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ARTICLE INFO ABSTRACT

Keywords: Human life history schedules vary, partly, because of adaptive, plastic responses to early-life conditions. Little is
Life history theory known about how prenatal conditions relate to puberty timing. We hypothesized that fetal exposure to adversity
Puberty

may induce an adaptive response in offspring maturational tempo. In a longitudinal study of 253 mother-child
dyads followed for 15 years, we investigated if fetal exposure to maternal psychological distress related to
children’s adrenarche and gonadarche schedules, assessed by maternal and child report and by dehydroepian-
drosterone sulfate (DHEA-S), testosterone, and estradiol levels. We found fetal exposure to elevated maternal
prenatal psychological distress predicted earlier adrenarche and higher DHEA-S levels in girls, especially first-
born girls, and that associations remained after covarying indices of postnatal adversity. No associations were
observed for boys or for gonadarche in girls. Adrenarche orchestrates the social-behavioral transition from ju-
venility to adulthood; therefore, significant findings for adrenarche, but not gonadarche, suggest that prenatal
maternal distress instigates an adaptive strategy in which daughters have earlier social-behavioral maturation.
The stronger effect in first-borns suggests that, in adverse conditions, it is in the mother’s adaptive interest for her
daughter to hasten social maturation, but not necessarily sexual maturation, because it would prolong the
duration of the daughter allomothering younger siblings. We postulate a novel evolutionary framework that
human mothers may calibrate the timing of first-born daughters’ maturation in a way that optimizes their own
reproductive success.

Prenatal mood
Adrenarche
DHEA-S

Fetal programming

1. Introduction

The timing of puberty is among the most flexible and consequential
features of the human lifespan. Puberty involves a series of developmental
processes that encompass the morphological, physiological, psychologi-
cal, and behavioral shifts from the juvenile to adult phases of life. These
transitions play out over several years and the rates of change in each
domain are highly variable between individuals. Puberty involves both
gonadal and adrenal maturation, which broadly correspond to fecundity
and behavioral progressions to adulthood, respectively. Previous studies

have reported that conditions encountered during sensitive periods of
early-life development correlate with differential timing of pubertal
maturation, but there is a paucity of studies that investigate this sepa-
rately for gonadarche and adrenarche (Table 1). It is unresolved if con-
ditions encountered during the earliest phase of life—fetal
development—relate to the timing of gonadarche and adrenarche.

The adrenarche (adrenal puberty) transition involves rising levels of
the adrenal androgen dehydroepiandrosterone (DHEA) and its sulfate
form (DHEA-S), which initiate development of axillary hair, acne, adult
body odor, skeletal maturation, a minor growth spurt (Shirtcliff et al.,
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Table 1
Literature review of studies that assess how exposure to adversity during pregnancy and birth to age five years relates to pubertal timing.

Author and Year Sample Measure of Adversity Measure(s) of Puberty Adrenal  Gonadal Results

Exposure to Adversity in Prenatal Period

(Belsky et al., 2015) 73 girls Maternal prenatal distress (maternal depression Salivary DHEA after social challenge at X No detected relations between prenatal distress
symptoms, marital conflict, and financial stress) mean age of 7.3 years and categorized as and adrenarche

preadrenarcheal or adrenarcheal; Tanner
staging or maternal PDS at age 11 years

(Brauner et al., 2021) 753 girls Maternal prenatal stressful life events AAM assessed at ages 8, 10, 14, 17 years X U-shaped relation between prenatal stressful

life events and AAM. One exposure predicted
~4 months’ earlier AAM while 2 or more
exposures predicted ~2 months’ earlier AAM.

(Duchesne et al., 2017) 31 girls Natural disaster during prenatal period AAM assessed at ages 13.5 and 15.5 years X Prenatal exposure to natural disaster predicted

earlier AAM.

Exposure to Adversity from Age 0-5

(Belsky et al., 2010a) 373 girls  Insecure mother-infant attachment at 15-months AAM and physician physical examination of X Insecure mother-infant attachment predicted

breast and pubic hair development at ages earlier initiation and completion of breast
9.5, 10.6, 11.6, 12.6, 13.6, 14.6, 15.6 years growth and pubic hair development and earlier
AAM.

(Belsky et al., 2010b) 526 girls Maternal harshness at age 4.5 years AAM assessed at age 9.5 years and every X Maternal harshness at 4.5 years predicted

year until age 15 earlier AAM.

(Bleil et al., 2021) 426 girls ~ Composite of socio-economic status (SES; parental AAM and physician physical examination of X Higher SES directly predicted later AAM;
education attainment and family income-to-needs breast and pubic hair development at age secure mother-child attachment indirectly
ratio), maternal sensitivity, mother—child 9.5 years and every year until 15.5 predicted later AAM via higher pre-pubertal
attachment, and negative life events occurring BMI, and did not predict other puberty
between birth and age 4.5 years measures.

(DiLalla et al., 2021) 733 girls Family context (divorce, SES, harsh parenting, AAM and PDS at age 9 years and every year X Harsher home environment at age 4-5
warmth and cohesion, conflict) at ages 1-3 and 4-5  until age 15 predicted earlier AAM and puberty
years

(Ellis and Essex, 2007) 73 girls Family environment composite (parental Salivary DHEA concentrations collected X Higher quality parental supportiveness

47 boys depression, family negativity, marital conflict, after social challenge at mean age of 7.3 (component derives from PCA) and less father-
parental insecurity, parental negativity, warmth/ years and categorized as pre-adrenarcheal reported marital conflict/depression were
positivity, parenting style) averaged across ages 3.5  or adrenarcheal; self-report pubic hair at associated with later adrenarche.
and 4.5 years age 11 years

(Ellis et al., 1999) 173 girls  Early family relationships (family stressors, SES, Subset of PDS items: occurrence of Fathers’ presence, greater fathers’ presence,
father absence, family life stress, quality of family menarche, breast development, body hair at greater supportiveness in the parental dyad,
relationships, family conflict, parent support, father =~ age 12-13 years more father-daughter affection, and more
support in childcare) at age 4-5 years mother-daughter affection each predicted later

pubertal timing.

(Gaml-Sgrensen et al., 2021) 8123 Father absence (separation or had never lived AAM and self-reported first ejaculation, Father absence during pregnancy and early

girls together) during pregnancy, between ages 0-5 and  breast, pubic hair, and axillary hair childhood were associated with earlier puberty

7696 ages 6-10 years development, and acne at age 11 years and in girls; father absence in pregnancy, early, and

boys every 6 months until age 15 late childhood did not predict boys’ pubertal
status.

(Hartman et al., 2017) 659 girls Composite of maternal sensitivity, maternal AAM assessed at age 15 years X Environmental adversity indirectly predicted

705 boys  harshness, unpredictability, and income harshness AAM via childhood health.
measured between birth and 4.5 years

(James-Todd et al., 2010) 262 girls SES (family income, paternal occupation, and AAM assessed at age 35-40 years X Reductions in SES from birth to age 7 years

education) measured at birth and age 7 years

predicted earlier AAM.

(continued on next page)

% Xof W

149901 ($202) 091 AB0]0ULIOPUO.MIUOYIAS]



M.M. Fox et al.

Table 1 (continued)

Gonadal  Aggregate  Results

Measure(s) of Puberty Adrenal

Measure of Adversity

Sample

Author and Year

Boys’ gonadarche was later at age 12 years, not

AAM and self-reported breast and pubic hair

development at ages 12 and 14 years

Random assignment to foster care or institutional

care from ages 2-12 years

114

(Johnson et al., 2018)

age 14, in the institutionalized group compared

to foster care group.

children

Only sexual abuse predicted earlier AAM and

puberty gonadarche

AAM assessed at ages 15.8 and 16.1 years;
self-reported breast development and

curviness at age 15.8 years

Maltreatment (including sexual and physical abuse,
neglect, harshness, father absence) that occurred

6273

, 2016)

(Mendle et al.

girls

prior to age 6 years assessed at mean age 28.7 years

Compared institutionalized youth who were

No significant effects of adoption prior to age 5

years on puberty measures.

Nurse physical examination of breast

development, pubic hair, genital

165 girls
118 boys

2017)

(Reid et al.,

adopted prior to age 5 years versus non-adopted

development, and PDS across ages 7-14

years

Exposure to harshness, but not

AAM assessed at age 9 years and every year

until age 15

Environmental harshness, unpredictability, infant-

mother attachment from birth to 5 years

492 girls

(Sung et al., 2016)

unpredictability, predicted earlier AAM.
Meta-analysis finds total ACEs are not

Studies with AAM, Tanner staging scores,
overall PDS, and relative puberty item*

Adverse Childhood Experience scale (ACEs)

45

(Zhang et al., 2019)

associated with early pubertal timing; father

datasets

absence, sexual abuse, and family dysfunction
were associated with early puberty in girls.

Caption: Literature search was restricted to studies with a predictor of early-life adversity or stress that occurred prior to age 5 (the average age of commencement of adrenal puberty) and an outcome measure of pubertal

development: gonadal, adrenal, or both.

*Relative puberty item compares perceived development to same-age peers: “How advanced is your physical development compared to other [girls/boys] your age?”

Dehydroepiandrosterone

Age at Menarche, PDS = Pubertal Development Scale; DHEA

AAM
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2009), and brain maturation (Cumberland et al., 2021; Nguyen et al.,
2017). Adrenarche typically commences in girls and boys ages 5-7 years
and subsides in girls around age 20 and a few years later in boys.
Gonadarche (gonadal puberty) is characterized by rising levels of sex
steroids such as testosterone and estrogen that spur testicular enlarge-
ment in boys and ovarian and breast development in girls, along with
vocal changes and rapid growth. Gonadarche typically begins in girls
ages 9-10 and in boys 10-11 years old (Fechner, 2003).

An evolutionary perspective suggests that conditions encountered
during early life shape the developing organism in ways that optimize
fitness. Life history traits, i.e., growth, reproduction, and survivorship
schedules, are shaped by selection to distribute time and energy allo-
cations within an organism depending on extrinsic environmental,
ecological, and demographic conditions related to risk and opportunity
(Stearns, 1976). Pubertal timing has been a major focus of research on
life history calibration because it represents a shift from prioritizing
growth to reproduction (Gluckman and Hanson, 2006). While previous
studies have reported that exposure to adversity during infancy and
childhood exerts programming influences on pubertal timing, an earlier
developmental phase has been overlooked. We propose that the pre-
natal phase is a sensitive period for programming maturational tempo.

The developmental tailoring of plastic traits based on prenatal
exposure to environmental cues is known as “fetal programming.”
Because the fetal period in the human life cycle is unmatched by any
other in growth and development, it is the stage most vulnerable to both
organizing and disorganizing influences (Barker, 2004; Sandman et al.,
2012). Converging evidence supports the likelihood that fetal exposures
program other aspects of hypothalamic-pituitary-adrenal (HPA) axis
functionality, such as offspring stress responsivity (Davis et al., 2011),
as well as other aspects of life history scheduling mechanisms, such as
growth and telomere length (Stout-Oswald et al., 2022). Prenatal and
postnatal adversity may be correlated, so previous studies evincing that
postnatal early-life adversity is predictive of life-history scheduling
(Table 1) may, actually, reflect effects that are attributable to
un-measured prenatal insults. Our study controls for postnatal maternal
psychological distress as well as several aspects of postnatal adversity in
an attempt to determine the unique contribution of prenatal adversity.

We propose that maternal mood disturbance is a candidate prenatal
cue that could program pubertal timing. While the developing fetus
does not have direct access to information about the extra-maternal
prenatal or postnatal environment, we propose that maternal mood
disturbance may serve as a summary signal of extrinsic risk and resource
availability, inducing a predictive adaptive response in offspring
(Bateson et al., 2014; Hayward and Lummaa, 2013). Henceforth, we use
the term “distress” to reflect our composite measurement of mood dis-
turbances. Many possible biological pathways could connect maternal
psychological distress with offspring postnatal maturational tempo. A
plausible pathway is suggested by studies from our group and others,
which found that prenatal psychological distress was correlated with
alterations to the HPA-placental axis (Peterson et al., 2020; Sandman
et al., 2012), which in turn, has been associated with children’s post-
natal HPA system functionality (Irwin et al., 2021) and growth
(Hahn-Holbrook et al., 2023). If our hypotheses are endorsed by data,
future studies will be needed to determine the responsible biological
mechanism.

Generally, previous scholarship in life history theory has posited
that, in high-risk conditions, it would be adaptive to accelerate sexual
debut to offset the risk of dying before reproducing. Accordingly, earlier
gonadarche (menarche) has been reported for women raised in condi-
tions of psychosocial stress and resource deprivation, such as poverty,
father absence, institutionalization, and family conflict (Johnson and
Gunnar, 2011; Tither and Ellis, 2008). Others found lack of evidence for
accelerated menarche in response to early-life adversity, particularly
father absence among non-industrialized populations, calling into
question the universality of this pattern (Sear et al., 2019). Accelerated
gonadarche effects either have been absent or inconsistently observed
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in studies of boys (Pham et al., 2022). Earlier gonadarche comes at the
cost of waiting to garner more resources (somatic, social, material)
before having one’s first child, so only if the benefits outweigh these
costs would the strategy be enacted. In adverse circumstances, this
trade-off favors earlier gonadarche for females whose accelerated mor-
tality would dramatically curtail number of offspring. Females are bio-
logically constrained in their pace of reproduction, so prolonging
reproductive span by accelerating gonadarche is more strategic for
maximizing reproductive success in females than males (Hochberg and
Belsky, 2013). Males are not time-constrained in their pace of repro-
duction, so expanding the length of the reproductive span with an earlier
start offers few benefits that could more readily be outweighed by costs.
Thus, for our first hypothesis (Hypothesis 1; H1), consistent with pre-
vious studies, we predict that the daughters of women who experience
prenatal mood disturbance will exhibit early gonadarche (menarche),
with no expected equivalent effect in males.

Unlike the literature on fetal programming of reproductive matura-
tion (i.e., timing of gonadal puberty/menarche), little has been theo-
rized or tested regarding the influence of early-life conditions on
adrenarche timing. The variability in the timing of adrenarche indicates
this is a plastic trait. Thus, there is opportunity for adaptive calibration
to time this social-behavioral transition in a way that optimizes fitness
for different environments. During adrenarche, DHEA-S contributes to
the emotional and cognitive changes that instigate the psycho-
behavioral transition to adulthood (Campbell, 2006; Cumberland
etal., 2021). Also, DHEA-S governs development of secondary sex traits,
which are key elements of social maturation because they provide a
visual cue to others in the community that the adolescent is ready to take
on an adult role (Thornhill and Gangestad, 1996). Contributing to the
promotion of maternal caregiving may be among the neurobehavioral
effects of DHEA (Apter-Levy et al., 2020), which is consistent with its
role in social maturation. Therefore, for our second hypothesis (H2), we
propose that, among human females, exposure to prenatal maternal
mood disturbance should calibrate social-behavioral maturation to
occur earlier than among those who are not exposed to prenatal
maternal mood disturbance. Girls benefit from training in

Prenatal mood
disturbance:
summary signal of
extrinsic risk and
resource availability

Prenatal is a sensitive
period for daughters’
puberty timing, above
and beyond any
contribution of
postnatal (H4)
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motherhood-related knowledge and behaviors before their own first
pregnancy through allomothering, i.e., participation as a
helper-at-the-nest (Hrdy, 1980; Ivey, 2000; Lancaster, 1971). Based on
previous evidence that early-life adversity accelerates gonadarche
(menarche), we posit it would be adaptive for allomothering interest and
training, concomitantly, to begin earlier as well. While we emphasize
that adrenal and gonadal puberty represent independent processes and
acceleration in one domain does not necessitate the other (Grumbach,
1980), we nonetheless predict that in the unique case of adaptive
early-life-adversity-accelerated gonadarche (menarche), adrenarche
acceleration would also be adaptive. This line of reasoning predicts that
the daughters of women who experience maternal distress during
pregnancy should experience adrenarche at a younger age than those
whose mothers did not experience maternal distress during pregnancy.
Because boys are less frequent allomothers to their younger siblings
(Helfrecht and Meehan, 2016; Valeggia, 2009; Weisner and Gallimore,
1977) we do not expect to observe this effect in sons. If results show that
both girls and boys exhibit accelerated adrenarche related to prenatal
mood disturbance, this would undermine our H2. An association be-
tween adrenarche and allomothering interest may be unique to girls, so
a female-only effect would be consistent with our theoretical model,
while an effect exhibited by both boys and girls would suggest that a
different aspect of emotional or cognitive maturation could be acceler-
ated as an adaptive strategy instigated by prenatal mood disturbance.

Allomothering starting at a younger age would benefit not only the
child but also the child’s mother, who benefits from her eldest daughter
assisting with her younger children (Helfrecht and Meehan, 2016; Sear
and Mace, 2008). We hypothesize that a pregnant woman experiencing
mood disturbance may impose her own adaptive strategy on her
daughters, consistent with the predictions of H2, and particularly her
first-born daughter, to accelerate neurobehavioral maturation in a way
that supplies herself a helper-at-the-nest as early as possible. Thus, for
our third hypothesis (H3), we predict that among daughters, those who
are first-borns of women who experience distress during pregnancy will
exhibit earlier adrenarche compared to first-borns who do not experi-
ence such distress and all later-born daughters.

@

Fig. 1. Conceptual diagram of hypotheses. We hypothesize that daughters’ pubertal timing may be, partly, calibrated in response to their mothers’ prenatal mood.
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If the prenatal period represents a sensitive window of development
during which maternal mood disturbance exerts effects on pubertal
developmental timing in girls, as we propose, then we would expect
prenatal maternal distress to continue to be a significant predictor of
pubertal timing above and beyond any contribution of postnatal
maternal distress and childhood adversity (H4). This is not to say that
postnatal maternal distress and childhood adversity are unimportant;
these have been shown to influence parenting behavior and milk
composition (Gray et al., 2013) which likely also serve as useful cali-
bration signals for the offspring (see Table 1 “Exposure to Adversity from
Age 0-5").

Summarily, we investigate the hypotheses that maternal mood
disturbance during pregnancy calibrates the tempo of gonadal (H1) and
adrenal (H2) pubertal development in daughters, particularly first-born
daughters (H3), above and beyond any association with indicators of
postnatal maternal distress and childhood adversity (H4) (Fig. 1).

2. Methods
2.1. Cohort

Data for this study derive from a prospective, longitudinal cohort in
Southern California in which 253 mother-child dyads were recruited
during routine first trimester prenatal care from two obstetric clinics and
followed from pregnancy through early adolescence. Detailed recruit-
ment procedures have been described elsewhere (Glynn et al., 2018).
Women with singleton pregnancies were recruited at < 16 weeks’
gestation with the following eligibility criteria: English-speaking;
non-smoker; age > 18; no steroid medications; no self-reported use of
tobacco, alcohol, or recreational drugs during the pregnancy. Also, to be
included in the present analyses, mothers must have completed at least
three prenatal maternal distress assessments and the child at least one of
the pubertal development assessments. The race/ethnicity composition
closely mirrors that of California at the time of data collection, sug-
gesting that the sample is reasonably generalizable.

2.2. Measuring maternal psychological distress

Composite measures of pre- and postnatal psychological distress
were created, as previously described (Glynn et al., 2018), combining
the Perceived Stress Scale (PSS), Center for Epidemiologic Studies
Depression Scale (CES-D), state form of the State-Trait Anxiety In-
ventory (STAI), and Pregnancy-specific Anxiety Scale (PSA, assessed
prenatally only). Prenatal mood data were z-scored and then averaged
across maternal assessments conducted at 15, 19, 25, 31 and 37 weeks’
gestation to create the prenatal psychological distress composite scores.
The postnatal distress composite uses maternal mood data deriving from
assessments conducted at 2-3 months postpartum. The 10-item PSS
assesses psychological stress experienced within the last month, with
questions such as “how often have you felt that you were on top of
things?” The 10-item PSA assesses anxiety and concerns specific to the
pregnancy. Participants rate their agreement with statements such as “I
am fearful regarding the health of my baby.” The 9-item CES-D assesses
depressive symptoms experienced in the past week. Participants rate
their agreement with statements such as “I felt lonely.” The 10-item state
form of the STAI assesses anxiety symptoms experienced in the past
month, e.g., “Jittery.” Each of these measures are validated and used
widely in research involving pregnant women (Ghosh et al., 2010;
Radloff, 1977; Rini et al., 1999; Spielberger, 1983). Mothers’ scores on
each scale were converted to z-scores and then averaged to create a
composite; higher scores indicated more distress. Reliability analysis
showed that the four scales were highly correlated (Pearson r’s ranged
0.523-0.783; Cronbach’s d=0.891). Post-hoc, we repeated models with
each of the four distress indicators separately to assess whether a
particular indicator was uniquely associated with pubertal timing
(Table S3). To measure postnatal distress, the same approach was

Psychoneuroendocrinology 160 (2024) 106671

implemented except that PSA was not administered postnatally or
included in the postnatal distress composite.

2.3. Measuring pubertal development

We conducted three assessments when the child was 8-10, 11-12,
and 13-16 years of age. Our study design measured the degree of pu-
bertal progress at each of these three assessments, whose timing was
strategically picked because, typically, pubertal development changes
the most during that period. This study design captures comparatively
early-developers, who would already show substantial pubertal devel-
opment progress by the first assessment, and late-developers, who would
still show low levels of pubertal development in the last assessment.
Importantly, no child was at the maximum value on the Puberty
Development Scale (PDS) for adrenal puberty at the first assessment.
Thus, we maximized our ability to capture variation in adrenal and
gonadal puberty progress. At each of the three child developmental
assessment timepoints, both mothers and children completed the PDS.
The PDS assesses the stage of development of an array of secondary sex
characteristics, including body hair, skin changes (pimples), growth in
height (“growth spurt”), breast development (girls only), menarche
(girls only), deepening of the voice (boys only), and facial hair growth
(boys only). The PDS computes two scores: an adrenal and a gonadal
pubertal development score (Shirtcliff et al., 2009). Following estab-
lished methods from previous studies, we used maternal PDS report
before age 12 and children’s reports thereafter to maximize accuracy
(Terry et al., 2016). Importantly, using only mothers’ or children’s re-
ports of pubertal development did not change our pattern of results (data
not shown). Adrenal and gonadal PDS scores were positivity correlated
in both boys (Coef. =.869, SE =.049, p < .001, 95 % CI=.772-.966) and
girls (Coef. =.730, SE =.043, p = .001, 95 % CI=.646-.814). PDS scores
have been shown to be moderately correlated with pubertal develop-
ment assessed by physicians (Shirtcliff et al., 2009). Age of menarche
was measured by child self-report.

2.4. Measuring hormones

No previous study has investigated how prenatal conditions relate to
biomarkers of puberty (Table 1), thus our use of biomarkers moves this
field forward. At each of the three child assessments, children provided
saliva samples via passive drool for measurement of DHEA-S as a
biomarker of adrenarche and testosterone (for males) and estradiol (for
girls) as a biomarker of gonadarche. Saliva was aliquoted and stored at
— 80 °C until assay. DHEA-S, testosterone, and estradiol were measured
by enzyme-linked immunosorbent assay (ELISA; IBL-International,
Hamburg, Germany). Assays were repeated when a duplicate’s CV was
> 10 % if the concentration and difference between duplicates were
both > 1 pg/ml. The intra- and inter- assay coefficients were, for DHEA-
S, 7.8 % and 14.9 % respectively, for testosterone, 3.2 % and 4.04 %
respectively, and for estradiol, 8.0 % and 3.4 %, respectively. Multilevel
modeling showed that DHEA-S was positively correlated with adrenal
PDS scores across all timepoints (girls: Coef. =.205, SE =.060, p = .013,
95 % CI =.086-.324; boys: Coef. =.341, SE =.055, p = .000, 95 % CI
=.232-.450). Testosterone was positively correlated with gonadal PDS
scores in boys (Coef. =.125, SE =.043, p = .006, 95 % CI =.038-.212)
but not girls (Coef. =.047, SE =.082, p = .574, 95 % Cl = —.123 t0 .217).
Estradiol was positively correlated with gonadal PDS scores in girls
(Coef. =.355, SE =.108, p = .001, 95 % CI =.141-.568); estradiol was
not measured in boys. Sixteen children did not provide usable saliva
samples, and so do not have available hormone data; therefore they
were excluded from statistical models predicting hormone levels
(N = 237 with hormone data, 111 females). In addition, one boy had a
testosterone measurement that was > 3 standard deviations above the
mean, so that child’s one testosterone value was excluded from statis-
tical analyses.
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2.5. Measurement of demographics and birth weight

Women reported demographic information at their first prenatal
assessment occurring at 15 weeks’ gestation, including maternal age,
education, income, household size, parity, and cohabitation with the
baby’s father. Income, household size and cohabitation status were
assessed again in childhood at 7-9 years. Maternal and child medical
records were used to determine the child’s birth weight.

2.6. Operationalizing childhood adversity

Significant child life events that occurred from birth through age 5
were assessed with the Child Life Events Scale (CLES) (Coddington,
1972). The CLES is a 36-item parent report measure of a child’s exposure
to a range of major life events (e.g., death of a parent, parental sepa-
ration). It has been widely used and has been shown to be predictive of
child anxiety symptoms (Platt et al., 2016), health related quality of life
(Villalonga-Olives et al., 2010), and preschool depression (Luby et al.,
2006).

Childhood father absence and income-to-needs ratio were both
determined from maternal report data collected when children were 7-9
years old. Income-to-needs ratio was calculated by dividing maternal
report of household income by household size, adjusted for cost of living
for the reported income year as determined by federal guidelines pub-
lished by the Census Bureau; higher values represent higher socioeco-
nomic status (both with prenatal and childhood assessment). Father
absence was operationalized as a binary variable reflecting whether the
mother was cohabitating with the child’s biological father (both with
prenatal and childhood assessment).

2.7. Statistical analyses

Covariates were selected in a two-step process. Firstly, we built a list
of potential confounders based on our conceptual model and previous
studies. The covariates considered were maternal education, parity,
income-to-needs ratio, and father absence all deriving from maternal
report at 15 weeks’ gestation, as well as maternal age at delivery and
child birth weight. Secondly, we used traditional third variable criteria
for identifying confounders, i.e., factors significantly associated
(p < 0.10) with both the predictor of interest - prenatal distress - and at
least one of the outcomes - pubertal timing metrics (Table S1). This
process identified maternal age at delivery, education, and income-to-
needs ratio (15 weeks’ gestation) as potentially confounding variables.
Therefore, these variables (z-scored) were included as covariates in all
models. Analyses were conducted in SPSS version 29. Effect sizes are
given in terms of standardized fixed effects for multilevel models and
standardized-betas for regression models, with 95 % confidence
intervals.

Multilevel linear growth curve modeling was conducted using the
MIXED command. Given our sex-specific theoretical predictions, models
were run separately for girls and boys. To test for intercept differences,
time was centered in multilevel growth curve models at each year ages
9-16; significant intercept differences are marked in figures. When
model coefficients are reported in the Tables, to ease model interpre-
tation, models are centered at age 10, given that this was the most
common (mode) age of children at visit 1 (M=9.58, SD=0.72), there-
fore, the continuous time variable represents changes in the outcome
variable since age 10 years. Study visit was entered as a random time-
varying variable in all multilevel models and unstructured covariance
matrices were used to account for the shared variance between outcome
variables as a function of study visit. All covariates were included as
non-time varying fixed predictors.

To test H1 and H2, the prenatal maternal psychological distress
composite variable (“prenatal distress”) was entered at level 2 to predict
gonadal (H1) and adrenal (H2) pubertal progression (entered in separate
models at level 1), along with an interaction term between prenatal
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distress and child age over time (labeled in tables as time) to model
differential changes in pubertal development indicators as a function of
prenatal distress. To test H3, two-way interaction terms (first-born sta-
tus*prenatal distress) tested whether first-born status moderated the
effect of prenatal distress on pubertal outcomes at the intercept, along
with a three-way interaction term (first-born status*prenatal dis-
tress*time) to model whether the effect of prenatal distress on pubertal
development trajectories was moderated by first-born status. When
there was evidence that first-born status significantly moderated the
effect of prenatal distress on pubertal timing, we ran separate simple
effects models in first-born and latter-born children to estimate the
differential effect of prenatal distress on pubertal outcomes. To test H4,
we used a step-wise multilevel modeling approach where prenatal
distress alone was entered into model 1, then in model 2, we added the
postnatal maternal distress composite variable (“postnatal maternal
distress”), along with childhood adversity variables (childhood income-
to-needs ratio and childhood father absence). If prenatal distress still
significantly predicted pubertal development above and beyond the ef-
fects of postnatal maternal distress and childhood adversity in model 2,
we reasoned that this supported the hypothesis that the prenatal period
represents a sensitive window of development during which maternal
mood disturbance exerts effects on pubertal developmental timing (H4).
H4 models were tested in the subset of 226 dyads who had both prenatal
and postnatal maternal distress data, and data on childhood father
absence and income-to-needs ratio (108 females; 118 males;), i.e.,
N = 13 lacked childhood adversity data and an additional N = 14 lacked
postnatal distress data.

3. Results

We tested our hypotheses in a prospective, longitudinal study in
Southern California that followed 253 mother-child dyads from preg-
nancy through early adolescence. Mothers in this cohort were, on
average 30 years old, mostly college educated, Non-Hispanic/Latinx
White (45 %) or Hispanic/Latinx (30 %), about half of participants

Table 2
Cohort descriptive statistics.

Variable M (SD)/ N (%)
Maternal age at delivery 30.49 (5.61)
Maternal education (years) 15.73 (2.39)
Primiparous 128 (49.8)

Prenatal income-to-needs ratio
Childhood income-to-needs ratio

451.17 (251.54)
418.32 (378.92)

Prenatal father absence 33 (12.94)
Childhood father absence 51 (18.82)
Maternal race/ethnicity

Non-Hispanic/Latinx White 117 (45.35)
Hispanic/Latinx 74 (28.68)

Asian 28 (10.85)

Multi-ethnic/racial 24 (9.30)
African American/Black 14 (5.43)
Child birth weight (grams) 3440.38 (531.36)
Child gestational age at delivery (weeks) 39.28 (1.65)
Child sex at birth (female) 123 (47.7)
Child age at 8-10 year old assessment (years) 9.58 (0.72)
Child age at 11-12 year old assessment (years) 11.89 (0.86)
Child age at 13-16 year old assessment (years) 14.47 (1.29)

Caption: Continuous variables are described as mean and standard error. Cate-
gorical variables are described as N and percent of cohort. Total cohort is
N = 253 mother-child dyads, but note that 10 dyads were missing childhood
father absence and childhood income-to-needs ratio data. Maternal ethnicity,
education, prenatal father absence, prenatal income-to-needs ratio, and pri-
miparity were reported at 15 weeks’ gestational age. Maternal age at delivery,
child birth weight, and child gestational age at delivery were abstracted from
medical records. Childhood father absence and childhood income-to-needs ratio
were reported when children were 7-9 years old. “Primiparous” reflects mothers
for whom the focal child in this study was their first live birth.

M=Mean; SD=standard deviation of the mean.
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Table 3
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Association between maternal prenatal psychological distress and adrenal and gonadal pubertal development.

Adrenal Pubertal Development

Gonadal Pubertal Development

Variable Adrenal development DHEA-S Gonadal development Gonadal Hormones Age of Menarche
Boys Girls Boys Girls Boys Girls Boys Girls Girls Only
Coef. (95 % Coef. (95 % Coef. (95 % Coef. (95 % Coef. (95 % Coef. (95 % Testosterone Estradiol Coef. (95 % CI)
CcD CcD Cch CcDh Cch CD Coef. (95 % Coef. (95 %
Cn CD
Intercept 1.44 * ** 1.93 * ** 0.80 * ** 1.16 * ** 1.67 * ** 2.25 * ¥ 10.99 * ** 2.42 % * 11.96 * ** (11.56;
(1.32; 1.56) (1.73; 2.13) (.65;.94) (1.00; 1.33) (1.53; 1.81) (2.04; 2.46) (8.76; 13.21) (2.12-2.72) 12.37)
Time 0.33 * ** 0.51 * ** .28 * wx .18 0.38 * ** 0.49 * ** 5.46 * ** 0.23 * * n/a
(.29;.38) (.45;.56) (.23;.34) (.11;.25) (.32;.44) (.44;.54) (3.96; 6.95) (0.07)
Prenatal distress -0.02 0.26 * .08 0.22 0.05 0.12 -0.67 0.25 0.01
(—.13;.10) (.05;.48) (—.07;.23) (.05;.40) (—.09;.18) (—.11;.34) (—3.38; 2.04) (.07 to .59) (—.47;.50)
Prenatal 0.02 -0.07 * 0.02 0.02 0.01 -0.04 -0.06 -.007 n/a
distress*Time (—.03;.06) (-.12; (—.03;.08) (—.05;.08) (—.05;.06) (-.105.02) (-1.87;1.73) (-.15t0.14)
—.01)

Caption: Multilevel linear growth curve modeling was used for all analyses, except for age of menarche, in which linear regression was used. All multilevel models were
centered at age 10, thus, intercept coefficients for prenatal distress represent differences in the outcome at age 10 as a function of prenatal distress (z-scored). Time is
included in the model as child’s age (in years) since age 10 (first child visit) and models the linear change in the outcome from age 10 until age 16 (the last adolescent
visit). All coefficients are statistically adjusted for maternal age at delivery, education, and prenatal income-to-needs ratio. DHEA-S is dehydroepiandrosterone sulfate.

p values < .05 = *; p < .01 = **; p <.001 = ** *

were primiparous, and children were 48 % female (Table 2).

H1: Prenatal distress predicts earlier gonadarche in girls but not
boys.

Contrary to our hypothesis for girls, prenatal distress did not predict
any of the gonadal pubertal development measures (Table 3). As
anticipated, we observed a null result for boys.

H2: Prenatal distress predicts earlier adrenarche in girls but not
boys.

Consistent with our hypothesis for girls, higher maternal prenatal
distress predicted earlier adrenal pubertal development, observed for
both adrenal PDS and DHEA-S (Table 3). Specifically, girls exposed to
higher prenatal maternal distress had higher adrenal PDS scores at ages
9, 10, and 11 (Fig. 2a). Likewise, girls exposed to higher, compared to
lower, prenatal maternal distress had significantly higher DHEA-S at
ages 9-13 (Fig. 2c). Prenatal distress was not associated with girls’ ad-
renal PDS scores after age 11 or girls’ DHEA-S scores after age 13.
Follow-up exploratory analyses indicated that each of the four prenatal
distress indicators that comprise our composite predicted faster adrenal
pubertal timing in girls with similar effect sizes (Table S3). Consistent
with our anticipation of a null effect for boys, there were no associations
between maternal prenatal distress and adrenal pubertal development
for sons (Fig. 2b and d).

H3: Prenatal distress predicts earlier adrenarche in first-born
girls.

Consistent with our hypothesis, prenatal distress was associated with
adrenal PDS scores of first-born but not later-born girls (Fig. 3,
Table S4). Also consistent with our prediction, first-born status did not
moderate the relation between prenatal distress and adrenal pubertal
status in boys (Fig. 3, Table S4). Specifically, first-born girls exposed to
higher (compared to lower) prenatal maternal distress had significantly
higher adrenal PDS scores at ages 9-12, and no significant differences
from age 13 onwards (Fig. 3a). By contrast, prenatal maternal distress
did not significantly predict adrenal PDS scores for later-born girls
(Fig. 3b). Contrary to our hypothesis, first-born status did not moderate
the relation between prenatal maternal distress and DHEA-S for girls
(Table S4).

H4: The prenatal period as a sensitive period for programming
of pubertal timing.

We tested the hypothesis that the relations we observed between
prenatal maternal distress and adrenal pubertal timing in girls (H2) were
driven by prenatal exposures, i.e., prenatal distress was not merely a
proxy of postnatal maternal distress or childhood adversity. To test this
hypothesis, we included our predictor of primary interest, prenatal
maternal distress, along with 2-3 months postnatal maternal distress,

adverse life events before age five, and father absence and income-to-
needs ratio when the child was 7-9 years of age as predictors of adre-
nal pubertal timing in multilevel growth curve models (Table S5). These
indicators were selected because they are the most frequent measures of
early-life adversity in this area of research (Table 1). Consistent with our
prediction that the prenatal period is a sensitive window through which
maternal distress influences pubertal timing in girls, prenatal maternal
distress remained a significant predictor of adrenal PDS scores and
DHEA-S levels in girls when postnatal maternal distress and childhood
adversity were included in the model (Table S5).

4. Discussion

We found that adversity encountered during the prenatal phase of
life may set the human female fetus on a path towards earlier adre-
narche. Moreover, we observed this association was strongest for first-
born girls. No associations were observed for adrenarche in males or
for gonadarche for either sex. An evolutionary framework provides a
parsimonious explanation for these patterns. We integrate the concepts
of fetal programming and life history theory to situate our results in the
context of other studies.

Of the small number of previous studies that examined how adversity
encountered before 5 years of age correlates with the timing of puberty,
only two reported on adrenal puberty, while the rest examined gonadal
puberty or a composite of both processes (Table 1). A cross-sectional
study of children from three small-scale societies in the Central Afri-
can Republic and Ethiopia indicate the possibility of later adrenarche
compared to Western norms (Helfrecht et al., 2018) and another
cross-sectional study of older adolescents in Kenya found DHEA-S levels
inversely associated with malaria parasite density (Leenstra et al.,
2003), both studies suggestive of adaptive calibration of DHEA to
environmental conditions. A substantial corpus of evidence already
suggests that early-life adversity affects later-life adrenal function, e.g.,
cortisol reactivity (Boyce and Ellis, 2005). Additionally, it is biologically
plausible that prenatal conditions influence adrenal maturation because
the zona reticularis—the adrenal gland layer that grows and begins
producing DHEA and DHEA-S during adrenarche—is derived from the
fetal adrenal zone (Sucheston and Cannon, 1968).

Our study provides a novel, longitudinal investigation of the relation
between prenatal adversity and child adrenarche timing. A previous
study found that mothers’ prenatal distress was associated with neither
their daughters’ dichotomous classifications of DHEA detectability at 7
years old nor puberty status at 11 years old (Belsky et al., 2015). Our
study further advances the field by conducting longitudinal assessments
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Fig. 2. Association between prenatal distress and adrenal pubertal timing in daughters and sons. Here, although data were analyzed continuously, we plotted the
adrenal puberty outcomes for girls and boys exposed to high and low levels of prenatal distress (at one standard deviation above and below the mean) for the purpose
of visualization. In first-born girls, higher (compared to lower) levels of prenatal distress predicted more advanced adrenal PDS scores at the assessments occurring at
ages 9 through 11 (panel a) and higher DHEA-S levels at ages 9 through 13 (panel c). No effect of prenatal distress on either adrenal pubertal outcome was observed
for boys (panels b and d). Graphs show 95% confidence intervals and all models are statistically adjusted for maternal age at delivery, maternal education, and

prenatal income-to-needs ratio (all z-scored).

with repeated measures in pregnancy and of the child from 9 to 16 years’
age, a crucial developmental window for examining the process of ad-
renal puberty. Also, our repeated measurement of DHEA-S concentra-
tions goes beyond the previous study’s one-time dichotomous
classification of DHEA detectability to provide a more detailed analysis
of adrenal endocrine dynamics. Another previous study found that
prenatal estriol levels were correlated with women’s adulthood DHEA-S
levels (Cohn and Cirillo, 2020), which further evinces the biological
plausibility of prenatal conditions affecting postnatal adrenal function,
although that study did not address our research question related to
adaptive calibration of early-life maturational processes.

Two previously-published studies examine how prenatal conditions
relate to gonadal pubertal timing; mothers’ prenatal exposure to natural
disaster and stressful life events, respectively, were associated with their
daughters’ earlier age at menarche (Brauner et al., 2021; Duchesne
et al., 2017). Contrastingly, we observed no significant associations
between mothers’ prenatal distress and daughters’ gonadal puberty

(menarche) timing. The discrepancy with previous studies could be
explained by different prenatal predictors, e.g., natural disaster expo-
sure (Duchesne et al., 2017) or adverse life events (Brauner et al., 2021).
From an evolutionary perspective, the adaptive strategy of a fetus or
mother may differ depending on the type of adversity encountered.
Further research is needed to clarify the unique effects of various ad-
versities on fetal programming strategies.

Maternal depression, anxiety, and stress have been associated with
alterations to HPA-placental stress endocrinology during pregnancy
(Peterson et al., 2020; Sandman et al., 2012), indicating a biomechanism
of mother-to-fetus transmission of mood state signals. Furthermore,
prenatal maternal depression, anxiety, and stress have already been
associated (independent of postpartum mood) with a variety of offspring
developmental outcomes (Davis et al., 2020; Glynn et al., 2018),
including offspring HPA axis functionality (Davis et al., 2011). Addi-
tionally, previous studies found that postnatal early-life adversity was
associated with alterations to children’s pubertal development
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Fig. 3. Interaction between prenatal distress and first-born status on adrenal pubertal timing in daughters and sons. Here, we plotted the adrenal Pubertal
Development Scores (PDS) for first-born and latter-born children exposed to high and low levels of prenatal distress (at one standard deviation above and below the
mean), dichotomized for the purpose of visualization. In first-born girls, higher (compared to lower) levels of prenatal distress predicted more advanced adrenal PDS
scores at ages 9 through 12 (panel a), but no effect was found for latter-born girls (panel b). No effect of prenatal distress was observed for first-born or latter-born
boys (panels c and d). Graphs show 95 % confidence intervals and all models are statistically adjusted for maternal age at delivery, maternal education, and prenatal

income-to-needs ratio (all z-scored).

(Table 1). Our results do not contradict those observations, but we un-
derscore the possibility that previous studies that did not account for
prenatal adversity may have observed results that were actually influ-
enced by unmeasured prenatal effects.

Controversy exists as to whether these developmental shifts reflect
forecasting or response to constraints. The forecasting paradigm posits
that ontogenic alterations reflect a fetal strategy to be optimally suited
for the extrinsic context it is most likely to encounter during postnatal
life (either just the first few years (Wells, 2012) or into adulthood
(Gluckman et al., 2007)). The constraints paradigm suggests that the
fetus is making compromises as a consequence of limited resources (Lea
et al., 2017). The forecasting paradigm intimates that natural selection
has shaped traits’ degrees of phenotypic plasticity and ontogenic
response to extrinsic signals in ways that prepare the organism for
successful postnatal life (Bateson et al., 2014; Gluckman et al., 2007).
The constraints paradigm also posits that selection promotes develop-
mental plasticity but for a different reason, namely, to siphon resources

away from non-essential towards vital functions in the face of depriva-
tion. Accelerated maturation as a response to early-life adversity is a
classic example of predictive adaptive response, but is not the expected
developmental response under constraints models, so our results lend
evidence to the possibility that the long-lived human species may exhibit
anticipatory developmental plasticity (Lea et al., 2017; Wells, 2012).
H2 and H3 represent distinct evolutionary paths by which girls who
experience prenatal maternal distress should exhibit earlier adrenarch-
e—one primarily driven by the adaptive interests of the child, and one
primarily driven by the adaptive interests of the mother. These two
evolutionary paths to earlier adrenarche (H2 and H3) can be empirically
distinguished by H1 results. H2 would be bolstered by H1 also being
endorsed, because earlier training as an allomother would be most
adaptive for the child if she is likely to have a relatively early first birth, i.
e., earlier menarche. Then, the daughter’s training through allomo-
thering would help the daughter increase her own direct fitness by
preparing her to be a successful young mother. Alternatively, H3 would
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be bolstered by H1 being refuted, because the child beginning allomo-
thering at a younger age would be most adaptive for the mother if the
child remains an allomother for longer, delaying her own first pregnancy
through later menarche.

Our pattern of results (i.e., a significant finding for adrenal puberty
but not gonadal puberty) is most consistent with the idea that mothers
who are experiencing psychological distress may impose their own
adaptive strategy on offspring by programming daughters - particularly
first-born daughters - to begin adrenarche earlier, but not menarche
(non-endorsed H1), supplying themselves allomothering assistance
earlier and for longer duration. A daughter’s adaptive interests are
partially, but not completely, aligned with her mother’s, because allo-
mothering her younger siblings enhances her inclusive fitness. However,
it is important to point out that we did not test the gap between the onset
of adrenal and gonadal puberty specifically, because our first measure of
adrenal puberty was likely after the start of adrenal puberty for many
children. We encourage future research to provide a direct test of
whether prenatal distress predicts accelerated social-behavioral matu-
ration without accelerated sexual maturation within individuals.

Alternative explanations for our results are possible. The observa-
tional nature of our study cannot rule out other causal models than the
one we propose. Our results could suggest an adaptive strategy such that
girls who experience prenatal mood disturbance improve their fitness by
accelerating their social-behavioral transition to adulthood in order to
secure extra time to garner adult-accessed resources necessary to sup-
port successful pregnancy. While our manuscript argues the most likely
mature-female-specific resource is practice and training in motherhood,
other mature-female-specific resources may also exist. Future studies are
needed to discern these adaptive strategies.

Accelerated female adrenarche as an adaptive response to maternal
prenatal adversity is not cost-free. Selection balances the benefits and
costs of ontogenic adaptations, taking into account both direct and in-
direct fitness effects. Girls who accelerate adrenarche do so at the cost of
shorter phases of early childhood, which is a phase of protection and
food provisioning by parents and other adults, rapid growth, and
learning through play. Across various cultures, upon the commencement
of adrenarche, children transition from this safety and comfort to
increasing engagement in allomothering, domestic labor, and acquiring
and preparing food (Bogin, 1997). Although the prevailing view among
clinicians is that early adrenarche is a risk factor for poor social func-
tioning (Byrne et al., 2017), an evolutionary perspective implies that
what has been interpreted as problematic for social relationships may,
instead, reflect a set of social skills tailored for an asynchronous life
phase. In other words, accelerated adrenarche may be an adaptive
response to adverse conditions that promotes younger individuals
thinking and behaving in ways more typically suited to older ages. The
neuromaturational process of adrenarche involves reduced amygdala
activation, enhanced hippocampal function, and enhanced synapto-
genesis, which together, potentially promote seeking out and learning
from new social experiences with unfamiliar individuals (Campbell,
2006; Spivak, 1994). This neurobehavioral profile may appear inap-
propriate or suboptimal when enacted at younger ages. Early adre-
narche has been associated with reduced frontal white matter volume
(Klauser et al., 2015) and an evolutionary perspective may suggest this
reflects an alternative rather than dysfunctional neuroanatomy (Del
Giudice, 2018). Additionally, adrenarche is a period of vulnerability for
the onset of obesity, type-2 diabetes (Hochberg, 2008), affective disor-
ders, and other psychopathologies (Hochberg et al., 2011), so acceler-
ation of its timing would, collaterally, hasten onset of these disorders.

Based on the highly-conserved nature of the HPA axis and homolo-
gous developmental sequences in chordates, it is highly probable that
adrenal stimulation marks the beginning of maturational processes
throughout the animal kingdom across many million years of evolution
(Todd et al., 2016). The decoupling of adrenarche and gonadarche
emerged later, during the evolutionary history of Great Apes, with
distinctive adrenarche observed in chimpanzees and bonobos
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(Behringer et al., 2012; Sabbi et al., 2020). Only among humans do we
see a time lag, creating an intermediate period, “middle childhood,”
between adrenarche and gonadarche (Campbell, 2006). During this
childhood phase, the social-behavioral transition from having a juvenile
role to adult role in the community is orchestrated by adrenal matura-
tion. Our results imply that human mothers may forecast future needs by
calibrating the timing of first-born daughters’ neurobehavioral matu-
ration (and perhaps fecundity) in a way that optimizes the mothers’ own
reproductive success based on prenatal psychological distress. Psycho-
logical distress may thus reflect a crucial summary signal of conditions
and resources that translates into biological, ontogenic adaptations. In
this way, psychological distress may be a key human signal in the
intergenerational programming of life history traits.

Strengths of this study include a longitudinal design that followed
families across the prenatal and postnatal periods, from early pregnancy
through the child’s assessment at 13-16 years, with multiple timepoints
of data collection. Additionally, our operationalization of puberty is
bolstered by combining information from maternal and child reports
with biomarkers of both gonadal and adrenal maturation. Nonetheless,
our results should be considered in light of several limitations. We lack
data on other factors that may contribute to predicting children’s ages at
gonadarche, including the mothers’ ages at menarche, potentially con-
straining the interpretation of gonadal results. We were limited by the
timing of our data collection windows for all variables. Our analyses,
although robust, could have captured more detailed information about
the children’s maturational trajectories if we had pubertal assessment
before age 8-10 years and more fine-grained temporal data between
assessments. We also lack data on the children’s interest or participation
in alloparenting as well as any stress or burden that could derive from
caring for younger siblings, consequently, we can only speculate based
on the hypothesized function of accelerated adrenarche. Despite this, we
hope that our hypotheses and results prompt future studies examining
differential interest or participation in alloparenting among first-born
girls whose mothers experienced prenatal distress compared to later-
born peers and those whose mothers did not experience such distress.
Future studies are needed to discern the coordination of onset of adrenal
and gonadal maturation alongside social-behavioral maturation using
earlier childhood assessments than we had here.
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