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Ecological cues during prenatal and postnatal development may
allow organisms to adjust reproductive strategy. The hypothalamicpituitary-gonadal (HPG) axis is a prime candidate for adaptive
plasticity as a result of its critical period of birth to 6 mo (B6M) in
humans and the role of testosterone in the development and
maintenance of costly sexually dimorphic somatic and behavioral
traits. We hypothesized that weight velocity speciﬁc to B6M would
predict male life history characteristics, including maturational
timing, reproductive hormones, adult size, strength, and sexual
activity. Data come from 770 Filipino men (age 20.5–22.5 y) followed
since birth, with predictor variables including birth weight and
weight velocities calculated at 6-mo intervals during the ﬁrst 2 y
of life. As expected, infants who were breastfed experienced less
diarrhea, lived in wealthier households with better hygiene, and
grew faster from B6M. Males with rapid B6M growth reached puberty earlier and, as young adults, had higher testosterone levels,
were taller, more muscular, and had higher grip strength. They also
had sex earlier and were more likely to report having had sex in the
past month, resulting in more lifetime sex partners. Relationships
between B6M weight gain and physical outcomes were generally
not present or weaker in female subjects. We conclude that rapid
weight gain speciﬁc to the brief postnatal hypothalamic-pituitarygonadal critical period predicts early maturation and sexual activity,
elevated hormone production, and more costly adult somatic characteristics among the male subjects in this sample. These ﬁndings
provide evidence for early life developmental plasticity in male life
history and reproductive strategy in humans.
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evelopmental plasticity in response to nutrients and hormones during fetal and infancy development can modify
growth patterns, adult metabolism, and hormone regulation (1,
2). These effects are hypothesized to have evolved to allow
modiﬁcation of nutritional requirements and reproductive strategy as ecological conditions change (3–5). Maternally derived
ecological cues transferred via the placenta or in breast milk could
convey information about typical energetic or social experiences
in the past (5, 6), and thus allow the developing organism to
modify biological settings in anticipation of conditions likely to be
experienced in the future (3, 4, 7).
Although widely cited, this hypothesis has been subjected to
minimal empirical testing in humans. A small number of human
studies provide evidence for early life plasticity in reproductive
biology, which has clear implications for genetic ﬁtness and thus
could be under selection. Jasienska and colleagues (8) reported
that the threshold of energetic stress that suppresses ovarian
steroidogenesis varies according to a woman’s own birth weight,
and they speculated that this indicates a capacity to reset energetic
thresholds regulating initiation of pregnancy in response to early
life energetic cues. Studies in other species similarly point to evidence for long-term effects of fetal or early postnatal nutritional
stress on sex steroids or ovulation rate in female offspring (9, 10).
Whether such responses reﬂect an adaptive capacity to adjust
reproductive strategy, a nonadaptive, vestigial feature of ontog16800–16805 | PNAS | September 28, 2010 | vol. 107 | no. 39

eny (i.e., constraint), or imperfect buffering of developmental
biology from impairment is a matter of ongoing debate (11).
In males the hypothalamic-pituitary-gonadal (HPG) axis is
a good candidate for adaptive developmental plasticity (12). The
axis inﬂuences energy needs by regulating resource allocation in
support of growth and maintenance of sexually dimorphic, costly
traits like muscle (13, 14), while also promoting reproductive
behaviors (15, 16). In many mammals, including humans and
other primates (17–20), the HPG axis generates two early-life
surges in testosterone that have durable, organizational effects
on multiple target tissues (21–24). The ﬁrst begins in utero when
testosterone production “masculinizes” the genitalia, sexually
dimorphic regions of the CNS, and somatic traits (20, 21, 25–28).
There is a second increase in luteinizing hormone (LH) during
the ﬁrst 6 mo of life, leading to circulating testosterone comparable to adult levels, followed by a decline in testosterone until
puberty (18, 29). Although the function of this second testosterone surge in humans is poorly understood (30), there is evidence from animal models that early postnatal testosterone
further masculinizes the brain and can lead to a higher growth
trajectory and accretion of greater muscle mass (31–34).
Animal models show that exogenous stressors, hormones, or
nutrients during early HPG critical periods can modify the organizational effects of testosterone, with downstream effects on
growth and behavior. For instance, gestational stress imposed on
rodents suppresses fetal testosterone (35) and has lasting effects
on reproductive behavior (21, 26). In male rats and sheep, restricting prenatal or early postnatal nutrition can delay puberty
and reduce adult testosterone (36, 37). Although comparable
human data are limited, a clinical study found reduced testicular
testosterone in adolescent males born small for gestational age
(38). Collectively, these studies suggest that nutrition during the
early HPG critical periods inﬂuences how the male phenotype is
organized, and can have long-term effects on hormone regulation
and physical and behavioral development.
Here we test the hypothesis that the rate of weight gain from
birth to 6 mo—a proxy for nutritional and growth conditions
during the early postnatal HPG critical period in humans—will
predict characteristics of male life history and reproductive
strategy. We test this hypothesis using data from 770 young adult
male participants of a representative birth cohort study in urban
and rural areas of metropolitan Cebu, Philippines. The study
began in 1983, when pregnant mothers and later their newborns
were enrolled, and has since followed offspring into adulthood.
Here we relate maturational tempo, adult body size and composition, strength, reproductive hormones, and sexual activity to
birth weight and to weight velocities calculated at 6-mo intervals
between birth and 2 y of age. We recently showed that testoster-

Author contributions: C.W.K. designed research; C.W.K., T.W.M., L.S.A., and N.L. performed research; C.W.K. analyzed data; and C.W.K., T.W.M., L.S.A., and N.L. wrote the
paper.
The authors declare no conﬂict of interest.
This article is a PNAS Direct Submission.
1

To whom correspondence should be addressed. E-mail: kuzawa@northwestern.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1006008107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1006008107

one in early adulthood predicts lean mass, arm muscle, and
strength in these men (39), and that, consistent with prior work in
humans and other species (40, 41), testosterone and LH are both
reduced in fathers (42). Here we add a developmental perspective
to this work by testing whether weight velocity speciﬁc to the
postnatal HPG critical period predicts variation in male life history characteristics among these men.
Results
Table 1 summarizes early life characteristics of the full sample
and also stratiﬁes the sample on tertiles of weight velocity corresponding with the postnatal HPG critical period in humans
[birth to 6 mo (B6M)]. As expected (43), newborns who gained
weight rapidly had slightly lighter birth weights. Although 0.1 kg
lighter at birth, by 6 mo, fast growers were approximately 1.5 kg
heavier than male subjects in the slowest growth tertile. Fast
growth during the B6M interval was strongly related to favorable
nutritional and growth conditions. Early fast growers lived in
wealthier households with better hygiene scores and were born
to more highly educated and better nourished mothers. They
were more likely to have been breastfed late into the B6M interval and had fewer concurrent diarrheal episodes by maternal
report. In bivariate tests, infants who grew fast after birth were
taller, heavier, and had more lean mass and daily energy intake
as adults (Table 2). They also matured earlier, and had had more
lifetime sex partners by the time of the adult interview.
We next ran a series of multivariate models that evaluated
whether early-life weight velocities predicted adult hormonal,
physical, and reproductive outcomes, adjusting for potential
confounding inﬂuences. To evaluate the speciﬁcity of timing of
any associations with early weight gain, we included birth weight
and postnatal weight velocities calculated at 6-mo intervals as
predictors in all models (Materials and Methods provides details
of the modeling approach and confounding factors included in
each set of models). Fig. 1 shows partial correlations relating
birth weight and 6-mo weight velocities with testosterone, LH,
and follicle-stimulating hormone (FSH; Table S1). No weight
velocity predicted evening testosterone (all P > 0.3; Table S1).
B6M weight velocity was a signiﬁcant predictor of waking testosterone (positive) and a borderline-signiﬁcant predictor (inverse) of waking LH and FSH. Maternal stress results in lower
birth weight and may program metabolism expressed later in life.
Because rapid weight gain after birth may be a marker of fetal

growth restriction (43), we tested for interactions between birth
size and B6M weight velocity in models predicting each adult
hormone. In these models, there were no signiﬁcant or borderline signiﬁcant birth weight-by-B6M interactions (all P > 0.6).
We tested relationships between early growth and physical
development, beginning with maturational tempo when participants were 15 to 16 y old (1998–1999). Logistic regression was
used to predict which male subjects were relatively early maturers,
as indicated by being in the two most advanced pubic hair stages
(PH4 or PH5). Only birth weight and B6M weight velocity were
signiﬁcant predictors of early maturity, with B6M the strongest
predictor (Fig. 1 and Table S2). In multiple regression models
predicting adult height, lean mass, arm muscle area, and grip
strength (Fig. 1), all four outcomes showed relationships with
weight velocity during the ﬁrst 6 to 12 mo of life, with weight
velocities after 12 mo comparably weak predictors (Table S3).
When models were rerun with birth weight-by-B6M weight velocity interaction terms, there was a signiﬁcant interaction only in
the model predicting adult height (interaction, P < 0.034), suggesting that rapid B6M weight velocity facilitated some degree of
catch-up growth among men born small: a 1-SD increase in B6M
weight velocity predicted a 2.1 ± 0.3 cm increase in adult height
among men born in the upper half of the birth weight distribution,
but this coefﬁcient was increased by 0.48 ± 0.4 cm among men in
the lower half of the birth weight distribution.
We next tested relationships with maturational tempo and
adult physical outcomes in same-aged, nonpregnant female cohort members (n = 690; age, 21.5 ± 0.3 y). In contrast to ﬁndings
in male subjects, B6M weight velocity was not a strong predictor
of menarcheal age, lean mass, or arm muscle area among females
(Fig. 1 and Table S4). The relationship between B6M and height
was similar, although weaker in females, whereas relationships
with grip strength were similar for both sexes and generally
weaker than relationships with other outcomes. There were no
signiﬁcant birth weight-by-B6M interactions in models predicting
any female outcome (interaction, P > 0.4 for all models).
We next modeled the relationship between early weight velocities and reproductive behaviors in male subjects (SI Results).
In a survival time regression (Weibull), B6M weight velocity was
the only signiﬁcant predictor of an earlier age at ﬁrst sex (Fig. 2A).
Fig. 2B shows the lifetime number of sex partners predicted by
a 1-SD change in each predictor before (gray bars) and after (white
bars) adjustment for maturational tempo. B6M weight velocity

Table 1. Early life (1983–1986) household, nutritional, and growth characteristics of Cebu male subjects stratiﬁed on tertiles of B6M
weight velocity
Weight velocity tertile
All (N = 706)

Maternal nutritional status and household characteristics
Household assets, 0–10
2.6 (2.0)
Household income, pesos
235 (349)
Mother’s highest completed grade, 0–17
7.4 (3.7)
Hygiene index, 0–9
5.4 (1.9)
Mother’s height, cm
150.8 (5.2)
Mother’s triceps skinfold, mm
12.2 (4.5)
Mother’s BMI, kg/m2
20.7 (2.8)
Infancy nutrition and growth
Not breastfed at 4 mo of age
17.6%
Birth–6 mo diarrhea, 0–3 maternal reports†
0.26 (0.53)
Weight at birth, kg
3.03 (0.43)
Weight 6 mo, kg
7.14 (0.86)
Weight 24 mo, kg
10.09 (1.14)
Weight velocity, birth to 6 mo, kg/wk
0.16 (0.03)
Weight velocity, 6–24 mo, kg/wk
0.04 (0.01)

Slow (n = 237)
2.4
217
6.9
5.1
149.7
11.7
20.2

(1.9)
(238)
(3.6)
(1.9)
(5.2)
(4.3)
(2.8)

23.6%
0.33 (0.60)
3.09 (0.44)
6.37 (0.60)
9.39 (1.03)
0.12 (0.02)
0.04 (0.01)

Middle (n = 233)
2.7
231
7.2
5.2
150.8
12.1
20.7

(1.9)
(387)
(3.6)
(1.9)
(5.0)
(4.4)
(2.9)

14.2%
0.25 (0.51)
3.03 (0.43)
7.12 (0.45)
10.02 (0.90)
0.16 (0.01)
0.04 (0.01)

Fast (n = 236)
2.8
257
8.1
5.8
151.9
12.9
21.2

(2.1)
(475)
(3.8)
(1.8)
(5.2)
(4.7)
(2.8)

14.8%
0.19 (0.47)
2.98 (0.43)
7.94 (0.63)
10.87 (0.97)
0.19 (0.02)
0.04 (0.01)

P value*
0.1023
0.4831
0.0009
0.0001
0.0001
0.0121
0.0009
0.011
0.044
0.022
0.0001
0.0001
0.0001
0.180

Values are presented as mean (SD) where appropriate. BMI, body mass index.
*One-way ANOVA or χ2 testing for signiﬁcant differences across B6M weight velocity tertiles.
Mothers asked at 2, 4, and 6 mo if child had had diarrhea in past 7 d (0–3 possible).
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Variable

was the strongest predictor of lifetime partners, followed by 6 to
12 mo and 18 to 24 mo weight velocities. Adjusting for maturational
tempo reduced all coefﬁcients, but those for B6M weight velocity
remained strongest and most signiﬁcant. Because B6M remained
a signiﬁcant positive predictor of sex partners independent of the
earlier maturity of fast early growers, we next investigated associations between early weight velocities and frequency of sexual activity. Adjusting for pair-bond status and other key potential confounders, B6M weight velocity was the only signiﬁcant predictor
of having had sex in the previous 1 month (Fig. 2C).
Associations between B6M weight velocity and adult outcomes
could be confounded by differences in household resources,
which could inﬂuence growth and development across the life
course. Although all models described adjusted for household
income (Materials and Methods), we also calculated correlations
between each weight velocity and two robust measures of wealth
(household income and assets) when the participants were 2, 8.5,
11, 15, and 22 y old. Men raised in wealthier homes grew faster
between 6 and 12 mo and between 12 and 18 mo, but B6M weight
velocity was a comparably weak correlate of these potential
confounding inﬂuences (Fig. S1).
Discussion
In this large, representative sample of young adult Filipino men,
weight velocity speciﬁc to the timing of the postnatal critical period of HPG axis development is a strong, and often the strongest,
predictor of male life history traits measured two decades later.
Men who grew rapidly from B6M had higher testosterone levels;
were taller; had more lean mass, arm muscle, and grip strength;
and had higher energy intake at 22 y of age. They also reached
sexual maturity at an earlier age and reported a younger age of
ﬁrst sex, which in turn contributed to a greater lifetime number of
sex partners. Although rapid postnatal growth may be a response
to fetal growth restriction (43), the only signiﬁcant birth weight-

by-B6M interaction was found in models predicting adult height
in male subjects, suggesting that rapid postnatal weight gain may
facilitate some degree of catch-up growth among male, but not
female, subjects when born small. All other relationships with
B6M were independent of birth weight. Collectively, these ﬁndings link developmental, somatic, endocrine, and behavioral features of human male life history strategy to weight gain during
a brief, early life period when the reproductive axis is highly active
and is known to have organizational effects on sexually dimorphic
regions of the CNS, peripheral organs, and somatic traits.
Mechanistically, several explanations for these associations are
possible. Genes with pleiotropic effects could lead to genetic correlations between infancy growth and adult outcomes, as shown
for other traits (44). Although there is evidence for moderate
heritability of early growth in well nourished populations (45,
46), no heritability estimates have been calculated under conditions of nutritional stress and growth faltering, which were common in the Cebu cohort during infancy. Future studies should
strive to incorporate analysis of growth-inﬂuencing genotypes
(47), which could contribute to, or moderate, the associations we
document.
Environmental factors are important determinants of infancy
weight gain in this population (48, 49) and in other populations
similarly faced with poverty and infancy undernutrition (50, 51).
As expected, men who grew rapidly after birth experienced favorable growth conditions as indexed by household wealth and
hygiene. This, combined with their higher incidence of breastfeeding, likely helps explain the less frequent diarrhea that their
mothers reported for them. The environmental correlates of
infancy weight gain documented here are consistent with prior
analyses in the full cohort (48, 49), and suggest an important
nutritional inﬂuence on B6M weight gain. Although we ﬁnd little
evidence that birth weight predicts adult outcomes in this sample, serial ultrasound measurements were not collected when the
study began in 1983, which would be needed to evaluate whether

Table 2. Adult characteristics (2005) of Cebu men stratiﬁed on tertiles of B6M weight velocity
Weight velocity tertile
Variable
Physical development
Age, y
Height, cm
Weight, kg
BMI, kg/m2
Lean mass, kg†
Arm muscle area, cm2
Grip strength, kg
Adult energy intake, kcal/d
Matured early‡
Reproductive status and behaviors
Adult household income, pesos
Currently pairbonded§
Has ever had sex
In past month
No. of lifetime sex partners
Has ever gotten woman pregnant
Does not live with child
Testicular function
Morning testosterone, pg/mL
Evening testosterone, pg/mL†
Plasma LH, mIU/mL
Plasma FSH, mIU/mL

All (N = 770)

Slow (n = 257)

Middle (n = 257)

Fast (n = 256)

P value*

21.48 (0.3)
163.0 (5.9)
55.9 (9.2)
21.0 (3.0)
54.6 (8.8)
35.0 (7.7)
73.1 (22.7)
2,188 (925)
40.8%

21.46 (0.3)
160.8 (5.9)
52.6 (7.4)
20.3 (2.4)
51.6 (7.2)
34.1 (7.4)
72.9 (21.5)
2,119 (813)
31.7%

21.46 (0.3)
162.7 (5.5)
55.4 (9.3)
20.9 (3.2)
54.1 (8.8)
34.9 (7.8)
71.3 (22.6)
2,136 (1026)
39.6%

21.51 (0.3)
165.4 (5.5)
59.6 (9.5)
21.8 (3.2)
58.1 (9.2)
36.1 (7.9)
75.2 (24.0)
2,309 (916)
50.8%

0.087
0.0001
0.0001
0.0001
0.0001
0.017
0.141
0.009
0.0001

552 (805)
19.4%
67.7%
45.3%
2.5 (7.4)
21.4%
9.7%

496 (467)
19.5%
67.3%
38.7%
1.7 (2.5)
21.0%
8.2%

606 (1172)
19.5%
66.5%
46.8%
2.7 (7.2)
18.7%
7.8%

553 (594)
19.1%
69.1%
50.3%
3.2 (10.4)
24.6%
13.3%

0.939
0.995
0.811
0.085
0.0001
0.257
0.064

190.4
117.7
10.3
3.0

(75.7)
(53.1)
(4.6)
(2.3)

184.5
117.6
10.6
3.2

(68.8)
(53.3)
(5.0)
(3.0)

190.6
116.6
10.1
2.9

(76.5)
(55.1)
(4.4)
(1.7)

196.1
119.0
10.0
2.9

(81.1)
(51.1)
(4.5)
(2.0)

0.210
0.662
0.284
0.430

Values are presented as mean (SD) where appropriate. BMI, body mass index.
*One-way ANOVA, χ2 or negative binomial regression (count data) testing for signiﬁcant differences across B6M weight velocity tertiles.
†
n = 762.
‡
n = 748.
§
Legally married or cohabiting with partner.
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fetal growth or nutrition speciﬁc to the fetal HPG critical period
also predicts life history outcomes.
There was evidence for male-speciﬁc associations between early
postnatal growth and adult phenotypes for most outcomes. This
was particularly true for lean mass, arm muscle, and early maturity, which were strongly predicted by B6M weight velocity in male
but not female subjects. Little is known about sex biases and their
possible effects on development in this sample. However, differential treatment based on gender could contribute to the apparent
sex differences in relationships between B6M weight velocity and
adult outcomes that we document here (52). Although we are
unable to rule out such biases, this is unlikely to explain why maleonly traits like testicular hormone production show evidence for
stronger associations with B6M weight gain than with weight gain

Fig. 2. Early weight velocities (SD scores) as predictors of adult behaviors:
(A) hazard of having ﬁrst sex adjusted for income, education, and urbanicity;
(B) lifetime number of sex partners adjusted for age, pair-bond status, income, education, and urbanicity with (white bars) and without (gray bars)
adjustment for maturational tempo (SI Results; *P < 0.05, †P < 0.01, ‡P <
0.001, and §P < 0.0001); and (C) probability of having had sex in the previous
1 month among sexually active men and adjusting for age, pair-bond status,
income, education, and urbanicity.

Kuzawa et al.

that the same individual experienced at other ages in infancy and
early childhood. In a rat model, maternal dietary restriction during the age of suckling has been shown to result in lower testosterone in adult male offspring, pointing to a long-term impact of
early postnatal nutrition on HPG axis function (36).
Girls born light or thin, or who grow rapidly in infancy and
childhood, experience earlier menarche (53, 54). The lack of an
easily observed marker of male puberty has hampered similar
investigations in male subjects. One recent exception is a study of
German male subjects who reached peak height velocity (a
marker of pubertal growth) earlier if they were born light or
gained weight rapidly from birth to 24 mo (55). We ﬁnd strong
evidence for similar effects in the male subjects at Cebu, among
whom B6M weight velocity was the strongest predictor of early
maturation indicated by pubic hair stage. The absence of similar
associations with early maturity among female subjects in Cebu is
additional evidence for sex-speciﬁc developmental processes immediately after birth.
Although the earlier maturity and age at ﬁrst sex of early fast
growers at Cebu helps explain their increased lifetime number of
sex partners, B6M remained a positive predictor of sex partners
even after adjusting for early maturity. In follow-up analyses, we
found that B6M weight velocity was also the only signiﬁcant
positive predictor of the frequency of recent sex in our sample,
hinting at heightened sexual activity among these men. We can
only speculate on possible explanations for the latter association,
which could involve some combination of socially mediated behavioral changes facilitated by, for example, increased body size or
earlier maturity (56), or direct organizational effects of infancy
nutrition or androgens on the CNS (57).
Whether the developmental responses documented here reﬂect adaptive plasticity, a vestigial or nonadaptive form of plasticity, or developmental impairment is uncertain (11, 58, 59).
Many species adjust developmental trajectory and adult phenotype based on early experience (60–62). In some birds, mothers
modify yolk androgen deposition in response to social or nutritional cues, which leads to faster posthatching growth and adult
size (63). Similar observations have been made in reptiles (64)
and mammals (65). In wild ungulates, preweaning undernutrition
disproportionately impacts male growth, attenuates adult size
dimorphism, and diminishes testosterone-dependent adult traits
(e.g., ornamentation) and reproductive success (66–69).
The relationships documented here are similar to these ﬁndings
in wild mammal populations, and suggest that reproductive exPNAS | September 28, 2010 | vol. 107 | no. 39 | 16803
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Fig. 1. Early weight velocities (SD scores)
as predictors of maturational tempo and
adult hormones and physical outcomes:
(A) partial correlations relating early life
weight velocities and salivary waking testosterone and plasma LH and FSH adjusted
for time of saliva or blood collection, wake
time, usual wake time, fatherhood status,
and age; (B) odds ratio for being an early
maturer adjusting for income in adolescence; (C–F) regression coefﬁcients
reﬂecting change in adult physical outcomes predicted by a 1-SD change in early
life weight velocities (gray bars, ±95% CI);
y axis range set to 0.4 SD for visual comparability; all adjusted for age and
household income, and D–F adjusted for
demanding work, basketball playing, and
weightlifting (male subjects) and physically demanding work and household activities (female subjects). Coefﬁcients for
female subjects are shown in dotted gray
(SI Results). *P < 0.02, ∼P < 0.1.

penditure in human males is modiﬁed developmentally in response
to early nutritional experiences. Unlike females, who invest metabolic resources directly in offspring production during pregnancy
and lactation, males shunt a component of reproductive effort into
building and maintaining a larger, more muscular body (12, 13, 70,
71). It has been postulated that this somatic component of reproductive effort should track longer-term energetic trends (70).
Our ﬁndings are in agreement with this model and provide human
evidence that nutritional and growth conditions speciﬁc to the
HPG critical period inﬂuence adult male reproductive energetics
(12). This is reﬂected in the taller stature and greater lean mass,
strength, and caloric requirements of men with fast B6M growth.
As adults, fast early growers also have higher testosterone levels,
which has anabolic effects on muscle (72) and which we have recently shown positively relates to arm muscle area and strength
among the men in our sample (39). Thus, our ﬁndings provide
evidence for an important developmental inﬂuence on adult
reproductive expenditure in human males. In contrast, among
females, the intensive commitment of energetic resources required
of each gestation and lactation may require acute sensitivity of
ovulation and ovarian function to a woman’s current energetic
status and fat reserves (70).
The changes in maturational tempo that we document in relation
to B6M weight velocity may also have ﬁtness implications (73, 74). A
related research tradition in developmental psychology has noted
early maturity among females facing unstable household environments or psychosocial stress, which has been hypothesized to reﬂect
an adaptive response to cues signaling high extrinsic mortality risk
(75–80). Although early reproduction may be an appropriate response to high unavoidable mortality (76), the earlier maturity we
document in response to favorable nutrition is also consistent with
expectations of life history theory (5). Because extrinsic mortality is
always greater than zero, all else equal, early reproduction should be
favored by natural selection if faster growth allows adult size to be
attained at an earlier age (5, 81). Our ﬁndings emphasize the importance of nutrition, in addition to mortality cues, as an important
source of developmental information (82).
This study has several limitations. Our hormonal measures were
based upon single saliva or plasma samples, and averaging measures
across multiple days would reduce measurement error (83). We
compensated by carefully standardizing sample collection times in
a large sample of men. Because neither the ﬁeld-based methods nor
scientiﬁc rationale to collect infant steroids existed when this study
began in 1983, we are not able to directly test the role of testosterone
itself as a programming inﬂuence during the early infancy HPG
critical period. The associations we document linking growth rate at
this age with multiple aspects of life history and reproductive phenotype provide a strong rationale to incorporate measures of infancy HPG function in future longitudinal birth cohorts.

gestational age at birth. Mothers answered questions about infant health
and feeding and socioeconomic conditions (SI Methods). Adult outcomes
were measured by trained interviewers (2005–2006). Anthropometrics were
measured using standard techniques (SI Methods). Energy intake (from two
24-h recalls) was calculated using Food Composition Tables for use in the
Philippines (85). Men answered questions about their households, families,
and reproductive behaviors. In 1998 (age 15–16 y), participants reported
pubic hair development by comparing themselves with drawings of pubic hair
stages physician-validated among Filipino high school students. As possible,
we tested comparable models in female cohort members limited to women
who had early life and adult somatic outcomes (height, lean mass, arm muscle
area, grip strength, n = 655 with 55 pregnant women excluded). Early weight
velocities were also used to predict female maturational tempo (n = 744).
Salivary Testosterone and Plasma LH and FSH. Salivary testosterone was measured in saliva collected before bed and immediately after waking. Testosterone
was determined in duplicate using an enzyme immunoassay protocol for use
with saliva samples (1–2402; Salimetrics). The between-assay coefﬁcients of variation were 5.6% and 6.7% for high and low controls, respectively. Plasma LH and
FSH were measured in morning plasma samples collected after an overnight fast
in EDTA tubes and using a commercially available enzyme immunoassays (for LH,
IB19104; Immuno-Biological Laboratories; for FSH; 40–056-205005; Genway
Biotech). Between-assay coefﬁcients of variation were 5.7% and 8.0% for low
and high controls for LH and 7.2% and 12.6% for low and high controls for FSH.
Sample Selection. In the 2005 survey, 1,008 male subjects among the original
cohort of 1,633 liveborn male subjects were located and interviewed. Of
these, 770 individuals agreed to participate and had sufﬁcient sample for
biomarker analysis and complete infancy weight characteristics. There were
no signiﬁcant differences in birth order or mother’s height, age, education,
or household income among the subset compared with the full birth sample
of 1,633 (all P > 0.25). Participants in the subsample were 54 g heavier
at birth (P < 0.003) than those included at birth but not in the ﬁnal sample,
although they had similar B6M weight velocities (P < 0.31).
Statistical Analyses. All analyses used Stata software, version 10. Continuous and
dichotomous outcomes were modeled using multiple regression and multiple
logistic regression, with birth weight and all weight velocities included in the
same model (ﬁrst converted to sample-speciﬁc SD scores to allow comparison of
coefﬁcients). All models were adjusted for age and household income. Hormonal
outcomes were adjusted for fatherhood status (42). Models predicting lean
muscle and strength also adjusted for demanding work, basketball playing, and
weightlifting (for male subjects) and demanding work and household activities
(for female subjects). Behavioral outcomes in addition adjusted for education
(highest grade) and urbanicity scale, and when modeling sexual activity, pairbond status (SI Results). All count data were overdispersed and thus were
modeled with negative binomial regression.

Anthropometry and Questionnaire Data. Weight was measured at birth and at
bimonthly intervals until 2 y of age (1983–1986). Birth weight was adjusted for
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