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Abstract

Considerable life history plasticity is observed in response to variation in food availability
and composition. This is perhaps best known in the context of dietary restriction, which
consistently induces lower reproduction and higher survival across taxa, with nutritional geometry
studies further demonstrating the importance of food composition as well as amount. Although
there is a huge amount of mechanistic work on understanding this response, models for how
and why this may have evolved are limited and highly debated. Here, we show that a simple
demographic model of evolution predicts that the dietary restriction response should evolve as
adaptive life history plasticity in a fluctuating environment. This model involves less restrictive
assumptions than previous theories, most notably that individuals do not need to return to
good resources within their lifetime to gain a benefit from the dietary restriction response. We
then explore how this approach might help us to understand and predict life history shifts in
response to rapid environment changes in wild populations, and discuss how this perspective
affects quantification of individual fitness in wild populations. By considering how population
growth maps on the nutritional landscape, a nutritional geometry approach may provide deeper

insight into the evolution of this plasticity.

Keywords: Caloric restriction, selection, generation time, population growth, density regulation,

fitness
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Introduction

Environmentally induced variation in the timing of important life events, known as life
history plasticity, is observed across many contexts. Perhaps the best studied and
taxonomically consistent life history plasticity occurs in response to changes in food
availability and composition. In the laboratory, where food is typically provided ad libitum,
this plasticity is demonstrated by dietary restriction (DR) studies, in which total amount of
food or nutritional content is reduced. Across taxa, dietary restriction is generally found to
increase lifespan (Nakagawa et al., 2012; lvimey-Cook et al., 2025) and reduce reproduction
(Moatt et al., 2016). Nutritional geometry studies further show that this may be driven by
changes in availability of protein or micronutrients (Moatt et al., 2020). There is also
experimental evidence in the wild that food supplementation increases reproduction (Ruffino
et al., 2014), although no synthesis that we are aware of focuses on the impact of food
supplementation on adult survival. Notably, this response is remarkably consistent across
many animal taxa, with model systems for this response ranging from nematode worms, to

flies, to vertebrates (Nakagawa et al., 2012; lvimey-Cook et al., 2025; Moatt et al., 2016).

The dietary restriction (DR) response is well studied in the field of ageing, although typically
from a mechanistic perspective. There are several hypotheses regarding the evolution of the
DR response, with the most cited theory arguing that it represents adaptive plasticity
(Holliday, 1989; Shanley & Kirkwood, 2000). Under this hypothesis, the reduction in
reproduction and increase in longevity in response to DR allows an individual to ‘wait’ until
environmental conditions improve. The DR response is therefore argued to represent
evolutionary adaptation to deal with periods of famine, either in terms of overall amount or
particular nutrients (Moatt et al., 2020). This model is reasonably complex and rests on the
assumption of an individual returning to good resources during its lifetime. This has been
criticised, most notably by Adler & Bonduriansky (2014), who argue that in the wild
individuals are unlikely to survive to recommence reproduction later, and that the DR

response is instead, a laboratory artifact.
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Although typically conceptualised as pausing reproduction to wait out a period of famine, in
life history terminology the DR response represents a plastic response to food availability
that shifts the timing of reproduction, from high output early in life (high reproduction and
low survival; i.e., a fast life history) in high food environments to reproduction spread
through a longer life in food limited environments (low reproduction and high survival; a
slow life history). Whilst we do not typically link food availability and population growth in
laboratory studies, resource availability is intrinsically linked to population growth rate in the
wild, with populations typically growing when food is plentiful and shrinking when food is
limited. Using simple principles from evolutionary demography, we show that there is a
selective advantage to reproducing early in a growing population and delaying reproduction
in a declining population. This demonstrates how the DR response may represent adaptive
plasticity, whereby individuals that show variation in life history strategy in response to
fluctuations in food availability will contribute more to future generations, regardless of the
speed of those fluctuations. Importantly, the benefit of this plasticity is not dependent on a
return to good resources during an individual's lifetime, and holds regardless of whether an
individual spends all their life in one environment, or whether the environment fluctuates
across their life. Our model is simpler than previous ones (Shanley & Kirkwood, 2000) and
addresses criticisms of the DR response representing adaptive plasticity (Adler &
Bonduriansky, 2014). Importantly, this model considers the benefits of life history plasticity
in terms of adopting the best strategy within a given environment (i.e. relative fitness),
rather than considering absolute fitness over a lifetime. As this plasticity is pervasive, the
benefits of this plasticity are intrinsically hard to experimentally demonstrate. We therefore
consider where we might find support for this model in the wild. Finally, we consider the
importance of this plasticity for the assumptions made when using lifetime measures of

individual fitness to quantify selection in wild populations.
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Dietary Restriction in an Evolutionary Demography
Framework

The problem that we are trying to address here is why the timing of reproduction would
plastically shift in response to resource availability. Although we do not typically think about
populations declining in the benign conditions of the laboratory, resource availability is likely
intrinsically linked to population growth rate in the wild. It is well established that the
population growth rate impacts how and whether the timing of breeding is under selection
(Charlesworth, 1994; de Vries et al., 2023). To understand this, we can consider that it is
beneficial for an individual to put its offspring into the population when it is smallest, as its
offspring will take up a larger proportion of that future population, and so that individual’s
descendants will spread through the population faster. This argument focusses on an
individual's relative fitness within an environment rather than its absolute fitness across
environments. To emphasise this point, we can assume that all individuals have the same
number of offspring over their life. When the population is stationary (i.e., not growing or
shrinking, with growth rate = 1), it does not matter whether an individual breeds early or
late, because there is not a time when the population is smaller, and so there is no optimal
time to put their offspring into the population (Figure 1a). However, when a population is
growing (growth rate > 1), given the same overall offspring production, it is beneficial to
breed earlier, because the offspring (and its descendants) will form a larger proportion of the
future population than if it breeds later (Figure 1b). There is, therefore, selection for earlier
breeding or a fast life history. Conversely, when a population is declining (growth rate < 1),
it is beneficial to breed later, as the offspring will be a larger proportion of the population if
they are put in later (Figure 1c). There is therefore selection for a slower life history in
declining populations. This latter example is hard to conceptualise, because given a constant
negative growth rate eventually this population will go extinct. Put another way, given the
same total offspring production, a slow life history strategy will go extinct slower than a fast

life history strategy; it is therefore relatively better to have a slow strategy. The timing of
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Figure 1: Simple representation of the effect of timing of reproduction on the spread of different strains
depending on the growth rate of the population. Here, we consider two strains: 'fast’ (green) with individuals
(represented by filled circles) that reproduce immediately (represented by arrows to new individuals) and
die, and 'slow’ (yellow) with individuals that reproduce the same amount, but also survive one time step
(represented by empty circles) and spread reproduction out. The numbers on the left hand side of each panel
show the proportion of the population that is green. In a), the population is stationary with all individuals
having one offspring, the fast strain immediately, and then slow strain after one time point. In b), the
population is growing, with all individuals having 2 offspring, the fast strain having both in one time point,
and the slow strain spreading them out over two time points. In c), the population is declining, with individuals
having 0.5 offspring on average (i.e. half of the individuals reproduce once), with the fast strain immediately
and the slow strain after one time point.

breeding therefore determines a ‘strains’ capacity to invade a population, depending on the

population growth rate at that time.

To our knowledge, most previous work on life history strategies has focussed on the
evolution of fixed strategies rather than explaining the existence of life history plasticity.
Here, we put forward a simple model to demonstrate the benefits of such plasticity. We first
use our model to confirm that the timing of reproduction is under selection dependent on
the population growth rate in a constant environment, with low reproduction and high
survival favoured whenever the population is declining, and vice versa. We then consider a
fluctuating environment, and the relative benefits of fixed and plastic strategies. We show

that as population growth fluctuates, we expect the evolution of plastic strategies, similar to
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the DR response, even if fluctuations do not happen within an individual’s lifetime. Thus,
we can explain the plastic DR response without the need for a return to good conditions
(i.e. population growth) within an individual’s lifetime. We then validate this model using
simulations. Whilst it is unsurprising that we might expect plasticity to be optimal in a
fluctuating environment, our purpose here is simply to demonstrate that the plasticity that

we commonly observe is consistent with the plasticity that we would expect.

Model

Let us consider a discrete-time model of a population of an asexual clonal species with
overlapping generations and multiple strains. This population experiences different
environments which affect survival and reproduction (vital rates) and, thus, the population

growth rate.

All individuals within a strain have the same expected vital rates. We assume that
individuals have constant vital rates within a given environment. In other words, if an
individual is within the same environment for its whole life, it will always have the same
expected fecundity and survival and so its expected total reproductive output (Ry) is given
by % where f is fecundity rate and s is survival rate across a time-step. We can therefore
calculate the expected instantaneous growth rate (C') of a strain across time points within a
given environment as f + s. We therefore assume there is no age structure (i.e. vital rates

do not vary with age) and no senescence.

Here, we specifically want to explore selection on the timing of reproduction (i.e. when
individuals put their offspring into the population). We therefore assume that within a given
environment, all strains have the same expected total reproduction across their life (Ry), but
they vary in their timing of reproduction. By holding Ry constant, we ensure that there is no
global selection across strains driven simply by differences in total offspring production, and
so any differences between strains in their respective growth rates is due solely to differences

in their timing of reproduction. This model formulation has been used elsewhere for similar
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purposes (de Vries et al., 2023). Variation in the timing of reproduction could be
conceptualised in several ways, and we choose to define this in terms of generation time.
Given a constant rate of fecundity and survival across life, the expected generation time for
a strain is ﬁ (or half the expected lifespan). We can therefore alter the timing of
breeding by varying the survival rate of a strain. For strains to have the same R, in a given
environment, a difference in survival among strains requires an opposite difference in
fecundity. This generates a strong negative relationship between survival and fecundity
across stains; individuals from a short generation time strain produce all their offspring early
and then die early, whilst individuals from a long generation time strain live longer and
spread out their reproduction across their lives (we assume that there is no post-reproductive
lifespan). This is analogous to thinking about fast and slow life histories, meaning that the
strains vary across this continuum. We argue that this is not necessarily synonymous with a
reproduction-survival trade-off, as higher reproduction does not cause lower survival (i.e. we
assume no cost to higher reproduction) and there is no energy allocation between different
functions, the variation in timing is simply conceptualised this way. We also note that these
results can also be achieved using other, perhaps less biologically realistic ways of varying
life-history (for example, all individuals having the same lifespan and varying in their year of

reproduction; we present this model in the Supplements). Our model is therefore consistent

with, but does not require, a reproduction-survival trade-off.

Although DR is typically conceptualised in terms of two environments: DR (bad
environment; food or nutrient restriction) and no DR (good environment; often ad libitum
food), we would realistically expect an environmental gradient. In our model, we assume
that the environment alters the expected total reproductive output over an individual's life
(Ro; Moatt et al., 2016). In a ‘good’ environment, Ry < 1 and if the environment is ‘bad’
then Ry > 1. Although the overall growth rate of the population will be some combination
of the growth rate of individual strains, as our model has no age structure, we know that
when Ry > 1 the overall population will be growing, when Ry < 1 the overall population will

be declining, and when the expected Ry = 1 the overall population will be stationary.
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Although we consider this in the context of food availability or nutritional quality here, we
note that this could be driven by any environmental variable that impacts total reproduction

and so population growth rate (e.g. temperature).

In Figure 2, we show analytically how selection acting on the timing of reproduction depends
on whether the overall population is growing (in a good environment) or declining (in a bad
environment). For a given expected total reproduction (Ry; x-axis), we can see that there is
variation in the possible growth rates of different strains (yellow area in Figure 2), except
when the population is stationary, where total reproduction and growth rate are always equal
to one. This area is bound by the 1:1 line, which happens when a strain is semelparous and
individuals breed at age one and then die, and the nearly flat line with intercept near zero,
representing a strain in which individuals have infinitesimally high survival and reproduce at

an infinitesimally small rate (approximating individuals that never reproduce and never die).

The lines in Figure 2 then represent strains with different generation times. Given that

Ry=f/1—3s (1)
and
C=/f+s (2)
, we can show that
C=1/(1—3s)*xRy—s/(1—5) (3)

. As shown above, the generation time is a simple function of s, and holding s constant
(giving a fixed generation time) gives a linear relationship between Ry and C, a strain’s
instantaneous growth rate. Figure 2 shows that when the population is declining (i.e., a bad
environment, Ryjl) slow strains will spread faster than faster strains, and vice versa when
the population is growing (when the environment is good). In other words, there is selection
on timing of breeding based on the overall population growth rate. This model also shows

that it is best to spread reproduction throughout a longer life when resources are low and
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Figure 2: How variation in the timing of reproduction affects strain growth rate. For a given total reproductive
output (Ro; x axis), there is variation in the potential growth rate across strains (yellow area). This variation
is caused by the effect of the timing of reproduction on growth rate, illustrated by different strains that
vary in their generation time (coloured lines). When the overall population is declining, for the same total
reproduction, strains with a slower life history have a relatively faster growth rate. When the overall population
is growing, for the same total reproduction, strains with a faster life history have a relatively faster growth
rate.

the population is declining (as in the DR response), regardless of whether you return to

good resources within your lifetime.

Fluctuating environments

In natural systems, environments are not constant. We can imagine a variable environment,
where on average the environment gives an expected R, of 1, and so the expectation of
population growth rate would also be 1 (i.e. a stationary population). Looking at Figure 2,
we can see that in a fluctuating environment it would be optimal to be plastic, and switch

from a fast strategy when the environment was good and the population is growing, to a

10
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slow strategy when the environment was bad and the population declining. Note that this is
exactly the plasticity that we see in the dietary restriction response (low reproduction and
high survival in a low food environment, high reproduction and low survival in a high food

environment).

To conceptualise this in more detail, we can first consider a scenario where the fluctuations
are very slow and the time spent within one environment is very long (i.e., positive temporal
autocorrelation). In this scenario, the average individual spends its entire life in one
environment. Here, we would expect that a plastic strategy will be optimal, where
individuals adopt a fast strategy in good environments and a slow strategy in bad
environments, as this would allow them to achieve the highest growth rate given the
environment (i.e. the highest relative fitness). In the context of very slow fluctuations, a
form of developmental plasticity might be selected for, where individuals adopt a particular
strategy (fast or slow) at birth depending on the prevailing conditions. Although reversible
plasticity would also achieve this optimisation, it would not be strongly selected for, given
the infrequent fluctuations, and that most individuals would experience a single environment
during their life. As discussed above, established models of DR as adaptive plasticity
(Shanley & Kirkwood, 2000) assume that the benefit of the DR response comes when
individuals return to resources within their lifetime. This model shows that the return to
resources is not necessary, as it is still best to adopt a slow life history when the population
is declining, regardless of whether you return to good resources within your lifetime, as this

strategy maximises an individual's relative fitness.

Similarly, plasticity would also be favoured in a rapidly fluctuating environment (negative
temporal autocorrelation). Here we might expect more dynamic, reversible plasticity, where
individuals are selected to shift between strategies when the environment changes. Although
most DR experiments expose individuals to one food environment, some experiments switch
between them, and show that organisms rapidly adjust their life history accordingly (Mair

et al., 2003; McCracken et al., 2020; Sultanova et al., 2021). Selection on this rapid

11
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plasticity is about maximising relative fitness within each time point, rather than the

absolute fitness over an individual's whole life.

Model validation through simulations

Above we show analytically that selection on the timing of reproduction varies with
population growth rate and verbally argue that a plastic life history strategy, like that we see
in the DR response, is optimal given any level of environmental fluctuation. To validate this
argument, we ran some simple individual based simulations, based on the model outlined

above, where the environment directly affects the expected Rj.

We simulated three scenarios in which the environment fluctuated with varying levels of
temporal autocorrelation: one with positive autocorrelation, so slow changes between
environments and long periods in one environment; one stochastic; and one with negative
temporal autocorrelation where the environment rapidly fluctuates (Figure S2).
Environmental values were drawn from a log normal distribution with mean of 1 and
standard deviation of 0.1 on the observed scale, and temporal autocorrelation was simulated
with a first-order autoregressive function, with correlation 0.75, 0 and -0.75 on the latent
scale for positive temporal autocorrelation, stochastic and negative temporal autocorrelation
scenarios. In the Supplements, we also present three scenarios with a fixed environment as a

validation of the basic model.

Within each scenario, we simulated four strains, three with a fixed strategy and one with a
plastic strategy. As in the model above, the expected R, of all strains within an
environment was the same. In the fixed strategy strains, we varied the generation time by
holding survival between time-steps constant across environments and letting fecundity
change. We simulated one ‘fast’ strain with a survival rate of 0.5, an ‘intermediate’ strain
with a survival of % and a ‘slow’ strain with a survival rate of 0.75, giving expected lifespans
of 2, 3, and 4 time-steps and expected generation times of 1, 1.5 and 2 time-steps,

respectively. These were chosen to be within a relatively small range that maybe feasible
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within a population and are similar to the survival rates of many species studied in the wild
(e.g. many small vertebrates). The plastic strain had the fast strategy in environments with
expected Ry > 1, intermediate strategy when the population was stationary, and slow

strategy in the environments where expected Ry < 1 and the population was declining.

An individual’s survival and reproduction at each time point was sampled from Bernoulli and
Poisson distributions, respectively, with rates determined by the combination of environment
and strain. Within the simulations, individuals did not interact. 200 simulations were run
per scenario, and each simulation was started with 1000 individuals from each strain and run
for 100 time points. We recorded the number of individuals of each strain at each time
point and measured the relative spread of each strain as the proportion of each strain at
each time point. To assess how the frequency with which the plastic strain ‘won’, we also
recorded the proportion of simulations in which the plastic strain had the highest population

size in the 100th time point.

In support of our verbal argument, the plastic strain spread at the expense of those with a
fixed strategy, regardless of the duration of the fluctuations (Figure 3; the plastic strategy
was dominant in 94.5% of the simulations with positive autocorrelation, and 100% of
simulations in the other scenarios). This further supports our argument that a DR-like

plastic response is selected for whether individuals will return to food within their lifetime.

Caveats

For anyone studying plasticity, it will seem unsurprising that plasticity is selected for in a
fluctuating environment. Our purpose here is simply to demonstrate that the substantial
plasticity commonly observed across many taxa is consistent with the plasticity that you
would expect if resource availability acts as a cue for population growth rate. There are

important caveats we would like to address in our model of plasticity.

First, we assume there is no cost of plasticity, which may be unrealistic. Whilst there is a

considerable amount of research focussing on the costs of plasticity (DeWitt et al., 1998;
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Figure 3: Spread of four different strains, three with fixed life history strategies and one with a plastic
strategy, adopting a fast strategy in a good environment and a slow strategy in a bad environment. Panels
show different speeds of environmental fluctuations, with a) positive temporal autocorrelation, b) stochastic
variation and c) positive temporal autocorrelation.

Auld et al., 2009; Little & Seebacher, 2025), here we simply seek to demonstrate that the
plasticity we commonly observe would be expected to be selected for, and so reasonably
could represent adaptive plasticity. Given that this strategy appears to be highly conserved
(Nakagawa et al., 2012; lvimey-Cook et al., 2025; Moatt et al., 2016), we can then assume
that it is not too costly to have widely evolved. The costs of this plasticity would also be
hard to measure empirically, given that this plasticity is so widespread. This would have to
be done by looking for variation in this plasticity within populations, and then assessing the

costs and benefits of this variation.

Second, we assume that resource availability is a reliable cue for population growth rate and
that individuals respond immediately to this cue. Again, there is a substantial amount of
literature covering these points (e.g. DeWitt et al., 1998). In the absence of reliable cues,
plasticity is unlikely to evolve. Equally if the plastic response is slower than the
environmental fluctuations, then the plasticity will provide limited benefits. Again, given
that this plasticity has evolved and is conserved across taxa, this suggests that the cues are
reliable, and that the plastic response is faster than typical environmental fluctuations. Here,
the cue is an environment that the individual directly experiences (i.e. food availability or

quality) and that relates to the growth rate of the population at that time, rather than some
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proxy (e.g. whether the temperature predicts the food availability in the future). The
reliability of this cue at signalling population level changes in growth rate then relates to
how much variation in food availability there is between individuals in a population within a
time point, versus variation among time points. If the variation within time points is higher
than among time points, then how much food an individual has is not a good cue of what
the population is doing. In a competitive environment, it is likely that all individuals end up
with lots of resources when resources are abundant, whereas in a low resource environment,
it would depend on the form of competition; asymmetric competition would result in few
individual having lots of resource and many having little, and symmetric competition would
result in all individuals have little. Under both scenarios, the average individual would
experience less food in a bad environment, suggesting that for many individuals the resource
environment that they experience would be broadly representative of the overall
environment, and so represents a reliable cue for the population growth rate. In terms of the
speed of response, studies that have altered the food environment during an experiment
have shown that the individuals can rapidly alter their response (Mair et al., 2003;

McCracken et al., 2020; Sultanova et al., 2021).

Relatedly, our model assumes that individuals suddenly switch between strategies at a set
point, knowing exactly when the population moves from growing to declining. We make this
assumption partly for simplicity, and partly as many DR studies present this response as a
dichotomy. A more realistic model would allow a more continuous change in strategy across
an environmental gradient. Although the optimal strategy would be a sudden switch,
mistiming this switch (i.e. adopting a slow strategy when the population was still growing)
would be strongly selected against. Food availability is unlikely to be so good a cue for
population growth rate that such a dramatic shift in strategy would be selected for. While
DR studies typically dichotomise the environment, studies of nutritional geometry consider
continuous changes over a much broader range of diets, providing a much clearer picture of
how plasticity in the timing of breeding manifests as diet quality changes (Raubenheimer

et al., 2023).

15



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

Finally, we assume a very simplistic life history, with no age-structure and no senescence.
This is unrealistic. We chose this model deliberately to demonstrate the importance of
well-known concepts in demography for the evolution of adaptive plasticity, in as accessible
way as possible. One recent study with a more complex model from a different perspective
that considers age structure, comes to a complimentary conclusion (Irish et al., 2025). Due
to the lack of age structure, our model also does not consider demographic momentum, in
which a population can continue along a previous growth trajectory even after a change in
vital rates, temporarily decoupling expected R, and instantaneous growth rate (Koons et al.,
2006). This phenomenon depends heavily on which vital rates are affected and
predominantly affects populations with slow-life histories (Koons et al., 2006). For example,
a species with late reproduction might be expected to continue to decline after an event
that caused increased mortality of mature adults, until the younger individuals mature.
However, the plasticity we describe may mitigate this effect, as it would lead to individuals

shifting to earlier reproduction.

Adaptive life history plasticity in the wild

We have presented a simple model that explains why there is a selective advantage to the
life history plasticity seen in the commonly observed DR response, and so why this response
likely represents adaptive plasticity in a fluctuating environment. It has previously been
argued that this response may be a laboratory artifact (Adler & Bonduriansky, 2014). We
therefore explore whether and where we might see evidence for such a response in wild
populations. We first consider a widespread phenomenon, density regulation, where we argue
that this plasticity should be common, and so may provide an explanation for its evolution
and conservation across taxa. Second, we consider extreme reactions in response to
environmental hardship, and how these fit with our model. Finally, we consider human
altered environments; anthropogenic changes often impact food availability and quality,

providing natural experiments from which would expect predictable plastic responses.

16



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

Density Regulation

Density regulation is common in wild populations (Brook & Bradshaw, 2006). It is often
assumed to work via resource availability; when populations are above the carrying capacity,
resources are limited (whether in terms of absolute amounts, or the availability of more
high-quality resources), leading to a declining population growth rate, and vice versa.
Density regulated populations therefore present a system in which rapid, short-term
fluctuations in resource availability (i.e. negative temporal autocorrelation) predict rapid
fluctuations in population growth. Our model suggests that under this regime, there is
strong, persistent, directional selection for life history plasticity. In other words, there is
density-dependent selection on generation time. Given how widespread density regulation is
thought to be, it seems plausible that the ubiquity of this force may have facilitated the

widespread evolution and conservation of this life history plasticity.

Theoretical work on density dependent selection on generation time is best exemplified by
the literature on R and K selection, where R is a fast life history strategy selected for at low
density, and K is a slow strategy selected for at carrying capacity (MacArthur, 1962;
MacArthur & Wilson, 1967; Pianka, 1970; Reznick et al., 2002). Assuming fixed strategies
and no phenotypic plasticity, this density dependent selection has been suggested as a
mechanism that can explain the maintenance of genetic variation in life history within
populations (Sather et al., 2016; Araya-Ajoy et al., 2021; Sather et al., 2021). As we show
here, this density dependent selection would also select for adaptive life history plasticity,

which thus far has attracted much less attention.

Although the DR response is rarely considered in terms of density regulation, recent work
has shown that the same physiological mechanisms that are associated with the DR
response (e.g., IGF-1) also respond to food availability (Dantzer & Swanson, 2012; Lodjak
& Verhulst, 2020) and density (Ravindran et al., 2026) in the wild .
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Responding to harsh environments

In the extreme case, our model predicts that when the population is declining, organisms
should optimally have infinitely high survival and infinitely low reproduction. There are many
example in which we see such extreme life history plasticity in response to food availability in
the wild, where low food availability causes organisms undergo complete cessation of

reproduction and even take measures to increase survival by shutting themselves down.

Perhaps the most obvious example of this is seasonal breeding. In temperate regions, there
is a predictable food pulse during spring and summer, in which animals reproduce. In such
systems, we tend to discretise time into years, and focus on the breeding season. In the
context of our model, we may then consider this plasticity working across breeding seasons
with organisms changing their life history on that scale. However, we can also consider this
on a finer scale, viewing these populations in continuous time. In this context, we can see
considerable life history plasticity across a year, with organisms ceasing reproduction during
periods of low food availability and then initiating reproduction during periods of high food
availability. At the extreme, some species hibernate, increasing survival probability by
downregulating physiological processes and hiding away. Supplementary feeding has also
been shown to advance the onset of breeding in these systems (Ruffino et al., 2014),

suggesting that food availability acts as a trigger for reproduction.

Outside of seasonal breeding, we see many similar examples on shorter timescales.
Opportunistic breeders present a clear example of this. Zebra finches, for example, breed
following rainfall, which signals an increase in food availability (Zann et al., 1995). Similarly,
small mammals go into torpor during periods of low food availability (Vuarin & Henry, 2014;
Vuarin et al., 2015; McAllan & Geiser, 2014), a shorter-term version of hibernation and
insects go into diapause when food sources are limited (Hahn & Denlinger, 2011). If
exposed to dietary restriction in a juvenile stage, Caenorhabditis elegans goes into a
developmentally arrested dauer state (Golden & Riddle, 1984). A similar response is even

seen in microbes, which appear to enter a dormant state when density is high and resources
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are limited (Bergkessel et al., 2016; J3ers & Tenson, 2016; Pelusi et al., 2020). Regan et al.
(2020) noted that the mechanisms underlying processes such as torpor and diapause are the
same as those underlying the dietary restriction response, suggesting a common

physiological underpinning, and so shared evolutionary history.

There may be other factors impacting these responses, such as physiological constraints and
selection against putting offspring into bad environmental conditions they are unlikely to
survive (although this is also indicative of population decline). From a purely demographic
perspective, however, given that food availability likely linked to population growth, these

responses can also be seen in the same context of adaptive plasticity.

Human altered environments

Anthropogenic change in the last few decades has been rapid and dramatic, with large
impacts upon wild populations (Hendry et al., 2008). Studying changes in these human
altered environments provides large scale, often replicated natural experiments. Two clear

examples of this are harvesting and urbanisation.

Generally, harvesting results in a massive reduction in population density, moving the
population below its carrying capacity, resulting it in a state where it is always growing.
Although this is a direct effect on population growth rate, we could well imagine that this is
mediated by harvesting generating high resource availability by reducing density. Under our
model, we would expect a plastic shift to a fast life history, with high and early reproduction.
Interestingly, this is exactly what has been repeatedly observed in fisheries; a life history shift
toward earlier maturation and higher fecundity (Darimont et al., 2009; Audzijonyte et al.,
2013). Previous work has interpreted this as evolutionary change in response to size (and so
age)-specific harvesting, inducing selection on faster life histories (Heino & Godg, 2002;
Heino & Dieckmann, 2008; Heino et al., 2015). However, there is very little direct evidence
of evolutionary change, as this is extremely difficult to demonstrate in such systems (Heino

& Dieckmann, 2008). Indeed, Audzijonyte et al. (2013) showed that the phenotypic
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response in fisheries is far larger than might be expected via adaptive evolution alone,
suggesting that at least part of this response may be due to plasticity, and notably is
consistent with adaptive plastic response we describe in our model. Harvesting is a form of
extreme predation, and it is worth noting that natural predation is also well known to impact

life history in the same way (Reznick et al., 1990, 2001).

Urbanisation represents a systematic shift away from ‘natural’ habitats. For many species
(e.g. non-commensal and feral species), this likely represents a worse environment, with
lower availability and quality of food. Under these environments, we might therefore expect
a shift towards slower life histories. Interestingly, there is repeated evidence of lower
reproduction in urban versus rural areas (Chamberlain et al., 2009; Sepp et al., 2018;
Capilla-Lasheras et al., 2022), and some evidence that survival might additionally increase

(Sepp et al., 2018).

Measuring fitness in a fluctuating environment

Fitness is a key measure in evolutionary biology that allows us to measure selection and so
predict evolutionary change. Although there are many ways of measuring fitness, all
represent a combination of survival and reproduction and so plasticity in these components
may affect how we should measure fitness. In individual-based studies of wild populations,
we typically measure the fitness of an individual as the culmination of survival and
reproduction over their lifetime, with metrics such as lifetime reproductive success (LRS;
total offspring produced across an individual's life) representing the gold standard. However,
we show that strategies can have the same expected LRS (described as Ry in our model),
but differentially spread through the population depending on their life histories. Although
this has already been acknowledged (McGraw & Caswell, 1996; Brommer et al., 2002;
Moorad, 2014), metrics that aim to deal with this are still predominantly lifetime metrics
and so implicitly assume that environment is constant across life. However, resources often

fluctuate in natural environments, and so the plasticity of individuals in response to this is
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also important.

Measures of fitness relate to spread through a population and so fitness is often considered
as relative to the others around you. Lifetime metrics pose this as the relative fitness against
all others in the population across time points. Our simplistic model here suggests that, in a
fluctuating environment, it is more important to consider your fitness relative to those
around you at a particular time point. Relative fitness may vary across environments within
a lifetime, meaning that any metric calculated across a lifetime would miss this subtlety. If
there is variation in plasticity among individuals, some individuals will match their
environment better than others, and therefore spread more through the population. For
example, two individuals may have the same LRS (i.e., same absolute fitness across their
lives), but if one individual better matched their reproduction to the environmental
fluctuations (i.e., high relative fitness within environments), then they will likely contribute
more to the future population. Indeed, in our simulations, individuals from all strains had the
same expected LRS, but with environmental fluctuations the plastic strains always spread.
Whilst the presence of plasticity itself seems conserved, the degree of plasticity may vary
within a population, meaning that lifetime metrics may fail to fully capture fitness variation.
Indeed, variation in the dietary restriction response has been observed across strains in mice
and drosophila (Liao et al., 2010; Rikke et al., 2010; McCracken et al., 2020). In this case,

lifetime metrics will not work as intended within a fluctuating environment.

Our model therefore illustrates the problem of using lifetime metrics of fitness in a
fluctuating environment. The clearest alternative is to use time-step metrics such as
individual contribution to the next time-step, measured as fecundity/2 + survival in a diploid

population (Sather & Engen, 2015), which can be relativised within a time-step.

Discussion

We present a simple demographic model that shows how life history plasticity, such as that

seen in the dietary restriction response, is selected for in a fluctuating environment, if the

21



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

population growth rate varies between declining and growing. We show that the
environmental fluctuations can be much longer than an individual’s lifespan, meaning that
the assumption of returning to resources within a lifetime as set out in previous models
(Holliday, 1989; Shanley & Kirkwood, 2000) is not necessary to explain this response as
adaptive plasticity. We further argue that this response may have been selected for by the
common occurrence of density regulation, and that there are many similar responses to
dietary restriction in natural conditions, addressing previous criticisms of the DR response
representing adaptive plasticity (Adler & Bonduriansky, 2014). Finally, the widespread
occurrence of this plasticity in varying environments common in natural populations suggests

that we should reconsider how to measure fitness in the wild.

Previous studies have suggested that the dietary restriction response may be
sex-specific(Nakagawa et al., 2012; Moatt et al., 2016), although this may be driven by
invertebrates (lvimey-Cook et al., 2025). Whilst we consider an asexual population here, a
simple two-sex extension of our model may help explain this; if we assume female
demographic dominance (in which we assume that all eggs are fertilised by males), there
may be no particular advantage to males altering their survival, as males are not directly
impacting upon population growth. In cases where females completely cease reproduction,
however, there are no longer any reproductive opportunities and so this may favour male

plasticity.

It has also been suggested that the survival response to dietary restriction may be weaker in
longer lived species (Demetrius, 2004; Deere et al., 2023, although note that this has not
been quantitatively assessed). This may link to the ideas of demographic buffering and
lability, where some vital rates may vary to track the environment to increase growth rate
(lability), whilst selection may act on those with the largest impact upon growth rate
(known as sensitivity) to remain constant (buffering) (Koons et al., 2009). The key point of
our model is to demonstrate that it is adaptive to relatively shift contribution to

reproduction and survival depending on the population growth rate. Although it would be
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optimal to shift from semelparous to dormant depending on the environment, there is a
defined range for reproduction and survival within a species, and so clear physiological
constraints for a given species in how plastic they can be. Together, this may suggest that
species may shift their generation time through different changes in reproduction or survival,
dependent on their overall life history. As species with faster overall life history generally
have higher sensitivity in reproduction, we may expect them to alter survival more, whereas
slower species have higher sensitivities in survival, and so may be more likely to alter
reproduction, matching this prediction. More empirical and theoretical work would have to
be done to explore this further. Importantly, it is not necessary that we explicitly see survival
increase and reproduction decrease with an change in the environment, rather that there is a

shift in the relative rates, within an impact on generation time.

To date, the focus in life history evolution has been on fixed strategies, and how varying
environmental conditions may maintain life history variation among individuals, for example,
research on R and K selection. Interestingly, our models suggest an additional reason why
slow life histories may be selected for in stationary populations within a fluctuating
environment (for example, fluctuating around a carrying capacity). Classic work in
demography shows that in the long term, growth rate is sensitive to variation (Tuljapurkar,
1982), with more variation leading to a reduction in the long term, stochastic growth rate.
As can be seen in Figure 2, slower life histories have lower variation in growth rate across
environments, and so under a fluctuating environment with a stationary population growth
rate on average, slower life-histories might be more likely to spread, as their stochastic
growth rate is higher. Put another way, fast life histories are much more likely to crash in
bad years than slow ones. Although this provides a similar result to the theory on
K-selection (slow strategies would be selected for at carrying capacity), as far as we are
aware, this argument has not been made previously. As we noted earlier, there has been a
general lack of work on how a fluctuating environment may also select for life history
plasticity. Interestingly, there is a conspicuous lack of evidence for a negative relationship

between survival and reproduction among individuals (Winder et al., 2025), including at the
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genetic level (Chang et al., 2024). This suggests that rather than maintaining variation in
fixed strategies, this selection may have resulted in plasticity. Empirical evidence for this is

currently scarce, and so this would provide a fruitful avenue for further research.

Whilst we focus on food availability, our model would hold for any environment that was
closely matched to population growth rate. Indeed, Regan et al. (2020) highlighted that the
mechanisms underlying the DR response are often the same as those for many other
environmental cues. Obvious other environments include temperature and parasitism, which
are both known to affect life history (Nylin & Gotthard, 1998; Snook et al., 2026; Agnew
et al., 2000). Temperature is a more complex environment with a strongly non-linear and
asymmetric relationship between temperature and fitness, with clear thermal optima. Whilst
many studies focus on either survival or reproduction, our model demonstrates the utility of
considering the combined plasticity of these two vital rates, and how they vary in response

to environmental condition that may predict population growth.

Dietary restriction experiments often compare two environments, ad libitum food versus
some form of restriction. However, as discussed above, we do not realistically expect the
response to food availability to be dichotomous. Indeed, the degree of dietary restriction has
been linked to size of the plastic response in reproduction (Moatt et al., 2016). Moreover,
food availability in the wild is likely a much more complex picture than simply presence or
absence of food, but also about the relative abundance of high-quality food. Nutritional
geometry provides a more complex framework that allows much more detailed exploration of
this plasticity. Taking a nutritional geometry approach would allow us to map population
growth rate onto a nutritional landscape, and compare this with changes in survival and
reproduction across this same landscape. By incorporating information about the projected
growth rate, this will help us to understand the dynamics of survival and reproduction across
this landscape, and how individuals may be optimising their strategy according to the
available resources. This would provide much more fine-scale picture about life history

plasticity, and so allow further refinement of this model.
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Data and Code availability

Code for this study is available at

https://github.com/joelpick/adaptive_plasticity
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S1 Model with no reproduction-survival trade-off

We can have a model where all individuals have the same lifespan (here 10 time-steps), and
only breed in one year. Strains vary systematically in the year in which they breed creating
variation in generation time, as the generation time will be equal to age of reproduction of
that strain. We don’t consider a scenario in which individuals have the same survival rate
with varying year of reproduction, as this induces selection on generation time even when the
population is stationary, as those with a later generation time are more likely to have died

before reaching the point of reproduction. This means that R, is not constant across strains.

Similar to the main model, Ry is dependent on the the environment, and all strains have the
same Ry in a given environment. Here, we calculate the growth rate as A, the first
eigenvalue of a Leslie matrix, with all ones on the off-diagonal, and Ry in the element of the

top row of the matrix for the given year of reproduction.

As shown in Figure S1, this gives a qualitatively similar pattern to our main model, whereby
fast strains do better when the population is growing and slow strains when the population

is shrinking.

It is worth noting that post-reproductive lifespan does not impact A, and so in this scenario,
A is the same whether the individuals in a strain live after reproducing, or do not. The later
case, with strains varying in their year of reproduction and then dying, would also generate a

negative reproduction-survival correlation.



Breeding year

e year 9
e year 8
year 7
year 6
year 5
year 4
year 3
year 2
== year 1

1.5

Strain Growth Rate
1.0

0.5

0.5 1.0 1.5
Ro

Figure S1: How variation in the timing of reproduction affects strain growth rate, using a different way of
varying generation time. For a given total reproductive output (R, x axis), there is variation in the potential
growth rate across strains (yellow area). This variation is caused by the effect of the timing of reproduction on
growth rate, illustrated by different strains that vary in their generation time (coloured lines). Here, variation
in generation time is generated by varying timepoint at which different strains reproduce. When the overall
population is declining, for the same total reproduction, strains with a slower life history have a relatively
faster growth rate. When the overall population is growing, for the same total reproduction, strains with a
faster life history have a relatively faster growth rate.



S2 Temporal autocorrelation

a) Negative temporal autocorrelation
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Figure S2: Example of three scenarios with fluctuating environments; a) negative temporal autocorrelation
leading to rapid fluctuations, b) stochastic fluctuations and c) negative temporal autocorrelation leading to
very rapid fluctuations. Environments were simulated with the same parameters used in the simulations in
the main text. The coloured lines show the expected lifespan of the three strains in the simulation; blue -
slow, orange - intermediate, red - fast.
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S3 Fixed environment simulations

in addition to the simulations in the main text, we simulated three scenarios with a fixed
environment: one scenario with a good environment resulting in an expected R, of 1.1 and
so a growing population, one scenario with an stationary environment resulting in an
expected R, of one and so a stationary growth rate, and one scenario with a bad
environment resulting in an expected Ry of 0.9, and so a declining population. These fixed
environment simulations were run to demonstrate that timing of reproduction is under

selection when populations are not stationary.

As expected, both the strain that already possessed the optimal strategy for that specific
environmental (e.g the fast strategy in the good environment) and the plastic strain, which

adopted an optimal strategy, spread (Figure S3 a-c).
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Figure S3: Spread of four different strains, three with fixed life history strategies and one with a plastic
strategy, adopting a fast strategy in a good environment and a slow strategy in a bad environment. Panels
show different fixed environments resulting in a) a growing population with an Ry of 1, b) a stationary
population with an Ry of 1 and c¢) a declining population with an Ry of 0.9.
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