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Developmental plasticity describes situations where a specific input during
an individual’s development produces a lasting alteration in phenotype.
Some instances of developmental plasticity may be adaptive, meaning that
the tendency to produce the phenotype conditional on having experienced
the developmental input has been under positive selection. We discuss the
necessary assumptions and predictions of hypotheses concerning adaptive
developmental plasticity (ADP) and develop guidelines for how to test
empirically whether a particular example is adaptive. Central to our analysis
is the distinction between two kinds of ADP: informational, where the devel-
opmental input provides information about the future environment, and
somatic state-based, where the developmental input enduringly alters
some aspect of the individual’s somatic state. Both types are likely to exist
in nature, but evolve under different conditions. In all cases of ADP, the
expected fitness of individuals who experience the input and develop the
phenotype should be higher than that of those who experience the input
and do not develop the phenotype, while the expected fitness of those
who do not experience the input and do not develop the phenotype
should be higher than those who do not experience the input and do
develop the phenotype. We describe ancillary predictions that are specific
to just one of the two types of ADP and thus distinguish between them.

1. Introduction

Field fall crickets whose gravid mothers were exposed to a wolf spider show a
heightened immobility response to spider cues, and survive better in an environ-
ment containing predatory spiders than crickets whose mothers were not exposed
to spider cues [1]. Bulb mites that had rich diets as juveniles develop an aggressive
‘fighter” adult phenotype, whereas those that had poorer nutrition as juveniles
become non-aggressive ‘scramblers’ [2]. Starlings that were disadvantaged in
competition in the nest go on to fly less well as adults [3], and women who
were separated from their parents before the age of seven show worse health in
their forties [4].

These are all examples of developmental plasticity: the capacity of the same
genotype to produce different phenotypic outcomes depending upon inputs
during development [5]. For the crickets responding to spiders and the bulb
mites developing the aggressive phenotype, the plasticity may plausibly be
adaptive. That is, it may be advantageous in fitness terms for individuals to
show those particular phenotypic traits given those particular developmental
histories. On the other hand, for impaired starling flight following developmen-
tal disadvantage, or poorer human health following parental separation, there
is no evidence of any advantage to the phenotypic outcome. It is, presumably,
always disadvantageous to fly less well or experience poorer health. The plas-
ticity therefore appears deleterious: the adult phenotype simply represents the
cost of getting a bad start in life.

The four cases of developmental plasticity discussed above seem easy to
classify. However, there is often debate about whether a given case of plasticity
is adaptive or not. The apparent increase in children’s symptoms of attention

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2015.1005&domain=pdf&date_stamp=2015-07-22
mailto:daniel.nettle@ncl.ac.uk
http://orcid.org/
http://orcid.org/0000-0001-9089-2599
http://orcid.org/0000-0002-0861-0191

deficit hyperactivity disorder following exposure to maternal
stress [6] could represent damage (stress makes brains work
less well), or it could represent a shift in behavioural pheno-
type that was advantageous in ancestral environments [7].
Similarly, poor fetal growth in humans has a range of effects
on adult phenotype, some of which have been argued to be
adaptive and some of which appear entirely detrimental
[8]. Successfully resolving debates about the boundaries of
adaptation requires conceptual clarity: what are the necessary
entailments and minimal empirical predictions that follow
from the claim that an instance of plasticity is adaptive? [9].
These are questions we will address in this review.

A further complexity is that, as we will outline below,
there are two different classes of hypothesis for why develop-
mental plasticity could be adaptive. We will call these
informational and somatic state-based. Each class relies on
different assumptions about what relationships have held
over evolutionary time, and also makes different predictions
about the relative fitness of different classes of individuals.
When researchers suggest adaptive hypotheses about devel-
opmental plasticity in particular systems, they are not
always explicit about which type of explanation they envi-
sage; indeed, the two classes of hypothesis do not have
universally established names.

Our aim in this article is to provide a conceptual review of
what adaptive developmental plasticity (henceforth ADP) is,
when it can evolve and how its signature might be detected
empirically. We are concerned here exclusively with the ulti-
mate level of analysis; we do not discuss the proximate
mechanisms by which developmental plasticity might be
delivered. We also do not explicitly consider when selection
will favour ADP over alternative phenotype-varying mechan-
isms such as bet-hedging or adult plasticity (on this question,
see [10]). In §2, we consider terminology, defining ADP and
relating it to other terms in the literature. In §3, we describe
the two classes of adaptive hypothesis for developmental
plasticity. This leads to a discussion of the differences in
their assumptions and claims, and hence when each might
be applicable (§4). We then turn to the empirical predictions
of the two classes of hypothesis, and how they could be
tested (§5). In §6, we revisit the distinction between adaptive
and deleterious developmental plasticity, leading us to
consider what we term semi-adaptive explanations.

2. Terminology

All putative cases of ADP involve a developmental input I,
and a later phenotype P. We assume that both the input
and the phenotype can take two discrete states (I and -I
(not I), P and -P): for example, nutrition either good or
poor, adult phenotype either aggressive or non-aggressive.
Our framework generalizes easily to cases where input and
phenotype can adopt more than two discrete states or are
continuous, but we restrict ourselves to the dichotomous
case for ease of discussion. Informational hypotheses involve
a third variable, the adult environment, which may not be the
same as the developmental environment; again we define
two possibilities, E and -E. Somatic state-based hypotheses
invoke a different third variable, the individual’s somatic
state (defined below) in adulthood. We denote the possible
somatic states of the individual S and -S. We denote

probabilities with p and expected fitness with w. These are
defined over evolutionary time.

We distinguish developmental plasticity from other types
of plasticity by stipulating that in developmental plasticity,
responsiveness to I must occur during the period of the
organism’s initial growth, and P must persist into later life-
stages (this is similar to Snell-Rood’s [11] distinction between
developmental and activational plasticity). In many cases, I
is experienced directly by the individual developing P. In
other cases, I is transduced by the parent, for example,
through changes to the in utero or in ovo milieu. These latter
cases represent maternal/paternal [12] or transgenerational
[13] effects. Such cases would still qualify as (potentially
adaptive) developmental plasticity in our terms.

Various terms are used in the literature on developmental
plasticity, including predictive adaptive response (PAR), horm-
esis and stress inoculation. PAR has been used primarily in the
human literature to describe (ex hypothesi adaptive) alterations
in metabolism and life-history parameters following restricted
nutrition in utero [14]. PARs so defined are instances of ADP.
However, the PAR literature invokes adaptive hypotheses
specifically of the informational type (as defined in §3) rather
than the somatic state-based type. Thus, although all cases of
PAR qualify as ADP, not all phenomena that qualify as ADP
are PARs. Hormesis refers to improvements in the ability of
organisms to cope with some challenge if, earlier in their devel-
opment, they have experienced that challenge in small doses
[15]. Stress inoculation [16] is a related concept. Hormesis and
stress inoculation qualify as ADP, but, again, not all ADP is
encompassed by these terms.

3. Different hypotheses for adaptive
developmental plasticity

(a) Informational hypotheses

Informational ADP hypotheses make claims about the inter-
relationships of three entities, the developmental input I, the
adult environment E and the adult phenotype P, over evol-
utionary time. P is a phenotype adapted to E. Exposure to I
is hypothesized to carry information about the likelihood of
experiencing E in the future. I and E are not the same
thing; I is often referred to as the cue, token or inducing
stimulus [17]. I acts in effect as a ‘weather forecast’ of the
future environment [18]. The logic of informational hypoth-
eses is set out in figure 1a. The developing individual
detects that it is experiencing I; I has over evolutionary time
predicted the subsequent adult experience of E, and P is a
better phenotype to have in E than P is. Thus, the adaptive
part of informational ADP is that, by developing P in
response to experiencing I, the individual ends up with an
improved probability of having a suitable phenotype for its
adult environment.

Examples of cases for which such informational expla-
nations are well supported include that of field fall crickets
described at the beginning of this article [1], and the induction
of defensive body structures through exposure to predator
kairomones in Daphnia spp. [19-21]. It is plausible in these
cases that the cues I have a purely informational role. For
example, the kairomones detected by juvenile Daphnia have
no nutritional value and are not toxic. Thus, there is no evi-
dence that they affect individuals other than by serving as
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Figure 1. The logical structure of (a) informational and (b) somatic state-based ADP hypotheses. Processes occurring in developmental time are shown with solid
arrows, while relationships that hold over evolutionary time are shown as dashed arrows.

input to an evolved predator-defence-triggering adaptation.
An alternative way of stating this is that it is easy to imagine
a single loss-of-function mutation that completely abolishes
the responsiveness of developing Daphnia to predator
kairomones and leaves the individuals otherwise unaffected.

More formally, the assumptions of informational hypotheses
are that, over evolutionary time:

(I1) p(E|I) > p(E|1I)

(I2) w(P|E) > w(~P|E) and w(~P|~E) > w(P|-E)

(I3) Because of (I1) and (12), w(P|I) > w(~P|I) and w(~P|~I) >
w(P|I).

Note that (I1) is simply the formal statement of the require-
ment that [ must carry information about E [22]. Assumption
(I2) states that the fitness of individuals with phenotype P
must be higher than those without it in adult environment E,
but lower than those without it in adult environment -E. Both
lemmas of (I2) are necessary. If the first were true but not the
second, we should expect the fixation of P rather than any plas-
ticity, and if the second were true but not the first, we should
expect the fixation of ~1P. It is thus a necessary claim of informa-
tional models that the expected fitnesses of the two phenotype
classes crossover depending upon the adult environment.
Finally, (I3) simply follows from (I1) and (I12): if the optimal phe-
notype is reversed between environments E and -E, then as
long as developmental input I predicts E strongly enough,
then the phenotype with the highest expected fitness following
I'will be P, and following ~I will be ~P.

(b) Somatic state-based hypotheses

The logic of somatic state-based ADP hypotheses is laid out in
figure 1b. In such hypotheses, I is an input that has a general
effect on the developing individual, such that some somatic
state variable S is enduringly altered. By somatic state variable,
we mean a parameter with broad fitness implications such as

size, muscular strength, organ capacity or extent of DNA
damage. In the example of the bulb mite [2], I is the food
available and S is size; the less good the food is, the smaller
the size the mite can grow to. Importantly, the influence of I
on S cannot be merely transient: a small mite will remain
small through adulthood. The other component of somatic
state-based models is a phenotypic trait P that is potentially
independent of S. P in the bulb mite case is aggression. It
would be possible for a small individual to be aggressive, or
a large one non-aggressive, so S and P are potentially indepen-
dent. However, what has evolved is a mechanism linking the
two together: the switching rule ‘if you find yourself large,
become aggressive; if you find yourself small, become non-
aggressive’. For this rule to be adaptive, the optimal phenotype
must be dependent on somatic state. That is, expected fitness
for a large mite must be higher if it becomes aggressive than
if it does not, while for a small mite, the opposite must be true.

Formally, then, the following are the assumptions of
somatic state-based models:

(S1) p(S|I) > p(S|AI)

(S2) w(P|S) > w(=P|S) and w(~P|1S) > w(P|~S)

(S3) Because of (S1) and (S2), w(P|I) > w(-P|I[) and
w(~P|~I) > w(P|AI).

Assumption (S1) states that the developmental input I must be
related to adult state variable S, such that individuals experien-
cing I during development are more likely to end up with S
than those who do not experience I. Assumption (S2) specifies
a fitness crossover, and formally states the requirement that the
optimal phenotype must be state-dependent. Expected fitness
must be higher by developing P than P if your state is S, but
the opposite must be true if your state is ~S. Finally, (S3) is
entailed by the first two assumptions. Since I is related to S,
and S means that it is advantageous to develop P, then on aver-
age, fitness will be higher for individuals who experience I and
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develop P than for those who experience I and do not,
and, symmetrically, higher for those who experience I and
develop P than for those who experience =l and develop P.

4. Comparing informational and somatic
state-based hypotheses

From the discussion above, it should be clear that there are
considerable similarities between informational and somatic
state-based models, but also some key differences. Both
types of hypothesis require the same crossover pattern in
the expected fitness of the different possible phenotypes
given the possible developmental inputs ((I3) and (S3),
respectively). This is because (I3) and (S3) are just the defi-
nition of adaptiveness restated: in adaptive evolution, the
trait, which in this case is the development of the phenotype
P conditional on experiencing developmental input I, must be
positively associated with expected fitness [23]. Although
obvious, this is important enough to constitute the unifying
principle of ADP: ‘in cases of ADP, individuals who experi-
ence the developmental input and develop the phenotype
must have higher expected fitness than those who experience
the developmental input and do not develop the phenotype;
whilst individuals who do not experience the developmental
input and do not develop the phenotype must have higher
expected fitness than those who do not experience the develop-
mental input but do develop the phenotype’. This principle
holds as long as the environments in which fitness is measured
are representative of those in which selection has acted over
evolutionary time. Where the unifying principle is met, there
is selection for developmental plasticity; this is a necessary
but not sufficient condition for its evolution. Whether plasticity
results will depend on the evolvability and costs of proximate
mechanisms to deliver it [24].

The unifying principle provides a clear way to distinguish
ADP from non-adaptive (i.e. deleterious or neutral) plasticity.
If the pattern described by the unifying principle is not present
for a particular I-P pairing, then the plasticity is not adaptive.
For example, if there were a class of starlings that could experi-
ence disadvantage in the nest (I) but still fly just as vigorously
as their peers (2P), those starlings would have a fitness advan-
tage over the starlings that actually exist (i.e. w(2P|I) > w(P|I)).
Since this violates the unifying principle, the plasticity in this
case is not adaptive. Bateson et al. [25] suggest that where plas-
ticity exists, it is mostly beneficial, presumably because natural
selection would be expected to eliminate deleterious forms of
plasticity. However, certain patterns of early-life input may
drive development against immutable mechanistic or energetic
constraints, meaning that, for example, starlings which experi-
ence early adversity and yet fly as vigorously as their peers are
simply not biologically achievable. Thus, deleterious plasticity
may well be widespread, and adaptiveness needs to be
demonstrated rather than assumed.

While informational and somatic state-based ADP hypo-
theses concur in predicting the pattern described by the
unifying principle, the reasons that pattern comes about are
different in the two cases. In each case, there is an association
between I and something that comes later (assumptions (I1)
and (S1)), and a fitness crossover (assumptions (I12) and (S2)),
but they are not the same associations and crossovers. In infor-
mational models, the association is between I and the adult
environment E and its nature is statistical: over evolutionary

time, I has served as a cue that E is likely to follow. Thus, a [ 4 |

plausibility test for informational hypotheses in particular
cases is consideration of cue validity. In the organism’s natural
environment, does the proposed developmental input I statisti-
cally predict E with sufficient fidelity? This is something that
can be tested in systems where long-term, individual-based
ecological datasets are available [26].

The likelihood that the cue reliability of I is high enough for
ADP to evolve via the informational route will depend on a
number of factors. First, informational hypotheses are most
convincing when there is a tight linkage between the proposed
I'and E. For example, kairomones produced by aquatic preda-
tors of Daphnia have no natural source other than those
predators, nor can the predators be present and not produce
them [27]. By contrast, some ADP claims rely on hypothesized
relationships that are likely to be much less strong, such as
parental behaviour towards the child being a cue of the pre-
vailing extrinsic mortality rate [28—-30]. While parents might
on average behave differently in environments of high than
low danger [31], there will be other sources of variation in par-
ental behaviour, so the claim that the relationship between I
and E could be strong enough for natural selection to build
adaptations on is problematic [32].

A second factor that might affect the evolvability of infor-
mational ADP is the length of the lifetime relative to speed of
environmental change. Informational ADP hypotheses are
most straightforward to make in cases where the organism
is short-lived, or where the phenotype P is visible to selection
soon after [ is received. Where the organism is long-lived and
there is considerable delay between the experience of I and
the fitness advantage of P, within-lifetime environmental
change can undermine the informational value of I [33—35].
For example, even a modest amount of year-to-year variation
is sufficient to destroy the informational content of birth-year
conditions for predicting adulthood conditions in humans
[33,35]. Thus, information ADP claims for long-lived organ-
isms entail assumptions about the temporal structure of
environments E over evolutionary time. Such assumptions
need to be tested, or, where that is not possible, a plausibility
case made, for each case.

Under somatic state-based hypotheses, the relationship
between I and S is causal: I has a lasting effect on S, which in
turn determines the relative fitness of P and -P. Thus, somatic
state-based hypotheses need make no assumptions about the
temporal stability of the external environment through
the individual’s life (indeed, they do not invoke the adult
environment as an explanatory construct at all). For these
hypotheses, it is not particularly useful to conceptualize I as
being a cue or providing information. The relationship of I to
S is that of cause to consequence, and it would be an unusual
usage of the term information to describe events as conveying
information about their consequences. Thus, issues of cue
reliability do not arise.

In the view of the above, somatic state-based models are
most plausible where I is something that has unavoidable
general consequences for development. Another way of stat-
ing this is that mutation cannot readily produce an alternate
type of individual that is developmentally unaffected by I. It
is hard to imagine a mutant mammal whose growth was
unaffected by the amount of food available, given that grow-
ing tissues requires calories. However, like informational
models, somatic state-based models rely on assumptions
that are seldom tested in practice. In particular, somatic
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Figure 2. The pattern of expected fitness that should be seen in all cases of ADP. The slopes of the lines are unimportant provided that they cross, and hence
patterns resembling any of the three panels would represent ADP. (Online version in colour.)

state-based hypotheses claim that since I causes S, the organ-
ism’s optimal strategy is to adopt P as a best response. It is
seldom explained why the individual would not do better
to invest its energy instead in changing S in adulthood. For
example, rather than becoming non-aggressive adults, bulb
mites could evolve a second growth period that they enter
only if small after the first. If the payoffs for being large
and aggressive are large enough, this would seem an equally
plausible adaptive strategy as the one actually observed.

To take another example, Bateson et al. [36] showed that
starlings which experienced greater telomere attrition during
development were more impulsive as adults. Telomere attri-
tion is a marker of cellular ageing and is accelerated by
developmental stress. Birds that experience greater attrition
are likely to live less long as adults [37]. Thus, Bateson et al.
argue, birds finding themselves with greater attrition have an
adaptive payoff from adopting an impulsive, ‘live for the
short-term’” behavioural strategy appropriate to their poor
survival prospects. However, it is not clear why a better strat-
egy would not be to repair their telomeres. Such repair is
mechanistically possible, at least in principle.

When faced with difficulties such as these, somatic state-
based hypotheses have to invoke some kind of constraint. It
may be more difficult to evolve a completely changed pattern
of growth than it is to evolve an alternate aggression morph.
It may be that cellular repair of the kind required in the star-
ling case is uneconomic or impossible in an adult individual,
so birds do better by shifting their behaviour. Indeed, behav-
ioural phenotypes may be particularly amenable to somatic
state-based ADP explanations, since conditionally shifting
the ‘software’ of behavioural strategy may be generally
easier to achieve than overhauling the ‘hardware’ of mor-
phology or physiology. While these kinds of constraints
may exist, they are hard to demonstrate empirically. More-
over, as with constraints-based explanations in evolution
more generally, they feel intellectually unsatisfactory, since
they are somewhat ad hoc. At the very least, advocates of
somatic state-based hypotheses need to explain why the
effect of I on S cannot be undone in adulthood, but instead
has to be mitigated by developing P.

To summarize, the principal differences between informa-
tional and somatic state-based hypotheses concern their first
and second assumptions (as listed in §3). Informational
hypotheses need to justify their assumption that over evol-
utionary time, I carried information about E reliably enough
for plasticity to evolve. Somatic state-based hypotheses need
to justify their assumption that over evolutionary time, I

caused variation in S that could not be avoided or reversed
in adulthood. In both cases, assumptions will depend on the
biology and evolutionary history of the organism involved.

5. Empirical tests of adaptive developmental
plasticity

We are now in a position to examine how ADP hypotheses
can be tested. This can be decomposed into two sub-
questions; first, how to test whether the plasticity is adaptive,
and second, how to test whether the plasticity is best thought
of in informational or state-based terms. We will assume that
we are dealing with systems where some measure of, or
proxy for, fitness is available. For the first sub-question, the
unifying principle makes the criteria clear: amongst those
experiencing I, those who develop P should have higher aver-
age fitness than those who do develop -P, while among those
who experience I, those who do develop -P should have
higher average fitness than those who develop P (figure 2).
This crossover pattern should exist for ADP of any type.
Note that average fitness does not need to be the same across
individuals who experience I and those who experience I;
whether ADP is informational or somatic state-based, this is
unlikely to be the case. This is not important for the evolution-
ary stability of ADP, since selection is hypothesized to be acting
on the conditional development of P|I, not on the probability of
experiencing I, which is assumed to be extrinsic.

The basic test of whether plasticity is adaptive, then,
involves measuring the fitness of four classes of individuals:
those who experience the input and develop the phenotype,
those who do not experience the input and do not develop
the phenotype, those who experience the input but do not
develop the phenotype, and those who do not experience the
input but do develop the phenotype. A potential difficulty is
that if the conditional adaptation ‘if I, develop P’ has gone to fix-
ation, then individuals of the last two classes are likely to be rare
or non-existent. However, variation in evolved traits can
usually be found: even at equilibrium, it will persist at some
level through mutation and stochastic developmental variation.
For example, in bulb mites, a rich diet during development pro-
duces 75% fighters and 25% scramblers, while a poor diet
produces 10% fighters and 90% scramblers [2]. In induction
experiments with Daphnia, the presence of predator cues
raises the frequency of defended morphs to only around 80%,
and moreover there is genetic variation in cue responsiveness
[20]. Thus, the required variation should be identifiable.
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A number of recent empirical studies have attempted to
establish whether there is a fitness crossover [26,38—-42]. How-
ever, the fitness crossover sought was not the one shown in
figure 2. The crossover they investigated compared w(E|l)
with w(=E|I) and w(=E|~I) with w(E|I). This relates to the pre-
diction that individuals for whom the adult environment
is congruent with early experience should be advantaged rela-
tive to those for whom the adult environment is incongruent.
There are a number of points to be made about this ‘mismatch’
crossover prediction. First, it is a prediction made only by infor-
mational ADP hypotheses. It arose particularly in discussion
of the PAR concept, which is an informational hypothesis.
Thus, although the presence of the ‘mismatch’ crossover is
suggestive of ADP, its absence is not evidence against ADP.
If the ADP is somatic state-based, there is no reason to expect
a fitness crossover based on congruence of adult and develop-
mental environment. Second, even under informational ADP
hypotheses, the ‘mismatch’ crossover prediction only applies
to individuals that developed the phenotype P. A strong test
of the mismatch crossover prediction should thus measure
the phenotypic trait P, and show that any crossover was detect-
able only in the subset of individuals showing it. Empirical
studies have not typically done this. Indeed, the empirical
tests cited above do not even specify what the putatively
adaptive phenotype is. This may reflect an assumption that if
the plasticity has evolved, the phenotypic response to I will
be at fixation, and so it can simply be assumed that all individ-
uals who experienced I will develop P. However, as already
mentioned, there will always be variation in the conditional
expression of the phenotype. It would thus be better for the
phenotype P of the adults who experienced I to be measured
independently of I and E. The presence of P should moderate
the interaction of I and E in predicting fitness.

Demonstrating the pattern shown in figure 2 is a necessary
step in any empirical test of ADP, but researchers also need to
specify what type of ADP hypothesis they are advancing, and
justify the relevant assumptions as discussed in §4. Table 1 pro-
vides a checklist of the steps necessary to confirm an ADP
hypothesis. Four steps are required in all cases; after that, the
steps vary according to type of hypothesis proposed. In well-
understood cases, many of the steps have been addressed
(e.g. in Daphnia, [19-21]). Many studies fulfil just one or
two of the steps [41,43]. This is still useful, not least because
it stimulates further studies that will fill in the gaps.

6. Adaptive and non-adaptive plasticity revisited

So far, we have simplified the possible typology of developmen-
tal plasticity into non-adaptive, adaptive (informational) and
adaptive (somatic state-based). While this classification is heur-
istically useful, cases of developmental plasticity typically
involve a mixture of adaptive and non-adaptive components.
In fact, all ADP hypotheses contain non-adaptive elements. In
many somatic state-based hypotheses, the input I leaves the
individual in a poorer state S than she otherwise would be;
she adopts P because this is her best strategy given S; for this
reason, state-based ADP is often characterized as ‘coping’, ‘miti-
gation” or ‘making the best of a bad job” [9,25]. The impact of I
on S, therefore, is deleterious; individuals would have higher
fitness if they could manage not to end up with S despite I.
Thus, there is a non-adaptive branch of the hypothesis (I affects
S), and an adaptive response branch (S triggers P). The adaptive

Table 1. The definitions that must be made and empirical patterns n

demonstrated to document a case of ADP. (See text for definitions. In
keeping with the text, the empirical patterns have been stated in terms of
dichotomous variables. They can be straightforwardly translated into
general linear model form for continuous empirical cases. For example, the
second requirement translates as the need for a significant regression
coefficient of P on /, and the third line as the need for a significant
interaction between P and / in predicting w.)

general

define / and P

show that / leads to the development of P

demonstrate that W(Pv|I) > W(—|P|l). and W(1P|Hl) > w(P|l)

specify an informational or somatic state-based hypothesis
information-based somatic state-based
define relevant adult define a relevant adult
environment £ somatic state variable $
st démdnstrate that '

w(P|$) > w(=P|$) and

w(=P|=S) > w(P|S)

demonstrate that
w(P|E) > w(-P|E) and
W(=P|=E) > w(P|E); or,
relatedly, demonstrate that
w(E|) > w(=E|l) and
w(~E|~l) > w(E|l)

show that under evolutionarily show that / causes lasting

relevant conditions, / carries variation in §

information about £

branch is assumed to represent the outcome of selection,
whereas the non-adaptive branch is assumed to persist because
there are some things selection cannot do.

Less obviously, there are non-adaptive or constraint ideas
implicit in informational hypotheses too. In these hypotheses,
individuals use early experience to gain information about
the best phenotype to develop, and commit to this. However,
this strategy leaves them at risk of ending up mismatched to
the adult environment [18,44]. It is seldom explored whether
it is optimal to use early-life experience to commit to a phe-
notype in this way; it seems obvious that, in general terms,
a better strategy would be to remain open to environmental
input, and be able to shift phenotype during adult life.
There are plenty of mechanisms that enable organisms to
do this, associative learning and tanning being two examples.
To the extent that informational ADP hypotheses discuss
these issues, they invoke some kind of constraint. There are
some aspects of phenotype to which an early commitment
is necessary simply because of the way that bodies and
brains develop (or else there is an unspecified cost to remain-
ing plastic, as assumed by Botero et al. [10]). While this may
be correct, it is a non-adaptive explanation; there are some
things that selection cannot build. Thus, even informational
ADP hypotheses typically invoke adaptation only within an
envelope of developmental constraints.

These complexities mean that all cases of developmental
plasticity will contain both non-adaptive and adaptive com-
ponents: the non-adaptive components are the constraints
that cannot readily be modified by selection, and the adaptive
components are the variable responses available to selection
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within the envelope defined by those constraints. This is why
it is important to be precise about exactly what P is in any
putative example of ADP.

To further complicate the picture, adaptive responses may
entrain non-adaptive by-products. For example, we recently
found that European starlings which had experienced greater
food scarcity in the nest were more food motivated than their
peers at 1 year old [45]. This was despite the fact that their
energy reserves at time of testing were no different. The persist-
ence of this ‘hungry phenotype’ is hard to explain in adaptive
terms. There is no reason to believe that nestling food scarcity is
a cue to the future environment—if anything, parents have
large broods where the environment is good, so food scarcity
in the nest should be a negative predictor of later scarcity [9].
There may have been some lasting somatic difference as a
result of early scarcity, such as raised metabolic rate [46], but
we were not able to demonstrate this. One possibility is that
the adult ‘hungry phenotype’ is simply a non-adaptive carry-
over of a response that was immediately adaptive at fledging.
If birds fledge with low energy reserves, they need to initiate
independent foraging quickly, and so their food motivation
needs to be upregulated. The fitness benefit of successfully
initiating the hungry phenotype conditional on body weight
at 20 days will be much stronger than the fitness cost of failing
to turn it off when it is no longer advantageous. Thus, when we
examine the long-term effects of early experience, we may often
be studying phenotypes whose initiation by a developmental
input was adaptive at the time, but whose persistence much
later in life is a by-product not removed, because its costs
later in life are relatively low. This in effect a ‘semi-adaptive’
explanation; the phenotype measured by the researcher is the
non-adaptive echo of something that did have a function ear-
lier in life. Semi-adaptive and truly adaptive ADP can in
principle be distinguished empirically, but doing so in practice
will not be easy.

7. Discussion and conclusion

Developmental plasticity is an important phenomenon. It is
consequential for public health, because variation in health
and behavioural outcomes may be related to variation in
developmental inputs years earlier. It is important for behav-
ioural ecologists, because there is always variation in the
response of adult individuals to current situations, some of
which may be owing to different developmental histories.
From both an evolutionary and a practical perspective, it is
important to be able to identify which aspects of develop-
mental plasticity are adaptive and which not. We have
presented a framework within which this distinction can be
made, at least in principle.
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