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Abstract

Many studies have shown that adverse experience in early life is associated with accelerated
reproductive timing in humans. There are two different classes of adaptive explanation for such
associations. Both can be seen as predictive adaptive responses (PARs). According to external PAR
hypotheses, early-life adversity provides a ‘weather forecast’ of the environmental conditions into which
the individual will mature, and it is adaptive for the individual to develop an appropriate phenotype for
this anticipated environment. In internal PAR hypotheses, early-life adversity has a lasting negative
impact on the individual’s somatic state, such that her health is likely to fail more rapidly as she gets
older, and there is an advantage to adjusting her reproductive schedule accordingly. We use a model of
fluctuating environments to derive evolveability conditions for acceleration of reproductive timing in
response to early-life adversity. For acceleration to evolve via the external PAR process, early-life cues
must have a high degree of validity and the level of annual autocorrelation in the individual’s
environment must be almost perfect. For acceleration to evolve via the internal PAR process requires
that early-life experience must determine a significant fraction of the variance in survival prospects in
adulthood. The two processes are not mutually exclusive, and mechanisms for calibrating reproductive
timing on the basis of early experience could evolve through a combination of the predictive value of
early-life adversity for the later environment and its negative impact on somatic state.
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Introduction

Many studies have shown that humans adopt different reproductive schedules according to the early
environment that they experience. For example, girls born with low birth weight go on to mature and
have their first child relatively early [1-4], as do girls who have experienced psychosocial stress and
family disruption in childhood [5-10]. The evidence linking early-life environment to reproductive timing
in humans is necessarily correlational (though see [11] for a natural experiment). However, there are
genuinely experimental non-human models that have provided evidence of similar effects [12-15].

Given the breadth of evidence for early-life adversity accelerating reproduction, it is widely agreed that
such conditional acceleration must have an adaptive basis. Proposals for what the adaptive advantage of
accelerating reproduction in response to early adversity might be can be divided into two general
classes. Proposals of both classes can be seen as belonging to the general category of predictive
adaptive response [16, 17]) hypotheses, but they differ in what exactly is being predicted. In external
PAR accounts (e.g. [5, 18, 19]), the early-life environment is hypothesized to provide the developing
individual with a ‘weather forecast’ of the kind of adult environment into which she will mature [20]. It is
thus advantageous for her to respond by developing a reproductive schedule appropriate for that
anticipated environment. For example, according to one version of the hypothesis, the prevailing local
rate of extrinsic mortality through the reproductive period determines the optimal reproductive strategy,
and early-life stress and low parental investment might be cues that this rate is high [21].

The second class of explanation has been articulated recently by Wells, who argues that adverse early
conditions cause the development of a soma that is less likely to survive at any given age, whatever the
subsequent state of the external environment [22]. The reduced longevity may arise as a consequence
of reduced energy available to build somatic tissue during development, reduced self-repair, or an
increase in the rate of damage processes such as oxidative stress [22-26]. There is abundant empirical
evidence for negative effects of early conditions on adult survival, both in humans and other animals
[27-31]. On this view, it is adaptive to mature early following early adversity to increase the chances of
completing at least some reproduction in the lifetime [see 32, 33, for related ideas concerning stressful
ontogeny accelerating age-related decline in health]. This idea can also be seen as a PAR hypothesis, but
what individuals are ‘predicting’ is not the state of the external environment during their adulthood, but
rather the future state of their own body.

There has been more previous theory relevant to the external PAR account than to the internal PAR.
External PARs are a type of environmental morph determination, and environmental morph
determination can only evolve if the cue used to determine phenotype is sufficiently reliable (in the
sense of giving accurate information [34]) [35-38]. For the current case, this condition can be
decomposed into two sub-requirements: the cue has to be a statistically valid indicator of the state of
the environment at the time the cue is received, and the environmental conditions at the time the cue is
received have to be likely to persist until the selected life-history tactics impact fitness. In the cases
where the empirical evidence for external PARs is very strong, these conditions appear to be met. For
example, Storm and Lima [39] exposed gravid field crickets to a predatory spider, and showed that the
offspring of these mothers exhibited enhanced anti-predator responses to predatory spiders, and were
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more likely to survive in an environment containing such a spider than those who did not receive the
maternal cues. In this case, the cue validity is high (the cues came from the gravid mother’s direct
exposure to the spider), and the environmental persistence is likely to be high, as the crickets face the
predation threat only a few days after receiving the prenatal cue and in the same location. Similarly,
there are compelling cases of external PARs in plants where seed dispersal is limited, and thus offspring
are more or less guaranteed to develop in the same light patch that the parent did [40].

However, whether calibration of reproductive timing by early-life experience in humans could be
adaptive in the way envisaged by the external PAR model is debated and not at present clear (see [41-
43]). Several authors [44-46] have argued that external PAR hypotheses are implausible, since the
degree of environmental persistence over the length of lifetimes during human evolution is likely to
have been insufficient for early experience to be useful as a guide to the later external environment.
Baig et al. [47] provide a simple model of the evolution of external PARs, showing that increasing
longevity and decreasing environmental persistence disfavour calibration of adult life-history traits by
early experience. However, since Baig et al.’s [47] model is based on a simplified environment with only
two states (famine and non-famine), it does not yield a criterion for what constitutes ‘sufficient’
environmental persistence in a form that would be easily testable empirically. This is important, since
using even a relatively inaccurate weather forecast might provide some adaptive advantage on average
[48-50]. We are not yet in a position to specify just how accurate it would have to be for this to be true,
or test whether human environments fulfil the criteria for such accuracy to obtain.

In this paper, we explore theoretically the conditions under which it could be adaptive to calibrate
reproductive timing according to early-life experience. Our model is the first to include the possibility of
both external- and internal-type PAR effects within the same framework, in order to understand how
these two potential adaptive processes interact, and which effect is likely to be more important. The
internal-PAR and external-PAR mechanisms are not mutually exclusive. For example, early-life
experience might be useful for setting adult life history because of a combination of moderate
persistence in the external environment, plus a moderate impact of childhood adversity on adult
somatic state. Our model is based on a continuously varying environment and specifically parameterised
for the case of human life history, so as to facilitate the empirical investigation of whether reproductive
acceleration in response to early-life adversity is adaptive in particular human environments.

In what follows, we set aside questions of the constitutive costs of plasticity (the costs of developing and
maintaining the physiological mechanisms involved), and also of why the adult phenotype has to be set
early in life rather than remaining uncommitted until immediately before maturation. Instead, we ask, if
a cue to the state of the world is available at the beginning of life, under what conditions would natural
selection favour using it to set adult phenotype, rather than ignoring it and developing in a non-plastic,
genetically determined manner? We first examine the case where the optimal adult strategy is set
entirely by external factors such as climate and predation, and the adaptive relevance of early-life
experience is the information it provides about these external factors (allowing for an external PAR). We
then consider a case where the optimal adult strategy is set by a combination of external environmental
factors and somatic state, with somatic state being affected by the level of adversity experienced in
early life (allowing for internal as well as external PARs).
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Methods and Results
Basic modelling framework

Table 1 summarises the key parameters of the model. We model organisms living in an environment
that fluctuates from year to year on some continuous variable M. We are envisaging M as the rate of
extrinsic mortality, the parameter which determines the optimal reproductive schedule an adult should
follow, although M could be equally well interpreted as any other fitness-relevant environmental
parameter. Over evolutionary time, M follows a normal distribution with mean M and a standard
deviation of 1. In any particular year, M takes the value m.. In the basic model, m, is set entirely by
factors external to the individual. We use an autoregressive procedure (see Supplementary Information,
Sl, section 1) to generate environments with varying degrees of temporal autocorrelation, henceforth r.
The parameter r gives the correlation between successive years, so that when r is close to zero, next
year is no more like this year than it is like any randomly chosen year, whereas when r is close to 1, this
year’s mis a very good guide to next year’s. Figure 1 gives an illustration of the environments generated
by this procedure for three different values of r. With r > 0.7, distinct runs of good years or bad years
begin to emerge. In the Sl section 1, we show that the mean length of such runs is approximately equal

tol+ m. Thus, with r = 0.95, a year that is worse than M is followed by an average of around 10

more which are also worse than M.

Individuals have access to a cue each year (g, to what m; is. The validity of g, is governed by a parameter
v (0 £ v< 1), such that v=0 means that g;carries no information about m,, whilst v = 1 means that g,
perfectly predicts m.. We assume the parameter that determines the individual’s optimal adult
phenotype is the mean value of M over the years during which she may start reproducing. Based on
data from traditional societies [51] we take these to be 16-25, and henceforth we refer to the mean of
mis to mys as the adult environment. We consider two scenarios. In one-year sampling, the individual
uses g;, the cue received the year she is born, to estimate the adult environment and set her phenotype
accordingly. In five-year sampling, she uses the mean of g; to gsinstead. We investigated five-year
sampling since several approaches to the impact of early life on development have stressed that
individuals do not use a single brief cue, but integrate their experience over a number of years of early
childhood [5, 17].
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Table 1. Summary description of the key parameters of the model

Parameter Description

m, The level of extrinsic mortality in the environment in year t

g: The level of the cue of extrinsic mortality that the individual receives in year t

r The degree of year-to-year autocorrelation of the level of extrinsic mortality in the

environment

The validity of g; as a predictor of m,

The mean of M over evolutionary time

The extent to which an adult’s mortality prospects are influenced by her exposure to
environmental harshness in early life
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Figure 1. lllustrative 200-year periods of values of M for different levels of annual autocorrelation, r=0
(top panel), r=0.7 (middle panel), and r=0.95 (bottom panel). In the middle and particularly bottom panel,
there emerge runs of good or bad conditions lasting many years.
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Adaptive value of external Predictive Adaptive Response

We first consider what the value of the early-life cues is for predicting the adult external environment,
for varying values of the temporal autocorrelation r and the cue validity v. We express this predictive
value in terms of the regression coefficient of adult environment on early-life cues across a set of 10,000
simulated lifetimes. As figure 2 shows, the predictive value of early-life cues for adult environment
declines dramatically as the environmental autocorrelation r decreases from 1, and is essentially zero for
r<0.8. This remains true whether one-year sampling or five-year sampling is used. Indeed, the main
impact of five-year sampling is to compensate for low cue validity: note that in the right panel of figure 2
as compared to the left, there is little difference in predictive value between a cue of validity 1 and a cue
of validity 0.6. This is because sampling multiple times improves validity of the aggregate sample, a
principle well known in psychometrics and measurement theory. In the Sl section 2, we show why the
predictive value falls off so steeply with decreasing r by showing that the predictive value of any year for
a time point k years in the future is given by vr¥. As long as < 1, this very rapidly declines to near zero
with increasing k.

Even a fairly inaccurate estimate of the future environment could be worth acting on if the benefits of
being prepared for possible negative circumstances were sufficiently large. Thus, it is impossible to infer
from figure 2 alone where the ‘cut-off’ in terms of r and v is for an external PAR to be potentially
adaptive. However, natural selection could only favour the evolution of an external PAR if using the cues
received leads on average to a better match to the adult environment than would be obtained by
ignoring the cues and following a genetically fixed developmental strategy instead. In the current case, if
there were no plasticity, then absent other constraints or complicating factors, natural selection would
optimise organisms for the situation where m in the adult environment is always M. Thus, we can ask,
under what combinations of r and v does the use of early-life cues lead to a phenotype better matched
to the adult environment than the fixed strategy of always developing the optimal phenotype for M?

To do this, we simulated 2,000 lifetimes for each combination of rand v (r and v varying from 0 to 1 in
increments of 0.01). For both one-year sampling and five-year sampling, we computed the mean of the
predictive error, which is the absolute discrepancy between the early-life cues received and the adult
environment subsequently experienced, and the mean of the fixed error, which is the absolute
discrepancy between M and the adult environment experienced. If the predictive error is on average
smaller than the fixed error, then a strategy of using early-life cues to set adult phenotype could be
advantageous compared to a genetically fixed strategy. If on the other hand the predictive error is on
average larger than the fixed error, then using early-life cues to set adult phenotype could never be
advantageous, since using those cues leads on average to a greater mismatch of phenotype to adult
environment than is obtained by ignoring the cues and assuming that the adult environment will simply
be the mean of adult environments experienced by the lineage over evolutionary time.
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Figure 2. Predictive value of early-life experience for adult environment as a function of the annual
autocorrelation r of the environment. The three lines show different levels of the cue validity v, v=1 (solid
line), v=0.8 (dashed line), v=0.6 (dotted line). The left panel represents one-year sampling, where cues
from the first year of life only are used, and the right panel five-year sampling, where the mean of the first
five years is used. Data represent 10,000 simulated lifetimes for each 0.01 increment of r and each value
of v.
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Figure 3. Regions of parameter space (shaded dark) in which an individual ends up on average better
matched to her adult environment by using early-life cues to set adult phenotype, rather than following a
genetically fixed strategy where she develops matched to the mean of conditions experienced by the
lineage over evolutionary time. Data represent 2000 simulated lifetimes for each parameter combination.
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In figure 3, the dark region shows the combination of parameters for which the predictive error is
smaller than the fixed error. For one-year sampling, this is basically restricted to r 20.96 and v > 0.5.
Five-year sampling expands the region where the predictive error is smaller than the fixed error
somewhat, particularly in the direction of low cue validity v. However, responding to early-life cues still
only leads to a better match to the adult environment where r 2 0.95. For all other combinations of
parameters, early-life cues lead to worse estimates of adult environment than simply assuming M. This
is because early-life cues, being based on just a few years’ information, often lead to relatively non-
central estimates of what adult environmental conditions will be, whereas actual adult experience is
often closer to M than these estimates (see Sl section 3). Thus, selection would favour simply assuming
M over taking early-life cues as a guide to the adult environment in all but the dark-shaded region of
figure 3. This result is not substantially different for a strategy that assumes the adult environment will
be halfway between the early-life environment and M, a scenario that combines the lineage’s
evolutionary experience and the individual’s childhood experience with equal weight (see Sl section 4).

Adaptive value of predictive adaptive response based on both external conditions and somatic state

In this section, we expand the model to include the possibility that conditions experienced in early life
have a direct impact on the values of M experienced as an adult. This could arise if stress during the
developmental period leads to the individual building a soma which is smaller or of poorer quality, such
that it will be more likely to fail over the adult period whatever the state of the external environment at
that time. To capture this dependency, for each individual, we make M in adulthood depend additively
on both external environmental conditions and somatic state. Somatic state is in turn influenced by q.s,
the conditions experienced during the early-life period (see S, section 4 for implementation). The
strength of this influence is captured by a new parameter d, with higher d representing a stronger
influence of early-life adversity on somatic state. The model analysed in the previous section is the
special case of this model where d=0.

We simulated 10,000 lifetimes and computed the predictive power of early-life experience for adult
outcome for four different values of d (figure 4, where the top row represents one-year sampling and
the bottom row five-year sampling). As the figure shows, a non-zero d greatly alleviates the decline in
predictive power as r decreases from 1. With d 2 0.5, early-life experience has a high predictive value for
adult outcome even when ris close to zero. This is particularly true for five-year sampling. This result is
unsurprising since in five-year sampling, the period used by the individual to estimate its future
prospects is identical to the period where somatic state gets determined under the assumptions of our
model.

We again considered whether the plastic error is on average smaller than the fixed error across the
range of r and v, with increasing values of d. The results are shown in figure 5. As d increases, the region
of the parameter space in which calibrating adult life history to early-life experience produces a better
match to adult prospects rapidly becomes larger. More exactly, the minimum required environmental
autocorrelation r and cue validity v are progressively relaxed by increasing d, more rapidly for five-year
sampling than for one-year sampling. For five-year sampling, once d > 0.5, then it is always adaptive to
calibrate to early experience, regardless of r and v.
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Figure 4. Predictive power of early-life experience for adult environment outcome as a function of r, the
degree of annual autocorrelation, for different values of d, the impact of early-life experience on adult
internal state. The top row represents one-year sampling and the bottom row five-year sampling. Solid
lines represent v=1 and dashed lines v=0.6. Data represent 10,000 simulated lifetimes for each parameter
combination.
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Figure 5. Regions of parameter space (shaded dark) in which an individual ends up on average better
matched to her adult environment by using early-life cues to set adult phenotype, rather than following a
genetically fixed strategy where she develops matched to the mean of conditions experienced by the
lineage over evolutionary time, for five values of d, the effect of early-experience on somatic state. Data
represent 2000 simulated lifetimes for each parameter combination.
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Discussion

Our model allowed us to explore the conditions that must be met in order for a PAR of human
reproductive timing to early-life experience to be selected for, given that multiple years elapse between
the early-life period and the expression of the phenotype. We will now discuss implications for the
evolution of PARs of both the external and internal types.

External PARs: The weather forecast

Classic statements of the external PAR hypothesis for the impact of early-life conditions on adult
phenotype imply that early-life experience provides a forecast of what the external environment will be
in adulthood. Our model leads to two main conclusions about the evolution of such a plastic response
for the case of human reproductive timing. First, the cues would need to have high levels of validity for a
PAR to evolve. That is, they would need to accurately reflect the parameters in the environment
relevant to optimal adult reproductive timing, such as the rate of extrinsic mortality [21]. Thus, empirical
and theoretical investigation is needed into how well and why proposed early-life growth and
psychosocial variables actually relate to this parameter. A strength of our model is that since it was
specifically developed for the case of human reproductive timing, its key variables could be feasibly
estimated empirically from human datasets. Our validity parameter v is just the correlation coefficient
between the early-life cue (e.g. the psychosocial stress variable) and the fitness-relevant external
environment parameter (e.g. local mortality rates). This should be measurable for particular populations
(see [41, 52, 53]). The results regarding cue validity are consistent with theoretical literature on
environmental morph determination [54], and on the evolution of learning [55, 56]. Our model shows
that sampling for multiple years partially compensates for low cue validity, and the same would be true
for sampling multiple cues contemporaneously. Thus, the model would predict that plastic systems
would evolve to make use of the maximum number of different sampling points or cues, especially if cue
reliabilities are low.

Our second result is that the level of annual autocorrelation in the environment has to be extremely
high for an external PAR for human reproductive timing to be advantageous. Theoreticians have already
shown in a general case that environmental persistence is required in order for any kind of predictive
plasticity to be adaptive [36, 57]. Our results are also consistent with previous arguments that temporal
environmental fluctuations reduce the adaptive value of external PARs over human lifespans [44, 46, 47].
Our model shows that, because of the geometric decay of inter-temporal correlation across the years, in
order for there to be a substantial persistence of childhood environment to adulthood more than a
decade later, the year-to-year autocorrelation of the environment has to be greater than 0.95. This is
the level of autocorrelation required for the expected length of a run of successive good or bad years to
be of the same order as the period between human birth and maturity. Thus, an external-PAR for
human reproductive strategy would only have the potential to be adaptive in environments
characterised by annual autocorrelation of this magnitude. This has the advantage of being eminently
testable: the annual autocorrelation coefficient corresponding to our parameter r could feasibly be
directly estimated from any kind of environmental time-series data. If the annual autocorrelation
coefficient is not of the order of 0.95 or above, then individuals will do better on average by assuming
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that the environment will regress to the mean than they do by taking their early-life experience as
representative of the world into which they will mature [see 58 for conceptually related results on the
optimal duration of memories].

The main contribution of our model to the debate on external PARs in humans is that specific testable
criteria for adaptive advantage can be derived from it. The issues surrounding cue validity and
environmental persistence in relation to human PARs have been discussed for some time, with
arguments on both sides [41-44, 48-50, 59], but the question of whether the evolveability conditions for
an external PAR are met should now be empirically addressable, at least to some extent. Climatic time
series (e.g. rainfall) do not generally show autocorrelations of nearly the requisite strength (see [47]).
However, there have been longer-scale climatic fluctuations in the course of human evolution [60], and
these could be relevant as long as the shorter-term variability could be smoothed out by parental
buffering, as discussed by Kuzawa [61]. There are also sources of self-consistency in the experienced
environment that are social in origin. For example, if human history was often characterized by within-
society differences in social status which determined access to resources, and these were rather
consistent across the generations as they are in many extant societies [62], then these could provide a
plausible basis for effective persistence of individual exposure to high mortality across periods of many
years or decades [47].

However, even if the cue validity is high and the environmental autocorrelation very high, an external
PAR will not necessarily evolve, for a number of reasons. First, plasticity may be costly, and so the net
fitness benefits have not just to exceed zero, but rather, must exceed the constitutive costs of the
mechanisms involved. Our model does not incorporate constitutive costs of plasticity since we have no
non-arbitrary way of estimating these, but they are nonetheless likely to be important, and their effect
will be to make the conditions on the evolution of external PARs more stringent than documented here.
Second, because of the geometric decay of predictive power with the passing years (see Sl, figure S2),
selection would always favour deferring phenotypic specialisation until as close to adulthood as possible,
since this would on average lead to a dramatically better fit to the adult environment. Thus, for an
external PAR based on very early cues to be plausible, researchers would need to show that the trait
was not one whose determination could be deferred until later in ontogeny, such as just before
maturation. Third, if the annual autocorrelation becomes extremely high in the experience of a whole
lineage, then the selective advantage of plasticity is lost, since the environment can be adapted to
genetically [63], thereby avoiding the constitutive costs of plasticity. Thus, external-PARs in long-lived
organisms are likely to be restricted to cases where within-lifetime variation in the environment is very
limited, but there is nonetheless sufficient between-lifetime variation for phenotypic plasticity to be
adaptive [64].

Internal PARs: Differential weathering

We also considered the case of an internal PAR, where early-life conditions have a direct causal impact
on the quality, and thus survival chances, of the soma the developing individual can construct. Our
results show that this kind of PAR is likely to be adaptive over a much wider range of environmental
conditions than a purely external PAR. Indeed, if the component of variation in adult mortality that is
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due to developmentally-derived somatic state is sizeable compared to the component that is due to
fluctuations in the adult external environment, then adjustment of life-history strategy based on early
developmental history is always adaptive. Importantly, this is true even if there is no environmental
autocorrelation at all, and/or if the early-life cues do not reflect prevailing environmental conditions (e.g.
where a child develops in an idiosyncratically unsupportive home in a broader ecology that is quite
benign). We would therefore suggest that if PAR-like impacts of early-life on adult life history turn out to
be pervasive in long-lived organisms, this is plausibly because the direct impacts of early-life conditions
on somatic state are substantial in such organisms. There is substantial empirical evidence for
detrimental impacts of conditions experienced during early development on adult somatic state in
humans and animals that is compatible with this view [27-31, 65].

However, our analysis shows that the external-PAR mechanism and internal-PAR processes are not
mutually exclusive. We explicitly considered a continuum of circumstances defined by our use of
variable parameter d. At one extreme (d = 0) are cases where early life provides only information about
prevailing external circumstances, and so for a PAR to be adaptive requires very high cue validity and
autocorrelation. At the other extreme (d large) is a purely internal situation, where cue validity and
autocorrelation of the environment are not required for calibration of adult phenotype by early-life
experience to be adaptive. In the middle are a host of intermediate possibilities, where early-life
conditions have both some predictive validity for the external environment, and some implications for
somatic state in adulthood. Deciding where on the d continuum the documented human cases fall will
be challenging, but may be possible. For example, if the adult environment is harsh, then if d is close to
zero, individuals who had harsh early lives should attain greater fitness than those who did not (because
they were able to predict the coming conditions), whereas if d is substantial, then they will presumably
have lower fitness than individuals from benign early environments, because they have been damaged
by their early adversity. This would seem to be the key test in determining where on the external-
internal continuum a particular case falls [see 65]. For example, it has been shown clearly that the
maternal effects documented in the herb Campanulastrum americanum represent a PAR of the weather
forecast, not the weathering, type [40]. Such tests have not yet been carried out for human life history.

The results for sizable values of d also confirm that using the whole of early life as the calibrational input
(five-year sampling) is generally more advantageous than taking just a single year as representative
(one-year sampling). Thus, whether the source of the PAR is external environment or internal state, we
ought to expect organisms to evolve to make use of as long a sampling window and as diverse a set of
cues as possible. This might explain why, in epidemiological studies of the relationship between early-
life events and adult life-history milestones, single early-life variables tend to have rather small effects,
but effect sizes are larger when multiple early-life variables are combined into overall indices [6]. We
have here assumed that d is an immutable fact of the organism’s developmental biology. In reality, d,
the degree to which early-life condition affects adult state, may itself be under selection, and could be
affected by life-history trade-offs between reproductive effort and energy devoted to self-repair [66].
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General implications

We conceptualised our model in terms of the documented associations between early-life conditions
and reproductive schedules in humans, but the modelling framework is more realistic than those of
previous analyses, in that it allows temporal persistence to arise from simple statistical properties of a
continuously varying environment. It could thus be applied to parallel PAR-type arguments that have
been made in other species, and for other developmentally-sensitive phenotypic outcomes in humans,
such as the stress response [67, 68]. These cases would differ in the temporal relationships of the cues
and the adaptive advantages of the phenotypic trait, but much of the modelling framework could be
transferred. Our model shows that the area of parameter space in which external PARs are adaptive is
largest when the plastic phenotype has its fitness benefit immediately after receipt of the cue, and
rapidly diminishes as the time gap between the early-life cue and the benefit of the phenotype becomes
longer. This suggests that we should find more examples of external PARs in long-lived organisms where
the benefit of the plastic phenotype is experienced in early life than when it accrues years later in
adulthood, and that very delayed effects may more plausibly represent processes of the internal PAR
type. Our model deals with PARs restricted to one generation, but the main conclusions would apply
even more strongly to trans-generational effects [69]). For a trans-generational ‘weather forecast’, the
conditions in terms of environmental persistence would be even more restrictive than those for an
external PAR within a single generation, high enough to enable the persistence of environmental
conditions across several generations, but low enough for genetic adaptation not to be possible. Where
trans-generational inheritance of phenotype is found, multi-generational persistence of poor somatic
state should be considered as one possible adaptive explanation.
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