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Marine reserves are considered essential for sustainable fisheries, although their
effectiveness compared to traditional fisheries management is debated. The effect of
marine reserves is mostly studied on short ecological time scales, whereas fisheries-
induced evolution is a well-established consequence of harvesting. Using a size-
structured population model for an exploited fish population of which individuals
spend their early life stages in a nursery habitat, we show that marine reserves will
shift the mode of population regulation from low size-selective survival late in life to
low, early-life survival due to strong resource competition. This shift promotes the
occurrence of rapid ecological cycles driven by density-dependent recruitment as well
as much slower evolutionary cycles driven by selection for the optimal body to leave
the nursery grounds, especially with larger marine reserves. The evolutionary changes
increase harvesting yields in terms of total biomass but cause disproportionately large
decreases in yields of larger, adult fish. Our findings highlight the importance of
carefully considering the size of marine reserves and the individual life history of fish
when managing eco-evolutionary marine systems to ensure both population persistence
as well as stable fisheries yields.
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The widespread problem of over-fishing occurring in many parts of the ocean is causing
serious challenges for the preservation of marine biodiversity (1–5). Creating marine
reserves is considered a key solution to tackle this issue, which ideally should result in
30% of the oceans being highly protected (6). While marine reserves are increasingly
established in various areas around the world (7–10), there is also ongoing debate about
their effectiveness compared to traditional management practices (11–14), especially with
regard to balancing of conservation and resource utilization (15, 16).

Marine reserves, in which fisheries are forbidden or restricted, are believed to reduce
the impact of human activities on fish populations, allowing them to recover and
thrive inside the reserve, while at the same time functioning as source populations
for larval dispersal (17) that supports stable harvests and improves fisheries yields
outside the reserve. Marine reserves have furthermore been argued to enhance ecological
resilience (18, 19), even though such beneficial effects may not emerge until a decade after
their establishment and their detection may require new monitoring approaches (20).
Studies in the Great Barrier Reef Marine Park in Australia indeed confirm that establishing
a marine reserve can stabilize population dynamics as well as fisheries yields (21).
However, many of the current ecological studies and models used to assess the impacts of
marine reserves consider only their short-term consequences on an ecological time scale
and do not take into account potential evolutionary responses of the fish populations
involved, such as changes in life history traits, gene flow, and genetic diversity (22–24).

Adaptive evolution is well known to occur in exploited fish populations as a
consequence of size- and age-selective harvesting (25). However, the consequences of
such fisheries-induced evolution when marine reserves are established may be difficult to
predict since many fish species, most prominently anadromous species like salmon and
many coral reef fishes (26, 27), use different habitats during different stages of their life
history, which exposes them to a multitude of ecological factors that influence fitness.
Individuals of the majority of fish species go through an ontogenetic habitat shift during
their life history between a “nursery habitat” where they spend the early stage of their
life, to a “growth” habitat when they are larger. In the nursery habitat, mortality risks
from predation are relatively low, but growth in body size is slow due to competition for
limiting food resources. In contrast, in the growth habitat, mortality from predation and
fisheries tends to be high, which relaxes competition. Density-dependent effects arising
from competition for food are indeed strongest during the early life stages that live in the
nursery habitat (28). A recent meta-analysis found substantial evidence for the important
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role of structured nursery habitats such as sea grass beds,
mangroves, and marshes, for enhancing the density, growth, and
survival of juveniles of many fish species, including 215 species
that are of commercial importance (29).

Because mortality and somatic growth are both dependent on
fish body size, small fish face a trade-off between living in the
relatively safe nursery habitat and achieving high growth rates
in the growth habitat (Fig. 1). The timing of this transition is
thus subject to natural selection, allowing the fish to avoid intense
food competition as soon as possible while still having a sufficient
size to minimize the risk of mortality. Theory (30) predicts
that individuals should shift habitats dependent on their body
size, which has been experimentally corroborated for a variety
of marine species, including the commercially important Nassau
grouper (Epinephelus striatus) (31), giant kelpfish (Heterostichus
rostratus) (32), blackspot snappers (Lutjanus fulviflamma), and
two species of emperor fish (33, 34). Harvesting impacts the
evolution of the timing of habitat switch as it makes the growth
habitat more risky, especially for larger-sized individuals.

In this study, we explore the long-term consequences of
establishing a marine reserve for an exploited fish population,
of which the individuals migrate between a nursery and a
growth habitat, where they spend consecutive stages of their
life history. The nursery habitat is assumed a relatively safe place
without harvesting and low mortality rates from natural causes
such as predation (from here onward referred to as background
mortality), whereas mortality rates due to harvesting as well as
natural causes (background mortality) are high in the growth
habitat. To this end, we extend a simple consumer–resource
model (26), in which the consumer population is structured by
individual body size s (Materials and Methods). All individuals
are born with a body size sb in the nursery habitat, the habitat
occupied by younger individuals. In line with theory (30) and
experimental evidence (31–34), we assume they remain in the
nursery habitat until their body size reaches a threshold value ss
when they switch to the growth habitat. Individuals with body
size ss will switch to the growth habitat, the habitat occupied
by older individuals, where they grow and mature on reaching

B

A

Fig. 1. Schematic diagram of the fish individual life history under fisheries
management without (A) and with (B) the establishment of a marine reserve.

body size sm. In contrast to previous models used for marine
reserves, e.g., simple discrete models (22, 23), matrix projection
models (20, 24, 35), metapopulation models (21, 36), we assume
that growth in body size of the individual fish in the nursery
habitat, the harvested area, and the marine reserve depends
on their feeding rate and hence on the resource density they
encounter in these different habitat parts. Reproduction by adult
individuals also depends on the food density in the harvested area
and the marine reserve, depending on where individuals have
settled. Furthermore, in all 3 habitat parts, individuals compete
for food and hence deplete food density, as such establishing
density-dependent feedback between local population density
and individual growth and reproduction operating via food
depletion. As a consequence, the time individuals spend in the
nursery habitat and the time they take to mature are dependent
on resource densities and are affected by the competition for these
resources.

We assume harvesting to occur on all individuals in the growth
habitat and compare fisheries management strategies without
(Fig. 1A) and with (Fig. 1B) the establishment of a marine reserve.
For the scenario with a reserve, the growth habitat is separated
into two parts consisting of the harvested area and the marine
reserve. For the scenario without reserve, the whole zone in the
growth habitat is the harvested area. See details in Fig. 1 for an
illustration. When leaving the nursery habitat, we assume that
individuals settle in either the part of the harvested area or in the
marine reserve without any further migration between these two
parts.

We use continuous-time dynamics to describe individual re-
source consumption, somatic growth, survival, and reproduction.
To reduce the number of parameters, we analyze the dynamics of
a scaled version of the model on an ecological time scale, assuming
that individuals switch between the two habitats on reaching a
fixed threshold value of body size, as well as on an evolutionary
time scale, when we allow the threshold body size at which
individuals switch habitats to evolve (see Materials and Methods
for details). This threshold at which individuals switch habitat is
indicated with the trait value ws, which is the scaled analogue of
the body size at habitat shift ss in Fig. 1. We use an approach that
combines population genetics and adaptive dynamics to assess
the eco-evolutionary consequences of the selection process that
results from the establishment of a marine reserve in the growth
habitat.

Results
Without a marine reserve, high fishing mortality experienced
in the growth habitat results in a stable equilibrium state (see
t = 0 to 50 in Fig. 2) of the fish population and its resource.
Evolutionary analysis (Fig. 4A) furthermore reveals that the high
fishing mortality also selects for a rather large value of the
body size at habitat shift (ws = 0.374). Establishing a marine
reserve covering 10% of the growth habitat increases fish biomass
in the nursery habitat (Fig. 2, Left) due to increases in total
population reproduction rate. Total population reproduction
increases because the presence of the marine reserve increases the
number of adult individuals, while the high resource densities
in both the harvested area and marine reserve make that these
adults have a high fecundity (Fig. 2, Left). However, the higher
fish densities in the nursery habitat deplete the resource to lower
levels (Fig. 2, Left), which slows down body size growth and
hence delays the recruitment from the nursery to the growth
habitat, which further contributes to increased fish density in
the nursery habitat. The slowing down of recruitment due to
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Fig. 2. Ecological dynamics of total fish biomass (Top), adult density (Middle) and resource density (Bottom) in the nursery habitat, the harvested area, and the
marine reserve following the establishment of a marine reserve at t = 50 (the reserve does not exist yet during the time interval in gray, t = 0−50, during which
the population is in a stable equilibrium state), when the marine reserve covers 10% (Left, c = 0.1) or 30% (Right, c = 0.3) of the growth habitat. Evolutionary
change in the body size at habitat shift does not occur, which is constant at ws = 0.374, corresponding to the evolutionary stable value in the absence of a
marine reserve (Fig. 4). Other parameter values are given in Table 1.

increased competition among individuals in the nursery habitat
in turn results in the occurrence of population cycles with a period
of approximately 10 time units, which is close to the time delay
between the birth of an individual and the moment it leaves the
nursery habitat. From a fisheries perspective, the establishment
of the marine reserve decreases the fish biomass available for
harvesting not only because the harvested area is smaller but
mostly because of the emergence of population cycles (average fish
biomass in the harvested area decreases from≈ 0.146 before 10%
of the area is protected from harvesting to ≈ 0.064 afterward).

Establishing a larger marine reserve (30% of the growth
habitat) amplifies the population oscillations (Fig. 2, Right)
because it leads to substantially larger adult numbers in the
reserve. Since resource competition among adults in the harvested
area and the marine reserve remains limited, the high adult
numbers lead to high offspring production and hence higher
densities in the nursery habitat. As a consequence, resource
competition in the nursery habitat is intensified (Fig. 2, Right)
resulting in population cycles with larger amplitude.

Calculating equilibrium states and population dynamics (see
Materials and Methods for details) for different marine reserve
sizes (SI Appendix, Fig. S1) confirms the mechanisms underlying
the dynamic patterns illustrated in Fig. 2. Larger marine reserve
sizes increase the biomass in the nursery habitat, which ultimately
leads to population cycles with growing amplitude (SI Appendix,
Fig. S1) as a consequence of the increased competition for re-
sources in the nursery habitat. This overexploitation of resources
in the nursery habitat is a direct result of protecting part of the
adult population from harvesting in the marine reserve.

On an evolutionary timescale, the increase in competition
in the nursery habitat following the establishment of a marine
reserve imposes selection for an earlier departure at smaller body
sizes, leading to evolutionary changes in the trait value ws. In case
there is genetic variation in the trait value ws (Fig. 3, Left), this

trait value decreases over 60 to 70 generations (600 to 700 time
units) to an average of ws ≈ 0.29, which reduces fish biomass and
hence competition in the nursery habitat (Fig. 3, Left). Initially,
this stabilizes population oscillations on an ecological time scale
(cf. t = 1,000 to 1,700 in Fig. 3, Left). Smaller ws values also
increase fish biomass in the harvested area and marine reserve but
do not significantly change adult population size. Following the
initial decrease in ws slow, multigenerational cycles arise driven
by evolutionary cycling of the trait value ws, which results in
oscillations of the same period in fish biomass in the nursery
habitat, harvested area, and marine reserve.

Establishing a larger marine reserve (30% of the growth
habitat) results in evolution to even lower values of the body size
at habitat shift (ws values of 0.2 to 0.25) because the competition
in the nursery habitat for resources is in this case more intense.
Evolutionary cycles in ws occur subsequently with a period of
hundreds of generations (roughly 2,000 time units), which result
in switches between two dynamic patterns in fish biomass. When
ws is low, the harvested area and marine reserve contain high
biomass, while biomass in the nursery habitat is low. Biomass
remains stable in the harvested area and marine reserve, whereas
in the nursery habitat biomass and thus competition increases.
Eventually, when ws reaches higher values, increased competition
in the nursery habitat leads to a sudden shift to a dynamic regime
where biomass in the nursery habitat is high, and biomass in
the harvested area and marine reserve is low. This regime is
characterized by population (generation) cycles on ecological
time scales with decreasing amplitude as ws evolves to lower
values.

Calculating equilibrium states, population dynamics, as well
as selection gradients (see Materials and Methods for details) as
a function of the body sizes at habitat shift (Fig. 4) reveals the
mechanisms underlying the dynamic patterns illustrated in Fig. 3.
In the absence of a marine reserve (Fig. 4A), fish biomass in the
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Fig. 3. Eco-evolutionary dynamics of total fish biomass (Top Row), adult density (second Row), and resource density (third Row) in the nursery habitat, the
harvested area and the marine reserve and the body size at habitat shift (Bottom Row) following the establishment of a marine reserve at t = 1,000 (reserve
does not exist yet during the time interval in gray, t = 0 to 1,000, during which the population is in a stable equilibrium state), when the body size at habitat shift
evolves over time and the marine reserve covers 10% (Left, c = 0.1) or 30% (Right, c = 0.3) of the growth habitat. Notice that the ecological cycles with a period
of approximately 10 time units that are visible in Fig. 2 show up in this figure as solidly colored areas with decreasing amplitude over time. Other parameter
values are given in Table 1.

nursery and growth habitat show sigmoidal and hump-shaped
patterns with body size at habitat shift, respectively. Low fish
biomass in the nursery habitat occurs when individuals leave at
small sizes, resulting in limited resource competition. In this case,
low survival in the growth habitat due to harvesting mortality
regulates the population, as few individuals reach maturity,
producing low offspring numbers that enter the nursery habitat.
Conversely, high fish biomass in the nursery habitat occurs when
individuals leave at large sizes, resulting in substantial resource
competition. This competition slows down individual growth
and limits recruitment to the growth habitat, causing biomass
in the growth habitat to decrease after peaking at intermediate
body sizes at habitat shift. Population cycles occur due to strong
competition in the nursery habitat at large body sizes at habitat
shift, even without a marine reserve. Selection favors an increase
in body size at habitat shift at small values, when low survival
in the growth habitat regulates the population, whereas smaller
body sizes at habitat shift are favored at large values, when the
population is regulated by resource competition in the nursery
habitat. A rather large value of the body size at habitat shift is
selected for (i.e., the evolutionary stable state, ESS) where these
two factors achieve a balance (Fig. 4A).

In the presence of a marine reserve (Fig. 4 B and C ), the two
dynamic regimes, in which either low offspring production due to
low survival in the growth habitat or strong resource competition
in the nursery habitat regulates the population, respectively,
still occur at low and high values of the body size at habitat
shift. However, the ecological equilibrium curve becomes folded,
resulting in alternate stable states for a range of intermediate
trait values (Fig. 4 B and C ). Larger marine reserve sizes increase

the range of trait values with alternate stable states and lead to
the occurrence of population cycles at lower values of body size
at habitat shift (Fig. 4C ). Consequently, with a marine reserve
covering 30% of the growth habitat, a stable equilibrium with low
survival to adulthood due to early recruitment from the nursery
to the growth habitat occurs as alternative to a population cycle
regulated by strong competition in the nursery habitat and slow
recruitment from the nursery to the growth habitat.

Larger body sizes at habitat shift are still favored when low
survival to adulthood due to early recruitment from the nursery
to the growth habitat regulates the population at small values,
while smaller body sizes at habitat shift are favored when strong
competition in the nursery habitat and slow recruitment from
the nursery to the growth habitat regulate the population (Fig. 4
B and C ) at large body sizes at habitat shift. However, the
evolutionary stable state (ESS) of body size at habitat shift
would now be unattainable because it corresponds to an unstable
ecological equilibrium. As a result, the system alternates between
the two dynamic regimes over evolutionary time, with the
direction of selection reversing during regime shifts. The overlap
between alternate dynamic regimes is smaller with a 10% marine
reserve compared to a 30% marine reserve, leading to faster
evolutionary cycling (compare Fig. 3, Left and Right). In the case
of a 30% marine reserve, the population state regulated by strong
competition in the nursery habitat consists of population cycles
at a fast ecological time scale, explaining the distinct patterns in
Fig. 3, Left.

Our finding that marine reserves promote cycles in fish
populations on ecological and evolutionary time scales is robust
against changes in parameters. Without evolutionary change
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Parameter values as in Table 1.

in the body size at habitat shift and without a reserve, the
population is in a stable equilibrium, as long as the total
mortality rate in the growth habitat, from both natural causes
and harvesting, is roughly twice the mortality risk in the nursery
habitat (SI Appendix, Fig. S2, Top Row). For lower total mortality
rates in the growth habitat cycles in population abundance also
occur in the absence of a reserve. The implementation of a marine
reserve increases the parameter region with population cycles,
especially when it covers 30% of the growth habitat (SI Appendix,
Fig. S2, Top Row).

When evolution in the body size at habitat shift does occur,
the parameter region at low values of background and fisheries
mortality in the growth habitat, where cycles in population
abundance occur, also increases due to the establishment of a
marine reserve (SI Appendix, Fig. S2, Bottom Row). These cycles
in abundance are of larger amplitude than without evolution in
size at habitat shift. However, at very high total mortality rate
in the growth habitat, the body size at habitat shift evolves to
become equal to the maturation size, such that individuals stay
in the nursery habitat till they mature, after which they move
out, reproduce, and quickly die. In this extreme case, the model
also predicts cycles in abundance to occur even without a reserve,
which are of smaller amplitude and shorter period.

Finally, improving conditions in the nursery habitat by
lowering the mortality experienced by small individuals does
not qualitatively change the dynamics irrespective of whether the
body size at habitat shift evolves or not (SI Appendix, Figs. S3
and S4). The extent of genetic variance in body size at habitat

shift affects the rate of evolutionary change, with larger genetic
variance speeding up the process (SI Appendix, Fig. S5).

The selection on evolutionary timescales for smaller body sizes
at habitat shift following establishment of a marine reserve has
consequences for harvesting yields. Leaving the nursery habitat
at smaller body sizes results on average in higher maximum
sustainable yields of total biomass following marine reserve
establishment (Fig. 5), especially when the reserve covers 10% of
the growth habitat. However, when 30% of the growth habitat
is a marine reserve, the long evolutionary cycles result in low
harvesting yields during the larger part of these cycles. These
increased total biomass yields are due to increased harvesting of
immature fish, while the maximum sustainable biomass yield of
adult individuals is on average 2 to 3 times lower after reserve
establishment (Fig. 5). This is because fish are exposed to high
fishing mortality for a longer period before maturing due to the
smaller body size at habitat shift, leading to substantially lower
adult biomass densities.

Higher yields in terms of total biomass can be expected over
a wide range of harvesting and background mortality rates but
only if the body size at habitat shifts evolves (SI Appendix, Fig. S6,
Bottom Row). In this case, the maximum sustainable yield will
be achieved at higher harvesting rates when a marine reserve is
present. In the absence of evolution in the body size at habitat
shift, total biomass yields are consistently lower when a marine
reserve is established, irrespective of the extent of the reserve
(SI Appendix, Fig. S6, Top Row). The yield in terms of adult
biomass is however always lower in the presence of a marine
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Fig. 5. Violin plot showing the distribution of harvesting yield per unit time
for different sizes of marine reserves. Left: Yield in terms of total biomass
(including juveniles and adults); Right: Yield of adult biomass only. Solid lines
within the violin shapes indicate median values. Both total and adult biomass
yield are expressed as the ratio of the post- and pre-marine reserve yield (the
latter being constant in time). Parameter values as in Table 1 except for the
harvesting mortality �H , which equals �H = 1.6 in the absence of a reserve
while �H = 0.9 and �H = 0.5 when the marine reserve covers 10% and
30%, respectively, of the growth habitat. These harvesting mortality rates on
average provide the maximum sustainable yield in terms of adult biomass
(SI Appendix, Fig. S7).

reserve, irrespective of whether evolution in the body size at
habitat shift occurs or not (SI Appendix, Fig. S7).

Discussion
Marine reserves are ascribed an important role in sustainable
fisheries management (1, 37) as they are considered to protect part
of an exploited fish population from human impacts. However,
with more and larger adults surviving in a reserve, offspring
production can be expected to increase, in turn increasing com-
petition and hence decreasing survival in early life stages, which
is thought to regulate most exploited fish populations (28). Our
theoretical analysis reveals the potential consequences of increased
density dependence in early life stages on both ecological and
evolutionary time scales for fish populations that spend their
early life in a nursery habitat as is common in many marine
species (38).

On ecological time scales, early-life competition for resources
will reduce individual growth and hence delay recruitment to
subsequent life stages. Density-dependent juvenile development
rates are well known to promote the occurrence of population
cycles with a period close to the generation time of species that
are known as generation cycles (39) and commonly occur in size-
structured populations due to strong competition (40–44). On
evolutionary time scales, increased density dependence in early
life stages will favor earlier recruitment from the nursery grounds
to habitats inhabited by older individuals, where they often
experience higher mortality rates due to harvesting or predation.
Hence, marine reserves will impinge on the trade-off between
strong competition and low survival early in life and low offspring
production due to high harvesting and predation mortality in
later stages. Both mechanisms can regulate the population which
results in the co-occurrence of alternate dynamic regimes for

the same, intermediate values of body size at habitat shift.
This bistability between alternate dynamic regimes with opposite
directions of selection provides the basis for cycles on evolutionary
time scales that are driven by the evolution in body size at habitat
shift. These cycles lead to regular regime shifts between the
alternate dynamic regimes.

Previous studies of the role of marine reserves, using simple
discrete-time models with and without age structure (21–23,
36) or integral projection models (45), suggest that they may
promote recovery of exploited fish populations over relatively
long time scales although life history traits like age at maturity
can affect the speed of recovery and the amplitude of possible
oscillations (23, 24). Our results add to these earlier findings
as we show that marine reserves may also promote population
cycling not only on ecological but also over evolutionary time
scales. These population cycles emerge because of the explicit
treatment of density dependence in our model in different parts
of the habitat. Marine reserves differentially change the strength
of density dependence in the different habitat parts, which, as
we show, gives rise to these cycles. Our results thus provide a
cautionary note about the establishment of especially large-sized
marine reserves. Their consequences for ecosystem services may
be more detrimental than expected if not at the same time the
nursery habitat where small fish live is extended or its resource
profitability is improved. While marine reserves are argued to
benefit not only conservation but also fisheries, our results show
that increases in fisheries yield will only occur after selection
for smaller body size at habitat shift and will only increase the
yield of smaller, immature fish. If catching larger, adult fish is
disproportionately more valuable, establishing a marine reserve
will have only negative fisheries consequences.

Previous studies suggest the importance of setting expected
timelines to monitor the effect of marine reserve for recovering
fish populations (20). The population cycles that our model
predicts to occur on both ecological as well as evolutionary time
scales complicate assessment of a marine reserve’s effectiveness
significantly and may require substantially increasing these time-
lines. Short monitoring programs or approaches that monitor
only one of the different habitats used by the population may
provide too positive or too negative a view of the effectiveness of
the reserve, depending on the phase of the cycle during which
monitoring occurs.

To allow the identification of the mechanisms underlying
predictions, our model is based on a suite of simplifying
assumptions. We argue however that these simplifications do
not significantly influence the qualitative results and insights we
present. First, in the growth habitat, both juvenile and adult
fish are assumed to experience the same constant background
and harvesting mortality rate. Both background and harvesting
mortality, however, tend to be size-dependent with background
mortality due to predation usually decreasing with body size,
whereas harvesting mortality rate increases with body size.
Since our finding that marine reserves promote cycles in fish
populations depends only on the total mortality rate in the growth
habitat, the assumption of equal mortality for both juveniles and
adults implies that we assume the size dependency of background
and harvesting mortality rate to cancel each other out.

Second, we only consider intraspecific competition for re-
sources and ignore interspecific competition, which is most
important for the nursery habitat where competition for re-
sources is strongest. If intraspecific competition is stronger than
interspecific competition it is unlikely that other fish species
that feed on the same resource would respond sufficiently
rapidly to cancel out the large fluctuations in abundance that
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result from implementing the marine reserve. On the other
hand, if interspecific competition would dominate intraspecific
competition, we speculate that implementing a marine reserve
might have very little effect at all as interspecific competition
would quench the positive effect of the reserve on total population
reproduction.

Finally, we have focused on the body size at which individuals
transition from the nursery to the growth habitat as the
only evolvable trait. Empirical evidence shows that ecological
conditions indeed influence this trait (31–34) and that individual
fish optimize this trait to minimize the ratio between their
mortality and growth rate (31, the “�/g rule”), in line with
theoretical predictions (30). Of course, the individual life
histories of fish are characterized by many more evolvable traits
that may be impacted by fisheries. Empirical evidence from
anadromous salmonids, for example, indicates that fishing entails
evolutionary changes in a diverse array of life history traits such
as body size, migration timing, as well as age of maturation;
moreover, these evolutionary changes are detectable within ten or
fewer generations (46). Likewise, fisheries-induced evolutionary
changes in maturation age, annual growth, and fecundity, which
may result in irreversible ecological transitions or decreases in
maximum sustainable yield, have been documented for a range
of other species (47). How the concurrent evolution in these
different life history traits, including the evolution of size at
habitat shift, interact to shape population dynamics following
the establishment of marine reserves is an open question for
future research with potentially different outcomes in terms of
population oscillations and fisheries yield.

Despite these simplifying assumptions about fish life history,
the mechanism underlying the population cycles on both
ecological and evolutionary time scales are general and hence
likely robust. Whether or not individuals will settle for life inside
or outside a marine reserve or migrate between the areas, an
effective marine reserve will increase the density and body size
of older, adult individuals in an exploited population. Since
larger adults contribute disproportionately to reproduction (48),
offspring production will increase, increasing competition on
nursery grounds. Irrespective of the details of particular systems,
an effective marine reserve will therefore shift the mode of
population regulation from on the one hand limited offspring
production by small numbers of adults that escape high harvesting
and predation mortality to, on the other hand, limited recruit-
ment from the nursery to the growth habitat as a consequence
of strong competition and thus low survival early in life. Key
to the occurrence of the population cycles, in particular on
evolutionary time scales, is the existence of alternative dynamic
patterns for a range of trait values with opposing directions of
selection in each of them that drives the trait value beyond the
tipping point. Such alternative dynamic patterns occur, however,
generically in models of populations exhibiting habitat shifts
during ontogeny (49, 50), even in size-structured models for
salmon populations that are based on a detailed, species-specific
dynamic energy budget model (51).

Most importantly, our study highlights that it is crucial for
future studies to take into account that one of the most generic
elements in fish life history, the habitat shift between a nursery
and growth habitat, plays a defining role in the responses of fish
stocks to any type of perturbation or management and hence
cannot be ignored.

Materials and Methods

We use a minimal, size-structured population model (52), in which individuals
are characterized by their body size s and compete for resources in different

habitats during consecutive stages of their life history. The original model (52)
accounts for three key ingredients of the dynamics of a population of individuals
exploiting different habitats in consecutive life stages: 1) competition for
food and food-dependent development in each habitat 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 different habitats. Individuals are born in the
nursery habitat, with a size sb. Based on theory (30) and experimental evidence
(31–34), we assume they remain in the nursery habitat until they reach body
size ss when they switch to the growth habitat. Juvenile individuals mature in
the growth habitat and start to reproduce at a body size sm (sb ≤ ss ≤ sm).
Individual resource consumption, somatic growth, survival, and reproduction
follow continuous-time dynamics.

We extend the model by assuming that a fraction c of the growth habitat
constitutes a marine reserve, in which fisheries are strictly forbidden, and that
harvesting only occurs in the remaining fraction of the growth habitat, which we
refer to as the harvested area. On reaching body size ss, a fraction c and (1−c)of
the individuals is hence assumed to migrate to and settle in the marine reserve
and the harvested area, respectively. We assume that no further migration of
individuals between the marine reserve and the harvested area occurs.

In each habitat, density-dependence in somatic growth rate and adult
fecundity is mediated by food abundance, since food density declines through
foraging by the consumer individuals. Resources are assumed to follow
semichemostat growth dynamics (52, 53) with productivity Di (i = N, H or
M) and turnover rate � when consumers are absent. The dynamics of food
density Fi in the nursery habitat (i = N), the harvested area (i = H), or the
marine reserve (i = M) in the absence of consumers (i.e., fish individuals) is
hence given by:

dFi
dt

= Di − �Fi. [1]

We define ai as the attack rate on the food resource in habitat i and assume
individuals to forage following a linear functional response, such that the
foraging rate in habitat i (i = N, H, or M) equals aiFi. Defining "g as the
proportionality constant relating growth rate in body size to food ingestion rate,
somatic growth rate in habitat i is given by gi(Fi) = "gaiFi. Defining "b as the
proportionality constant relating adult fecundity to food ingestion rate, adult
reproduction rate is given by bH(FH) = "baHFH in the harvested area and
by bM(FM) = "baMFM in the marine reserve. Finally, individuals experience
a mortality rate equal to �N, �G + �H, and �G in the nursery habitat, the
harvested area and the marine reserve, respectively, with �H representing the
fisheries exploitation rate in the harvested area and �G the mortality rate in
the growth habitat (harvested area and marine reserve) from other causes than
fisheries (e.g., predation).

Ecological Dynamics. Standard methods to formulate size-structured popula-
tion models from individual life history processes (54) result in the following
system of ordinary and partial differential equations (ODEs and PDEs), describing
dynamics of food density FN and population size distribution nN(t, s) in the
nursery habitat (SI Appendix):

dFN
dt

= DN − �FN − aNFN

∫ ss

sb
nN (t, s) ds

∂nN(t, s)
∂ t

+ gN(FN)
∂nN(t, s)

∂s
= −�NnN(t, s)

gN(FN)nN(t, sb) = B(t).

[2]

Here, the quantity B(t) represents the total population birth rate by all adult
individuals (see below). Notice that the size distribution nN(t, s) is only defined
on the interval [sb, ss] and that the integral∫ ss

sb
nN (t, s) ds,

represents the total number of consumer individuals in the nursery habitat.
The rate at which individuals reach body size ss and hence leave the nursery

habitat is given bygN(FN)nN(t, ss) (54). Assuming that a fraction c and(1−c)of
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these individuals end up in the marine reserve and harvested area, respectively,
the dynamics of food density FM and population size distribution nM(t, s) in the
marine reserve is described by (see details in SI Appendix, section A)

dFM
dt

= DM − �FM −
aMFM
c

∫
∞

ss
nM (t, s) ds

∂nM(t, s)
∂ t

+ gM(FM)
∂nM(t, s)

∂s
= −�GnM(t, s)

gM(FM)nM(t, ss) = c gN(FN)nN(t, ss).

[3]

Notice that the foraging rate of the consumers on the resource has to be corrected
by 1/c as the integral ∫

∞

ss
nM (t, s) ds,

represents the total number of consumer individuals in the marine reserve,
whereas FM represents food density.

Similarly, the dynamics of food density FH and population size distribution
nH(t, s) in the harvested area is described by (see details in SI Appendix,
section A)

dFH
dt

= DH − �FH −
aHFH
1− c

∫
∞

ss
nH (t, s) ds

∂nH(t, s)
∂ t

+ gH(FH)
∂nH(t, s)

∂s
= − (�G + �H) nH(t, s)

gH(FH)nH(t, ss) = (1− c) gN(FN)nN(t, ss).

[4]

Adult individuals in the marine reserve and harvested area reproduce at rates
bH(FH) and bM(FM), such that the total population reproduction rate (cf. Eq. 2)
is given by

B(t) = bH(FH)

∫
∞

sm
nH(t, s) ds + bM(FM)

∫
∞

sm
nM(t, s) ds. [5]

The model can be nondimensionalized (52) and expressed in terms of scaled
body size w = (s − sb)/(sm − sb), which implies that individuals leave the

nursery habitat at (scaled) body sizews = (ss − sb)/(sm − sb) and mature at
w = 1. This nondimensionalization results in the following system of equations
(see details in SI Appendix, sections A and B):

dFN
dt

= 1− �FN − FN

∫ ws

0
mN (t, w) dw, [6]

dFH
dt

= �H − �FH −
qHFH
1− c

∫
∞

ws
mH (t, w) dw, [7]

dFM
dt

= �M − �FM −
qMFM
c

∫
∞

ws
mM (t, w) dw, [8]

∂mN (t, w)

∂ t
+ FN

∂mN (t, w)

∂w
= −�NmN (t, w) , [9]

FNmN(t, 0) = �qHFH
∫
∞

1
mH(t, w)dw + �qMFM

∫
∞

1
mM(t, w)dw,

[10]

∂mH(t, w)

∂ t
+ qHFH

∂mH(t, w)

∂w
= −(�G + �H)mH(t, w), [11]

qHFHmH(t, ws) = (1− c)FNmN(t, ws), [12]

∂mM(t, w)

∂ t
+ qMFM

∂mM(t, w)

∂w
= −�GmM(t, w), [13]

qMFMmM(t, ws) = c FNmN(t, ws). [14]

The interpretation of the parameters occurring in this nondimensionalized
model, their definition in terms of the original model parameters, and their
default values in our study are given in Table 1. Default values of the parameters
are taken from refs. 40 and 52 and reflect qualitative relationships of mortality
and growth rates between the nursery and the growth habitat (31, 33). Because
these are scaled parameters, their values can only be interpreted relative to one
another. We assume �H and �M, the resource productivity in the harvested area
and the marine reserve relative to the nursery habitat, to both equal 0.5 as we
consider the marine reserve to be an integral part of the growth habitat and the

Table 1. Scaled parameter interpretations, default values, and their definitions
Symbol Ecological interpretation Scaled parameter definition Default value

� Resource growth rate � = �
√

sm−sb
�gaNDN 1

�H Ratio of resource productivity in the harvested area and
the nursery habitat

�H = DH
DN �H = 0.5

�M Ratio of resource productivity in the marine reserve and
the nursery habitat

�M = DM
DN �M = 0.5

�N Background mortality rate in the nursery habitat �N = �N
√

sm−sb
�gaNDN 1.0

�H Harvesting mortality in harvested part of the growth
habitat

�H = �H
√

sm−sb
�gaNDN 1.5

�G Background (nonharvesting related) mortality rate in the
growth habitat

�G = �G
√

sm−sb
�gaNDN 0.8

qH Ratio of the attack rate on resources in the harvested
area and the nursery habitat

qH = aH
aN 1

qM Ratio of the attack rate on resources in the marine and
the nursery habitat

qM = aM
aN 1

ws Scaled body size at habitat switch ws =
ss−sb
sm−sb Evolving trait

� Scaling constant relating adult fecundity to food density
relative to somatic growth efficiency

� =
(sm−sb)�b

�g 2,000

h2 Heritability 0.3
� Relative half-width of the trait distribution (fraction of the

average trait value)
0.1
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nursery habitat to be the more productive environment. The maximum resource
densities in the nursery habitat, harvested area, and marine reserve equal 1/�,
�H/�, and �G/�, respectively. The resource growth rate � hence acts as a scaling
factor of the absolute densities, scaling all maximum resource densities in the
same way, which does not qualitatively influence dynamics as this depends on
their relative values. The mortality rate in the nursery habitat �N is assumed to
be smaller than the total mortality rate from predation and harvesting (�G+�H)
in the growth habitat, although we analyze the effect of different values for
both parameters in our study (SI Appendix, Figs. S6 and S7). We take qH and
qM, the attack rate on resources in the harvested area and the marine reserve
relative to the nursery habitat, both equal to 1 because we consider differences in
ingestion rate between the nursery and growth habitat to arise from differences
in food availability rather than individual foraging capacity. The large value of �
reflects that many more eggs can be produced with the same amount of energy
as required to produce a unit of somatic tissue. In ref. 40, it is furthermore
shown that the value of � does not qualitatively change dynamics as long as �
is sufficiently large. Finally, we adopt a rather standard value for the heritability
h2 (55), while we analyze the effect of different values of the body size at habitat
shift ws and the width of the trait distribution �.

In this nondimensionalized model, the total biomass of consumers in the
three different habitats is represented by the integrals:∫ ws

0
wmN (t, w) dw,

∫
∞

ws
wmM (t, w) dw

and
∫
∞

ws
wmH (t, w) dw,

and the yield in terms of total and adult biomass by:

�H
∫
∞

ws
wmH (t, w) dw and �H

∫
∞

1
wmH (t, w) dw,

respectively.

Eco-Evolutionary Dynamics. The size of a marine reserve impacts mortality
rates, altering the trade-off between survival and growth/reproduction when
individuals move between habitats. We use quantitative genetics (56) to study
the evolutionary dynamics of body size at habitat switch, assuming it is a
polygenic trait distributed according to a truncated, approximately normal,
distribution (more specifically, a Bates distribution of degree three), with mean
w̄s and a minimum and a maximum value (1− �) w̄s and (1 + �) w̄s,
respectively.

To compute the mean trait value of newborn individuals at time t, we compute
the mean trait value w̄As (t) of all adults in the marine reserve and the harvested
area, as well as their mean trait value w̄Rs (t), but weighted by their individual
fecundity, which equals�qMFM and�qHFH for individuals in the marine reserve
and harvested area, respectively. The mean trait value of the newborn offspring
w̄Os (t) is then set equal to:

w̄Os (t) = w̄As (t) + h2
(
w̄Rs (t)− w̄As (t)

)
, [15]

inwhichh2 is theheritabilitywithdefaultvalueh2 = 0.3.Thegeneticvariationin
the trait, 2�, is assumed constant and equal to 2� = 0.2 (but see SI Appendix,
Fig. S5). In addition, we compute Evolutionary Stable States (ESSs) using an
adaptive dynamics approach for size-structured populations (57).

Numerical Analysis. As in previous studies (52), we used the Escalator Boxcar
Train (EBT) method (54, 58), a numerical approach for size-structured population
models, to investigate eco-evolutionary dynamics with and without a marine
reserve. In the absence of genetic variation, individuals are grouped into
cohorts, which include all individuals born within a short period, and they
are characterized by the number of individuals and their average body size.
In case of genetic variation, cohorts are subdivided into 11 subcohorts, which
all have the same body size at birth (w = 0) and maturation (w = 1) but
differ in their body size at habitat switch ws. Individuals within a subcohort
are considered identical. Each of the 11 subcohorts is assigned its own trait
value: one subcohort with ws = w̄Os (see above), five with lower and five with
higher ws values than w̄Os , equidistantly separated by an amount of 2�w̄Os /11.
Newborn individuals are distributed over subcohorts with different ws values
such that the trait distribution approximates a Bates distribution between
(1− �) w̄s and (1 + �) w̄s, as described above. The population dynamics
are followed by numerically integrating the ODEs for each subcohort separately,
which allows for assessing the effects of marine reserves and evolution on fish
population dynamics (Figs. 2 and 3). We furthermore use the PSPManalysis
software package (59) to numerically compute ecological equilibrium states of
the model as a function of model parameters and combine these results with
EBT simulations to visualize stable and unstable equilibrium values as well as
maximum and minimum densities during limit cycles as a function of the body
size at habitat switch (Fig. 4) and the size of the marine reserve (SI Appendix,
Fig. S1). The PSPManalysis package also allows to detect ESSs 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 ESSs in the ecological
setting.

Data, Materials, and Software Availability. All codes to produce the figures
are available in the repository GitHub https://doi.org/10.21942/uva.23057060
(60). Results are theoretical, and numerical analysis was performed using
software available in https://staff.fnwi.uva.nl/a.m.deroos/EBT/index.html (61)
and https://staff.fnwi.uva.nl/a.m.deroos/PSPManalysis/index.html (62).
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