regime shifts can occur18. The system consists of a 
population of individuals that use two different habitats in consecu-
tive stages of their life history. The development of an individual 
during its life history is represented by its growth in body size. The 
population thus links two different (spatially) segregated ecologi-
cal communities, in each of which only a part of the population  

(either the small juveniles or the immatures and adults) plays a func-
tional role. Changes in, for example, mortality risk in either of the 
two habitats will therefore result in changes in the composition and 
functioning of both communities, such as illustrated by the study 
of Knight et al.19, who showed that variation in mortality of juve-
nile dragonflies in ponds led to simultaneous changes in pollination 
success of plants growing around these ponds. In the extreme case, 
the changes in external conditions can even cause regime shifts to 
occur in both communities simultaneously18. Changes in mortality 
risk, however, also affect the optimal body size at which to switch 
habitats20. This life history trait is fundamental in determining 
individual fitness21,22 and, therefore, is subject to natural selection. 
Nonetheless, the evolution of this trait has been overlooked when 
investigating regime shifts. We use a population model23 in which 
individuals are born in the nursery habitat, where they grow until 
they reach a specific body size. At this body size, individuals switch 
to the adult habitat (we refer to the two habitats as nursery and adult 
habitat, even though individuals switch habitats before maturation 
and the adult habitat is therefore occupied by adults as well as large 
juveniles). We allow the body size at which individuals switch habi-
tats to evolve (see Methods for details) and use an approach that 
combines population genetics and adaptive dynamics to assess the 
eco-evolutionary consequences of the selection process that results 
from a seemingly beneficial ecological change: a reduction in mor-
tality in the adult habitat.

Results
A decrease in mortality in the adult habitat does not immediately 
cause a regime shift but triggers an evolutionary response that, after 
a substantial delay, results in one. Before mortality is decreased, the 
population is at an ecologically and evolutionarily stable equilib-
rium in which the trait value (in scaled units) is high (time 0 to 100 
in Fig. 2). Lower mortality experienced by individuals in the adult 
habitat, which may for instance result from the loss of a predator or 
a decrease in exploitation rate, destabilizes the ecological and evo-
lutionary dynamics. The ecological dynamics change from a stable 
equilibrium to oscillatory dynamics (limit cycle) (Fig. 2 at time 100).  
Population biomass in the adult habitat fluctuates around the 

Ecological changes with minor effect initiate 
evolution to delayed regime shifts
P. Catalina Chaparro-Pedraza   1,2* and André M. de Roos   1,3

Regime shifts have been documented in a variety of natural and social systems. These abrupt transitions produce dramatic shifts 
in the composition and functioning of socioecological systems. Existing theory on ecosystem resilience has only considered 
regime shifts to be caused by changes in external conditions beyond a tipping point and therefore lacks an evolutionary perspec-
tive. In this study, we show how a change in external conditions has little ecological effect and does not push the system beyond 
a tipping point. The change therefore does not cause an immediate regime shift but instead triggers an evolutionary process that 
drives a phenotypic trait beyond a tipping point, thereby resulting (after a substantial delay) in a selection-induced regime shift. 
Our finding draws attention to the fact that regime shifts observed in the present may result from changes in the distant past, 
and highlights the need for integrating evolutionary dynamics into the theoretical foundation for ecosystem resilience.

NAtuRE ECology & EvolutioN | VOL 4 | MArCh 2020 | 412–418 | www.nature.com/natecolevol412

mailto:Catalina.Chaparro@eawag.ch
http://orcid.org/0000-0001-9801-3878
http://orcid.org/0000-0002-6944-2048
http://www.nature.com/natecolevol


ArticlesNaTuRE EcOlOgy & EvOluTION

same value as before the decrease in mortality, whereas population  
biomass in the nursery habitat on average increases. The population 
cycles are sustained if the trait variation is zero and mutations do 
not occur (Fig. 2 grey line), preventing natural selection to induce 
phenotypic changes. In contrast, with trait variation, individuals 
with a smaller trait value are selected for because the new condi-
tions changed the selection pressures (black line in Fig. 2b). This 
evolutionary process initially stabilizes the ecological dynamics and 
dampens the oscillations, with food resource and population bio-
mass densities slowly returning to similar values as occurred before 
the decrease in mortality (time 100 to 290, black line in Fig. 2). 
However, much later on, the evolutionary process causes a regime 
shift with substantially lower and higher population biomass levels 
in the nursery and adult habitat, respectively (after time 290, black 
line in Fig. 2). Although the change in total population biomass 
is small, the changes in population composition result in notable 
functional changes of the population. For instance, the increased 
population biomass in the adult habitat results in strong compe-
tition in this habitat, which causes reduced growth rates of larger 
individuals and a 32% decrease in maximum body size (detailed 
population compositions in the ASSs are shown in Extended Data 
Fig. 1). The regime shift therefore entails an abrupt change in the 
demographic composition of the population, which results in con-
comitant and similarly abrupt changes in the ecological communi-
ties linked by the population. As we limit our analysis, for simplicity, 
to the interaction of the consumer with its resources, these changes 
in the two ecological communities are reflected in the change in 
abundance of the food resources that it uses in the two different 
habitats. Lower amounts of trait variation cause slower evolutionary 
dynamics and, therefore, delay the upcoming regime shift. However, 
once the mean trait value reaches the threshold (tipping point) trait 

value, the regime shift trajectory followed by the population and its 
resource is not affected by the amount of trait variation in the popu-
lation (see Extended Data Fig. 2).

The regime shift could not be determined when considering 
only the direct ecological consequences of the change in mortality. 
If individuals maintain the trait value that is evolutionarily stable for 
high mortality in the adult habitat, ASSs do not occur for any value 
of mortality in the adult habitat (Fig. 3a). The decrease in mortality 
merely causes the ecological dynamics to change from stable equi-
librium to cyclic dynamics (yellow lines in Fig. 3a). In contrast, with 
lower mortality levels in the adult habitat, ASSs do occur for smaller 
trait values (Fig. 3b). Furthermore, the decrease in mortality in the 
adult habitat causes smaller trait values to be selected for (orange 
arrows). Natural selection thus drives the population to the region 
where ASSs exist and ultimately beyond the tipping point at which 
one of the ASSs disappears and a regime shift occurs (yellow vertical 
arrows at a scaled body size value of 0.24 in Fig. 3b).

The long-term ecological dynamics of the population depend 
on its evolutionary dynamics, either approaching a new ecologi-
cal and evolutionary stable equilibrium after the first regime shift 
(Fig. 4a,c) or alternating perpetually with repeating regime shifts 
between the two ASSs (Fig. 4b,d). The latter scenario occurs when 
the evolutionary stable value for the trait corresponds to an equi-
librium that is ecologically unstable, making the evolutionary end-
point ecologically unreachable (see Extended Data Fig. 3). Together 
with the ecological dynamics, the trait value oscillates over time  
(Fig. 4b,d) because in our model selection has opposing directions 
in the ASSs (see Extended Data Fig. 3). In the first scenario, the 
system will never return to its initial state without external inter-
vention (in our case, an increase in mortality in the adult habitat), 
while in the latter scenario a return to the initial system state follows 
automatically from the intrinsic evolutionary dynamics. However, 
once in its original state an intervention to slow down the evolu-
tionary process (for instance, by manipulating trait variation) will 
be necessary to avoid another regime shift to the alternative, poten-
tially undesired state. Besides a change in the direction of selection, 
the evolutionary rates also differ substantially in the ASSs. Abrupt 
changes in the direction and strength of selection are not surprising 
given that the two ASSs correspond to qualitatively very different 
ecological conditions1 causing selective forces to be different as well.

Discussion
Faced with novel conditions, populations can experience rapid con-
temporary evolution16,24,25, which may mitigate ecological impacts on 
wild populations12. In accordance, we show that the evolutionary pro-
cess in response to a change in external conditions seemingly restores 
the state of the two ecosystems linked by the population with a habitat 
switch. However, this apparent adaptive response later on drives the 
trait value beyond the tipping point causing a regime shift. Although 
phenotypic change in populations has been considered essential for 
adaptation to novel conditions26, our results highlight that it can also 
precipitate the regime shift of ecosystems with ASSs because, paradox-
ically, it fuels the adaptive process that results in a delayed regime shift.

We illustrated this delayed regime shift using a population of a 
species with a habitat switch. In this system, the regime shift entails 
a dramatic change in the composition of the population that sud-
denly decreases and increases its biomass levels in the nursery and 
adult habitat, respectively. Although these changes in the biomass 
levels of different developmental stages occur without a major 
change in the total population biomass, their ecological conse-
quences can result in cascading impacts on the local communities 
in either habitat. It is increasingly acknowledged that ecological dif-
ferences among developmental stages within species can rival or 
even exceed differences between species20,27. For instance, increas-
ing body size is correlated with increasing trophic levels28. Indeed, 
most predator species in aquatic ecosystems begin their life as larvae 
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Fig. 1 | Potential ecological and evolutionary effects of changing 
conditions in ecosystems with ASSs. a, Existing theory in ecology 
postulates that regime shifts occur because external forces drive ecological 
conditions beyond a tipping point (yellow dot in bottom plane of plot; 
modified from ref. 1, Springer Nature Limited). b, We postulate an eco-
evolutionary framework, in which changes in ecological conditions can 
also affect the fitness landscape of phenotypic traits. Initially the system 
is ecologically and evolutionarily stable. A change in ecological conditions 
(black arrow) with minor effects does not change ecological stability but 
alters selective pressures and thus destabilizes the evolutionary 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 occurs (yellow dot in bottom plane of 
plot). At this point, the system undergoes a delayed ecological regime shift 
(yellow double arrows).
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at the base of food chains and as they growth larger their trophic 
level increases29,30. Therefore, juveniles have a very different ecologi-
cal niche and function than adults of the same species. As a conse-
quence, a sudden change in biomass of a particular developmental 
stage in the population may result in a change in the net effect of 
the population on the ecological system. This effect may be even 
stronger in populations with a habitat switch because their biomass 
is distributed over two different habitats and they link two separate 
ecological communities. Hence, if the juveniles in one habitat are 
mainly food source for larger predators due to their small size, and 
large juveniles and adults in the other habitat are mainly predators 
of other species, an abrupt change in the biomass of these stages 
would propagate through the two communities of which these dif-
ferent stages are part. Empirical evidence has demonstrated that 
ontogenetic habitat switches have important consequences across 
different communities and ecosystems: changes in abundance 
and composition of populations with a habitat switch have been 
shown to alter ecosystem functions such as pollination19, as well as 

predator–prey interactions and energy pathways in ecosystems31. 
Furthermore, changes in the composition of populations can alter 
community functioning and ecosystem processes even before the 
collapse of any species in the community32.

The regime shift presented here represents an abrupt transition 
between different demographic structures of a population that can 
result in simultaneous changes in the composition and function-
ing of the communities that this population inhabits. Such changes 
in the community composition and functioning can, in turn, alter 
ecosystem services. For instance, we show that, following the regime 
shift, the increase in biomass in the adult habitat causes reduced 
growth rates in this habitat and thus a substantial drop in maximum 
body size (32%). Several fish species of economic importance have 
life cycles that include a habitat switch, such as salmon, sturgeon 
and trout. Given that often large individuals have higher economic 
value per unit of biomass than small individuals33, the regime shift 
may alter the harvestable biomass and economic profitability of a 
fish stock with a habitat switch.

In this system, the trait under selection is directly involved in the 
mechanism underlying the ASSs. Schreiber and Rudolf18 showed 
that ASSs can occur in a population using two distinct habitats in 
different developmental stages and demonstrated that these ASSs 
arise from intrastage competition via food abundance. Since the 
timing of a habitat switch (that is, body size at habitat switch) regu-
lates the flow of individuals between the two habitats, this trait has a 
direct influence on the strength of competition in both habitats, and 
thereby on the mechanism underlying the ASSs.

Likewise, we suggest that, in other systems with ASSs, selection 
can drive phenotypic traits beyond a tipping point when the traits 
under selection have a direct effect on the mechanism underlying 
ASSs. For instance, in shallow lakes where a clear plant-dominated 
state and an alternative turbid algae-dominated state co-occur, the 
competitive interaction between macrophytes and algae is key in the 
existence of these ASSs34. Therefore, changes in external conditions 
that trigger phenotypic changes in traits associated with competi-
tive abilities of these species may cause selection-induced delayed 
regime shifts. Likewise, in aquatic food webs, ASSs correspond-
ing to low- and high-density of predator populations co-occur, 
and predator–prey interactions are key in the existence of these 
ASSs35,36. Specifically, predatory species shape the size–structure 
of their prey populations but disturbances in predator mortality, 
caused for instance by fishing, can render the predator population 
incapable of shaping the prey size distribution. As a consequence, 
when harvesting levels exceed a tipping point, the system shifts 
to an alternative stable state of low-density of the predator popu-
lation35. Size-selective harvesting of predatory fishes has triggered 
phenotypic changes in ecological and life history traits37,38 that may 
affect predator–prey interactions, and these changes may result in 
selection-induced delayed regime shifts.
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Fig. 2 | Eco-evolutionary dynamics of a population with a habitat switch 
experiencing a decrease in mortality in the adult habitat. a,b, Ecological 
(a) and evolutionary (b) dynamics of a population, whose individuals 
switch from a nursery to an adult habitat at a particular body size, before 
and after a reduction of mortality in the adult habitat (at time 100, vertical 
dotted line, from 2 to 1.5). Without trait variation in the population (grey 
lines), the change in mortality causes the stable equilibrium state to 
develop into stable population cycles, whereas when there is trait variation 
(black lines), a delayed regime shift occurs (vertical dashed line) after 
evolution to smaller size at habitat switch. 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 parameters are given in Table 1. All units are 
scaled units (see Methods).

Table 1 | Scaled parameter values

Description Symbol Relation with 
unscaled 
parameters

value

ratio of maximum resource 
density in habitats 1 and 2

ρ ρ ¼ D2
D1

I
0.5

resource growth rate δ δ ¼ θ
ffiffiffiffiffiffiffiffiffiffi
sm�sb
ϵga1D1

q

I

1

Mortality in habitat 1 η1 η1 ¼ μ1
ffiffiffiffiffiffiffiffiffiffi
sm�sb
ϵga1D1

q

I

Varied

Mortality in habitat 2 η2 η2 ¼ μ2
ffiffiffiffiffiffiffiffiffiffi
sm�sb
ϵga1D1

q

I

Varied

Attack rate ratio on food 
resource of habitats 1 and 2

q q ¼ a2
a1

I
1

Adult fecundity scaled constant β β ¼ sm�sbð Þϵb
ϵg

I

2,000

Body size at the habitat switch ws ws ¼ ss�sb
sm�sb

I
Evolving trait
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More than 30 different regime shifts have been documented 
in nature39. Whether selection can induce delayed regime shifts 
in all of them requires further research. We have demonstrated 
how selection-induced delayed regime shifts can be investi-
gated and how evolutionary dynamics can be incorporated to 
study responses of ecological systems with ASSs. Following this 
approach, for each system in which ASSs have been documented, 
it is necessary to investigate how environmental changes trigger 

trait evolution of key species, namely those species involved in 
the mechanisms underlying ASSs, and whether the ensuing evo-
lutionary responses can drive the system toward the vicinity of 
tipping points.

Besides ecological systems, delayed regime shifts may also occur 
in any system consisting of components with adaptable properties, 
such as human behaviour. The 2008 financial crisis, initiated by 
financial deregulation in the late 1970s but culminating in a collapse  
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only years later, following a steady increase in risky financial lend-
ing practices40, may serve as an example.

The mechanism underlying the occurrence of delayed regime 
shifts in ecological systems is the existence of ASSs for a range of trait 
values with natural selection driving the trait value beyond the tip-
ping point. Such trait-based ASSs suggest that human-induced evo-
lution, which is increasingly documented in wild populations14,41,42, 
may be an important cause of regime shifts in ecosystems but with 
the environmental change that is ultimately unleashing the regime 
shift occurring long before the regime shift itself. The ultimate cause 
of a documented regime shift in present times may, in this case, 
be impossible to determine with the common praxis of analysing  
correlations between the system state and external factors affect-
ing it. With environmental change come novel ecological condi-
tions and phenotypic changes11,12 that jointly can produce nonlinear  
dynamics with important consequences for communities and  
ecosystems. Understanding these dynamics, however, will prove 
challenging while ecological and evolutionary processes are stud-
ied in isolation. If we are to understand the responses of communi-
ties and ecosystems to environmental change, further knowledge of  
the interaction between ecological and evolutionary processes will 
be required.

Methods
The model. We consider a population structured by individual body size23 s, 
which uses two different habitats in consecutive stages of their life history. In each 

habitat individuals exploit a different resource. Individual resource consumption, 
somatic growth, survival and reproduction follow continuous-time dynamics. 
We use a minimal model that includes only the three key ingredients to describe 
the dynamics of a population of individuals exploiting two different habitats 
in consecutive stages of their life history: (1) competition for food and food-
dependent development in each of the two habitats resulting in density-dependent 
growth in body size and density-dependent reproduction; (2) a habitat switch 
during life history dependent on individual body size; and (3) differences in 
mortality rate experienced in the two habitats.

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, there is density-dependence mediated by food 
abundance, thus the food resource density declines through foraging by consumer 
individuals. In the absence of consumers, the resources are assumed to follow  
a semi-chemostat growth dynamics with productivity D and turnover rate θ  
(for an explanation and justification of this type of growth dynamics, see ref. 43). 
In the absence of consumers, dynamics of the resource density F1 and F2 in the 
habitats 1 and 2, respectively, is given by:

dFi

dt
¼ Di � θ Fi ð1Þ

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 a 
rate aiFi and to grow at a rate

g1 F1ð Þ ¼ ϵga1F1 ð2Þ
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Fig. 4 | Eco-evolutionary dynamics of a population with a habitat switch experiencing a decrease in mortality in the adult habitat for two different regimes 
of mortality in the nursery habitat. a–d, Ecological (a,b) and evolutionary (c,d) dynamics before and after a reduction in mortality in the adult habitat  
(at time 100, dotted line) from 2 to 1.2 in a and c and from 2 to 1.5 in b and d. Single (a) or multiple (b) delayed regime shifts (at 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. Other model settings and parameters as in Fig. 2.

NAtuRE ECology & EvolutioN | VOL 4 | MArCh 2020 | 412–418 | www.nature.com/natecolevol416

http://www.nature.com/natecolevol


ArticlesNaTuRE EcOlOgy & EvOluTION

in habitat 1, and

g2 F2ð Þ ¼ ϵga2F2 ð3Þ

in habitat 2, where ϵg is a proportionality constant relating the growth rate in 
biomass to the ingestion rate of food.

Adults reproduce at a rate

b F2ð Þ ¼ ϵba2F2 ð4Þ

where ϵb is a proportionality constant relating the reproduction rate (in terms of 
offspring per unit of time) in biomass to the ingestion rate of food. Individuals die 
at a mortality rate μ1 in the habitat 1 and μ2 in the habitat 2.

Ecological dynamics. Using standard methods to formulate size-structured 
populations from individual life history processes44, the population model  
based on the individual life history above is described by the following set  
of equations.

Dynamics of the food resource density in the habitat 1 is given by

dF1
dt

¼ D1 � θ F1 � a1F1

Z ss

sb

n1 t; sð Þds ð5Þ

and in the habitat 2 by

dF2
dt

¼ D2 � θ F2 � a2F2

Z 1

ss

n2 t; sð Þds ð6Þ

In equations (5) and (6), n1(t,s) and n2(t,s) are the density functions of the size 
distribution of the population in habitat 1 and habitat 2, respectively. The dynamics 
of these size-dependent density functions are given by:

∂n1 t; sð Þ
∂t

þ g1 F1ð Þ ∂ n1 t; sð Þ
∂s

¼ �μ1n1 t; sð Þ ð7Þ

∂n2 t; sð Þ
∂t

þ g2 F2ð Þ ∂ n2 t; sð Þ
∂s

¼ �μ2n2 t; sð Þ ð8Þ

In these equations, the abundance of individuals in either habitat ni(t,s) as a 
function of time t and their body mass s is dependent on the individual growth 
gi(Fi) and mortality μi rates. The entry of individuals in either habitat—newborns 
in habitat 1 and individuals switching to habitat 2—are described by the boundary 
conditions

g2 F2ð Þn2 t; ssð Þ ¼ g1 F1ð Þn1 t; ssð Þ ð9Þ

g1 F1ð Þn1 t; sbð Þ ¼ b F2ð Þ
Z 1

sm

n2 t; sð Þds ð10Þ

Equations (9) and (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, respectively. The total biomass of individuals in 
habitat 1 equals

Z ss

sb

s n1 t; sð Þds ð11Þ

and in habitat 2
Z 1

ss

s n2 t; sð Þds ð11Þ

We have non-dimensionalized the model (see Supplementary Information) 
and, as a result, the scaled model is described by the following set of equations:

dF1
dt

¼ 1� δ F1 �
Z ws

0
γ1 F1ð Þm1 t;wð Þdw ð12Þ

dF2
dt

¼ ρ� δ F2 �
Z 1

ws

γ2 F2ð Þm2 t;wð Þdw ð13Þ

∂m1 t;wð Þ
∂t

þ γ1 F1ð Þ ∂m1 t;wð Þ
∂w

¼ �η1m1 t;wð Þ ð14Þ

∂m2 t;wð Þ
∂t

þ γ2 F2ð Þ ∂m2 t;wð Þ
∂w

¼ �η2m2 t;wð Þ ð15Þ

with the boundary condition for switching from habitat 1 to habitat 2

γ2 F2ð Þm2 t;wsð Þ ¼ γ1 F1ð Þm1 t;wsð Þ ð16Þ
and for the population birth rate

γ1 F1ð Þm1 t; 0ð Þ ¼ β γ2 F2ð Þ
Z 1

1
m2 t;wð Þdw ð17Þ

In this system γ1(F1) = F1 and γ2(F2) = qF2. The scaled body size variable w 
is related to the original body size measure following w = (s – sb)/(sm  – sb) and 
maturation occurs at w = 1.

In the scaled system of partial differential equations, the parameters relate to 
the parameters in the unscaled model according to Table 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 Persson23.

Eco-evolutionary dynamics. In this study, we are interested in understanding 
the eco-evolutionary consequences of the selection process in the body size at 
habitat switch (the evolving individual trait) when individual mortality varies 
in either habitat. To investigate this, we study the evolutionary dynamics on 
ecological timescales using a quantitative genetics approach for life history traits 
in a structured population45. 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, approximately normal, distribution (more 
specifically, a Bates distribution of degree three), with mean ws

I
 and a minimum 

and a maximum value 1� σð Þws

I
 and 1þ σð Þws

I
, respectively. Given that individual 

fecundity βγ2 F2ð Þ
I

 is identical for every adult, 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 trait variation 2σ is assumed 
constant. A detailed model description of the eco-evolutionary dynamics can be 
found in the Supplementary Information (see Supplementary note 1).

In addition, we assess the possibility of evolutionary endpoints on the 
unstable ecological equilibrium using an adaptive dynamics approach for size-
structured populations46.

Model analysis. We use the Escalator Boxcar Train method44,47 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 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 into 
ten 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 ten subcohorts is assigned its own phenotype: 
five with lower and five with higher ws values than �w*

s
I

, equidistantly separated by a 
factor of 2σ�w*

s=10
I

. Newborn individuals are distributed over the subcohorts with 
different ws in such a way that the trait distribution reflects a discrete approximation 
to the Bates distribution truncated at 1� σð Þ�w*

s
I

 and 1þ σð Þ�w*
s

I
 that is described 

above. 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 (Figs. 2, 3 and 4b,d), and after a 
reduction of the mortality η2 in habitat 2 from 2 to 1.2 when the mortality rate η1 in 
habitat 1 is constant and equal to 2 (Fig. 4a,c). In both cases, genetic variation was 
represented with a truncated normal distribution with σ equal to 0.2. The effect 
of lower genetic variation σ = 0.1 was also investigated and its results are shown in 
Extended Data Fig. 2. We use the PSPManalysis software package48 to numerically 
compute and continue the ecological equilibrium of the non-dimensional form of 
the model as a function of the model parameters. 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 (Fig. 3). 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 using the adaptive dynamics 
approach. Hence, by using a combination of EBT and PSPManalysis package we 
detect evolutionary endpoints in the ecological setting (Extended Data Fig. 3c,d).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
No data were collected or used in this study.
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Code availability
The implementation of the Escalator Boxcar Train numerical method and the 
PSPM package used to analyse the model can be found in https://staff.fnwi.uva.
nl/a.m.deroos/EBT/Software/index.html and https://staff.fnwi.uva.nl/a.m.deroos/
PSPManalysis/index.html, respectively.
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Extended Data Fig. 1 | Population compositions in the ASSs when the average body size at habitat switch equals 0.25. The two ASSs correspond to low 
(solid line) and high biomass levels (dashed line) in the nursery habitat, and to high (solid line) and low biomass levels (dashed line) in the adult habitat. 
These alternative stable population compositions represent the population structure approximately at time 260 in Fig. 2 (before the regime shift in Fig. 2)  
and approximately at time 340 in Fig. 2 (after the regime shift in Fig. 2). The regime shift observed in Fig. 2 leads to a decrease in population density in 
the nursery habitat (green region) and an increase in population density in the adult habitat (blue region), mainly as a consequence of an increase in 
the density of immature individuals (smaller than the size at maturation). This increase in density of immature individuals in the adult habitat results in 
increased competition in this habitat that produces a reduction of 32% in the maximum asymptotic body size after the regime shift (reduction from 3.71 to 
2.52). Parameter values as in Fig. 2.
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Extended Data Fig. 2 | Eco-evolutionary effects of trait variation in the population. 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 habitat 1 is 0.8, other parameters as in Table 1 (see Methods).
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Extended Data Fig. 3 | long-term stability of the system. Population biomass and food resource densities in the nursery and adult habitat and selection 
gradient as a function of body size at habitat switch after a decrease in mortality when the evolutionary endpoint occurs a) in one of the alternative stable 
ecological equilibrium resulting in a single regime shift (dynamics shown in Fig. 4a) and b) in the unstable equilibrium resulting in repeated delayed 
regime shifts (dynamics shown in Fig. 4b). 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). The evolutionary endpoint is indicated with a circle 
(open circle in case it corresponds to an unstable ecological equilibrium, filled circle if it correspond to 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. Parameter values as in Fig. 4.
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