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ABSTRACT
Evidence that fetal nutrition triggers permanent adjustments in a wide range of
systems and health outcomes is stimulating interest in the evolutionary significance of these
responses. This review evaluates the postnatal adaptive significance of fetal developmental plasticity
from the perspective of life history theory and evolutionary models of energy partitioning.
Birthweight is positively related to multiple metabolically costly postnatal functions, suggesting
that the fetus has the capacity to distribute the burden of energy insufficiency when faced with a
nutritionally challenging environment. Lowering total requirements may reduce the risk of negative
energy balance, which disproportionately impacts functions that are not essential for survival but
that are crucial for reproductive success. The long-term benefit of these metabolic adjustments is
contingent upon the fetus having access to a cue that is predictive of its future nutritional environment, a problem complicated in a long-lived species by short-term ecologic fluctuations like seasonality. Evidence is reviewed suggesting that the flow of nutrients reaching the fetus provides an
integrated signal of nutrition as experienced by recent matrilineal ancestors, which effectively limits
the responsiveness to short-term ecologic fluctuations during any given pregnancy. This capacity for
fetal nutrition to minimize the growth response to transient ecologic fluctuations is defined here as
intergenerational ‘‘phenotypic inertia,’’ and is hypothesized to allow the fetus to cut through the
‘‘noise’’ of seasonal or other stochastic influences to read the ‘‘signal’’ of longer-term ecologic trends.
As a mode of adaptation, phenotypic inertia may help the organism cope with ecologic trends too
gradual to be tracked by conventional developmental plasticity, but too rapid to be tracked by
natural selection. From an applied perspective, if a trait like fetal growth is designed to minimize
the effects of short-term fluctuations by integrating information across generations, public health
interventions may be most effective if focused not on the individual but on the matriline. Am. J.
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There is now considerable evidence that the
characteristics of the prenatal environment
trigger, or ‘‘program,’’ developmental changes
in the endocrine, organ, and physiologic characteristics of the fetus that persist after birth
to elevate risk of cardiovascular disease and
its precursors, including hypertension, diabetes, and high cholesterol (Barker, 1994;
Adair et al., 2001; Kuzawa and Adair, 2003;
Eriksson et al., 2004). Many of the relationships observed in humans have been replicated in experiments using animal models,
suggesting that the associations reflect a causal role of prenatal stimuli such as nutrients
and hormones (Kind et al., 1999; Seckl, 2001).
More recently, the list of postnatal traits
shown to be influenced by the prenatal environment has expanded to include such important functions as immunity, reproductive
function, muscle mass, and growth rate and
tempo (Table 1). These traits have clear implications for survival and reproduction, and
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thus raise important questions about the evolutionary significance of these responses
(Lummaa, 2003).
In the original formulation of the fetal
origins hypothesis, the effects of fetal undernutrition on adult diseases such as diabetes
were viewed as by-products of fetal adjustments initiated to boost survival of pregnancy (Barker et al., 1989). Hales and
Barker (1992) later published the ‘‘thrifty
phenotype’’ hypothesis, which proposes that
adjustment of fetal growth rate might set
nutritional expectations and thereby condition the organism’s response to nutrition
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TABLE 1. Postnatal traits that relate to prenatal nutrition or size at birth
Outcome
Somatic growth
Postnatal growth

Association

Animal

Human

LBW ! slow

Engelbregt et al., 2004

Maturational timing

LBW ! early
LBW ! late

Adult size
Lean mass, muscle
Cancer

LBW ! short
LBW ! reduced
LBW ! reduced

—
Dellemare-van de waal et al.,
2002; Coe and Shirtcliff, 2004
Engelbregt et al., 2004
Bedi et al., 1982
—

Reproduction
Hormone production

LBW ! reduced

Da Silva et al., 2001

LBW ! reduced
LBW ! earlier

Engelbregt et al., 2002
—

Ibanez et al., 2000;
Cicognani et al., 2002
Ibanez et al., 2000
Cresswell et al., 1997

LBW ! reduced
LBW ! increased

Chandra, 1975
—

McDade et al., 2001a
Moore et al., 1997

LBW ! increased
LBW ! increased
LBW ! increased

Kind et al., 2003
Kind et al., 2002
Kind et al., 1999

Newsome et al., 2003
Adair et al., 2001
Kuzawa and Adair 2003

Fecundity
Age at menopause
Immune function
Cell-mediated immunity
Infectious mortality
Metabolism and
cardiovascular function
Insulin resistance
Blood pressure
Cholesterol

later in life. Bateson et al. (2004:420) summarize this perspective in a recent review in
Nature, in which they hypothesize that
‘‘ . . . human development may involve induction of particular patterns of development by
cues that prepare the developing individuals
for the type of environment in which he or
she is likely to live.’’ They outline a model in
which the health consequences of adult
nutrition are contingent upon the level of
nutritional expectations conditioned in
response to fetal nutrition. This scenario is
proposed to explain the finding, for instance,
that individuals born small but who are
overweight as adults have high rates of type
II diabetes, hypertension, and cardiovascular disease.
The hypothesis that the organism might
adjust its future nutritional expectations in
utero is intuitively appealing and is supported by similar examples from other species (Mousseau and Fox, 1998; Bateson et al.,
2004; Gluckman and Hanson, 2004).
However, the plausibility of this hypothesis
rests on the untested assumption that the
fetus has access to a reliable cue of future
nutritional conditions. Hypotheses such as
the thrifty phenotype presume a cue with
long-term predictive value, for only in a system capable of accurately predicting the
future when the ecology is stable might

Strauss and Dietz, 1997;
dos Santos Silva et al., 2004
Koziel and Jankowska, 2002
Lienhardt et al., 2002
Li et al., 2003
Li et al., 2003
Mellemkjaer et al., 2003;
Paltiel et al., 2004

significant change from this predicted environment lead to adult conditions like type II
diabetes, which take decades to develop. And
humans are not only long-lived, but tend to
inhabit environments marked by seasonal
and stochastic fluctuations in ecologic productivity, which will tend to limit the predictive value of the current ecology during any
given pregnancy. Without a reliable intrauterine cue of future nutrition, there is no
basis for a scenario of long-term adaptive
fine-tuning, nor the adult disease consequences proposed to result from a ‘‘mismatch’’ between the environment predicted
in utero and the actual environment experienced in postnatal life.
This review explores two questions that
are critical for evaluating the hypothesis
that fetal adjustments to the prenatal environment have long-term adaptive value.
First, if adjusting growth in utero has payoffs that extend after birth, what are the
costs and benefits that inform this decision?
A brief review of life history theory and evolutionary models of energy partitioning
highlight the possible benefits of such a
strategy, while providing insights into the
pattern of phenotypic outcomes that it
might be expected to generate. Second, does
prenatal nutrition have value as a signal of
future nutritional environments? A review
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of paleoclimate data, research on pregnancy
energetics, and studies of intergenerational
effects on birthweight suggest a novel
hypothesis for the role of fetal nutrition as
a long-term ecologic cue.
LIFE HISTORY PERSPECTIVE
ON THE ADAPTIVE SIGNIFICANCE
OF GROWTH RATE
Benefits of fast growth
Current theoretical perspectives on the
adaptive significance of fetal programming
emphasize the benefits of reducing nutritional requirements by initiating a lower
growth trajectory in utero (Hales and
Barker, 1992; Bateson et al., 2004). The
branch of evolutionary biology called life history theory (LHT) places energy allocation
and growth at the center of the organism’s
adaptive strategy, and thus provides a useful
framework to evaluate the costs and benefits
of fetal developmental responses to intrauterine nutrition (see also Jones, this issue). LHT
builds from the assumption that the organism
has a baseline level of maintenance expenditure required to sustain minimal functionality (Gadgil and Bossert, 1970; Stearns, 1992).
Energy available above and beyond this minimal requirement, described as ‘‘productivity,’’
may be allocated to growth, energy storage,
and physical activity during the growing years
(see Fig. 1). Life history models assume that

Fig. 1. The allocation rule: managing a finite energy
budget. The organism is assumed to have a baseline level
of metabolic expenditure required to sustain minimal
functionality. Energy available above this minimal
level, called ‘‘productivity,’’ may classically be allocated
to growth, reproduction, or energy storage. The figure
further separates expenditure on physical activity to
improve applicability to issues in human biology and
health. Growth expenditure is used to support reproductive expenditures in adulthood, which take distinct
forms in males and females.

7

the organism devotes a fixed fraction of its
total metabolic budget to growth, which is
reflected in the fact that growth rate (not
unlike basal metabolic rate) scales to body
size across species (e.g., Harvey et al., 1987).
After cessation of growth at reproductive
maturity, the resources previously devoted
to supporting growth are then shunted into
supporting reproduction.
Because any unit of energy (i.e., a molecule
of ATP) may only be used once, an organism’s
decision to allocate energy to a function limits
the resources available for allocation elsewhere, which leads unavoidably to functional
trade-offs. In a determinant growing species
like humans (who cease growing at reproductive maturity), the decision of when to switch
from investing energy in growth to investing
in reproduction is a classic example of such an
adaptive trade-off, and may be particularly
relevant for understanding the logic of fetal
developmental adjustments. Because energy
is finite, the organism is faced with deciding
whether to initiate reproduction now, or to
delay reproduction to build a bigger body
with the capacity to give birth to bigger and
more resilient offspring later (see Hill and
Kaplan, 1999).
While the reproductive benefits of large
adult size are well documented, there are
risks associated with delaying maturity in
order to grow large, as there is some chance
of dying on any given day (Williams, 1966). At
the age when the mortality risk associated
with delaying maturity outweighs the reproductive benefits of growing larger, the organism is predicted to cease growth and shunt
growth expenditure into supporting reproduction. These assumptions about the costs
and benefits of delaying maturity have been
used to successfully predict the timing of
reproductive maturity both between species
(Charnov, 1993), and within species due
to developmental plasticity (Stearns and
Koella, 1986; Hill and Hurtado, 1996). In the
case of developmental plasticity in humans, a
fast growth rate implies that the organism
will be able to reach a larger adult size in
less time, and thus enjoy positive effects on
the ability to invest in reproduction, increasing offspring size and improving offspring
survival.
Thus, from the perspective of LHT and the
allocation rule, growth has adaptive significance through multiple pathways. First,
growth rate is the outward manifestation
of productivity, and thus serves as a proxy
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measure of the metabolic fraction that the
organism will be able to invest in offspring
and other ‘‘nonessential’’ expenditures as an
adult. And second, because delaying maturity in order to grow is risky, the rate of
growth determines how large an adult body
the organism can ‘‘afford’’ to build for any
given level of prereproductive mortality risk.
From this perspective, the fetal decision to
adopt a lower growth trajectory is fateful, as
it commits the organism to lower productivity and smaller adult size, with cascading
negative effects on multiple fitness components (see also Jones, this issue).
Benefits of slow growth
Although shorter individuals suffer from a
range of compromised functional and reproductive outcomes, including reduced size
and survival of offspring (Martorell, 1989),
they also have reduced total energy requirements (Fig. 2), which may provide advantages to genetic fitness when nutrition is
restricted (see Arendt, 1997; Frisancho
et al., 1973). For instance, Garrow and Pike
(1967) review evidence that individuals with
a higher genetic growth potential are more
susceptible to severe malnutrition, consistent with the perspective that a high growth
rate, per se, carries costs to survival in
restrictive nutritional environments.

Fig. 2. Relationship between standing height and
daily energy intake necessary for a 25-year-old male
and female to sustain basal metabolism and light physical activity. Expenditure at a level slightly above minimal needs was calculated using the FAO/WHO/UN
(1985) formulae, in which ‘‘light activity’’ ¼ 1.4 
BMR, and BMR ¼ 15.4  (weight in kg) – 27  (height
in m) þ 717 for males, and ¼ 13.3  (weight in kg) – 334 
(height in m) þ 35 for females. The weight necessary to
generate a body mass index in the middle of the healthy
normal range (22.0 kg/m2) was calculated for a range of
standing heights and these heights and weights were
used to calculate height-specific BMR.

The deleterious consequences of ‘‘falling
short’’ on energy intake are well documented,
and provide insights into the potential risks
incurred when aiming for a high growth trajectory and large body size. When expenditure
exceeds intake, allocation is adjusted to buffer
critical functions such as brain metabolism at
the expense of functions of less importance to
immediate survival, with growth and reproduction hardest hit (Cahill, 1976; Wade and
Schneider, 1992). Growth is slowed or may
cease, with consequences that are contingent
on the timing, duration, and severity of the
imbalance (McCance and Widdowson, 1974).
If a growth-restricting stressor is not chronic,
or the nutritional imbalance rectified, the
body may accelerate the pace of growth to
reestablish the organism’s original size and
growth trajectory (Prader et al., 1963). While
helping recover lost ground, relying heavily
on such canalizing mechanisms may carry
significant costs, including an increased risk
of developing chronic disease and perhaps
by increasing the rate of senescence (see
Cameron and Demerath, 2002). Once growth
has ceased and the organism is reproductively
viable, protracted negative energy balance
continues to have negative effects on genetic
fitness by suppressing gonadal steroid production and ovulation (Ellison et al., 1993).
Thus, although the body is equipped to
survive periods of negative energy balance,
the metabolic adjustments that characterize
this state run counter to the organism’s teleological goals of growing into a mature adult,
or once an adult, of reproducing. While this
perspective is hardly new (reviewed in
Frisancho et al., 1973; see also Janson and
Van Schaik, 1993), the principle of life history allocation helps clarify the potential
benefits of downregulating energy needs in
a limiting environment (Fig. 3). Although a
smaller organism has lower productivity,
and thus a smaller pool of energetic
resources to invest across functions, including reproduction, the potential benefit of
this strategy is that the pattern of functional
‘‘deficit’’ is balanced across systems.
Presumably all expenditures will be downregulated roughly equally in such an individual, and the resultant reduction in absolute
requirements should minimize periods of
negative energy balance when ‘‘nonessential’’ functions—growth and reproduction—
are disproportionately compromised.
The pattern of relationships linking birthweight with the adult phenotype, as listed in
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intake distributed evenly across systems,
rather than disproportionately impacting
growth and reproduction—the two functions
(after survival itself) that are most central to
the organism’s adaptive strategy. The pattern of functions that positively associate
with birthweight is consistent with this concept, and suggests that the fetus has a capacity to downregulate future expenditure in
response to poor intrauterine nutrition. But
is it reasonable to expect that the fetus might
be able to do this in a predictive fashion?
ARE RELIABLE CUES OF FUTURE
NUTRITION AVAILABLE TO THE FETUS?
Fig. 3. Hypothetical effect of stature on the pattern
of energy allocation during periods of adequate (2,000
kcal) and suboptimal (1,600 kcal) energy intake. During
lean times, the tall individual has high metabolic overhead, which exacerbates energetic trade-offs with nonessential functions like reproduction. At the same level
of reduced intake, the shorter individual has a balanced
reduction in all expenditures, and the negative effect on
reproduction is minimized.

Table 1, are consistent with this concept of
distributed metabolic adjustment. Higher
birthweight predicts taller and heavier
adult size (Alberman et al., 1991; Li et al.,
2003), but is also a positive predictor of a
wide range of functions and traits, including
immune function (see McDade, this issue),
gonadal steroid production (Cicognani et al.,
2002), lean body mass (Li et al., 2003), and
adipose tissue deposition (Li et al., 2003). All
of these traits are costly to build and maintain, and their positive association with
birthweight is evidence for a fetal capacity
to increase or decrease allocation in a distributed fashion, in parallel across systems.
Summary: Walking the metabolic tightrope
Thus, the fetus walks a metabolic tightrope, as it faces the challenge of setting its
growth trajectory high enough to reap the
fitness benefits of high productivity and
growth rate, but not so high as to overshoot
what available resources can support, and
thereby increase the frequency or severity
of negative energy balance. To minimize
the postnatal consequences of negative
energy balance in a nutrient-poor environment, this trajectory must be initiated
in advance (e.g., Garrow and Pike, 1967). For
only then is the burden of lower nutritional

Ecologic and climatic variability:
Signal or noise?
The plausibility of the hypothesis that the
fetus fine-tunes its developing physiology
based on future nutritional expectations
rests on several untested assumptions.
Adaptive phenotypic plasticity requires that
the developing organism have an ability to
detect a predictive signal against a background of random or irrelevant noise
(Levins, 1968; Getty, 1996). This problem
seems particularly daunting for the fetus of
a long-lived species aiming to calibrate its
future nutritional requirements. Droughts
and seasonal cycles of ecological productivity
were likely commonplace for most if not all
preindustrial populations (Foley, 1993), and
these short-term ecologic dynamics reduce
the value of current nutrition as a signal of
average or future nutritional conditions. If a
fetus happens to be in utero during the relative abundance of the harvest, would it
improve its fitness by adjusting its future
growth and productivity, and thus level of
nutritional requirements, to expect abundance? Because the abundance is transient,
such a capacity to ‘‘fine-tune’’ expectations
would likely exacerbate susceptibility to
negative energy balance, as outlined above.
Even if the current ecology provides little
information about the typical future ecology
in a long-lived species, it is likely that the
fine-scale ‘‘noise’’ of the seasons and other
transient events was superimposed on gradual, long-term trends in what might
be described as the ‘‘baseline’’ ecology.
Paleoclimate data for sub-Saharan Africa
suggest an increase in climatic variability at
various stages of the Pleistocene. These fluctuations appear as abrupt shifts between
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ecologic extremes when viewed on a geologic
time scale, but would have been experienced
by our hominine ancestors as shifts in local
ecology that play out over many generations
(Potts, 1996a). Potts (1996b, 1998) hypothesizes that it was this increased climatic
variability and the recurrence of ecologic
extremes, rather than directional selection
from relatively stable ecologies, that provided the evolutionary stimulus for key
hominine innovations, including the generalist strategy of flexible capacities that are
the hallmark of genus Homo.
From the perspective of the developmental
biology of our hominine ancestors, this ecologic variability might have favored a capacity
to adjust nutritional requirements to track
these more gradual trends. If the fetus could
filter out the ‘‘noise’’ of short-term fluctuations, allowing it to assay something like an
‘‘average’’ ecology, this information could be
useful. It could allow it to adjust its level of
nutritional expectations to track longer-term
ecologic trends, thus potentially helping optimize its solution to the tightrope problem outlined above. While this seems a physiologically
improbable feat, there are intriguing hints
that such a ‘‘crystal ball’’ may in fact be available to the human fetus.
Fetal nutrition is an unreliable signal of the
current nutritional ecology
Nutrients or related intrauterine factors
only have signaling value for the fetus to
the extent that they correlate with the local
nutritional ecology. And while the strength
of this correlation between the intrauterine
environment and the external ecology is difficult to evaluate, the sensitivity of fetal
growth to nutrition implies that the ‘‘information content’’ of fetal nutrition may be
probed, in a rough fashion, by examining
the maternal or ecologic predictors of birthweight. The nutrients delivered across the
placenta stimulate fetal production of insulin and IGF-II, which are the key determinants of fetal growth rate (Gluckman, 1997;
Lang et al., 2003). This makes birthweight a
reasonable, if imperfect (Kuzawa and Adair,
2004), proxy for fetal nutrition.
While maternal nutrition and nutritional
status prior to and during pregnancy are
clearly linked with birthweight (Institute
of Medicine, 1990), the maternal body has
a sophisticated repertoire of metabolic
responses that help maintain the intrauter-

ine nutritional environment within relatively narrow limits. These homeostatic
processes take many forms, and begin before
conception. Ovulation itself is sensitive to
maternal energetics, which limits initiation
of pregnancy to periods when nutritional
status is likely adequate to support it
(Ellison, 2001). Once pregnant, a mother
faced with restricted energy intake may buffer fetal growth by mobilizing fat stores,
increasing the efficiency of certain metabolic
processes, and by reducing physical activity
(reviewed in Dufour and Sauther, 2002). The
effectiveness of these buffering capacities is
well documented. In a classic series of comparative studies of pregnancy energetics,
the total energy cost of supporting a pregnancy was found to vary remarkably across
populations, from a high of 125,000 kcal in
well-nourished Swedish women, to a low of –
7,000 kcal in unsupplemented Gambian
women (reviewed in Prentice and Goldberg,
2000). Despite this variation in the energy
intake necessary to sustain pregnancy,
expenditure on growth of the fetoplacental
unit itself varied less, with average birthweights differing by roughly 0.5 kg across
these energetic extremes.
Teleologically, it makes sense that the
maternal body would have the capacity to
protect fetal nutrition when intake is compromised (Prentice and Goldberg, 2000).
However, it is notable that maternal buffering works both ways: increasing maternal
dietary intake typically also has relatively
modest positive effects on fetal growth and
birthweight. With notable exceptions (e.g.,
Ceesay et al., 1997), macronutrient supplementation trials among women in populations from developing nations typically
result in relatively small improvements in
birthweight. For instance, each 10,000 kcal
provided to pregnant Guatemalan women
yielded a change in birthweight of roughly
29 grams (Lechtig et al., 1978). In a systematic review of 13 studies (primarily in developing nations), balanced protein/energy
supplementation of pregnant mothers resulted in a nonsignificant weighted-average
increase in birthweight of 25.4 grams, or a
little less than 1 ounce (Kramer, 2000), with
some studies finding greater effects of
maternal nutritional supplements on the
birthweight of male offspring (e.g., Mora
et al., 1979; Adair and Pollitt, 1985).
Even a small shift in the birthweight distribution may significantly improve birth
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outcomes and perinatal survival in poorly
nourished populations (Institute of Medicine, 1990). However, the modest differences
in birthweight across populations varying
dramatically in energy intake, combined
with the relative refractoriness of birthweight
to supplementation, imply that, from the perspective of the fetus, the nutrients delivered
across the placenta are at best a fuzzy indicator of what the mother is currently consuming. This raises the important question of
what factors, if not the mother’s current
intake, determine the strength of the intrauterine nutritional signal. Broadening the temporal frame beyond the current pregnancy
provides important clues.
Intrauterine nutrition provides an integrated
signal of chronic nutritional history
of the matriline
Intergenerational studies that track birthweight records across multiple generations
find that the mother’s own birthweight is
among the strongest predictors of her offspring’s birthweight (Ounsted et al., 1986;
Klebanoff and Yip, 1987; Emmanuel et al.,
1992; Sanderson et al., 1995; Hypponen et al.,
2004; reviewed by Ramakrishnan et al.,
1999). This relationship is strengthened
when the mother’s gestational age at birth is
controlled, suggesting that it is her fetal
growth sufficiency, rather than variation in
birth size tracing to the duration of gestation,
that is important (Alberman et al., 1992). One
possible interpretation of this finding is that
women who were born small end up small as
adults and thus give birth to smaller offspring
as a function of the physical constraints of
their reduced size. However, the relationship
between a mother’s birthweight and the
birthweight of offspring is not diminished
appreciably after adjusting for her adult size
(Ramakrishnan et al., 1999). In some populations the mother’s adult size is no longer significantly related to offspring birthweight
once the effect of her birth size is held constant in multivariate analyses (Hypponen
et al., 2004). Thus, while maternal size in
adulthood is an important predictor of offspring birthweight, this relationship does
not account for the intergenerational correlation between maternal and offspring birthweight.
While a shared genetic influence on maternal and offspring fetal growth may not be
ruled out in such observational studies, a
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similar intergenerational effect of birth size
has been observed in humans exposed to the
quasi-experimental condition of famine
(Stein and Lumey, 2000). Among women
whose mothers experienced the Dutch
Hunger Winter while pregnant, the trimester of exposure was found to influence
birth size, with effects that carried over to
influence the birth size of their own offspring (Stein and Lumey, 2000). Similarly,
Price et al. (1999, 2000) document a gradual,
intergenerational secular trend in birthweight in a troop of wild macaques that
experienced an abrupt improvement in nutrition after being taken into captivity. In this
troop, the secular trend in birthweight had
not stabilized after five generations in captivity and there was an intergenerational
component to the trend, with maternal
birthweight predicting birthweight of female
offspring. In contrast, the birthweights of
males, which were larger prior to captivity,
did not increase across successive generations
in captivity. This suggests that the effect
of maternal constraint on offspring size—
reflected in smaller birth size at the onset of
captivity—may have been limited to female
offspring (Price et al., 1999), a finding consistent with observations in some human populations (e.g., Ounsted et al., 1986; Emanuel
et al., 2004).
These findings have been taken as support
for the hypothesis, now 35 years old, that the
nutritional experiences of the mother when
she was a fetus condition the intrauterine
nutritional environment that she provides
her own offspring, with effects stronger
through the female line (Ounsted and
Ounsted, 1968). And while this intergenerational effect is best documented for prenatal
nutrition, several recent studies suggest that
what a mother ate as a child also influences
offspring growth. In a British cohort originally measured in 1937–39, a woman’s size at
7 years of age was found to be a stronger
predictor of offspring birthweight than was
her adult height (Martin et al., 2004). The
component of childhood height that predicted
offspring birthweight was leg length, which
is a sensitive marker of early life nutrition
(Scrimshaw and B’Ehar, 1965). Although not
focused on birthweight as an outcome, more
direct evidence for an intergenerational influence of childhood nutrition comes from the
INCAP supplementation trial in Guatemala
(Stein et al., 2003, 2004). In this study, offspring of women who received a high-quality
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nutritional supplement during childhood
grew faster during the first 36 months of
life. While the mechanisms remain to be
established, these studies suggest that a
female’s nutritional experiences after birth
continue to condition the nutritional environment that she will provide her own offspring, with measurable effects on both
prenatal and postnatal growth in the next
generation.
INTERGENERATIONAL PHENOTYPIC
INERTIA: A NEW HYPOTHESIS FOR THE
NONGENETIC TRANSMISSION OF
NUTRITIONAL INFORMATION
The sensitivity of fetal and childhood
growth in the present generation to the nutrition and growth experienced by the prior
generation has broad theoretical implications. First, it suggests that the tendency for
some mothers to give birth to growthrestricted newborns has an intergenerational
component (Ounsted and Ounsted, 1968).
Offspring fetal growth is not solely contingent
upon a mother’s current intake, which may
change from pregnancy to pregnancy, but is
also influenced by a constitutional factor that
traces to her chronic nutritional history—
including her nutrition in utero and during
childhood. And second, because the uterine
nutritional environment that the mother provides her offspring is in part a reflection of the
nutritional environment that she received as
a fetus, the fetal growth of the current generation is thereby linked with the nutritional
experiences of the grandmother, and so on. In
the macaque example, females of the precaptive troop had lower average birthweights
than after captivity, and this constraint on
fetal growth was still ‘‘washing out’’ after
five generations of improved nutrition in captivity (Price and Coe, 1999; Price et al., 2000).
The phenotypic consequences of this intergenerational process intuitively make sense:
growth rate increases in response to a sustained improvement in nutritional sufficiency
experienced across successive generations
(Price et al., 1999). However, while the capacity
for intergenerational change in fetal nutrition
and growth is impressive, from the perspective
of the organism’s adaptive strategy, the key
‘‘feature’’ of this response is arguably the slow
pace with which it takes place. Intergenerational influences on fetal nutrition and growth
may act as a form of what may be called inter-

generational phenotypic inertia, in the sense
that the growth response of the fetus to abrupt
ecologic change is tempered by the collective
nutritional experiences of recent matrilineal
ancestors. Because the fetal nutritional signal
reflects the mother’s chronic nutrition tracing
back to her own uterine environment, and
thereby to prior generations of the matriline,
this may allow the fetus to ‘‘see’’ an average
nutritional environment as sampled over decades and even generations. In theory, this is
the sort of signal detection capacity that the
fetus of a long-lived species might be able to
use—one capable of filtering out the white
noise of transient nutritional changes to detect
the current position within more gradual, sustained, and thus more adaptively relevant
trends in the background ecology (Fig. 4).
This is potentially an elegant solution to the
adaptive problem of tracking environmental
change, without falling into the trap of
responding to seasonal or other short-term
fluctuations that may happen to be in play
during gestation.
Given the paucity of intergenerational
studies that include measures of adult functional outcomes, additional research will be
necessary to establish the long-term functional and developmental effects of this gradual process of change. Birthweight may
increase with nutritional improvement
(Fogel, 1986; Chen, 1990; Hop, 2003; Fok
et al., 2003; but see Cole, 2000), and the
finding of positive relationships between
size at birth and such traits as adult size,
muscle mass, immune function, adipose tissue deposition, and gonadal function in
human populations (listed in Table 1), as
discussed earlier, suggests that gradual

Fig. 4. Schematic illustration of the hypothesized
capacity of intergenerational phenotypic ‘‘inertia’’ to
reveal the ‘‘signal’’ of gradual long-term nutritional
trends (dark solid line) by filtering out the ‘‘noise’’
from transient short-term ecologic fluctuations (dashed
line). Maternal buffering mechanisms and intergenerational influences on fetal nutrition may allow the fetus to
‘‘see’’ the signal of the more gradual background trend in
nutrition.
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intergenerational adjustments in fetal nutrition are likely to be associated with distributed increases in allocation across multiple
postnatal functions in addition to, or perhaps independent of, postnatal size.
Although data are sparse, evidence from
longitudinal intergenerational studies support this concept in humans. In several populations the secular trend in adult size was
found to be predictable on the basis of fetal
growth (Kuh and Wadsworth, 1989;
Alberman et al., 1991; but see Cole, 2000).
For instance, in the 1958 British birth cohort
study, there were intergenerational effects on
birthweight, and a secular trend in adult stature, with male offspring gaining 3 cm over
fathers, and female offspring gaining 1 cm
over mothers. The magnitude of an offspring’s stature increase over their same-sex
parent was positively related to their rate of
fetal growth, as indicated by size for gestational age (Alberman et al., 1991). Recent
longitudinal analyses in the Guatemalan
INCAP study show that much of the adult
stunting in this population is either present
at birth or predictable on the basis of birth
length, with birth size positively related to
adult stature, adipose tissue deposition, and
lean body mass (Li et al., 2003). While the
magnitude of phenotypic change is likely to
be modest in any single generation, even
minor intergenerational adjustments in traits
such as these could cumulatively lead to significant change in function, and nutritional
requirements, across many generations.
DISCUSSION
From the perspective of life history theory,
the fetus faced with the decision of setting its
growth trajectory is forced to walk a metabolic
tight rope, as it must weigh the considerable
reproductive and functional benefits of high
productivity against the metabolic risk associated with higher total energy requirements.
If a fetus has access to a cue that predicts
postnatal nutritional conditions, it could use
this information to adjust its trajectory
accordingly (Bateson et al., 2004; Gluckman
and Hanson, 2004). The finding that birthweight is positively related to expenditure
across a range of important functions, as highlighted in Table 1, suggests that total requirements are being modulated by the fetus
by up- or downregulating expenditure in a
balanced fashion across systems. Thus, from
this perspective, the well-documented reduced
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function of these systems in low birthweight
individuals relative to individuals well-nourished in utero is not so much ‘‘impairment’’ as
a preemptive strategy to avoid negative energy
balance, which if not avoided, disproportionately impacts growth and reproduction.
Phenotypic inertia as a mode of human
adaptability
While it remains to be determined if
the fetus has access to reliable predictive
information in utero, this review has proposed one form that such a cue might plausibly take. By stabilizing certain environmentally induced features of the phenotype
across multiple generations, aspects of metabolism or physiology characterized by a pattern of intergenerational phenotypic inertia
may allow the fetus to predict the future by
seeing the past, as integrated by the soma of
the matriline. Developmentally plastic traits
that change only gradually across generations
are good candidates for predictive cues,
because they potentially filter the noise of
short-term fluctuations, thereby allowing the
fetus to see the signal of any underlying pattern of sustained and thus more adaptively
relevant change.
The potential benefits of this strategy
would naturally seem to be greatest when
conditions, although changing over the long
term, are relatively stable for multiple generations at a time. If matrilineal ancestors
equilibrated their requirements to match
the conditions of a relatively stable ecology,
the inertia of intergenerational effects will
limit the phenotypic response of offspring
to an unusually good or bad year, or to particularly favorable or demanding conditions
during pregnancy. The example of the macaque troop illustrates this well, as the collective intergenerational experience of the
precaptive generations took five or more
generations to wash out after an abrupt
improvement in nutrition. However, the
five generations of wash-out also illustrate
the limitations of this strategy, as it will
force the phenotype to lag when changes
are rapid and sustained—in this case, maintaining the growth of offspring at a less-optimal level calibrated to the lower intake of
past generations.
Despite this lag, intergenerational inertia is
still likely to provide significant advantages
over the more protracted phenotypic lag
resulting from natural selection operating on
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gene frequencies. In this sense, intergenerational phenotypic inertia may have a unique
role to play within the organism’s repertoire
of adaptive strategies. It is well known that
organisms have a suite of mechanisms that
track environmental fluctuations occurring
on different temporal scales, including change
in gene frequencies via natural selection, nonreversible adjustments made to the growing
body via developmental plasticity, and reversible physiologic processes that manage minute-to-minute and day-to-day fluctuations via
homeostasis (Lasker, 1969). While inertial
effects are clear examples of nongenetic phenotypic variation, they have properties that
distinguish them from previously documented examples of developmental plasticity.
Developmental plasticity classically includes
permanent modifications to the phenotype
triggered by environmental exposures experienced by the organism during its own growth
and development (Lasker, 1969; Bogin, 1999).
Traits influenced by intergenerational inertia, in contrast, allow nongenetic information
acquired in the past, as accumulated in the
soma across multiple generations of the
matriline, to be conveyed to the soma of the
current generation. From this perspective,
what makes fetal developmental plasticity
and the process of intergenerational inertia
qualitatively different from conventional
plasticity is not the developmental timing of
the response, but the time depth of the information to which the developing body is
responding.
Recent theoretical work highlights the
potential advantage of an environmentally
induced phenotype that is transmissible
across generations. Using mathematical simulations, Jablonka et al. (1995) model the
conditions under which three different
organismal strategies would be favored—
genetic (no environmental effect), plastic (no
effect of prior generation’s induced phenotype
on trait expression in offspring), and what
they call ‘‘carry over’’ effects, which are similar to plasticity but are transmitted to a variable number of future generations after being
induced. While plasticity is favored in a predictable environment (e.g., seasonality), they
find that carry-over effects provide advantages
in situations that are unpredictable, leading
them to suggest that they might ‘‘ . . . fill the
gap between the ontogenetic or physiological
adaptations that underlie individual plasticity,
and the classical genetic changes associated
with long-term evolutionary adaptations.

Fig. 5. Intergenerational phenotypic inertia as a fourth
mode of human adaptability. Fetal developmental plasticity with an inertial component may allow gradual, intergenerational response to ecologic change that occurs on a
timescale intermediate to the slow change facilitated
by natural selection operating on gene frequencies, and
the more rapid adaptation facilitated by developmental
plasticity within a single lifetime. While conventional
developmental plasticity is a real-time response to the
environment of rearing, phenotypic inertia responds to
environmental information integrated across prior generations and transduced through the soma of the matriline.

They may underlie the frequently observed
rapid adaptation that takes place within a
few generations of a change in environment’’
(p. 138).
From this perspective, the phenomenon of
inertia that stabilizes the intrauterine nutritional signal across generations may allow the
fetus to cope with ecologic trends that transcend multiple generations, and thus exceed
the tracking capacity of developmental plasticity, but that are too rapid to be tracked by the
more gradual changes in gene frequencies
achieved via natural selection. If inertial
effects like the intergenerational transmission of birthweight are indeed adaptive, they
are thus likely to occupy a position intermediate to natural selection and developmental
plasticity in the temporal hierarchy of
human adaptability (Fig. 5).
Timing of benefit
The developmental age at which these
responses could provide adaptive benefits to
the organism remains to be established. In
theory, the adaptive component of any
response triggered by a predictive prenatal
cue will tend to decline in old age, reflecting
both the age-related decline in selection and
the decoupling of the predicted environment
from the actual lived environment. Selection
on metabolic capacities is likely high during
infancy (see Jones, this issue), when the burden of weaning and a relatively large and
metabolically demanding brain render the
infant prone to malnutrition (Kuzawa,
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1998). Nutrition-related mortality has left
its imprint on the pattern of energy allocation during the perinatal period, for
instance, in the form of a metabolism heavily
biased in favor of allocating energy to adipose stores (Kuzawa, 1998) and in support of
a robust developmental cascade of immune
defenses (see McDade, this issue). Any postnatal adaptive effect of fetal plasticity is
likely weighted in favor of boosting survival
during this period of elevated metabolic risk,
which might be likened to an ‘‘ontogenetic
bottleneck’’ through which any childhood or
adult manifestations of the response must
first pass. It is unlikely, for instance, that a
downstream effect that boosts reproduction
at the cost of infant survival would be stabilized into the developmental reaction norm
(Fisher, 1930).
While selection is strong early in life, a
downstream adaptive role for fetal responses
during childhood or adulthood is also plausible. For one, if the intrauterine signal is
predictive of future ecologic conditions,
adjustments in nutritional requirements
that are beneficial early in life may continue
to have benefits late in life, which would
minimize any antagonistic competition
between trait expression during these two
periods. Second, a more thorough evaluation
of selection operating on fetal developmental
plasticity would take kin effects into account
(Lee, 2003), such as represented by the sizeable cumulative parental investment of
energy, time, and knowledge in older offspring relative to infants (Hill and Kaplan,
1999), maternal–fetal genomic conflict during pregnancy that tempers maternal investment in any current fetus or infant (Haig,
1993; Wells, 2003), the boost to inclusive fitness gained by provisioning offspring after
menopause (Hawkes, 2003; Lahdenpera
et al., 2004), or the downstream effects of
traits such as growth rate or reproductive
effort on the size and survival of offspring
(Allal et al., 2004). Each of these examples of
kin selection will tend to increase the reproductive value of the post-infant period.
Finally, examples from other species provide
evidence for metabolic adjustments triggered by intergenerational undernutrition
that specifically benefit reproduction. For
instance, rats exposed to chronic intergenerational undernutrition give birth to
more offspring per litter than pregnant rats
undernourished for a single generation
(Galler and Zartarian, 1981), as would be
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expected if reproductive effort was protected
across successive generations of undernutrition by distributing the burden of nutritional deficit in a more balanced fashion
across functions (see Fig. 3).
Possible mechanisms of intergenerational
inertia in fetal nutrition and growth
Heritable modifications in the chromatin
marking system, such as DNA methylation,
have received most attention as potential
pathways for nongenetic intergenerational
inheritance, and could be involved in intergenerational effects on fetal nutrition
and growth (Jablonka and Lamb, 1995;
Waterland and Jirtle, 2004; Weaver et al.,
2004). Patterns of DNA methylation may be
modified by environmental exposures, are
potentially passed on to offspring, and are
often differentially expressed according
to their parent of origin (Haig, 1993;
Waterland and Jirtle, 2004). The contribution of such epigenetic mechanisms to the
matrilineal influence on fetal nutrition and
growth, as reviewed here, remains to be
determined. However, it may be relevant
that a cluster of maternally and paternally
imprinted genes have recently been proposed to play counteracting roles in the regulation of fetal demand and placental supply
(Reik et al., 2003). By influencing the flow of
nutrients across the placenta, imprinting of
these or similar genes by parental experiences, such as nutrition, could modify the
flow of nutritional information to offspring.
Although speculative, information about
past environments might also be conveyed
directly to the fetal soma, transferred via
the maternal capacity to supply nutrients
or other metabolites to an offspring developmental program designed to respond to and
capture this information as the body grows
(see below).
Adaptation or phylogenetic constraint?
The finding that many organisms have the
capacity to reset their growth rate and nutritional requirements early in life has been
taken as evidence that human developmental responses to prenatal nutrition may also
have an adaptive component (Bateson et al.,
2004; Gluckman and Hanson, 2004). While
the plausibility of this hypothesis is supported by this review, there are other possible interpretations of this pattern that
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require evaluation. For instance, a trait may
also be widespread because it is a vestige
from a common ancestor. If a pathway is
highly integrated into the developmental
infrastructure of an organism’s basic body
plan (bauplan), it may be difficult or costly
to remove, and may therefore survive in
modern lineages despite a lack of current
utility (Gould and Lewontin, 1979). Most if
not all developmental responses triggered by
the fetus are likely to have both adaptive and
vestigial elements, and disentangling the
relative importance of these alternate explanations is far from straightforward.
It is notable, for instance, that the intergenerational effect on birthweight is not limited to species with long lifespans, making
clear that this capacity did not originally
evolve to help the human fetus face the
unique nutritional and ecologic challenges
discussed in this review. However, as in the
example of the stress hormone axis, which
has been coopted to serve homologous developmental functions in taxa as distantly
related as amphibians and mammals (see
Crespi and Denver, this issue), the regulation of the intrauterine nutritional signal
itself, or the fetal response to it, could be
modified to better suit the selective pressures faced by species varying in lifespan or
inhabiting ecologies with different temporal
dynamics. For instance, the phenotypic
‘‘penetrance’’ of intergenerational inertia,
as reflected in the strength of the induced
component of the phenotypic correlation
across generations, or the number of generations required for an induced phenotype to
‘‘wash out,’’ might be modifiable, allowing
some level of fine-tuning to different temporal selection pressures. The downstream
effects of the fetal response, both in terms
of the systems influenced and the magnitude
of the effect, could also be modified to match
a species’ metabolic and adaptive priorities.
The cascade of fetal responses to prenatal
nutrition or growth appear to vary as a result
of one’s genotype, suggesting that the fetal
response to prenatal stimuli is potentially
amenable to this type of adaptive fine-tuning.
Breeding experiments demonstrate significant effects of the uterine environment on
the postnatal growth trajectory of offspring
that vary by genotype of the fetus (Cowley
et al., 1989). In humans, the relationship
between birthweight and future glucose
metabolism (Eriksson et al., 2003), blood pressure (IJzerman et al., 2003), and bone mineral

density (Dennison et al., 2001) are all contingent upon polymorphic genes. These studies
are important because they demonstrate that
the fetal response to the prenatal environment is not a predictable outcome governed
by simple physical laws, but rather, comprises
a suite of contingent responses that are potentially modifiable by polymorphic genes. If the
effects of these variants influence survival or
reproduction, the best fit variants will be better-represented in future generations, leading
to adaptive fine-tuning of the pathways themselves (Lewontin, 1970). Through such finetuning, the plasticity of the fetal developmental program may have evolved a capacity to
directly incorporate somatic information from
the mother, as reflected in the quantity or
pattern of nutrients or hormones. Additional
research on the genetic architecture of fetal
responses, combined with a focus on identifying homologous pathways in other taxa, will
go a long way towards clarifying the adaptive
significance and mechanisms of fetal developmental plasticity in humans.
Public health implications
While these theoretical questions are
important in their own right, clarifying the
evolutionary significance of these pathways
is likely to yield novel insights into their contribution to health and disease (Bateson et al.,
2004). Many of the long-term health effects of
small birth size—such as high blood pressure
and diabetes—are exacerbated when followed
by postnatal catch-up growth (Cameron and
Demerath, 2002). This suggests that fetal
nutrition and nutritional conditions experienced after birth may interact to influence
adult health (Bateson et al., 2004). Given
that catch-up growth is often a compensatory
response to prior negative energy balance and
growth restriction, the accuracy with which a
fetus sets its level of nutritional demand could
have implications for adult health by influencing the likelihood of experiencing negative
energy balance during the period of prenatal,
infant, or childhood growth. All else being
equal, an individual with a higher growth trajectory should be more prone to energy shortfall during ecologic or developmental stages of
high metabolic risk. From this perspective,
the deleterious health consequences of small
birth size might be reduced among individuals, particularly females, born to lineages
with long histories of intergenerational
undernutrition (Kuzawa, 2004). Their lower
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growth trajectories might protect them
against supply–demand imbalance in utero,
thereby reducing the risk of late gestation
growth restriction and obviating the need for
postnatal catch-up growth. This hypothesis
could be tested in an intergenerational study
of a population experiencing abrupt change
in nutritional sufficiency, in which the effects
of inertia on fetal growth should be most
evident.
Evidence was reviewed that the constraint
of intergenerational undernutrition has less
of an effect on the growth of male fetuses
(Ounsted et al., 1986; Price et al., 1999),
who also appear to have a stronger positive
growth response to maternal nutritional
supplementation during pregnancy (Mora
et al., 1979; Adair and Pollit, 1985). The
health implications of this sex difference in
prenatal buffering have scarcely been
explored, but could be important. For one,
features of the adult male phenotype that
are sensitive to early nutrition, such as muscle mass or gonadal function, may be more
strongly influenced by factors experienced
by the mother during pregnancy, including
stochastic processes or transient events like
seasonality or droughts—or by corollary,
nutritional supplementation or other interventions. Sex differences in the effects of
maternal constraint on fetal growth may
indicate that fetal demand for nutrients is
poorly calibrated to the level of maternal
supply in the male fetus (Kuzawa, 2004),
which might explain the stronger association
between birthweight or maternal nutritional
status during pregnancy and postnatal cardiovascular disease risk factors documented
in some populations (reviewed in Kuzawa
and Adair, 2003).
Perhaps the most intriguing public health
questions are raised by the concept of phenotypic inertia itself. While this review has
focused on nutrition and fetal growth, other
traits, including maternal blood pressure,
diabetes, and stress reactivity during pregnancy, also appear to be transmitted intergenerationally through epigenetic pathways, as recently reviewed elsewhere (Dabelea
and Pettitt, 2001; Drake and Walker, 2004;
Hypponen, 2004; Weaver et al., 2004). Each
of these examples illustrate the capacity of
the phenotype to be influenced by environmental conditions experienced by recent
ancestors. It is possible, perhaps likely, that
some of these tendencies for the phenotype
to replicate across generations reflect little

more than a developmental fluke that only
expresses under conditions, such as gestational diabetes, that are uncommon in nature. Alternatively, we may be seeing the
glimmerings of an infrastructure allowing
certain features of the phenotype to be the
beneficiary, albeit subtle, of environmental
information integrated and accumulated
within somatic lineages. While many questions remain to be clarified, the applied
implications of this hypothesis are potentially broad. Most notably, if a system is
designed to develop with the benefit of ecologic information integrated across multiple
generations, short-term treatments in any
single generation may reap limited longterm benefits. For such conditions, the
most effective focus for intervention may
not be the individual but the matriline.

SUMMARY
Several lines of evidence support the
hypothesis that fetal responses to prenatal
nutrition could help it adjust its level of postnatal nutritional expectations to match the
local nutritional ecology. First, birthweight
is positively related to a wide range of metabolically costly postnatal traits, suggesting
that the fetus has the capacity to distribute
the burden of reduced energy availability
across multiple functions as nutritional sufficiency declines. By lowering total requirements, the organism may reduce its risk
of experiencing negative energy balance,
which disproportionately impacts functions—
growth and reproduction—that are not
essential for survival, but are crucial components of its adaptive strategy.
The long-term advantage of these adjustments is contingent on the fetus having
access to information that is predictive of
its future nutritional environment, a problem complicated by short-term ecologic
fluctuations tracing to factors like seasonality. A review of the literature on the predictors of birthweight suggests that the stream
of nutrients reaching the fetus, especially
the female fetus, conveys information in the
form of an integrated signal reflecting recent
nutritional environments experienced by
matrilineal ancestors. This has the effect of
limiting changes in growth rate in response
to short-term ecologic fluctuations, and thus
may allow the fetus to cut through the ecologic ‘‘noise’’ of seasonal or other stochastic
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influences to read the ‘‘signal’’ of any longerterm nutritional trends in the local ecology.
The capacity for fetal nutrition to minimize
the growth response to short-term ecologic
fluctuations is defined here as ‘‘intergenerational phenotypic inertia,’’ which is hypothesized to allow the organism to cope with
ecologic trends that are too gradual to be
tracked by developmental plasticity, but too
rapid to be tracked by natural selection operating on gene frequencies. The concept of
phenotypic inertia has implications that
extend beyond the study of human adaptation. Most notably, if traits like fetal growth
are designed to develop in a fashion that minimizes the response to short-term ecologic
fluctuations by integrating information
across multiple generations, the most effective unit for public health intervention may
not be the individual but the matriline.
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