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1 | PLASTICITY BEYOND EARLY states (West-Eberhard, 2003)—is common early in ontogeny, yet
ONTOGENY it may also exist at later developmental stages, such as adoles-

cence. High levels of plasticity in adolescence and adulthood have
Phenotypic plasticity—the ability of organisms to adjust their phe- been documented across taxa, including primates, rodents, birds
notypes in response to environmental conditions and physiological (Fuchs & Flugge, 2014), reptiles, amphibians (Powers, 2016), fish
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(Ganz & Brand, 2016), and insects (Eriksson et al., 2019; Strambi
et al.,, 1999).

The existence of plasticity beyond early ontogeny raises a ques-
tion: has plasticity merely persisted from earlier developmental
stages, or is there a spike in plasticity later in ontogeny, implying a
sensitive period? It is difficult to differentiate these possibilities em-
pirically (Fuhrmann et al., 2015). Regardless, and contrary to some
claims (Fuchs & Fligge, 2014), these cases clearly show that plas-
ticity does not always diminish early in ontogeny. In this article, we
ask whether and how evolutionary selection pressures cause varia-
tion in plasticity beyond early ontogeny across species, individuals,
and traits.

1.1 | Understanding sources of variation in
sensitive periods

In the past decades, there is growing interest in the genetic, neu-
rophysiological, and environmental causes of variation in levels of
plasticity. For example, geneticists have highlighted mechanisms
that regulate the ontogenetic timing of sensitivity to information
available to developing organisms (‘cues’) (Rundle & Spicer, 2016).
Neuroscientists have uncovered the neurophysiological mecha-
nisms underlying variation in sensitive periods (Gabard-Durnam &
McLaughlin, 2020). And biologists have shown how environmen-
tal conditions and physiological states during development shape
the features of sensitive periods, such as their timing and duration
(Knudsen, 2004). These literatures have focused more on proximate
mechanisms, studying how sensitive periods are instantiated, and
less on ultimate selection pressures, studying why such periods have
evolved.

As Niko Tinbergen (1963) argued, a complete explanation re-
quires linking proximate (mechanisms, development) and ultimate
levels (function, evolutionary history) (Bateson & Laland, 2013;
Bergman & Beehner, 2022). To illustrate, consider an example in
guinea pigs. Housing conditions during adolescence (i.e. living in
pairs or in colonies) shape their levels of stress and aggression
in adulthood to a larger extent than housing conditions during
other life stages (Sachser et al., 2018, 2020). This plasticity in
adolescence appears to be functional, because it enables guinea
pigs to adjust to fluctuations in the social environment, such as
changes in the density of male competitors (Sachser et al., 2018).
But which environmental conditions could have selected for this
pattern over evolutionary time? It is known that the ancestral spe-
cies of the domestic guinea pig, the wild cavy, experiences drastic,
yearly fluctuations in population size and composition (Sachser
et al.,, 2018). To understand whether this variation can explain
guinea pigs' heightened plasticity to the social environment in
adolescence, it would be informative to draw on more general
theory. In this paper, we, therefore, discuss recent mathemati-
cal models exploring the emergence of sensitive periods beyond

early ontogeny.

1.2 | Modelling the evolution of sensitive periods

There is a longstanding and well-developed theoretical tradi-
tion studying the conditions that favour phenotypic plasticity
versus non-plastic strategies (Botero et al., 2015; Snell-Rood &
Steck, 2019; Stephens, 1991) as well as reversible or irreversible
plasticity (Gabriel, 2006; Piersma & Drent, 2003). But theoreti-
cians have only recently explored why and how levels of plasticity
change across ontogeny (reviewed in Fawcett & Frankenhuis, 2015;
Frankenhuis & Fraley, 2017; Frankenhuis & Walasek, 2020; Stamps
& Luttbeg, 2022). This work provides insights into the effects of ex-
perience on the characteristics of sensitive periods, including their
timing and duration. These models advance our understanding of
why variation in sensitive periods exists, complementing research on
how it is instantiated through (epi)genetic, neurophysiological, and
developmental processes.

Models of sensitive periods typically conceptualize development
as a sequential decision-making process. Organisms are conceived
or born with a prior estimate about their environment (e.g. safe or
dangerous). Organisms sample cues across ontogeny that provide
imperfect knowledge about the environmental state, changing
their information state (Stamps & Frankenhuis, 2016). The extent
to which cues accurately reflect environmental conditions is often
called the ‘cue reliability’ (or ‘cue validity’). Some models addition-
ally consider how changes in the information state (e.g. increased
estimate about the presence of predators) map onto phenotypic ad-
justments (e.g. development of defences) (e.g. Fischer et al., 2014;
Frankenhuis & Panchanathan, 2011; Walasek et al., 2022a, 2022b).
These models then compute optimal trajectories that maximize sur-
vival and reproductive success (i.e. biological fitness). A robust find-
ing across models is that plasticity tracks an organism's uncertainty
about the environment: The higher this uncertainty is at conception
or birth and the more prenatal and postnatal cues reduce it, the
higher plasticity tends to be early in ontogeny, relative to later life
stages (Fawcett & Frankenhuis, 2015; Frankenhuis & Fraley, 2017,
Frankenhuis & Walasek, 2020).

2 | THEORETICAL SYNTHESIS

Although most mathematical models find sensitive periods early
in ontogeny, recent models point to conditions that favour sen-
sitive periods later in ontogeny (Fischer et al., 2014; Stamps &
Krishnan, 2017; Walasek et al., 2022a, 2022b). It is not yet clear
whether later sensitive periods are produced by the same or differ-
ent selection pressures as early sensitive periods. Here, we address
this question by synthesizing findings across models. We include
models in our analysis if they meet three criteria. First, organisms use
cues to learn about their environment. Second, the model captures
changes in plasticity across ontogeny, including two or more time
periods in which organisms can access cues. Third, the model pro-

duces sensitive periods beyond early ontogeny; that is, the highest
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levels of plasticity towards the middle or end of ontogeny, rather
than at the onset of ontogeny (the typical pattern). We have found
four models that meet these criteria (Fischer et al., 2014; Stamps &
Krishnan, 2017; Walasek et al., 2022a, 2022b).

Our synthesis focuses on adaptive explanations for sensitive
periods occurring later in ontogeny. If a model also produces sensi-
tive periods at the onset of ontogeny in a subset of conditions, we
may discuss those for contrast. Additionally, we collected empirical
examples of sensitive periods later in ontogeny in human and non-
human animals (Table 1). As with the models, we only consider ex-
amples in which animals learn from cues over multiple time periods
and show their highest levels of plasticity later in ontogeny. These
examples represent sensitive periods beyond early ontogeny that
we could identify and match with our theoretical explanations im-
plied by the models. There may well exist other, suitable examples.
We hope that our synthesis encourages others to identify empirical
studies that we have missed.
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The immediate goal of our synthesis is to review and link theoret-
ical and empirical studies reporting sensitive periods beyond early
ontogeny. In the long term, we hope that this synthesis stimulates
future discourse about sensitive periods beyond early ontogeny. In
the discussion section, we suggest concrete future directions based
on our findings which can foster such a discourse. These directions
include novel observational and experimental studies for identifying
sensitive periods beyond early ontogeny, as well as modelling exten-

sions that incorporate empirical insights.

2.1 | Scope of synthesis

In this paper, we use the term ‘ontogeny’ to denote the time window
in which cues (i.e. experiences that provide information) are relevant
to the development of traits. Thus, we refer to the ontogeny of a
specific trait and not necessarily to the ontogeny of the organism

TABLE 1 Empirical examples of sensitive periods beyond early ontogeny. Columns indicate the species, trait, pattern (midway vs. end
of ontogeny), the (ultimate) theoretical explanation that best fits the example, and the associated reference. For some studies it is unclear

whether they capture a sensitive period towards the end of ontogeny or persisting plasticity, following an earlier peak. In these cases, we list

both patterns.

Species

Humans

Humans

Chimpanzees

Fish (Amazon molly,
Poecilia formosa)

Humans

Various rodent
species

Various rodent
species

Bulb mites
(Rhizoglyphus robini)

Waterflea (Daphnia
magna)

Paper wasps

(Polistes dominula)
Guinea pigs (Cavia
aperea f. porcellus)

Various rodent
species

Trait

Stress recalibration in response to adoption

Increased information sampling in response to
increased uncertainty

Increased social exploration and learning in response
to novel social landscapes and independence from
parents

Behaviour in fish tanks (i.e. step length, turning angle,
and distance to the tank wall)

Susceptibility to social feedback from peers

Changes in aggression, exploration, and social play
behaviour in response to social defeat and housing
conditions

Social, anxiety-like, cognitive, and decision-making
behaviours in response to social isolation

Male morph development in response to body size

Size at maturity in response to short-term exposure to
predator kairomones

Nest-mate recognition in response to olfactory cues

Changes in endocrine mechanisms (testosterone and
cortisol concentrations) in response to niche transition

Changes in social behaviour and brain physiology
in response to stress caused by changing, social
environments

Timing of Theoretical
sensitive periods  explanation Reference
Midway Increasing DePasquale et al. (2021),
uncertainty Gunnar et al. (2019)
Midway Increasing Ma et al. (2022)
uncertainty
Midway Increasing Reviewed in Reddy
uncertainty et al. (2022)
Midway Increasing Ehlman, Scherer,
uncertainty Bierbach, Stark,
et al. (2023)
Midway Increasing cue  Molleman et al. (2022)
reliability and reviewed in Hofmans
and van den Bos (2022)
Midway Increasing cue  Reviewed in Sachser
reliability et al. (2018)
Midway Increasing cue  Reviewed in Li
reliability etal. (2021)
End Changing Leigh and
environment Smallegange (2014),
Smallegange (2011)
End Changing Mikulski and
environment Pijanowska (2010)
End Changing Cappa et al. (2020)

End or persisting
plasticity

End or persisting
plasticity

environment

Changing
environments
Changing
environments

Mutwill et al. (2019, 2020)

MacLeod et al. (2023)
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(i.e. the whole period during which an organism develops). The
onset of ‘trait ontogeny’ does not necessarily coincide with concep-
tion or birth; animals might only be able to develop some traits at
later life stages due to physiological constraints or because relevant
cues are not available yet (Fawcett & Frankenhuis, 2015; Stamps &
Luttbeg, 2022). Figure S1 illustrates the relationship between trait
ontogeny and overall ontogeny.

Our paper focuses on sensitive periods beyond early ontogeny,
including (but not limited to) adolescence. Typically, adolescence
corresponds to the life stage in which individuals experience
physiological changes of puberty, paving the way for adulthood
(Reddy et al., 2022). Sometimes, it is defined as the transition
towards independence from caregivers (Romeo et al., 2016).
However, this definition does not readily apply to species with
different life cycles and definitions vary even within research lit-
eratures on a single species. Nonetheless, a transitory phase from
juveniles to adults appears to be common across many species.
For example, in species undergoing metamorphosis, researchers
have drawn parallels between puberty and metamorphosis as the
physiological process by which juveniles turn into adults (Barredo
et al., 2021). For several of our empirical examples, ‘adolescence’
as a transitory phase provides a useful context for interpreting
our findings.

3 | THREE EXPLANATIONS FOR
SENSITIVE PERIODS BEYOND EARLY
ONTOGENY

Across the four models, we extracted three different explana-
tions for sensitive periods beyond early ontogeny: (1) increasing
uncertainty about the environment, (2) increasing informative-
ness of cues, and (3) frequent changes in the environmental state
(Figure 1). We will showcase these explanations and illustrate each
one using empirical examples from various species (Table 1). We
also discuss how the patterns of plasticity observed in theoreti-
cal and empirical research depend on the study protocols used to
quantify plasticity.

3.1 | Explanation 1: Sensitive periods occur
in mid-ontogeny when uncertainty increases
over ontogeny

Three of the four models—Fischer et al. (2014), Stamps and
Krishnan (2017), and Walasek et al. (2022b)—produce sensitive
periods mid-ontogeny because uncertainty increases early in on-
togeny (Figure 1, panel a). However, the causes of this increase in

(a) Increasing uncertainty

Sk

G>
a a

"t gt e

(b) Increasing cue reliability

Plasticity

‘ @?°°
* * 9

Uncertainty

(c) Frequent environmental changes

Ontogeny

FIGURE 1 Plasticity tracks uncertainty across ontogeny. The height of the triangles indicates the level of plasticity; its shading the level
of uncertainty; with darker shades indicating more uncertainty. Panel (a) shows that sensitive periods can occur mid-ontogeny if organisms
become more uncertain about their phenotype-environment fit across early ontogeny. For example, rodents may have evolved to expect a
safe environment (sun) and become more uncertain when they sample contradicting cues (thunder). Panel (b) shows that sensitive periods
can also occur mid-ontogeny when cues (upward pointing arrows) become more reliable towards that time period, enabling organisms

to reduce their uncertainty; with larger arrows indicating higher cue reliability. As an example, rodents might sample reliable cues from
peers about their mate value. Panel (c) illustrates that sensitive periods towards the end of ontogeny can occur if changing environmental
conditions (black, jiggly line) induce uncertainty about the adult environment. In such conditions, organisms might rely on the most recent
information at the end of ontogeny to reduce their uncertainty and adjust their phenotypes. For example, rodents may exhibit heightened
plasticity for social behaviours near adulthood because the population's sex ratio changes within their lifetimes.
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uncertainty differ between these models. We will provide general
insights in the main text and offer details in Box S1.

Fischer et al. (2014) assume a fluctuating environment in which
the entire population starts ontogeny with an already induced phe-
notype. This phenotype reflects the inherited, long-term estimate
of the environment (‘evolutionary prior’). Crucially (and unlike in the
other three models in our synthesis), adjusting this initial phenotype
is assumed to be costly. Therefore, when cues are noisy, most or-
ganisms sample a few cues before adjusting their phenotype. When
the environmental state changes slowly (relative to generation time),
organisms become more uncertain about their current phenotype-
environment match as they start to sample cues that contradict
their priors. This results in sensitive periods early in ontogeny, but
not at the onset (Figure 2, column 3, row 1 and 2, dark teal lines).

When cues are low in reliability, it takes organisms longer to reach

Functional Ecology E EE“:%““

sufficient confidence to make costly phenotypic adjustments, and
some individuals never do. Averaged across the population, this re-
sults in later and lower peaks in plasticity (row 1). Rapidly changing
environments within generations (light teal line) amplify this effect
because phenotypic adjustments are potentially only useful for a
short amount of time, resulting in even lower, mid-ontogeny peaks
in plasticity.

In Walasek et al. (2022b), sensitive periods towards mid-ontogeny
also occur due to mismatches between early ontogeny cues and
priors, when the environment changes slowly within generations
(Figure 2, column 3, solid red lines). Early in ontogeny, all organisms
start specializing towards the long-term environment indicated by
the prior. Plasticity increases when some organisms sample cues that
contradict their early estimates and thus increase uncertainty about

the current fit with the expected future environment. Averaged

Environment

Stable Stable
Low cue reliability

Moderate cue reliability

o
P

Levels of plasticity
~

High cue reliability

Ontogeny

Increasing cue reliability

Triangular cue reliability

Decreasing cue reliability

Changing
Low cue reliability

Vo

High cue reliability

FIGURE 2 Explanations for sensitive periods beyond early ontogeny across models. Rows depict the level (low, moderate, high) or pattern
(increasing, triangular, decreasing) of cue reliability. Columns depict whether the environmental state is stable or might change within an
individual's lifespan. Colours indicate the four models discussed in the paper: In purple, Stamps and Krishnan (2017); in black, Walasek

et al. (2022a); in red, Walasek et al. (2022b); and in teal, Fischer et al. (2014). Line types indicate different ultimate-level explanations for
sensitive periods: Solid indicates increases in uncertainty, double-dash indicates increases in cue reliability, and dotted indicates changing
environments. Colour intensity indicates the rate of environmental change (only in the third column): Light indicates fast and dark indicates
slow changes. The figure omits patterns of sensitive periods early in ontogeny. Note that all models compute changes in plasticity across
ontogeny as an average across members of the population. Individuals within a population may deviate from this average pattern.
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across members of the population, such conditions result in mid- to
late-ontogeny peaks in plasticity, driven by a subset of individuals.

In Stamps and Krishnan (2017), the environment does not fluc-
tuate across ontogeny. However, they explored scenarios in which
organisms with priors indicating a dangerous environment, receive
contradicting cues indicating a safe environment. Similar to Fischer
et al. (2014) and Walasek et al. (2022b), these initial cues (which
contradict organisms early estimates of the environment) increase
uncertainty. When uncertainty is highest, subsequent cues have the
most impact on development, resulting in peak-plasticity beyond the
onset of ontogeny (Figure 2, first column). The lower the cue reli-
ability, the noisier cues are and the longer it takes for estimates to
shift, resulting in mid-ontogeny peaks in plasticity (Figure 2, column
1, first row).

A common denominator across these three models is that uncer-
tainty arises from cues which are markedly different from organisms'
priors (Figure 1, panel a). This process can be linked to the ‘discrep-
ancy rule’ derived from Bayesian models of development (Stamps
& Frankenhuis, 2016). The discrepancy rule states that the extent
to which individuals are shaped by a cue depends on how different
the cue is from their prior estimate. There is experimental support
for this rule in fruit flies (Stamps et al., 2018). However, this work
did not focus on sensitive periods; it explored the impact of a cue in
a single time period, rather than changes in the impact of cues over

multiple time periods.

3.1.1 | Empirical studies

Empirical evidence suggests that increases in uncertainty, particu-
larly about the social environment, can result in sensitive periods
mid-ontogeny (Table 1). At a proximate level, such increases in plas-
ticity might be initiated by ‘prediction errors’, resulting from mis-
matches between the expected and actual sensory input (Courville
et al., 2006; Galvan, 2010; Scott & Frank, 2023). Such mismatches
can occur when organisms experience novel or changing environ-
mental conditions. For example, human adolescents, who were
adopted as children from relatively harsh conditions into more sup-
portive conditions, show greater potential for stress recalibration
than non-adopted individuals do (Gunnar et al., 2019). Here, drastic
environmental changes may lead the brain to reevaluate the current
phenotype-environment fit, temporarily increasing plasticity in cor-
tisol stress reactivity.

Increases in uncertainty can also shape behaviour. Recent exper-
iments in humans have revealed an ‘adolescent-emerging’ increase
in information sampling before making decisions (Ciranka & van den
Bos, 2020; Ma et al., 2022; Niebaum et al., 2022). For example, ado-
lescents gather more information about the trustworthiness of oth-
ers compared to other age groups (Ma et al., 2022). Adolescents aged
13 to 15years were a priori more uncertain compared to younger
and older peers and more willing to tolerate this uncertainty, result-
ing in increased information sampling. Taken together, adolescents
may be more uncertain about features of their social environment,

resulting in increased exploration and sensitivity towards social
information (Giron et al., 2023). Moreover, this pattern appears to
be specific to social information; with non-social information, toler-
ance for uncertainty and exploration continuously declines with age
(Nussenbaum et al., 2023).

We have found two examples in non-human animals. As in hu-
mans, chimpanzees show heightened exploration and learning in
adolescence, potentially due to increased uncertainty about novel
social environments (Reddy et al., 2022). And so do fish: Amazon
molly (Poecilia formosa) show increased behavioural plasticity during
the first weeks of life (Ehlman, Scherer, Bierbach, Stark, et al., 2023).
This prey species might start out with a prior indicating a danger-
ous environment. However, when reared in benign tanks, they likely
sample cues indicating a safe environment, thus initially becoming
more uncertain about environmental conditions. We suspect there
are other examples in non-human animals. We hope our synthesis
will foster connections between such examples and theory on sen-
sitive periods.

3.2 | Explanation 2: Sensitive periods occur in
mid-ontogeny when the reliability of cues increases
across ontogeny

Walasek et al. (2022a) explore changes in the reliability of cues across
ontogeny in an environment that varies between generations, but re-
mains stable within an individual's lifetime. The authors focus on three
different patterns of change: increasing, first increasing and then de-
creasing (‘triangular’), and decreasing cue reliabilities. They found sen-
sitive periods in mid-ontogeny when the reliability of cues increases
across some portion of ontogeny (Figure 2, column 2). When the relia-
bility of cues decreases, sensitive periods only occur early in ontogeny.
Under these conditions, cues at the onset of ontogeny are highly indic-
ative of a stable ontogenetic environment, so there is no need for or-
ganisms to maintain high levels of plasticity. The reliability of cues can
vary for various reasons. For some traits, cues may only be available
or more abundant during certain developmental stages, such as social
cues about an individual's mate value (Fawcett & Frankenhuis, 2015).
The higher the frequency of cues is, the more reliably organisms can
use them to estimate their environment. Another reason could be that,
through sensory development, organisms become better able to de-
tect and use cues later in ontogeny. Relatedly, if neural systems age, an
organism's ability to detect and accurately process cues may degrade,

resulting in declining cue reliability.

3.2.1 | Empirical studies

We expect mid-ontogeny sensitive periods when reliable cues are
more readily available in mid-ontogeny (Figure 1, panel b) and when
sensory and neural systems are better prepared to process these
cues (Dahl et al., 2018; Larsen & Luna, 2018). Empirical studies in
humans and rodents support such an explanation (Table 1). This

3SUBD17 SUOLULLIOD SAERID 3|gedt|dde ay) Aq pauienob afe SapIe YO ‘88N JO SN o} ARiq1 8Ul|UO AB|IM UO (SUORIPUOD-PUR-SLLLBIALCY" A3 1M Ale.q 1 BUI|UO//SANY) SUORIPUOD Pue SW | 81 38S *[1202/2T/8T] Uo ARIgiauluO AB|IM ‘SIe1enbpesH SAIRISIUIWPY 00T IdIN AQ STOYT 'SEVZ-GOET/TTTT OT/I0PALIY A8 | 1M AR g1 pUI|UO'S eUIN0 B0/ SdNY WO) pApPeo|uMod ‘0 ‘SErZGIET



WALASEK ET AL.

work indicates the existence of sensitive periods for social behav-
iour in response to cues from peers and potential mates during ado-
lescence (Cohodes et al., 2023; Hofmans & van den Bos, 2022; Li
et al., 2021; Sachser et al., 2018). For example, human adolescents
show heightened susceptibility to feedback from peers (Hofmans &
van den Bos, 2022; Molleman et al., 2022). In rodents, social defeat
and isolation during adolescence have long-lasting effects on social
behaviours, such as aggression, exploration, and play (Li et al., 2021;
Sachser et al., 2018). At an ultimate level, adolescence may be par-
ticularly important for social behaviours due to the availability of
novel social landscapes. At a proximate level, neural restructuring
and hormonal changes during adolescence facilitate learning about
these social landscapes.

In mammals, adolescence marks a novel life stage of indepen-
dence and exposure to peers (Buwalda et al., 2011). For the first time,
organisms can sample cues that are not influenced by their parents
or caregivers (Bebbington & Groothuis, 2021; Del Giudice, 2012;
Sachser et al., 2018). This is important as parents have their own
interests in mind and may provide suboptimal cues to their offspring.
This conflict arises because parents only share 50% of their genes
with their offspring and an offspring shares 100% of their genes
with themselves (i.e. parent-offspring conflict; Godfray, 1995;
Trivers, 1974). Thus, what is best for the parent may not always be
best for the offspring. Such parent-offspring conflict is especially
prevalent in species with prolonged postnatal care, such as humans
or other long-lived mammals (Del Giudice, 2012). The longer children
receive cues from their parents, the more parents can shape their
offspring's developmental trajectories in their own interest. Thus,
adolescence offers an opportunity to sample cues that are more
aligned with the offspring's own interests and may, therefore, more
reliably index their environment.

This influx of novel social experiences coincides with changes
in brain structures relevant for social information processing
(Hofmans & van den Bos, 2022; Raab & Hartley, 2019). One ex-
ample of a neurophysiological system showing protracted develop-
ment into adolescence is the dopamine system and its associated
brain regions (Lin et al., 2020). The ‘late’ development of these brain
regions, which are involved in learning and decision-making, may
enable adolescent mammals to process the novel social environ-
ment they face.

Combining insights across explanations, mammalian brains may
have evolved to be sensitive to both increasing uncertainty and in-
creasing cue reliability during adolescence (Figure 1, panels a, b). At
a proximate level, we have discussed neurophysiological changes
and greater availability of novel experiences and opportunities as
factors initiating sensitive periods. While both of these proximate
factors play a role in shaping plasticity, their contributions might
vary for different traits. One principled way in which these factors
might interact is through ‘metaplasticity’, the adaptive control of
plasticity (Frankenhuis & Gopnik, 2023; Scott & Frank, 2023; Soltani
& Izquierdo, 2019). In line with metaplasticity, novel experiences and
opportunities might modulate neurophysiological processes con-
trolling levels of plasticity.
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3.3 | Explanation 3: Sensitive periods occur late in

ontogeny when the environment changes frequently

Walasek et al. (2022b) found that frequent environmental fluctua-
tions within generations may favour sensitive periods at the end
of ontogeny (Figure 1, panel c; Figure 2, column 3, dotted light red
lines). This finding is unique compared with all other models of the
evolution of sensitive periods. Notably, Fischer et al. (2014), who
modelled environmental fluctuations in a similar manner as Walasek
et al. (2022b), did not observe sensitive periods towards the end of
ontogeny. However, unlike Fischer et al., Walasek et al. assume that
fitness only accrues at the end of ontogeny (Box S1). This assumption
might more likely apply to morphological traits than to behavioural
traits, which might be more malleable throughout life. However, not
all morphological traits become fixed at a specific age or life stage
(Burggren, 2020) and not all behaviours are plastic throughout the
entire lifespan (Bell et al., 2009). Walasek et al.'s (2022b) assumption
can also apply to cases where behaviour remains plastic through-
out the entire lifespan, when fitness effects are largest at a specific
stage, such as the transition to adulthood. More generally, for traits
that become fixed or accrue the largest fitness effects after matura-
tion, organisms need to build phenotypes that match the long-term
future environment. When the environment changes frequently, it
makes sense to be most sensitive to cues towards the end of ontog-
eny as these cues are better predictors of the future environment
(Tariel-Adam et al., 2023; Figure 1, panel c).

3.3.1 | Empirical studies

There are fewer empirical examples of sensitive periods towards the
end of ontogeny than there are examples of sensitive periods in mid-
or early ontogeny. It is an open question to what extent this asym-
metry reflects the natural world or merely the focus of research
(e.g. on particular species). In fact, although most of the examples
we have discussed so far feature vertebrates, especially primates
and rodents, there are clear examples of sensitive periods late in on-
togeny in a range of invertebrates, including mites, water fleas, and
wasps (Table 1), described below.

Consider morph development in male bulb mites (Rhizoglyphus
robini). Whether males mature into bigger fighters or defenceless
scramblers strongly depends on their size during the final develop-
mental stage (3rd instar) (Smallegange, 2011). Their size at this stage
depends on nutritional conditions across ontogeny, with richer foods
resulting in larger size. When bulb mites temporarily experience
lower-quality food during the protonymph stage, they cannot com-
pensate for lost growth if given richer foods during the final instar
stage (Leigh & Smallegange, 2014). Thus, we may hypothesize that
body size at the end of ontogeny summarizes environmental condi-
tions across ontogeny and helps predict future environmental condi-
tions, favouring a late sensitive period for male morph development.

Another example involves female water fleas (Daphnia magna)
being exposed to predation threat during the developmental stage
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prior to reproduction (4th instar) (Mikulski & Pijanowska, 2010).
These females develop to be much smaller at maturity than females
who experienced threat at earlier instar stages or no threat at any
instar stage. Notably, these effects carried over to their daughters.
Compared to controls, daughters of mothers exposed to predators
late in ontogeny showed the largest reduction in their size at matu-
rity as well as in their number of offspring. A potential explanation
for such a late sensitive period could be that experiences of threat
close to the onset of reproduction indicate a high chance of preda-
tion at maturity. Thus, a late-ontogeny sensitive period conveys a
fitness benefit: Responding to imminent threat with a smaller size
at first reproduction makes it more likely for mothers to release her
offspring before being eaten.

Sensitive periods in early adulthood also occur for social be-
haviours. Recent work in paper wasps (Polistes dominula) shows that
nest-mate recognition is shaped primarily by the adult social envi-
ronment (i.e. colony composition) and not genetic predisposition
or early experiences, as previously thought (Cappa et al., 2020). In
rodents, the evidence for sensitive periods in social behaviours late
in ontogeny is less clear. Although rodents may preserve height-
ened plasticity in adulthood to adapt to changing social conditions
(MacLeod et al., 2023; Mutwill et al., 2020), it is not clear whether this
heightened plasticity exceeds levels of plasticity during adolescence.
That changing environmental conditions can retain plasticity late in
ontogeny has been empirically documented across various species
and traits (Kotrschal & Taborsky, 2010; Relyea, 2003). This associ-
ation between changing environmental conditions and (heightened
or persisting) late-ontogeny plasticity might be mediated through an
increase in neurons (i.e. neurogenesis) from exposure to diverse en-
vironments (enrichment) (Freund et al., 2013, 2015; Kempermann
et al., 2002; Lefeuvre et al., 2023; Sherry & Hoshooley, 2010).

4 | WHY DO SENSITIVE PERIODS EMERGE
BEYOND EARLY ONTOGENY?

Across models, sensitive periods beyond early ontogeny appear
to be driven by changes in uncertainty. Sensitive periods emerge
towards the middle or end of ontogeny when an organism's un-
certainty about the environment-phenotype fit increases later in
ontogeny (Figure 1, panels a, c). Sensitive periods may also occur
mid-ontogeny when cues later in ontogeny reduce uncertainty more
than earlier cues do (Figure 1, panel b).

Across empirical examples, an interesting possibility is that
sensitive periods later in ontogeny tend to occur in species that
undergo metamorphosis, such as mites, water fleas, and wasps.
Across developmental stages, these species typically experience
drastic changes in sensory physiology and mobility (English &
Barreaux, 2020). Thus, it is conceivable that organisms' ability to
sense cues may increase across ontogeny or that organisms can only
access cues at certain ontogenetic stages. Additionally, increases in
mobility of some morphs (e.g. through the development of wings)
allow organisms to experience novel and changing environmental

conditions. We do not know of studies that report sensitive periods
later in ontogeny due to changes in the reliability of cues or in the
environmental state following morphological reorganization. It is
possible that researchers might study a species that only responds
to a particular cue in later stages of metamorphosis, without de-
scribing such a response as a ‘sensitive period later in ontogeny’.
Instead, they may merely refer to it as plasticity. We see scope for
future work to review sensitive periods in (in)vertebrate systems
focusing on late stages of metamorphosis. In the discussion section,
we highlight modelling directions that can strengthen the theoreti-
cal foundation for such work.

Lastly, we note that the same model or experiment could lead
to different conclusions about the timing of plasticity depending on
the study protocol (Stamps & Luttbeg, 2022; Walasek et al., 2022a).
Understanding the role of the study protocol is thus important for
interpreting and comparing results from different mathematical
models, and for linking empirical findings. We elaborate on the role
of study protocol in Boxes S2 and S3.

5 | SENSITIVE PERIODS BEYOND EARLY
ONTOGENY: INSIGHTS AND GAPS

Our synthesis offers three main insights. First, models suggest
that natural selection favours levels of plasticity to track changes
in organisms' uncertainty and the potential of cues to reduce it.
Second, our selection of models and empirical examples includes
more cases of sensitive periods mid-ontogeny than towards the
end of ontogeny. Third, most examples of sensitive periods beyond
early ontogeny involve social behaviour in mammals. At present,
we do not know whether sensitive periods in mid-ontogeny are
more common in mammals, or have merely received more atten-
tion from researchers than other life stages, species, and traits.
Systematic reviews and meta-analyses can distinguish between
these possibilities.

We have also identified two gaps. First, there are few empirical
studies specifically designed to test predictions from sensitive pe-
riod models. Second, only a handful of models have explored sensi-
tive periods later in ontogeny and these models do not incorporate
recent empirical findings. Below, we suggest four different types of
future directions to address these gaps, thus strengthening connec-
tions between theoretical and empirical studies.

First, although many empirical studies examine plasticity
in response to cues during a specific ontogenetic stage, only a
few studies consider multiple time periods. To delineate the
timing and duration of sensitive periods, we need experiments
that cover multiple ontogenetic stages. Ideally, researchers
would have access to near-continuous measures across ontog-
eny. Recent advancements in animal tracking and the ability to
collect and process large amounts of data bring us closer to this
ideal scenario (Dupont et al., 2024; Ehlman, Scherer, Bierbach,
Francisco, et al., 2023; Kievit et al., 2021). Earlier, we featured a
study of the Amazon molly (P. formosa) illustrating the potential
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of these advancements: Using high-resolution tracking tanks,
the researchers measured behavioural plasticity on a nearly
continuous basis across ontogeny (Ehlman, Scherer, Bierbach,
Stark, et al., 2023). Extending such experiments to cover multi-
ple generations can additionally provide answers to questions
about sensitive periods for transgenerational plasticity (Tariel-
Adam et al., 2023). That is, during which ontogenetic windows
do parents' experiences induce phenotypic changes in the next
generation?

A second important future direction is to experimentally test
model predictions about the evolution of sensitive periods later
in ontogeny. Experimental evolution offers unique opportunities
in this area. This approach typically uses species with a short
generation time to study how controlled manipulation of the en-
vironment (e.g. cues) shapes evolution. For example, experimen-
tal evolution studies in fruit flies (Drosophila melangoster) have
been successfully used to test theories about learning (Mery &
Kawecki, 2002). This work has, for example, illustrated the nec-
essary environmental conditions for learning to evolve (Dunlap &
Stephens, 2014). Fruit flies evolve to learn the best site for ovi-
position in predictably changing environments but not in stable
environments with unreliable cues. The authors have also demon-
strated conditions for the evolution of ‘prepared learning’ (Dunlap
& Stephens, 2014). Prepared learning allows organisms to more
easily learn some stimulus-consequence associations (e.g. associ-
ation between odour and fitness benefits of an oviposition site)
than others. In the experiment, fruit flies evolve prepared learn-
ing only when cues reliably predict stimulus-consequence associ-
ations across evolutionary time scales. We currently lack similar
studies that manipulate experiences across multiple time periods
to test predictions about sensitive periods. Insect and inverte-
brate model systems are particularly well-suited to reducing the
gap between theoretical predictions and empirical insights about
sensitive periods (English & Barreaux, 2020).

Third, to increase synergies between theory and empirical re-
search, future models could do more to incorporate existing em-
pirical findings (see Metcalf et al., 2022 for an exemplary model
exploring the evolution of immune system tolerance). The models
reviewed here tend to be agnostic about the type of experience or-
ganisms face (e.g. positive vs. negative) and the specific trait they
develop (e.g. a defence against predators or a specific social trait).
Future work can extend existing evolutionary models by explic-
itly implementing novel empirical findings about specific traits or
classes of traits (e.g. social behaviours) (Frankenhuis et al., 2018;
Kacelnik, 2012; McNamara & Houston, 2009). For example, we
could incorporate recent findings about sensitive periods for social
traits into an existing model of the evolution of helping behaviours
(Kuijper & Johnstone, 2019). This model explored the development
of helping behaviours only in response to early-life social adver-
sity. An extension of this work could explore plasticity in response
to social experiences (both negative and positive) later in ontogeny
as well. Generally, there are few models exploring the evolution of
sensitive periods beyond early ontogeny in the context of social
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dynamics. By incorporating social interactions among individuals,
including frequency-dependent selection, future models can shed
light on the role of the social environment in favouring mid-ontogeny
sensitive periods.

Lastly, models of sensitive period evolution can be tailored to-
wards specific species and traits by considering their life histories.
We see at least three exciting directions for future modelling. First,
models can explicitly incorporate transitions between different
life stages (such as metamorphosis) to capture a broader variety of
species. For example, such models can study how cues received as
larvae can shape their development as adults with increased mobil-
ity and sensory capacity (English & Barreaux, 2020). These models
could also explore whether experiencing changing environmental
conditions or more reliable cues in later stages of metamorphosis
induces heightened plasticity. Second, models can vary fitness ben-
efits across ontogeny (Mangel & Clark, 1988). In many species sur-
vival and fertility are likely more strongly shaped during some life
stages than others. For example, it is possible that adjusting mor-
phologies shortly before maturation could increase survival and re-
production (e.g. as seen in Mikulski & Pijanowska, 2010). Similarly,
tailoring social behaviours to the adolescent social environment
likely influences future reproductive success (Sachser et al., 2020).
A formal investigation of these ideas is currently lacking. Third,
models of sensitive periods to date have barely explored life-history
trade-offs. Yet, several of the empirical patterns in Table 1 could well
reflect trade-offs between fertility and survival. Life-history trade-
offs might for example be involved in shaping the different male
morphs (fighters vs. scramblers) in bulb mites (R. robini) (Deere &
Smallegange, 2023; Smallegange et al., 2019). In poor environmental
conditions, benign scramblers may be at an advantage for they can
reach sexual maturity faster than fighters. How exactly these trade-
offs shape male morph development is not yet understood. Future
models could embed such trade-offs, for example, by allowing in-
dividuals to choose when to terminate ontogeny for a specific trait
and/or transition (or metamorphose) into the next developmental
stage (Relyea, 2007).

Moving forward, stronger connections between carefully de-
signed empirical studies and models can provide a more orga-
nized approach to studying sensitive periods. Ultimately, synergies
between theoretical and empirical work, and clear connections
between proximate and ultimate explanations, can promote an inte-
grative science of sensitive periods.
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