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ABSTRACT Adaptation is a central concept of modern evolutionary biology, but remains a
difficult one nevertheless. Definitions of adaptation are often confounded with definitions of nat-
ural selection, rendering them somewhat circular and difficult to operationalize. Williams intro-
duced a definition that avoids such tautology and a strategy for testing adaptive claims against
chance as an alternative explanation for design complexity. Gould and Lewontin ([1979]: Proc R
Soc Lond B Biol Sci 205:581–598) challenged this strategy for pitting adaptation against a straw
alternative, and argued that constraint is often the cause of design complexity. The field of Dar-
winian medicine has underscored the fact that adaptation can also be difficult to discriminate
from pathology, which can also produce design complexity. We suggest that an updated version
of Williams’ strategy is to consider any claim of adaptation against constraint and pathology as
alternatives. We use an example drawn from the intersection of human reproductive ecology
and developmental biology to illustrate how this updated strategy can be applied. Where we can
generate distinct predictions for the three alternative hypotheses, constraint, pathology, and ad-
aptation, we have a better situation in which to evaluate adaptive claims with a real possibility
of falsification. We view this strategy as an improvement over Williams’ original suggestion, but
not as a definitive strategy. Further advances, however, will likely also be based on a sound
understanding of the concept of adaptation and the identification of the strongest competing
alternatives to it. Am. J. Hum. Biol. 19:622–630, 2007. ' 2007 Wiley-Liss, Inc.

Even though the concept of adaptation has
been central to modern biology since well
before Darwin, it continues to cause confusion
and debate. Ernst Mayr summed up the situa-
tion in 1983: ‘‘The difficulty of the concept of
adaptation is best documented by the incessant
efforts to analyze it, describe it, and define it.’’
Reeve and Sherman (1993) concurred 10 years
later, noting that ‘‘there are numerous, often
conflicting definitions, and no consensus about
what operational criteria should be used to
identify a phenotypic trait as an adaptation.’’
We have precise, mathematical definitions of
fitness, heritability, and other core concepts of
modern Darwinian evolution, but an equally
precise definition of adaptation seems elusive.
And without a good definition, how do we rec-
ognize an adaptation when we see one? The
notion of adaptation as a more or less obvious
‘‘fit’’ between an organism and its environment
is more intuitive and subjective than explicit
and objective. But the problem is compounded
by many modern evolutionary biologists who
confuse a demonstration of the action of natu-
ral selection with a demonstration of adapta-

tion, the thing it is supposed to explain. For
example, even Reeve and Sherman (1993),
after noting the problem of defining adapta-
tion, provide just such a confounded solution:
‘‘An adaptation is a phenotypic trait that
results in the highest fitness among a specified
set of variants in a given environment.’’ But if
we define adaptation in terms of fitness—that
is, as the product of natural selection—we can-
not then use natural selection to explain exis-
tence of adaptation without falling into circular
logic. This pitfall has plagued Darwinian
theory ever since the publication of the Origin
and continues to muddy the waters today. We
need to be able to recognize adaptation inde-
pendently of natural selection in order to then
argue that natural selection is its cause.
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Williams has confronted the challenge in the
most head-on fashion. In Adaptation and Natu-
ral Selection, Williams (1966) argues, ‘‘to prove
adaptation one must demonstrate a functional
design.’’ Later in the book he offers a more
explicit position: ‘‘In this book I will rely on
informal arguments as to whether a presumed
function is served with sufficient precision,
economy, and efficiency, etc., to rule out chance
as an adequate explanation.’’ To many evolu-
tionary biologists Williams’ tentative definition
still provides the best hold on the slippery con-
cept of adaptation. For example, Thornhill
(1990) echoes Williams, claiming, ‘‘recognition
of an adaptation involves recognition of a fea-
ture of an organism that is too complexly organ-
ized to be due to chance.’’ The Williams defini-
tion has three parts that merit separate notice.
The first is that it invokes the concept of
‘‘function’’ in identifying adaptation. Williams
goes to great lengths in his book to make clear
that by invoking this concept he is not reverting
to a Lamarckian notion of purpose preceding
adaptation. Rather, he argues that the ‘‘fit’’ we
intuitively label with the term adaptation is
between a feature of an organism and its role in
the organism’s ecology. An adaptation is not
just a feature that attracts our attention as
observers, it ‘‘does something’’ for an organism.
What it ‘‘does’’ can be called its ‘‘function.’’
Hence, in identifying something as a putative
adaptation we must have identified a function
that the adaptation serves. The second notable
feature of Williams’ definition is that it
reframes the problem of recognizing adaptation
as one of discriminating it from alternatives.
This is a more powerful logical position, since it
allows one to pursue a strategy of exclusion,
defending a hypothesis by ruling out alterna-
tives. The principle alternative, the ‘‘null hy-
pothesis,’’ that Williams identifies as a possible
cause of adaptation is ‘‘chance.’’ We must iden-
tify a putative adaptation with a function, and
then we must prove that it cannot have come to
fulfill this function by chance. Finally, he sug-
gests criteria that allow us to discriminate ad-
aptation from chance function: ‘‘precision, econ-
omy, efficiency, etc.,’’ or, in Thornhill’s conden-
sation, ‘‘complexity of organization.’’
It is interesting that the features Williams

uses to identify adaptation are the same as
those used by Paley (1802) to recognize intelli-
gent artifice, made famous in his hypothetical
example of the watch discovered on the beach:
complex, elegant design in the service of func-
tion. But this parallelism shouldn’t surprise
us; instead it should remind us that adapta-

tion is not an exclusively Darwinian concept.
The existence of adaptation does not prove the
action of natural selection any more than it
proves the action of a creator. Rather, it is a
fact of nature that both evolutionists and crea-
tionists try to explain, the former with mate-
rial causes, the latter with supernatural ones.
Indeed, it is a virtue of William’s definition of
adaptation that it is ‘‘pre-Darwinian,’’ inde-
pendent of the concept of natural selection,
since it then allows us to hypothesize natural
selection as the cause of adaptation without
succumbing to circular logic.
Yet Williams’ approach is not without its

weaknesses. Although it avoids circular logic, it
doesn’t achieve fully objective, operational sta-
tus. Williams himself admits to relying on
‘‘informal arguments’’ in applying his defini-
tion. The list of discriminating criteria is also
vague, ending with a rather unsatisfactory
‘‘etc.’’ The discrimination itself is made on a
qualitative basis that remains essentially sub-
jective. How efficient or complex does some-
thing have to be to be rule out chance as an ex-
planation? The definition also seems to imply
that all adaptations must involve complexity.
Reeve and Sherman (1993) take exception to
this, suggesting that simple, apparently inele-
gant features can also be adaptations. Finally,
making chance the null hypothesis seems to es-
tablish a rather weak, ‘‘straw-man’’ alternative.
Gould and Lewontin (1979) effectively take

aim at these weaknesses in their widely cited
paper, ‘‘The spandrels of San Marco and the
Panglossian paradigm: a critique of the adap-
tationist program.’’ The ‘‘adaptationist pro-
gram’’ that they take exception to is the (sup-
posedly) unrestrained identification of all
sorts of biological traits as adaptations. Wil-
liams’ definition of adaptation is no impedi-
ment to this excess, in their view, since it is
too easy to eliminate chance as an alternative
explanation of any complex feature. They pro-
pose another alternative that must also be
eliminated before adaptation can be assumed:
constraint. Chance, or truly random variation,
has no inherent ‘‘direction’’ and can hardly
ever produce complex design at any level. But
biological variation, they argue, is rarely truly
random. Variation is constrained in certain
directions by many forces. The source of con-
straint may be phylogenetic, developmental,
or even simply the laws of physics. Unlike
chance, however, constraint can be a cause of
complexity in functional, organic systems.
Gould and Lewontin argue that constraint

is much more prevalent as a cause of organic
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complexity that adaptationists recognize,
because the operational definition of adapta-
tion they use, the Williams definition or deriv-
atives of it, doesn’t recognize constraint as an
alternative. This is curious, since evolutionary
biologists are certainly familiar with phyloge-
netic inertia, often using it as evidence of
descent. Darwin himself dwelt at length on
vestigial organs as evidence of the fact of
descent with modification. The problem of
homology in reconstructing phylogeny is also
well recognized by paleontologists and system-
atists. A similar issue, known as Galton’s
Problem (Mace and Holden, 2005), confronts
those who study cultural evolution. Yet adapt-
ive hypotheses that are advanced to account
for specific biological traits rarely pose con-
straint as an alternative hypothesis.
A third alternative to adaptation as a poten-

tial cause of organic complexity is pathology.
This alternative is perhaps the least intuitive
since pathology would seem at first blush to be
more akin to chaos than to order, to dysfunc-
tion than to function. Certainly pathology
would seem by definition to detract from the
fitness of an organism rather than to contrib-
ute to it. For all these reasons it might seem
easy to distinguish pathology from adaptation
and difficult to confuse them. But the field of
evolutionary medicine, of which Williams is
one of the founders (Nesse and Williams,
1994), delights in turning the tables on pre-
sumed instances of pathology, revealing them
to be current or recent adaptations after all.
Fever is a classic example of trait that com-

bines aspects of adaptaive and pathological
responses. Elevation of body temperature in
response to infection can limit pathogen prolif-
eration. But excessive fever can lead to con-
vulsions and death, illustrating that the line
between an adaptive and a pathological
response can be a fine one. Mast cell reactivity
can protect respiratory passages from infec-
tion or damage but can also cause asthma or
even death if the response is extreme or
hypersensitive. Goiter, or the hypertrophy of
the thyroid gland, may be a symptom of patho-
logical iodine metabolism but it is more often
an adaptive response to dietary iodine defi-
ciency since it increases the gland’s ability to
recruit what iodine is available for the produc-
tion of essential thyroid hormones.
The ‘‘thrifty gene’’ hypothesis first intro-

duced by Neel (1962) is an example of a trait
that may have been selected for in the past
due to its adaptive nature in one environment
but that is maladaptive in many contempo-

rary environments, resulting in pathological
conditions such as adult onset diabetes.
Essentially, Neel suggested that the genetic
predisposition to differentially shunt meta-
bolic energy toward fat storage may have been
advantageous in environments characterized
by uncertain food supplies or long periods of
recurring famine. The same genetic predispo-
sition, however, in an environment of energy
abundance may lead to obesity, insulin resist-
ance, and diabetes. In this case diabetes itself
is clearly pathological, but the underlying
physiology that predisposes individuals to dia-
betes is seen as a (recent) adaptation. The
thrifty gene hypothesis is thus an example of
an argument that is frequent in evolutionary
biology, particularly human biology, but also
empirically problematic. Essentially the argu-
ment states that although a given trait arose
by natural selection because it was adaptive
in one environmental context, the context has
now changed and the fitness advantage has
disappeared or even reversed. The claim is not
that the trait ‘‘is’’ adaptive, but that it ‘‘was’’
adaptive, a claim that can be particularly diffi-
cult to test or refute.

Thus it can be a complex task to determine
whether a given trait is or is not pathological,
and there is the potential to confuse pathology
and adaptation in considering a given trait.
However, even when a trait is clearly patho-
logical, it can exhibit complex organization in
the service of function. Neoplastic tumors, for
example, can recruit vascular supplies and
engage in complex intracellular and intercel-
lular signaling to support rapid proliferation.
Cells infected by viruses transcribe viral genes
and assemble viral proteins. Polyploidies and
aneuploidies cause complex and ramifying
changes in physiology that sometimes con-
verge on alternative developmental pathways
with considerable integrity and viability. Thus
complex organization is not itself a character-
istic that can discriminate adaptation from pa-
thology.

In summary, Williams’ original operational
definition of adaptation, while heuristic, needs
updating in at least two respects. ‘‘Chance’’ is
too weak an alternative to provide much of a
challenge to most adaptive hypotheses since
chance rarely if ever produces elegant or com-
plex design with functional characteristics. If
it is the only alternative identified, adaptive
hypotheses for complex, functional traits will
virtually always win out. There may, however,
be stronger alternatives that should be consid-
ered objectively when attempting to falsify an
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adaptive hypothesis. Two in particular have
attracted considerable attention since Wil-
liams’ original articulation of his operational
definition: constraint, and pathology. A more
rigorous test of an adaptive hypothesis than
that envisioned by Williams should attempt to
discriminate between these three possibilities.

PREDICTIVE ADAPTIVE RESPONSE
HYPOTHESIS

We would like to illustrate how such an
updated strategy might be pursued using an
example from our own field, reproductive ecol-
ogy, and its intersection with developmental
biology. The example concerns the changes in
adult ovarian function that are correlates of
early constraints on energy availability. The
empirical results that we discuss here are pre-
sented in more detail elsewhere (Jasienska
et al., 2006a).
In 1990 Ellison proposed that set-points for

adult ovarian function in women might be
determined in part by environmental factors
influencing trajectories of growth and develop-
ment (Ellison, 1990). He suggested that the
organism might use its experience of environ-
mental conditions during growth and matura-
tion to predict conditions likely to characterize
its adult environment. Lipson (2001) reiter-
ated and further developed this hypothesis.
Both of these authors, however, focused on
postnatal conditions and their cumulative
effects over the course of growth and matura-
tion. Proponents of the so-called ‘‘fetal pro-
gramming’’ or ‘‘fetal origins of adult disease’’
hypothesis have advanced a bolder claim.
Building on the work of Barker and colleagues
(Barker et al., 1989a,b; Barker 1994) among
others, Gluckman and Hanson (2004, 2005)
have proposed that human fetal development
is facultatively sensitive to intrauterine condi-
tions, and that it uses those conditions to
make a ‘‘predictive adaptive response’’ (PAR).
That is, they suggest that the fetus adjusts its
developmental trajectory to target the adult
environment that it predicts for itself on the
basis of intrauterine conditions. This capacity
for facultative developmental adjustment has
evolved by natural selection, they propose,
because it resulted in an organism with
greater Darwinian fitness. Hence, they claim
that the predictive response of the fetus is
adaptive.
Evidence for the developmental impact of

intrauterine environments, which has long
been available, has accumulated rapidly in

recent years, both epidemiological evidence
for humans and experimental evidence for
animals (Gluckman and Hanson, 2005). Thus
the response part of the PAR formulation is
not in any doubt. What is more hypothetical is
the degree to which these responses are pre-
dictive, that is, whether they bias develop-
ment based on correlations between the envi-
ronment encountered during gestation and
the environment encountered by the organism
as an adult. Note that the correlation between
fetal and adult environments may be complex.
For instance, in a short-lived animal inhabit-
ing a seasonal environment adult environ-
ments might be seasonally opposite to those
occurring during gestation. In a long-lived or-
ganism, like humans, fetal environments may
be rather transient compared with long-term
variability in adult environments. Kuzawa
(2005) points out that human fetal environ-
ments may provide information that includes
the mother’s own developmental history, not
just conditions that prevail during a given
pregnancy. If so, the correlation between fetal
environments and adult environments may be
much more complex that the correlation be-
tween acute circumstances during gestation
and acute circumstances in adulthood. But
without understanding the nature of the cor-
relation and the information coded by fetal
environments, it is virtually impossible to
determine whether changes in developmental
trajectories associated with fetal environ-
ments are ‘‘predictive.’’ At the very least, in
generating and testing a specific PAR hypoth-
esis, an a priori assumption must be made
about the ‘‘predicted’’ adult environment.
But perhaps even more challenging that the

claim that fetal developmental responses are
predictive is the claim that they are adaptive.
In making this claim, Gluckman and Hanson
appear to be relying on the prevalent defini-
tion of ‘‘adaptive’’ as synonymous with
‘‘increasing Darwinian fitness.’’ Even by this
definition, however, the adaptive nature of de-
velopmental responses is often difficult to
demonstrate. Darwinian fitness itself, though
precisely defined, is onerous to operationalize
since it requires long-term observation of the
propagation of descendants. The short-cut so-
lution is usually to accept increased health,
longevity, or fertility as a proxy for Darwinian
fitness. But even this strategy fails to identify
human developmental responses to adverse
fetal environments as adaptive, since the
adult outcomes that have been best docu-
mented are associated with poorer health,
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shortened life expectancy, and/or reduced fer-
tility. Small size at birth, the variable most of-
ten used to represent adverse fetal environ-
ment, is strongly associated with adult out-
comes such as increased risk of cardiovascular
disease (Barker et al., 1989a,b), adult-onset di-
abetes and metabolic syndrome (Eriksson
et al., 2001; Godfrey and Barker, 2000; Phil-
lips et al., 1994a,b), and hypertension (Barker
et al., 1989a,b), for example, all conditions
that reduce adult life expectancy and func-
tional capacity. Adult reproductive outcomes
in human females correlated with small size
at birth include reduced uterine and ovarian
size (Ibañez et al., 2000a,b), reduced rates of
ovulation in adolescence (Ibañez et al., 2002),
and lower ovarian steroid levels in adulthood
(Jasienska et al., 2006b), all conditions associ-
ated with reduced fertility. In some cases
adult outcomes associated with small size at
birth have ambiguous effects on Darwinian
fitness. For example, small size at birth is
associated with reduced risk of breast cancer
(Ekbom et al., 1997; Mellemkjaer et al., 2003;
Michaels et al., 1996), which by itself would
extend life expectancy. However, this effect on
breast cancer risk is likely mediated in part by
the effect of small size at birth in lowering
adult estradiol levels (Jasienska et al., 2006b),
both of which by themselves would lower fer-
tility. The net effect is difficult to determine
without large, longitudinal studies that are
unlikely to be conducted.
Gluckman and Hanson (2004, 2005) argue

that the adverse adult outcomes most often
associated with developmental responses to
adverse fetal environments can be explained
as a consequence of environmental mismatch.
This concept is essentially reminiscent of
Neel’s ‘‘thrifty gene’’ hypothesis, implying that
in the formative past of human evolutionary
history, the fetal response would have led to
an adult phenotype of increased fitness, but
that in contemporary environments the result
is often an adult phenotype that is less fit. The
problem is, they suggest, that the adult envi-
ronment ‘‘predicted’’ by the fetal environment
(i.e., the one that was correlated with that fe-
tal environment in the past) no longer
‘‘matches’’ the adult environment that is
actually encountered. Thus, like Neel’s
‘‘thrifty gene,’’ it can be asserted that human
developmental responses to adverse fetal envi-
ronments were adaptive in the past, but are
now maladaptive.
Like Neel’s thrifty gene hypothesis, the PAR

hypothesis is very heuristic, and provides a

framework for integrating a rapidly accumu-
lating base of empirical results with evolution-
ary theory. Operationally, however, it is
extremely difficult to verify. It is difficult to
know what the nature of the ‘‘predicted’’ adult
environments linked to adverse fetal condi-
tions are. Even if we could posit the nature of
the prediction, the secondary hypothesis of
‘‘environmental mismatch’’ suggests that we
cannot test the validity of our supposition by
observations of adult environments today. We
cannot even test the ‘‘adaptive’’ claim with
conventional criteria of increased Darwinian
fitness or improved proxies for fitness like lon-
gevity or fertility, since the ‘‘environmental
mismatch’’ hypothesis again suggests that
those effects may no longer occur. Both the
‘‘prediction’’ and the ‘‘adaptation’’ recede from
the present into the formative past where
they can no longer be observed or subjected
to falsification. In fact, the PAR hypothesis
seems on the surface very odd, since the
human developmental responses to adverse
fetal environments we actually observe are
usually acknowledged to be neither predictive
nor adaptive in the present. Most importantly,
falsifying the adaptive claim of the PAR hy-
pothesis seems particularly problematic from
a conventional standpoint. The observations
that would seem to falsify the claim, i.e., pat-
ently maladaptive, fitness-reducing outcomes,
are explained away by the environmental mis-
match hypothesis. How, then, is the PAR hy-
pothesis falsifiable?

A different approach to testing the adaptive
claim PAR hypothesis would be to adopt the
strategy outlined above, i.e. trying to deter-
mine whether observed responses are the
result of constraint, pathology, or adaptation
conceived of as alternative explanations for a
complex phenomenon such as an adjusted de-
velopmental trajectory. It is notable that in
various writings Barker and colleagues have
evoked each of these possibilities to explain
the correlations they observed between small
size at birth and adult outcomes. In some
papers they suggest that adverse energetic
conditions in utero mean that there is not
enough energy available for the optimal devel-
opment of all fetal organ systems. A hierarchy
of energy allocation that prioritizes brain de-
velopment, they hypothesize, would result in
suboptimal development of other organ sys-
tems and tissues, such as the cardiovascular
system or the pancreas. The adult sequellae—
increased risk of CVD or diabetes—would
thus not represent optimization of these organ
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systems to predicted adult environments, but
rather the effect of developmental constraint
resulting in a patently suboptimal phenotype
(Barker et al., 1989a,b). In other places they
imply that fetal deprivation may simply
undermine normal developmental trajectories
leading to pathological, congenital consequen-
ces (Barker, 1994, 1995). More recently, they
have converged on a version of the PAR hy-
pothesis, suggesting that rather than being
constrained from achieving an optimal desired
result, or suffering a pathological result,
fetally deprived individuals might actually
shift their developmental trajectories to new,
achievable optima (Godfrey and Barker,
2000). Conceptually, these are distinct out-
comes and distinct hypotheses. ‘‘Constrained’’
developmental responses result from physiol-
ogy that is directed at the same goal as in the
unconstrained condition but unable to fully
achieve it. ‘‘Pathological’’ developmental re-
sponses result from physiology that has been
thrown off its normal, optimal trajectory and
which arrives instead at maladaptive out-
comes. ‘‘Adaptive’’ developmental responses
result from physiology that facultatively shifts
to a new, achievable goal that is optimal to the
circumstances encountered (or predicted).

BIRTH SIZE AND OVARIAN RESPONSIVENESS
TO ADULT ENERGYAVAILABILITY

The field of human reproductive ecology
has amply demonstrated that adult female
ovarian function responds facultatively to
environmental energy availability (Ellison,
2001, 2003). When energy availability is re-
stricted, either by low intake or by high ex-
penditure, ovarian function shifts to lower lev-
els of steroid production that result in lower
fecundity (Lipson and Ellison, 1996; Venners
et al., 2006). In Polish women, for example, we
have shown that higher energy expenditure in
daily activities results in lower estradiol pro-
files (Jasienska et al., 2006c). This shift is
deemed adaptive since it helps to modulate
female reproductive effort to the probability of
success, both in the short term and over an
entire life history (Ellison, 2001, 2003).
Recently, we have also shown that small

size at birth is associated with lower average
salivary estradiol profiles in adult Polish
women (Jasienska et al., 2006b). One might
apply the PAR hypothesis to this effect of
small size at birth, claiming (1) that fetal envi-
ronments that produce small size at birth pre-
dict adult environments characterized by re-

stricted energy availability and (2) that lower
ovarian estradiol production is an adaptive
trait to display in an energy restricted envi-
ronment. But is this the only hypothesis that
can account for the observations? Consider
the following alternative hypotheses. (a) Con-
straint: Restricted energy availability in utero
leads to small size at birth but also to con-
strained development of primordial follicles
such that estradiol production capacity in
adulthood is suboptimal. (b) Pathology: Re-
stricted energy availability in utero disrupts
the development of normal (optimal) feedback
relationships between ovarian steroid levels
and the production of hypothalamic and pitui-
tary hormones responsible for regulating
ovarian steroid production, resulting in abnor-
mal (maladaptive) adult steroid production
patterns. All three of these hypotheses
‘‘account’’ for the observed association of small
size at birth and low adult estradiol produc-
tion. How can we discriminate among them?
To make this discrimination, we first sug-

gest that ovarian responsiveness to energy
availability must be understood as a norm of
reaction rather than a fixed response. That is,
adult ovarian steroid production is not fixed at
a constant level but rather adjusts faculta-
tively to fluctuating environmental energy
availability, with evidence of an ability to filter
out sustained trends from short-term ‘‘noise’’
(Ellison, 1990; Lager and Ellison, 1990). It is
this ability to facultatively adjust ovarian
function that is adaptive. So what we should
ask is how fetal environments leading to small
size at birth affect this facultative ability.
From this perspective we make different pre-
dictions for each of our three hypotheses:

A. Constraint: If the effect of the fetal environ-
ment that results in small size at birth is to
constrain the overall capacity for estradiol
production in adulthood, we would predict
that estradiol levels might still change in
response to environmental energy avail-
ability, but that they would be lower at ev-
ery point than in women who were larger
at birth. The physiological goal is still the
same, but the ability to achieve it has been
limited.

B. Pathology: If the effect of the fetal environ-
ment that results in small size at birth is to
disrupt normal ovarian function, we would
predict a disruption of the norm of reaction
of estradiol levels to adult energy availabil-
ity. Constant levels of estradiol regardless
of energy availability might be a result
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consistent with this hypothesis, as would
erratic patterns or increases in estradiol
under conditions of restricted energy avail-
ability.

C. Adaptation: If the effect of the fetal envi-
ronment that results in small size at birth
is to elicit an adaptive shift in ovarian
responsiveness to adult energy availability,
we would predict that the norm of reaction
of estradiol to adult energy availability
would persist, but shift to a higher ‘‘sensi-
tivity’’ to restricted energy availability.
That is, we would predict for women who
were small at birth a similar ‘‘dose
response’’ pattern of ovarian function—
high when energy availability is high, low
when it is low, with scaled intermediate
values at intermediate levels of energy
availability—but with evidence of a shift to
lower estradiol levels at a lesser degree of
energy restriction than in women who were
larger at birth. By shifting to an increased
sensitivity to energy constraint the orga-
nism would be anticipating or ‘‘predicting’’
a more energy constrained environment for
itself as an adult. Thus this interpretation
is explicitly based on the notion of a positive
correlation between environmental energy
availability in utero and in adulthood.

To test these alternative hypotheses we ana-
lyzed the nature of the nature of the dose
response relationship between energy expend-
iture and estradiol levels in adult Polish
women classified by size at birth (for full
methodological details, cf. Jasienska et al.,
2006a,b). In Figure 1 we show results for our

sample of 106 women contrasting the upper
and lower tertiles of ponderal index at birth.
Ovarian estradiol production shifts in both
groups of women in response to energy ex-
penditure, with high estradiol production
when energy expenditure is low and low estra-
diol levels when energy expenditure is high.
The estradiol levels under these conditions
are equivalent in the two groups as well. At
moderate levels of energy expenditure, how-
ever, women who were large at birth show es-
tradiol levels comparable with those observed
in this group for low energy expenditure while
women who were small at birth show estradiol
levels comparable with those observed in this
group at high energy expenditure. On the ba-
sis of these results we can reject hypothesis A
(Constraint) since estradiol levels are not
lower among small size at birth women at all
levels of energy expenditure. And we can also
reject hypothesis B (Pathology) since the dose
response pattern of ovarian response to
energy expenditure remains intact. Further-
more, the observed patterns match the predic-
tion of hypothesis C (Adaptation) since the
norm of reaction of estradiol to energy expend-
iture has indeed shifted in the direction of
greater sensitivity in women who were small
at birth: moderate energy expenditure levels
that are not associated with a reduction in es-
tradiol production in women who were large
at birth are associated with lower estradiol in
women who were small at birth. That is, ovar-
ian function in women who were small at birth
appears more ‘‘sensitive’’ to restrictions on
adult energy availability imposed by increased
energy expenditure.

Fig. 1. Mean (with 95% confidence intervals) levels of estradiol (E2) in women from the first and third tertile of
fatness at birth (PI) in three different levels of mean and daily physical activity.
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SUMMARY

Most evolutionary biologists are comfortable
with a conventional definition of adaptation as
the product of natural selection and certainly
would accept a demonstration of differential
Darwinian fitness as tantamount to proof that
a given trait is adaptive. In some sense this
represents a migration of the meaning of ‘‘ad-
aptation’’ from a pre-Darwinian notion of a
‘‘fit’’ between on organism and its environment
for which Darwin’s concept of natural selec-
tion was one possible explanation, the most
satisfying explanation to most materialist sci-
entists, but not the only explanation. But even
if the conventional definition is adopted, it is
often very difficult to apply, since the requisite
data on long-term proliferation of descendents
by alternative traits are often unavailable.
Williams (1966) suggested that complexity of
design in the service of function is a recogniz-
able hallmark of adaptation and suggested
that when such complexity could not be
accounted for by chance it should be ascribed
to the action of natural selection. Gould and
Lewontin (1979) argued that constraint rather
than natural selection can also be a cause of
organic complexity. Pathology can also result
in complex traits and the discrimination
between pathology and adaptation can be
more difficult that it might at first appear, as
the field of evolutionary medicine has demon-
strated.
Human biologists often find themselves

engaged in debates over the adaptive nature
of various traits, and often constraint and pa-
thology are the logical alternatives. Is growth
stunting under adverse nutritional conditions
‘‘adaptive,’’ i.e. resulting in an optimal pheno-
type distribution for those conditions? Or is it
the result of constrained development, growth
that is physiologically integrated but pre-
vented from attaining an optimal phenotype
distribution by resource limitations? Or is it
pathological failure of normal growth proc-
esses, a kind of mild ‘‘dwarfism’’ resulting
from the disruption of normal growth physiol-
ogy at key junctures? We suggest that an
updated version of Williams’ strategy for iden-
tifying adaptations and for testing adaptive
hypotheses within the domain of human biol-
ogy should try to discriminate among these
three alternatives at least. The original alter-
native proposed by Williams, chance, seems
too weak to ever pose much of a challenge.
We have tried to present an example of how

such a strategy might be applied, focusing on

the PAR hypothesis proposed by Gluckman
and Hanson (2004, 2005) as a framework for
understanding the effect of adverse fetal envi-
ronments on adult physiology. The conven-
tional definition of adaptation is no help in
this situation since most of the effects on adult
physiology of adverse fetal environments
result in conditions associated with lower fit-
ness. The concept of environmental mismatch
is invoked by proponents of the PAR hypothe-
sis to account for these negative fitness corre-
lations, but it is then unclear how the PAR hy-
pothesis could ever be disproved.
Our suggestion is to approach the problem

differently. Rather than depending on a dem-
onstration of fitness differentials to ‘‘prove’’
adaptation, we attempt to identify for a spe-
cific case—the effect of birth size on adult
ovarian steroid profiles—alternative predic-
tions that correspond to the three possible
explanations outlined above: constraint, pa-
thology, and adaptation. The empirical task
thus becomes more tractable, a matter of dis-
criminating alternatives associated with spe-
cific predicted observations. If the logic by
which the alternative outcomes are generated
is robust and if the outcomes themselves are
nonoverlapping, then we may be able to
achieve a more solid, empirical basis for pre-
ferring one explanation to the others.
Our specific example may or may not prove

persuasive, depending on the degree to which
one accepts the logic behind the predictions
we have generated. We do believe, however,
that our general approach has considerable
merit, building on Williams’ original approach
in ways that accept the challenge posed by
Gould and Lewontin and that incorporate the
insights of evolutionary medicine. It may be
that other alternative explanations for organic
complexity or apparent functional design will
be identified in the future, or that we have
overlooked important alternatives that have
already been identified. If so, we would argue
that the approach Williams pioneered should
be expanded to incorporate these alternatives
as well. Science advances when hypotheses
are tested, not against ‘‘straw’’ null hypothe-
ses, but against the strongest alternatives.
Our suggestions for updating Williams’
approach are offered in that spirit.
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