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Abstract

Increasing research shows pubertal development accelerates in response to threats while it
decelerates in response to deprivation. Yet, these environmental stressors are unlikely to occur

in isolation. We investigated how war exposure and energetic stress impact pubertal development
using data from the longitudinal Biological Pathways of Risk and Resilience in Syrian Refugee
Children (BIOPATH) study. Our sample included 1,576 male and female Syrian refugee children
and their caregivers who lived in temporary settlements in Lebanon. We hypothesized that: 1)
energetic stress suppresses pubertal development; 2) war exposure accelerates pubertal timing

in boys and increases risk of menarche in girls, but only under conditions of lower energetic
stress; and 3) when energetic stress is elevated, effects of war exposure on pubertal development
will be attenuated. Among boys, we did not find support for Hypothesis 1, but Hypotheses 2

and 3 were supported. Exposure to morbidity/mortality threats were associated with accelerated
pubertal timing; this effect was attenuated under conditions of elevated energetic stress. Among
girls, we found support for Hypothesis 1, but not for Hypotheses 2 and 3. Elevated energetic
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stress decreased the risk of menarche in girls. Neither war exposure, nor any interactions with
energetic stress, predicted risk of menarche. Sensitivity analyses revealed a significant interaction
between bombing exposure and the amount of time since leaving Syria. Bombing decreased the
risk of menarche, but only for girls who had left Syria four or more years prior to data collection.
We discuss implications for translational efforts advocating for puberty screening in medical and
mental health settings to identify trauma-exposed youth.
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In recent years, increasing evidence has linked the timing and pace of puberty to mental

and physical health later in life (Binder et al., 2018; Hamlat et al., 2021; Suarez et al.,

2018; Sumner et al., 2019). In particular, accelerated pubertal development is associated
with internalizing and externalizing behavior, aggression, substance use, and risky sexual
behavior (Joos et al., 2018). The onset of pubertal development shifts in response to
environmental conditions and has been studied extensively in relation to childhood adversity
following predictions of Psychosocial Acceleration Theory (PAT; Belsky et al., 1991).
While a number of studies have demonstrated how psychosocial stress accelerates pubertal
development, it may respond differently to different kinds of adversity. For example,
deprivation can delay pubertal timing while threats accelerate it (Colich et al., 2020; Sumner
et al., 2019). However, much of the literature on pubertal development has been conducted
in W.E.L.R.D. populations (Henrich et al., 2010). In the current study, we investigate effects
of exposure to war on pubertal development in Syrian refugee children living in temporary
settlements in Lebanon. We apply life history theory to advance understanding of differential
impacts of certain kinds of adversity and, importantly, demonstrate that context must be
taken into account when interpreting effects on pubertal development, especially in low-
and middle-income countries (LMICs) where resources are more scarce. We begin with a
brief description of the Syrian Civil War which exposed millions of families to conflict and
displacement. We then discuss how evolutionary developmental theory elucidates patterns of
child development and behavior that may follow different kinds of exposures. We conclude
by discussing the few available studies on war exposure and pubertal development which
sets the stage for the current study.

Syrian Refugee Context

For over 10 years, Syria has faced a brutal civil war characterized by state-sponsored
chemical warfare, barbaric atrocities by terrorist groups, and millions of Syrian families
fleeing the country in one of the worst humanitarian crises of the modern era. The Syrian
conflict led to widespread displacement, resulting in 6.8 million refugees and 6.7 million
internally displaced people (UNHCR, 2022). Nearby countries, including Lebanon, Jordan,
Turkey, Egypt, and Irag, have received the majority of refugees, many of whom are still
living in informal temporary settlements and struggling to meet basic needs. Nearly half of
Syrian refugees are children who, along with their families, have faced tremendous trauma
and loss of family members and friends, along with social institutions such as education that
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help stabilize child and adolescent development. These experiences, along with the stress
associated with displacement, raise concerns about the long-term effects on the development
and well-being of Syrian children.

Evolutionary-Developmental Models of Child Development

Evolutionary models of human development offer a unique lens for understanding biological
embedding of exposure to adversity (Belsky, 2008; Ellis et al., 2009, 2022). Life

history theory describes how bioenergetic and material resources are allocated toward
trade-offs impacting evolutionary fitness (Stearns, 1992). Life history strategies have been
characterized as falling along a fast-slow continuum (but see Del Giudice, 2020 for a
critique of this approach). Slower strategies are comprised of later maturation, lower fertility,
larger offspring, longer interbirth intervals, and longer lifespan. In contrast, faster strategies
are reflected in earlier maturation, higher fertility, smaller offspring, shorter interbirth
intervals, and shorter lifespan.

Belsky et al. (1991) drew on evolutionary-developmental models, including life history
theory and parental investment theory (Trivers, 1974), to propose Psychosocial Acceleration
Theory which suggested that childhood environments influence reproductive strategies.
According to this framework, marital discord, high stress, and inadequate financial
resources contribute to poor parenting characterized by harshness, rejection, insensitivity,
and inconsistency. This leads to children developing insecure attachment, mistrust, and
antisocial interpersonal orientations (e.g., opportunism, aggression, anxiety, depression).
These children are more likely to experience earlier maturation and accelerated pubertal
timing which increases the probability of engaging in earlier sexual activity and having
more unstable, short-term pair bonds. Ultimately, this pattern impacts parenting behavior
by limiting parental investment and repeating the pattern in the following generation.

In contrast, more positive rearing environments should forecast secure attachment, trust,
interdependent and prosocial interpersonal orientations, later maturation, later sexual
activity, and more stable long-term pair bonds. This pattern increases parental investment
and self-propagates in subsequent generations.

While Psychosocial Acceleration Theory has offered a strong framework for identifying
environmental risk factors that may influence pubertal development, it does not consider
several elements which might make it more generalizable in LMICs where >90% of
adolescents reside (United Nations, 2022). For instance, individuals in LMICs are more
likely to come from collectivistic cultures where interdependence with an in-group

is promoted. Families in collectivistic cultures are more likely to live with extended
family spanning several generations, meaning that these children may be more buffered
from marital discord than children in nuclear families which are more characteristic

of individualistic cultures. LMICs also systematically differ in other ways as well, as
populations in these settings experience more political and economic instability, armed
conflict, and interpersonal violence (Song & Shaheen, 2013), all of which could impact
pubertal development. Subsequent evolutionary-developmental theoretical work distilled
environmental risk into two fundamental dimensions, harshness and unpredictability, which
are broadly applicable in diverse human contexts (Ellis et al., 2009; 2022). Harshness is
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characterized by elevated morbidity and mortality and energetic stress (i.e., resource scarcity
or nutrition deprivation) while unpredictability refers to temporal and spatial variance in
harshness. Figure 1 below demonstrates how developmental trajectories are impacted by
variation in harshness (modified with permission from Ellis et al., 2009). Key dimensions
include energetic stress, age-specific morbidity and mortality, social competition, and
sensitivity to resource allocation decisions (Ellis et al., 2009, 2022).

Of particular relevance to the current study are outcomes anticipated by elevated morbidity
and mortality, as well as elevated energetic stress. For populations facing elevated adult-
specific or overall morbidity/mortality, reproductive success is enhanced by accelerating
maturation and increasing the rate of reproduction. When morbidity/mortality is juvenile
specific, adaptive calibration of development depends on whether effects of morbidity

and mortality are mitigated by resource allocation decisions of parents or offspring.

When mitigation is possible, reproductive success is enhanced by delaying maturation
and acquiring resources to improve condition and competitiveness. When mitigation is
not possible, reproductive success benefits from accelerated maturation to increase time at
reproductive maturity. Cross-cutting these conditions is resource scarcity/energetic stress.
In populations facing resource scarcity and energetic stress, development is delayed to
prioritize basic maintenance over growth due to low energy availability.

Pubertal Development and War Exposure

Over the last two decades, accumulating evidence has supported life history predictions
about pubertal development, particularly with regard to the accelerating effects of child
abuse (e.g., Mendle et al., 2011; Negriff et al., 2015), father absence (e.g., Neberich et al.,
2010; Tither & Ellis, 2008), and traumatic stress (e.g., Gur et al., 2019; Hamlat et al., 2021).
However, few have investigated the impact of war and its sequelae. Following the Boshian
war, Tahirovi¢ (1998) investigated age at menarche among girls who had lived in Srebrenica,
where the Bosnian Serb Army massacred thousands of Muslim men and boys during the
Srebrenica genocide. The community was under siege for over three years, leading to poor
socioeconomic conditions, starvation, and disease. Compared with girls living in peaceful
areas of Bosnia and Herzegovina, refugee girls from Srebrenica experienced significantly
later menarche (14.43 years vs 13.04 for controls; Tahirovi¢, 1998).

Prebeg and Brali¢ (2000) compared ages of menarche among girls from Sibenik, a town

in Croatia that faced prolonged war conditions during the Croatian War of Independence
(1991-1995). They compared age of menarche of girls living in Sibenik prior to the onset of
the war (in 1981 and 1985) to those who had been exposed (in 1996). Prior to the war, age
of menarche decreased by one month as access to nutrition improved, following widespread
secular trends. After the war, age of menarche increased by three months, reversing this
trend. These authors could not conclusively link these changes to war exposure, however, as
other countries had observed slightly later onset in the same decades even in the absence of
war.

Other studies examining menarche in relation to World War 11 focused on birth cohorts
without directly measuring war exposures. These studies also tended to find delays in age
at menarche, such as in Poland (Liczbinska et al., 2018) where girls born during World
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War Il (WWII) experienced later menarche (mean = 14.4 years, SD = 1.3) than girls born
before (mean = 14.2 years, SD = 1.3) or after WWII (mean= 13.9 years, SD=1.3). In

the Netherlands, a study which focused on effects of the “Dutch Famine” (van Noord &
Kaaks, 1991) found that mean age of menarche was 14.40 years for girls born in 1930,
whose expected mean age of menarche would have occurred in the year of the famine.
They estimated that, in the absence of the famine, girls’ mean age of menarche would have
been 13.75 years. Finally, in Japan, an analysis of growth characteristics before, during, and
after WWII (Schneider et al., 2021) revealed that the pubertal growth spurt occurred 0.51
and 0.46 years later for war-affected boys and girls, respectively. These trends could reflect
the impact of resource scarcity on pubertal development, which is more likely to result

in delayed puberty. This interpretation is consistent with several studies which have found
associations between war exposure and stunted physical growth (e.g., in Nigeria, Rwanda,
Eritrea, and Ethopia, Akresh et al., 2012a, 2011, 2012b; in Laos, Clarkin, 2012; and in
Nordic countries, Angell-Andersen et al., 2004). The magnitude of these effects on growth
vary. For instance, the adult heights of girls exposed to the Nigerian civil war between 0-3
years of age were reduced by 0.75 cm while for girls exposed between 13-16 years of age
the height reduction reached 4.53 cm. For girls between four to 12 years of age at the time of
exposure, there was no evidence of height reduction (Akresh et al., 2011).

In contrast, Pesonen et al. (2008) investigated reproductive traits, including age at menarche,
in the Helsinki Birth Cohort Study. Former child refugees who experienced parent
separation as a result of the Soviet-Finnish wars experienced earlier menarche compared
with children who did not experience separation because of the war. In general, the refugee
group trended toward accelerated development and faster life history traits: men experienced
earlier first child birth and shorter interbirth intervals while women had more children by
late adulthood.

The Current Study

The seemingly conflicting results from previous research could be explained if both war
exposures and nutrition deprivation are considered. The extant literature, for the most part,
relied on archival data and year of birth to approximate war exposure. When war exposure
was measured more directly, it lacked granularity (e.g., asking just three questions in Prebeg
& Brali¢, 2000), or was not used at all in relation to age at menarche (Tahirovi¢, 1998). No
study examined war exposure and undernutrition in conjunction, despite the likelihood of
co-occurrence.

It is increasingly important from a global health standpoint to account for both psychosocial
stress and energetic stress when measuring pubertal development, especially in LMICs
where political conflict and resource scarcity are more common. Some life history research
conducted in Cebu, Philippines has investigated relative effects of nutrition versus parental
instability and/or sibling death, finding that nutrition but not psychosocial stressors predicted
rates of maturation in boys and girls (Gettler, et al., 2015; Kyweluk et al., 2018). Yet, these
studies did not test whether nutrition deprivation moderates effects of psychosocial stress on
pubertal development.
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We address these limitations using longitudinal data from the Biological Pathways of Risk
and Resilience in Syrian Refugee Children (BIOPATH) study which collected questionnaire
data and biological samples from 1,600 Syrian refugee children and their caregivers living in
tented settlements in the Begaa region of Lebanon in 2017 and 2018 (McEwen et al., 2022).
We tested the following hypotheses:

. Refugee children experiencing higher energetic stress in the absence of war
exposure will experience:

A Delayed pubertal timing (in boys) or,
B. Decreased risk of menarche (in girls).

1. Refugee children facing lower energetic stress and higher exposure to war events
will experience:

A Accelerated pubertal timing (in boys) or,
B. Increased risk of menarche (in girls).

I11.  Refugee children facing higher energetic stress and higher exposure to war
events will experience:

A.  Attenuated pubertal timing acceleration (in boys) or,
B. Attenuated increases in risk of menarche (in girls).

I\V.  Effects of war exposure will be especially strong for war events most closely
associated with morbidity and mortality threats.

A detailed description of recruitment and sample characteristics for the BIOPATH study
is provided in McEwen et al. (2022). In short, Syrian refugee child-caregiver dyads were
recruited in refugee camps in Lebanon, with the following inclusion criteria: 1) family has
a child between 8 and 16 years of age; 2) family left Syria within previous four years; and
3) at least one primary caregiver (i.e., a caregiver who spend the most time with the child)
could be identified to answer questions about the child.

The first year of data collection included 1,600 child-caregiver pairs and 1,009 (63%) of
these were followed up one year later. Five cases were excluded due to: data missing due

to tablet failure; child less than 8 years old and unable to understand questions; family

not living in a tented settlement; and/or family participated twice. After data cleaning
(Supplemental Materials pp. 2-5), our sample consisted of 1,576 children (748 male and
828 female). Baseline sample characteristics are described in Table 1, disaggregated by sex.
The average age of child participants was 11.48 years for boys (SD = 2.32, range = 7-17)
and 11.37 years for girls (SD = 2.45, range = 7-17), reflecting a wider age range than
specified by eligibility criteria. There were no significant differences between boys and girls
at baseline. Age distributions are displayed in Figure S1 in the Supplemental Materials.
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The study received IRB approval from the Unversity of Balamand / Saint George Hospital
University Medical Center, Lebanon (ref: IRB/0/024-16/1815), sponsorship from Queen
Mary University of London, and governmental approvals from the Lebanese Ministry of
Public Health. Informed consent was obtained from parents, and assent was obtained from
the child. Families were compensated for participation in the study.

Below we describe the measures used in the current study. The analytical models included
measures of war exposure, energetic stress, pubertal development, and a covariate measuring
the number of years since leaving Syria. The imputation model included all of these
variables, as well as several auxiliary variables used to inform the imputation, including hair
hormones, biometric data, family demographics, refugee environment, and environmental
sensitivity (described in Supplemental Materials p. 4).

War Exposure—The War Exposure Questionnaire is a 25-item questionnaire developed by
the Institute for Development, Research, Advocacy and Applied Care (IDRAAC) to measure
exposure to war, adapted for use with Syrian refugees (Karam et al., 1999). The items

are rated on a binary yes/no scale and ask about several war events including explosions,
bombardment, destruction of property, kidnapping, beating, torture, injury, and death. For
the current analysis, we constructed subscales based on conceptual similarity and theoretical
predictions (Table 3 below). Based on predictions from Life History Theory that morbidity/
mortality cues are most likely to accelerate pubertal development, we created a morbidity/
mortality subscale by summing items that referenced injury or death. The remaining items
were grouped based on conceptual similarity, resulting in a bombing subscale and a
kidnapping subscale. We included all three constructs in our models to specifically test
whether morbidity/mortality cues uniquely predict pubertal development when other types
of war exposures are held equal.

Energetic Stress—Child height in cm, weight in kilograms (kg), hip and waist
circumference in cm were transformed using the World Health Organization’s (WHO) Child
Growth Standards SPSS macro, which produced several metrics including BMI-for-age
z-scores. These growth standards were developed as part of the WHO’s Multicentre Growth
Reference Study (2006). BMI-for-age zscores are with reference to the population of the
WHO study which included diverse samples from Brazil, Ghana, India, Norway, Oman, and
the USA. BMI-for-age was retained as an indicator of bioenergetic stress based on known
relations between body fat and pubertal development (Bygdell et al., 2020; Frisch & Revelle,
1970, 1971; Ohlsson et al., 2020) and because this metric is the most direct measure of
energy balance in our sample.

Pubertal Development——Pubertal development was measured with two of five items

on the Pubertal Development scale (Petersen et al., 1988). Items were selected based

on feedback from our Lebanon-based partner, the Institute for Development, Research,
Advocacy and Applied Care (IDRAAC) which has clinical experience with similar
populations and which recommended using items without an immediate sexual association.
Boys were asked two questions: 1) Have you begun to grow hair on your face? 2) Have
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you noticed a deepening of your voice? Response options on a 4-point Likert-scale ranged
from “1 = has not yet started growing” to “4 = seems complete”. Girls were also asked two
questions: 1) Have you begun to menstruate (started to have your period)? 2) If yes, how old
were you when you started to menstruate? The first question requested a yes/no response,
while the second requested age in years.

For male children, responses were re-coded into one of four stages of pubertal development
using the scoring criteria of the Pubertal Development Scale. Having only two of five items
meant that no child could be classified as post-pubertal (the fifth pubertal stage) even though
such children might be present in the sample (/7=9 boys rated changes being complete across
both years). It is also possible that having additional items may have increased variability

in pubertal staging, and/or increased the precision of our results. Once data were recoded,
ordinal pubertal development scores were regressed on age and the standardized residuals
were retained as estimates of relative pubertal timing. Negative values indicate delayed
pubertal timing while positive values indicate accelerated pubertal timing.

Among female children, responses to the menarche questions across both waves were
transformed into person-period data, such that each girl had a binary observation for

each discrete time interval beginning at birth. Girls who reported having not yet achieved
menarche were assigned a zero, while girls who reported having achieved menarche were
assigned a one for the specified interval. Girls who had not reached menarche by the end of
data collection were censored. We dropped time intervals in which there was no variance,
ultimately retaining intervals corresponding to between eight and 15 years of age.

As a result of these different approaches to handling pubertal data from boys and girls, it
must be noted that the language around and interpretation of our findings will depend on
sex. Specifically, whereas models involving male pubertal data describe effects on pubertal
timing relative to other boys in this sample, models involving female pubertal data describe
effects on “risk of” menarche due to our modeling approach (see Data Analysis below).
These differences are reflected in our language. Pubertal timing, pubertal delay, and pubertal
acceleration only apply to boys. For girls, the outcome is not acceleration or deceleration
relative to peers, but rather increased or decreased risk of achieving menarche. When
describing both boys and girls, we use the more general term, pubertal development.

Number of Years Since Leaving Syria—A single item measured the amount of time
since participants had left Syria. Participants were able to report whether they had left Syria:
0-12 months ago (1), 12-24 months ago (2), 24—-36 months ago (3), 36-48 months ago (4),
or more than 48 months ago (5). While this is an ordinal variable, we elected to treat it as an
interval variable because the lower-bound values are precisely 12 months apart and start at
zero.

Data Analysis

Data cleaning was conducted primarily in IBM SPSS version 27 (IBM Corp., 2020).
Multiple imputation and analytic models were completed using MPlus version 8.7 (Muthén
& Muthén, 2022) using data in their original units (i.e., not mean-centered nor standardized).
Height and weight data were collected on roughly 58% of the sample in year one, and
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99% in year two. For the current study, we imputed the variables in the analytical model

to preserve relations among variables (Nguyen et al., 2017), including interactions such

as those between BMI-for-age (energetic stress) and war constructs (von Hippel, 2009).

We imputed data for boys and girls separately, using several auxiliary variables including:
Wave 2 measures of the imputed variables, age; hair hormone data (log transformed cortisol,
testosterone, DHEA, and cortisol-DHEA ratios); transformed BMI-for-age, height-for-age,
and weight-for-age; and weight, height, waist, and hip measures. We also included variables
linked to resource scarcity, including family demographics, refugee environment, and the
child’s environmental sensitivity. Twenty imputed datasets were generated and used in
structural models.

We conducted path analysis for boys and structural equation modeling for girls. All variables
were observed for boys while for girls, pubertal development was a latent variable. This
distinction was based on our approach to modeling for girls which used survival analysis;
this approach is appropriate for time-to-event data and accommodates censored data. We
used discrete time intervals because girls most often reported age at menarche in whole-year
numbers, resulting in data “ties” which means that several girls share event times (i.e.,
achieving menarche at age 13, for instance). Discrete time survival mixture analysis treats
event history variables as indicators of a latent class variable and is highly versatile (Muthén
& Masyn, 2005).

As a primary objective of this paper is to examine whether patterns of pubertal development
vary as a function of energetic stress, we conducted a series of nested model comparisons
which tested interactions sequentially. Conventional model comparison statistics, such as
the log likelihood ratio and chi-square difference test are unavailable for imputed data.
Mplus uses the Wald XZ test for nested model comparisons with imputed data (Asparouhov
& Muthén, 2010). Thus, we took the following approach. First, models were tested with
covariates only and all interactions set to zero (the restricted model). A single interaction
parameter was freed and the path was tested using the Wald test. This procedure was
completed for all interactions, and any significant interactions would be retained in the

final model. We also conducted sensitivity tests to evaluate the robustness of our models

by including the number of years since leaving Syria, in case our observations of relations
between war and energetic stress could be explained by differences in temporal proximity to
those exposures. That is, while years may have passed since the last war exposure in Syria,
energetic stress would have been current at the time of data collection.

Data Availability

Researchers interested in accessing the data used in this study should contact Professor
Michael Pluess at Queen Mary University of London, UK.

Preregistration—This study is not preregistered.
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Sample Characteristics

War Exposure—Examination of prevalence of specific war events revealed remarkable
similarities across boys and girls (Table 2 below). For both boys and girls, the most
experienced war event was being unable to go outside because of bullets or bombardment,
followed by witnessing nearby explosions. It should be noted however, that this measure
cannot distinguish among children who experienced a war event many times versus just
once.

Descriptive statistics for the war constructs are shown in Table 3. Boys and girls experienced
bombing and mortality events at similar rates, but an independent #test revealed that boys
experienced significantly more kidnapping events than girls ((1496.46) = 3.09, p = 002).
For both boys and girls, kidnapping and mortality were positively skewed (Figures S2—-S4 in
Supplemental Materials)

Resource Scarcity / Energetic Stress—Sociodemographic data indicate that
participating Syrian refugee families face significant economic barriers (Tables S1-S2 in
Supplemental Materials). For instance, 47.3% of families with male children and 47.4% of
families with female children have income between zero to 15 USD (LBP 0-23,000) per
week. Around a third of families receive cash assistance (33.4% for boys and 38.7% for
girls) and nearly two-thirds receive food assistance (65% for boys and 63.9% for girls). The
distributions and descriptive statistics for baseline BMI-for-age are displayed in Figure 2
below.

Pubertal Development—Table 4 below displays descriptive statistics about pubertal
stages for boys and girls. As expected, age increased with each stage of puberty.

Because our measures of pubertal development consisted of fewer items than are typically
used in the literature, we examined associations between pubertal development and other
key variables expected to be associated with it, such as age, biometrics (weight, height,
hip and waist circumference), and hormone levels, in order to increase confidence in our
measures. These findings are shown in Table 5 below.

These analyses revealed strong associations between puberty items and biometric measures
among both boys and girls. Only the association between pubertal stage and DHEA was
non-significant in boys. Taken all together, we felt confident that our measures captured
variation in pubertal development. With that said, we do acknowledge that using so few
items of pubertal development is not ideal and may reduce the precision of our findings.

Analytical Models

Male Syrian Refugee Children—The models for pubertal timing in year one and year
two were tested separately. To test whether boys facing energetic stress experience delayed
puberty (Hypothesis I), we tested whether lower BMI-for-age predicted delayed pubertal
timing. We found no association with pubertal timing in year one (f = 0.00, SE=0.03, p=
0.95, 95% CI. —0.06 — 0.06) nor in year two (p = -0.05, SE=0.04, p=0.25, 95% CI. -0.13
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—0.03). Tabulation of these results are available in Table S4 of the Supplemental Materials.
Taken all together, Hypothesis | was not supported in boys.

We then tested whether the effect of war exposure on pubertal timing depends on energetic
stress (Hypotheses Il and I11). Tabulated results of these models are presented in Tables
S4-S6 in the Supplemental Materials. The final model for boys, is displayed in Figure 3
below (tabulated in Table S5 in Supplemental Materials).

The results reveal that mortality significantly predicted pubertal timing acceleration in year
one (B =0.04, SE=0.02, p=0.05, 95% C/- 0.00 — 0.08), as did the mortality*BMI-for-age
interaction (p = 0.03, SE=0.01, p=0.02, 95% C/. 0.01 — 0.06). BMI-for-age, bombing, and
kidnapping were not associated with pubertal timing in year one. The overall model effect
size for pubertal timing in year one was not significant (R = 0.02, p= 0.14). We found no
significant effects of any predictor, nor any interaction, for pubertal timing in year two.

In order to interpret the positive interaction between mortality and BMI-for-age, we plotted
the interaction at different values of BMI-for-age ranging between —2 SD to +2 SD

(Figure 4 below). Analysis of simple slopes revealed that among boys with BMI-for-age
below zero (i.e., below average), there was no relationship between mortality exposure

and pubertal timing. For boys with BMI-for-age average or above, mortality exposure
significantly predicted pubertal timing acceleration, and the magnitude of its effect increases
with higher BMI-for-age (Table S7 in Supplemental Materials). This finding aligns with
both Hypotheses 2 and 3 which predicted an attenuated effect of war exposure for boys
facing higher energetic stress, but not for boys facing lower energetic stress. Additionally,
the theoretically specified mortality war construct was the only one to show this interaction,
which is consistent with our prediction based on Life History Theory that children would be
especially sensitive to cues of morbidity and mortality.

We also plotted the interaction using the Johnson-Neyman technique to reveal the regions
of significance for the interaction (Figure S5 in Supplemental Materials). This analysis
confirmed the results of our simple slopes analysis. Mortality exposure only accelerates
pubertal timing when BMI-for-age is just about average or above (i.e., zero or above).

Female Syrian Refugee Children—To test whether girls facing higher energetic stress
have a lower risk of menarche (Hypothesis I), we first tested a model with only BMI-for-age
as a predictor. This test revealed a significant, positive relationship between BMI-for-age
and risk of menarche ( = 0.27, SE=0.07, p=<0.001; 95% C/. 0.13 — 0.41) which
supports our hypothesis (Table S8 in Supplemental Materials). That is, for a one standard
deviation increase in BMI-for-age (because BMI-for-age is a standardized score), there is

a 0.27 increase in log odds of menarche. As well, for a one standard deviation decrease

in BMI-for-age, there is a 0.27 decrease in log odds of menarche, which aligns with our
predictions. To make these findings more easily interpretable, we can easily convert log odds
coefficients to the more familiar hazard odds ratio with the following hazard probability
equation:

h(j) = exp(b)
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Where h = hazard probability, j = time interval, and b = the log odds coefficient. Using this
equation, we find that the hazard odds ratio is 1.31 which suggests that a one unit increase in
BMI-for-age corresponds to 31% higher odds of achieving menarche,

To test whether the effect of war exposure on pubertal timing depends on energetic stress
(Hypotheses 11 and I11), we followed the same procedures as with boys. Results of these
models are available in Tables S9-S10 in Supplemental Materials. The final model is
displayed in Figure 5 below (tabulated in Table S11 in Supplemental Materials). The results
reveal that BMI-for-age positively predicts girls’ risk of menarche (B = 0.27, SE=0.07,
p=<0.01, 95% C/.0.12 — 0.41, Hazard OR = 1.31). Contrary to our expectations, there
was no significant effect of mortality exposure, nor any significant effects of interactions
between war constructs and BMI-for-age. However, time since leaving Syria showed a
positive relationship (p = 0.36, SE=10.02, p=0.02, 95% CI/.0.06 — 0.66, Hazard OR = 1.43)
and a significant interaction emerged between bombing and time since leaving Syria (f =
-0.10, SE=0.05, p=0.05, 95% CI:-0.20 — -0.00, Hazard OR = 0.90). The overall model
effect size was significant, but small in magnitude (#2= 0.06, p = 0.02).

To further probe the detected interaction, we tested the simple slopes and plotted the
interaction. The tests of simple slopes, depicted in Table S11 in the Supplemental Materials,
showed a significant, negative relationship between bombing and risk of menarche only for
girls who left Syria four or more years ago (simple slopes p = -0.24, SE=0.10, p=0.02,
95% Cl.-0.44 — -0.07, Hazard OR = 0.79). As shown by the plot of the interaction below
(Figure 6), the risk of menarche girls with more temporal proximity to the war (i.e., less
time having passed since leaving Syria) was increased, but this effect was not significant.
But for girls further away in time from the war, the effect of bombing decreased girls’ risk of
menarche.

General Discussion

Our study has revealed intriguing findings about pubertal development in war-affected
refugee children living in low resource settings. We observed several novel findings with
regard to unique effects of different kinds of war events and sex differences in response

to these exposures. We also showed that energetic stress (BMI-for-age) can play a critical
role in determining whether effects of war exposure impact pubertal development. As there
is a lot to unpack, we begin by summarizing our results for boys followed by those for
girls. Then we will take an eagle-eye view to explain our interpretations of the patterns we
observed.

Our tests of the effects of war exposure and energetic stress on pubertal timing in boys
revealed several key findings. First, we did not find support for Hypothesis | which
predicted that energetic stress delays pubertal timing in boys. At the same time, our tests of
Hypotheses Il and 111 indicate that energetic stress does in fact impact pubertal development
in year one, particularly by moderating the effects of morbidity/mortality exposures on
pubertal timing. This interaction showed that the effects of morbidity/mortality threats on
pubertal timing in year one are attenuated under conditions of elevated energetic stress.

In the absence of energetic stress, we find that exposure to morbidity/mortality threats
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accelerates pubertal timing, as is commonly reported in the pubertal timing literature. That
this finding emerged with specific respect to the morbidity/mortality war construct, but not
the bombing or kidnapping constructs, is consistent with our expectations that morbidity/
mortality threats are especially salient in terms of their influence on pubertal timing, as
predicted by Life History Theory.

However, by year two, all of the observed effects were absent. Pubertal timing in year

two was not predicted by any war exposure construct, nor by any interaction of war with
energetic stress. One possible explanation is that pubertal development “caught up” by year
two. Recall that pubertal timing is a standardized zscore which reflects boys’ pubertal
stage regressed on age. Thus, pubertal timing is relative to the child’s age and relative to
the sample. In year one, boys exposed to more morbidity/mortality-related war events had,
on average, higher pubertal timing z-scores than boys exposed to fewer such events. For
pubertal timing in year two, we recalculated boys’ pubertal timing for their age in year
two. The results for year two indicate that the pubertal timing z-scores did not vary as a
function of war, energetic stress, or their interactions. That is, by year two, boys exposed to
morbidity/mortality war events did not particularly stand out relative to their peers.

The different results across years of data collection suggest that effects of war exposure

on pubertal timing in boys depend on when the data were collected. This may mean that
temporal proximity to war exposure is important for detecting effects on pubertal timing.
However, we did conduct sensitivity analyses with an item which measured the number of
years since the boys had left Syria and we found no effect, neither directly on pubertal
timing, nor as a moderator of the effects of war constructs on pubertal timing. In other
words, we tested whether the effects of war depended on how recently the exposure occurred
and did not find any indication that this might influence our results. One possibility for these
disparate findings is that the single item is a poor measure of temporal proximity, at least
with respect to pubertal timing in boys. Either way, future research investigating effects of
adverse exposures on pubertal development should consider the possibility that temporal
proximity to events may influence findings.

Our findings for Syrian refugee girls revealed a completely different pattern of effects. For
one, we observed a clear relationship between energetic stress and girls’ risk of menarche.
As we predicted, girls facing higher energetic stress are less likely to experience menarche.
However, none of our subsequent tests revealed any interactions between war constructs and
BMI-for-age as we expected. In fact, the only other significant effect for girls, besides the
direct effect of BMI-for-age, was a significant interaction between bombing exposure and
time since the girls had left Syria. Our follow up tests to probe this significant interaction
indicated that the effect of bombing predicted a lower probability of menarche, but only for
girls who left Syria four or more years prior to data collection. Not only is the direction of
the effect of war exposure in contrast to our expectations, but only 12% of Syrian refugee
girls had left Syria more than four years prior to data collection (according to baseline data),
meaning that 88% of girls are not well-characterized by this interaction.

We think one possible explanation for the different findings in boys and girls is that they
were influenced by our measures of pubertal development. In particular, we were able to
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calculate pubertal timing at two time points in boys and these models revealed significant
effects on pubertal timing in year one, but not year two. In contrast, for girls, our best use
of the data was to conduct discrete time survival analysis. To do so, we had to transform
our data to create person-period variables which identified whether girls had achieved
menarche or not by the end of the study. In other words, girls” pubertal development is
characterized by survival (or risk of menarche) by year two. It is possible that the results
may have been different if we had measured girls’ pubertal stages with greater granularity
and over multiple time points. Achieving menarche distinguishes girls in the later Tanner
stages (4-5) from those in the earlier Tanner stages (1-3); however, further distinction is not
possible. Furthermore, menarche only occurs once, further limiting its utility in measuring
change over time. We do think that the possibility that the observed sex differences are
due to measurement highlights a need for future research involving longitudinal measures
of pubertal development. When such measures are available over multiple time points (in
boys and/or girls), studies tend to focus on pubertal tempo (e.g., Hamlat et al., 2022;
Sumner et al., 2023). Pubertal tempo refers to the pace of change in pubertal development,
while pubertal timing focuses on the relative onset of puberty and/or relative timing of
achieving different pubertal stages (Mendle et al., 2010). Understanding relations between
these constructs requires further study. Some investigations involving both constructs can
produce congruent results (e.g., earlier timing is associated with faster tempo; e.g., Ellis et
al., 2011; Kowalski et al., 2021), but in many cases the findings are more complex (e.g.,
Beltz et al., 2014; Hamlat et al., 2022; Negriff et al., 2015). Ultimately, additional research
is necessary to fully characterize how pubertal development changes over time following
adverse exposures, as well as how these changes impact mental and physical health, as well
as other outcomes, later in life.

Another possibility is that the results are due to sex differences in reporting on pubertal
development. Our measures of pubertal development are likely to reflect Syrian refugee
children’s knowledge and understanding of the pubertal transition; however their access

to reproductive health education is likely influenced by culture, gender, and religion.

In general, the Western Asia and North African (WANA) region is characterized by
conservative sociocultural norms that discourage youth-friendly sexual and reproductive
health services and information (Gausman et al., 2019). Parents, teachers, and healthcare
providers who might typically provide information on puberty in a Western context are
ill-equipped to do so in communities with very conservative views of sexuality (DeJong &
El-Khoury, 2006). There may be other reasons for under-reporting, particularly among girls
for whom menarche potentially accompanies child marriage, early pregnancy, gender-based
violence, and sexual assault, all of which are compounded by stigma and discrimination (El
Ayoubi et al., 2021; Fahme et al., 2021).

Indeed, Syrian refugee adolescent girls in Lebanon report menarche as shocking, scary, and
unexpected, with varying prior knowledge and access to family members who could help
(El Ayoubi et al., 2021). Half of those studied were unfamiliar with its function, while the
others recognized it as a sign of puberty and transition from childhood to womanhood.
Nevertheless, the majority of girls were able to describe physical, personal, and social
changes that occur with puberty (Korrie et al., 2021). In comparison to girls of the same age,
fewer Syrian refugee boys aged 15-24 had ever discussed sexual and reproductive health
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(41% versus 30%, respectively; Chahine et al., 2014). However, male adolescents are able to
describe the physical changes accompanying puberty, such as hair growth, but desire more
information (DeJong et al., 2017). For boys, puberty is perceived as being associated with
transitioning to adulthood, sexual experimentation, moving away from parents, pregnancy,
and childbirth. Although it is not entirely without stigma, as aspects of pubertal development
including masturbation and sperm are considered socially unacceptable and shameful
(Gausman et al., 2021), self-disclosures about one’s own development are still likely to

be less threatening for boys compared to girls.

Strengths and Limitations

The BIOPATH study from which our data are drawn is highly unique in several respects,
thereby lending itself particularly well to the hypotheses tested in this paper. It is one

of very few studies which collected data from Syrian refugee families contemporaneously
with the Syrian Civil War. The sample of 1,600 refugee child-caregiver dyads living in
temporary settlements in Lebanon is highly unique, as are the quality of the measures which
include validated, self-report measures of a number of individual and environmental traits
as well as biometric measures, hair hormones, and saliva samples. Refugees tend to be
fairly mobile which can pose challenges for longitudinal data collection, but because saliva
samples were collected and used in genome-wide association analysis, we were able to
confirm that we were indeed collecting data from the same child over the two years of data
collection. Additionally, to our knowledge, BIOPATH is the only study which has measured
characteristics of puberty concurrently with development in a large sample of war-affected
children who were displaced at the time of data collection.

The primary limitation of this study is our measurement of pubertal development, which
consisted of just two items each for boys and girls. Our selection of items was determined
by our need to use caution in how certain questions were asked due to strong cultural

and religious boundaries around sexuality and reproductive health. Although we did find
strong associations between these items and other measures of growth and development,
our findings are likely to lack precision. For instance, we could not actually measure
whether boys were post-pubertal due to the number of items available. For girls, we were
unable to detect earlier stages of puberty at all as menarche typically occurs around Tanner
Stage 4 (Marshall & Tanner, 1969). Future research investigating pubertal development,
particularly in vulnerable groups and/or in low resource settings, should aim to collect as
much information about pubertal development as possible. For example, some versions of
the Pubertal Development Scale for girls include items asking about changes in height,
axillary hair growth, and skin changes in addition to questions about breast growth and age
at menarche (Petersen et al., 1988). To the extent possible, these items should be evaluated
for fit with the population under investigation.

Future Directions

It is critical for future research on pubertal development to sample from more diverse
settings. As demonstrated here, the patterns of pubertal development we identified in war-
affected refugee children depart from those which are commonly found in populations living
in more stable, higher resource settings. For children in the latter settings (upon whom
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the majority of pubertal development research is based), threat exposures typically predict
earlier and faster pubertal development, leading some to propose pubertal screening among
medical and mental health providers in order to identify trauma-exposed youth (e.g., Colich
etal., 2019; McLaughlin et al., 2020). However, our findings show that this recommendation
would miss trauma-exposed youth who also face energetic stress. Indeed, resource scarcity
in W.E.L.R.D. settings (Henrich et al., 2010) is unlikely to reach the severity that might be
present in, for example, LMICs. More than 90% of the world’s adolescents reside in LMICs
(United Nations, 2022) but these youth are poorly characterized by the extant literature.
Remediating this gap is not just a scientific endeavor, but also an ethical and humanitarian
one. As we previously noted, children and adolescents in LMICs are likely to experience

far more concentrated adversity, far more severe poverty, and have far less access to mental
health services than youth in higher income countries. An increasing number of Western
scholars are proposing that pubertal development may be a transdiagnostic mechanism (i.e.,
a core process linking adversity to poor outcomes) for psychopathology (e.g.,Colich et al.,
2020; Hamlat et al., 2019; Mendle et al., 2020). Accumulating evidence in this area is
providing the basis for critical research to identify targets for intervention in order to prevent
psychopathology in trauma-affected youth. However, we think it would be remiss if these
efforts failed to benefit the most vulnerable among us.

Exposure to trauma during childhood and adolescence is often linked to accelerated pubertal
development in populations living in higher resource settings. This body of evidence is
increasingly used to advocate for pubertal screening to identify trauma-affected youth

and intervene in the development of psychopathology. We investigated how war and
displacement impacted pubertal development in Syrian refugee children, predicting that
energetic stress (nutrition deprivation) attenuates effects of war exposure on pubertal
development. In Syrian refugee boys, war events linked to morbidity/mortality threats
predicted accelerated pubertal timing. As predicted, this pattern is attenuated in boys

facing elevated energetic stress. In Syrian refugee girls, elevated energetic stress decreased
risk of menarche. Additionally, exposure to war events characterized by bombing and
explosions predicted decreased risk of menarche, but only for girls who had left Syria

more than four years prior to data collection. All together, these findings reveal that expected
effects of trauma on pubertal development may be obscured under conditions of elevated
resource scarcity. Further research is needed which investigates pubertal development in
non-Western settings, particularly in LMICs where more than 90% of the world’s children
and adolescents live.
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Public Significance Statement

Exposure to war and displacement in childhood is a known risk factor
for poor health outcomes; however, few studies characterize how these
experiences impact pubertal development. We investigated how exposure
to war impacts pubertal development in Syrian refugee children living in
temporary camps in Lebanon.

Energetic stress, or nutrition deprivation, can attenuate effects of war
exposure on pubertal development, which limits the utility of solely screening
for pubertal development to identify trauma-exposed youth. Puberty research
conducted in low resource settings must account for energetic stress when
investing how adverse exposures impact puberty.

Findings from this study highlight a critical need for longitudinal research on
pubertal development, especially in low- and middle-income countries where
>90% of adolescents live, to fully characterize how pubertal development is
impacted by adverse experiences.
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Impact of environmental harshness on developmental trajectories. LH = life history.
Modified with permission from Ellis et al., 2009.
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Figure 2.
BMI-for-age distributions and baseline descriptive statistics for boys (blue) and girls (red).
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Final model showing effects of war exposure and energetic stress on pubertal timing in boys.
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Effect of mortality*BMI-for-age interaction on boys’ pubertal timing in year one.
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Final model showing effects of war exposure, energetic stress, and time since leaving Syria

on risk of menarche in girls.
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Effect of bombing*time interaction on girls’ risk of menarche.
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Baseline descriptive statistics by sex.

Table 1.

Boys Girls Test of Differences
Mean (SD) | N (Missing) | Mean (SD) | N (Missing) t (df), p
Child age 1148 (2.32) | 662(86) | 11.37(2.45) | 732 (96) 0.84 (1392), 0.40
Caregiver age 39.27 (8.72) 740 (8) 38.70 (8.40) 819 (9) 1.30 (1557), 0.20
Number of children in household | 4.96 (2.04) 748 (0) 5.13 (2.07) 824 (4) -1.59 (1570), 0.11
Number of people in household 7.59 (2.61) 739 (9) 7.80 (2.58) 821 (7) -1.58 (1558), 0.12
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Table 2.

Percent of Syrian refugee children exposed to war events and constructs.

Percent Exposed

War Event Construct | Male | Female
Did you witness explosions close to you Bombing 59.6 63.3
Were you not able to go outside house because of bullets or bombardment Bombing 66.6 69.2
Were houses of people you know destroyed Bombing 58.6 57.9
Did you witness it Removed 40.4 38.4
Did you house get completely destroyed or part of it Bombing 33.2 36.1
Did you witness it Removed 16.3 17.6
Were you inside your house when it got bombarded Bombing 8.7 11.8
Did you witness the kidnapping of someone Kidnapping | 10.8 8.2
Did any member of your family get kidnapped Kidnapping 4.4 3.6
Did you witness it Removed 1.9 1.0
Did armed persons try to kidnap you Kidnapping 3.2 13
Did you witness someone getting beaten up Mortality 30.2 255
Did armed people enter your house Kidnapping 24.3 19.1
Did you witness it Removed 19.8 16.4
Did you witness persons getting tortured Mortality 24.3 24.2
Did you get beaten to give information about your parents Mortality 31 1.9
Did you see an injured person (not on TV) Mortality 41.3 37.3
Did you see armed persons shooting people Mortality 235 22.6
Were you injured from explosions or bombarding Mortality 2.9 1.8
Was any close person to you injured in war Mortality 31.0 26.3
Did you witness it Removed 17.9 13.6
Did you see a dead person (not on TV) Mortality 27.7 26.3
Did you witness armed people killing someone Mortality 16.2 16.5
Did a close person to you get killed Mortality 337 325
Did you witness it Removed 15.4 13.9
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Descriptive statistics of war exposure for boys and girls.

Table 3.

Mean (SD) | Median | N (Missing) | Min./Max. Correlations

Bombing | Kidnapping | Mortality
Boys
Bombing 2.27(1.43) | 200 748 (0) 0/5 1.0 0.28™** 0.49 ™%
Kidnapping | 0.43(0.71) | 0.00 748 (0) 0/4 1.0 0.47%*
Mortality 2.33(248) | 2.00 748 (0) 0/10 1.0
Girls
Bombing 2.37 (1.46) 3.00 828 (0) 0/5 1.0 0.30¥** 0.49 ***
Kidnapping | 0.32(0.63) 0.00 828 (0) 0/4 1.0 0.46 "
Mortality 2.15 (2.40) 1.00 828 (0) 0/10 1.0

***p <0.001
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Table 4.

Descriptive statistics for pubertal development variables at baseline.

Pubertal Category (Boys)
| Frequency (Missing Age) | Mean Age (SD) | Minimum | Maximum

Pre-pubertal | 411 (58) | wsi08y | 704 | 1672
Early pubertal | 96 (15) | 12.75 (1.84) | 8.46 | 16.56
Mid-pubertal | 62(7) | wseqs | o973 | 169
Late pubertal | 19.(1) | 6o | o4z | wm
Post-pubertal* | N/A | ~wa | Nna | wa
Missing Puberty Category | 74 (5) | 11.84 (2.07) | 7.80 | 17.00

* Post-pubertal category not detectable in our sample due to number of items.

Menarche (Girls)

| Meanage(sp) | N(wissing Age) | Minimum | Maximum
No Menarche | 1033 (1.75) | swey | 00 | 1672
Menarche | 1430 (1.62) | 1208 | o | wa
Missing Menarche | 9.18 (L17) | 2 (0) | 8.35 | 10.01

Dev Psychol. Author manuscript; available in PMC 2024 September 01.

Page 32



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Black et al.

Table 5.

Correlations between pubertal development and associated variables for girls and boys.

Boys

Girls

Pubertal Stage (Y1)

Pubertal Stage (Y2)

Menarche Achieved (Y1)

Menarche Achieved (Y2)

Variable (Year) r (SE) r (SE) r (SE) r (SE)
Age (Y1) 0.58 (0.03) 0.69 (0.02) 0.71 (0.02) ™ 0.74 (0.02) ™
Cortisol (Y1) 0.27 (0.03) " 0.32 (0.04) 0.27 (0.03) " 0.30 (0.04) ™
Cortisol (Y2) 0.18 (0.06) ** 0.24 (0.05) 0.25 (0.04) " 0.30 (0.04) ™
DHEA (Y1) -0.00 (0.04) 0.00 (0.04) 0.31 (0.03)™* 0.28 (0.04)***
DHEA (Y2) 0.03 (0.06) 0.03 (0.06) 0.31 (0.04)*** 0.33 (0.04)**
Testosterone (Y1) 0.30 (0.03) ™ 0.39 (0.03) ™ 0.26 (0.03) ™ 0.24 (0.04) ™
Testosterone (Y2) 0.34 (0.05) *** 0.41 (0.04) 0.21 (0.04) 0.23 (0.04) ***
Height (Y1) 057 (0.03) ™ 0.70 (0.02) 0.63 (0.02) *** 0.71 (0.02)
Height (Y2) 0.58 (0.03) *** 0.73(0.02) ** 0.52 (0.03) *** 0.65 (0.02) ***
Weight (Y1) 053 (0.03) ™ 0.60 (0.03) *** 0.68 (0.02) *** 0.73 (0.02)
Weight (Y2) 0.59 (0.03) 0.68 (0.03) 0.59 (0.02) *** 0.70 (0.02)
Waist (Y1) 0.39 (0.04) 0.45 (0.04) 052 (0.03) *** 0.55 (0.03)
Waist (Y2) 0.44 (0.04) 0.51 (0.04) 0.48 (0.03) 059 (0.03)
Hip (Y1) 0.43 (0.04) ™ 0.55 (0.03) 0.66 (0.02) ™ 0.69 (0.02)
Hip (Y2) 0.49 (0.04) 0.57 (0.03) 059 (0.03) 0.70 (0.02)

0 <0.001
**p <0.01
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