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ABSTRACT

Males in vertebrate species with biparental care commonly face a life history trade-off between investing in
mating versus parenting effort. Among these males, testosterone is frequently elevated during mating and
competition and reduced when males help raise offspring. These physiological patterns may be adaptive, in-
creasing males' fitness through investments in young. However, for some species, including humans, indirect
parenting often benefits young but can also involve male competition and risk-taking behavior and may be
facilitated by elevated testosterone. Despite potential adaptive functions of biological responses to invested
fatherhood, few if any mammalian studies have linked fathers' testosterone to offspring outcomes; no studies in
humans have. Using data from a small-scale society of fisher-farmers from the Republic of the Congo, we find
that fathers who were rated as better providers by their peers had higher testosterone, compared to other fathers
in their community. However, children whose fathers had middle-range T compared to fathers with higher or
lower levels had better energetic status (higher BMI; greater triceps skinfold thickness). Fathers' indirect and
direct care helped to account for these associations between paternal T and children's energetic profiles. Given
that human paternal direct and, especially, indirect care are thought to have been important evolutionarily and
remain so in many contemporary societies, these findings help to shed light on the facultative nature of human
biological responses to fatherhood and the relevance of these factors to children's well-being.

ABSTRACT

Les males des espéces vertébrées ot il existe des soins biparentaux sont souvent confrontés a faire des compromis
entre 'investissement dans l’accouplement et les efforts parentaux. Parmi ces mailes, la testostérone est
fréquemment élevée pendant 1'accouplement et la compétition et plus réduite lorsque les hommes aident a élever
leurs enfants. Ces patterns physiologiques peuvent étre adaptatifs, ce qui augmente le succes reproducteur
(fitness) des hommes gréce a un investissement dans leurs enfants. Cependant, pour certaines espéces, y compris
les humains, la parentalité indirecte profite souvent aux enfants, mais peut également impliquer une compétition
masculine et un comportement a risque, et peut-étre facilitée par un taux élevé de testostérone. Malgré les
fonctions adaptatives potentielles des réponses biologiques dans I'investissement paternel, presque aucune étude
sur les mammiféres n’a tenté d’établir un lien entre la testostérone des péres et la descendance (offspring out-
comes) et c’est aussi le cas chez les humains. Les données collectées dans une micro-société des pécheurs-fer-
miers de la République du Congo indiquent que les péres qui ont été évalués comme les meilleurs soutiens de
famille de soins par leurs pairs avaient un taux de testostérone plus élevée que les autres péres de la
communauté. Cependant, les enfants dont le pére avait un taux situé dans la fourchette moyenne, comparati-
vement aux péres avec des niveaux plus élevés ou plus faibles, avaient un meilleur statut énergétique (IMC plus
élevé, épaisseur du pli cutané du triceps plus important). Les soins directs et indirects des péres ont contribué a
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rendre compte des associations entre le profil paternel et le profil énergétique des enfants. Etant donné que les
soins directs et, en particulier, les soins indirects paternels sont considérés comme importants d’un point
évolutionnaire et qu’ils le demeurent dans de nombreuses sociétés contemporaines, ces résultats aident a
comprendre le caractére facultatif des réponses biologiques humaines a la paternité et la pertinence de ces
facteurs pour le bien-étre des enfants.

1. Introduction

Among vertebrates, testosterone (T) plays an important physiolo-
gical role in shaping male life history strategies. Elevated T often
mediates life history trade-offs by influencing the allocation of limited
time and energetic resources to reproduction over survival. In this role,
T commonly mechanistically allocates resources towards mating-re-
lated somatic (e.g. musculature, ornamentation) and behavioral (e.g.
competition, risk-taking) components of male reproductive effort
(Bribiescas, 2001; Goymann et al., 2007; Gray et al., 2017; Hau, 2007;
Muehlenbein and Bribiescas, 2005; Muller, 2017). For species in which
biparental care has evolved, males face an additional reproductive-re-
lated trade-off between mating and parenting effort during periods in
which offspring are dependent (Hirschenhauser and Oliveira, 2006;
Wingfield et al., 1990). For such vertebrates, it is relatively common for
males to have elevated T during the season or life history period in
which they compete for mating opportunities, resources, and status and
to exhibit reduced T when they partner with females, including to co-
operate in parental care (Goymann et al., 2007; Hirschenhauser and
Oliveira, 2006; Storey and Ziegler, 2016; Wingfield et al., 1990). This
conceptual framework emerged from decades of bird behavioral and
physiological data (Goymann et al., 2007; Wingfield et al., 1990). It is
now seen as broadly applicable to species in multiple vertebrate taxa
(Hirschenhauser and Oliveira, 2006; Storey et al., 2006) including
mammals, among which biparental care is relatively rare (i.e. compared
to birds and fish) and singular paternal care, as a species wide norm, is
absent (Clutton-Brock, 1991; Gettler, 2014; Saltzman and Ziegler, 2014;
Storey and Ziegler, 2016).

Humans are one such mammalian species to which this model ap-
pears to generally apply. In multiple, variable cultural and ecological
settings it has been shown that fathers who participate in more direct
care (Gettler, 2016a; Gray et al., 2017; Rilling, 2013; Storey and
Ziegler, 2016; van Anders, 2013) and who sleep in close proximity to
their families have lower T than do other fathers (Gettler et al., 2012;
Lawson et al., 2017). Complementing the data on human paternal
physiology and care and also consistent with the notion that social
monogamy tends to evolutionarily precede paternal care among
mammals (Lukas and Clutton-Brock, 2013), men in monogamous re-
lationships tend to have reduced T compared to single males (Gettler,
2016a; Gray et al., 2017; van Anders et al., 2011; van Anders, 2013).
Meanwhile, partnered men who report greater interest in extra-pair
sexual and romantic opportunities or lower relationship commitment or
investment maintain relatively elevated T (Edelstein et al., 2011;
MclIntyre et al., 2006; van Anders and Goldey, 2010).

Consistent with interpretations for similar patterns in other taxa
(Hirschenhauser and Oliveira, 2006; Wingfield et al., 1990), these re-
sults are hypothesized to reflect selection for physiological mechanisms
that help facilitate males' cooperation with females to raise highly de-
pendent offspring (Gettler, 2016a; Gettler, 2014; Gettler, 2010; Gray
et al.,, 2017; Storey and Ziegler, 2016). Because reduced paternal T
helps facilitate parenting effort and focus males away from mating ef-
fort, it should tend to increase offspring survival and quality in species
that have evolved biparental care. While there is support for this per-
spective in studies of some bird species (Reed et al., 2006), this link
between fathers' T and offspring outcomes is largely unexplored among
mammalian species (Bales and Saltzman, 2016; Rosenbaum and Gettler,
2018). Along those lines, this potential linkage between fathers' T and
child outcomes has not been tested in humans, to our knowledge.
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Adding further complexity, recent results indicate that men whose T or
androgen functionality is too low may be prone towards depression or
reduced parenting effort (Gettler et al., 2017; Saxbe et al., 2017). These
newer data thus raise the question of whether there may be an inverted
U-shaped curve relating fathers' T to child outcomes, potentially ac-
counted for by paternal care, with children benefitting most when fa-
thers' have medium-range T.

In support of such a possibility, evidence suggests that lower T is not
uniformly linked to greater investment by males, within or across
species. For example, while the model linking reduced T to male in-
vestment in pairbonding and parenting effort has broad support across
vertebrates, there are notable exceptions in multiple taxonomic groups
(Lynn, 2008; van Anders et al., 2011). These divergences have been
shown among rodents (Trainor and Marler, 2001), fish (Desjardins
et al., 2008), and birds (Goymann et al., 2007; Lynn, 2008) and shed
light on both evolutionary and proximate influences on T's physiolo-
gical functions. In the context of the debate around whether men's
mating effort is misconstrued as parenting effort (Hawkes et al., 2001;
Hawkes and Bliege Bird, 2002), some such patterns are at least con-
sistent with long-standing observations that mating and parenting effort
are often not separable (Smuts and Gubernick, 1992). Specifically,
certain forms of paternal care that involve competition (e.g. for terri-
tory or resources) may be facilitated by elevated T rather than reduced
T (van Anders, 2013; van Anders et al., 2011).

Furthermore, in species in which paternal care has evolved but
males' roles are primarily restricted to domains that overlap with
mating effort or those that might be more effectively facilitated by the
maintenance of elevated T (e.g. competitive and risk taking behaviors),
one would predict that males would not exhibit reduced T during sea-
sons or phases of pairbonding or parenting (Gettler et al., 2015; Gray
et al., 2017; van Anders et al., 2011). Among species in which paternal
care is not obligate and in which males flexibly adjust their caregiving
effort between domains, such as shifting relative investments in indirect
and direct care (Clutton-Brock, 1991; Gettler, 2010; Marlowe, 1999), it
is likely that male reproductive physiology will have been selected for
plasticity to respond to cues and demands of the proximate context
(Goymann et al., 2007; Lynn, 2008; Wingfield et al., 1990). Reflecting
the imperfection and compromises inherent in evolutionary processes,
both of these scenarios set up conflicts between the range of demands of
pairbonding and biparental care and paternal physiological profiles.
Fathers with elevated T may be effective at acquiring resources or
protecting young or territory, but also less effectual at cooperating with
mothers, more mating-oriented, and less sensitive to offspring needs.
Experimental avian models in which males' T is artificially elevated
during periods in which they would typically participate in biparental
care have shown that they (instead) compete against other males and
pursue extra-pair mating opportunities, offering support for this fra-
mework (Ketterson et al., 1992; Reed et al., 2006).

In humans, there is substantial variation between- and within-
ecologies and societies in the extent to which males perform care and
the forms that care takes. Thus, humans represent a notable test case to
model the within-species range of paternal physiology profiles ex-
pressed under variable ecological and familial demands. As described
above, much past research on human paternal physiology has focused
on the association between T and fathers' direct caregiving rather than
forms of indirect paternal care, such as provisioning, to which men
more often commit their time and energy cross-culturally (Gettler,
2016a; Gettler, 2014; Gray and Anderson, 2010; Gurven and Hill, 2009;
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van Anders, 2013; van Anders et al., 2011). Given the energetic de-
mands of raising multiple slow developing offspring concurrently, as is
common in natural fertility populations, provisioning is hypothesized to
have been critical for the evolution of human's life history strategy
(Gray and Anderson, 2010; Gurven and Hill, 2009; Kaplan et al., 2000),
and provisioning and familial resources have been linked to child
health and energetic status in subsistence-level societies (Boyette et al.,
2018; Winking and Koster, 2015). In such societies, where calories can
be periodically limited and pathogen exposure is typically high, im-
proved energetic status substantially influences children's ability to
ward off infectious disease (McDade et al., 2008; Nandy et al., 2005). In
recent work from the present study population, we have shown that
children with poorer indicators of long-term energetic condition were
more likely to exhibit physiological markers of acute infection (Boyette
et al., 2018). Through these pathways, paternal indirect care can have
significant impacts on children's health outcomes. Moreover, the effects
of energy restriction during childhood may translate into effects on
adult health, cognitive function, and economic productivity (Martorell
et al., 2010).

Here, we help shed light on these prevailing questions by testing
hypotheses related to paternal T among a small-scale community of
Bondongo fisher-farmers in the Republic of the Congo (ROC). As de-
scribed previously (Boyette et al., 2018) and in further detail below,
within this cultural group fathers' indirect forms of parental care, par-
ticularly provisioning and resource acquisition, are highly valued and
emphasized as central to what men contribute to families. Men do en-
gage in direct paternal care in this setting, though average levels are
relatively low in cross-cultural comparison (Hewlett and Macfarlan,
2010; Gray and Anderson, 2010), and such care is more important after
early childhood (e.g. socialization; tending to older children when they
are sick). As we characterize in the Methods, valued indirect paternal
care behaviors in this community often involve risk taking and men
acquire social status through their success in these activities. Thus,
theoretically, higher T could facilitate these types of behaviors (Archer,
2006; Gray et al., 2017; van Anders, 2013). However, fathers with
extremely elevated T might additionally pursue mating effort at a cost
to parenting, family function, and child health. For example, our past
work in this context points to sexual jealousy as a major source of
marital conflict (Boyette et al., 2018). Thus, we test competing hy-
potheses relating paternal T to men's parenting effort. We first test
whether fathers with medium-range T engage in greater indirect care
related to acquisition of resources compared to fathers with relatively
lower or higher T (i.e. an inverted U-shaped curve). As an alternative
hypothesis, we also test whether fathers with higher T engage in greater
indirect care (i.e. a linear relationship). Given the extensive prior work
linking lower paternal T to greater direct care (Gettler, 2016a; Gray
et al., 2017; van Anders, 2013), we also test a similar hypothesis among
these Bondongo fathers. However, we predict that direct care will not
be significantly linked to their T, given its relatively low frequency and
reduced cultural salience (Boyette et al., 2018; Gettler, 2016a). Ad-
ditionally, we test whether fathers with medium-range T will have
children in better health and energetic condition than fathers with re-
latively lower or higher T (i.e. an inverted U-shaped curve) or whether
paternal T-child health relationships are linear. Finally, we test whether
fathers' care helps to account for relationships between T and children's
energetic status.

2. Methods
2.1. Study population and ethnographic context

The current study is part of a larger biocultural project on father-
hood, family systems, and child development among Bondongo fisher-
farmers and BaYaka foragers in northern ROC. Our analyses here focus
on the former group, who are residents of a village along the Motaba
River in the Likouala Province. It takes 3 to 6 days to reach the site by

37

Hormones and Behavior 107 (2019) 35-45

hired transport from Brazzaville, ROC's capital city. The village itself is
accessible only by foot or by a 1- to 3-hour boat ride from the nearest
road, which was built by a logging company operating in the region.
With two exceptions, all participants in the current study were ethni-
cally Bondongo. The final sample for the current study consisted of 16
fathers and all of their available children (total sample size, n = 80
fathers and children). Each man in the sample had at least one child
younger than 5-years-old living in their household during the study
period. One man's youngest biological child was 10-years-old, but his
oldest son lived in the household with his 2-month-old infant. The men
all knew each other well, as most had grown up together and/or were
related through kinship by various degrees. Two men were relatively
recent arrivals: one an immigrant who has lived there for almost
10 years and has a local wife and children; the other arrived more re-
cently along with his wife and children. Both were well integrated into
village life.

The Bondongo (singular Mondongo) practice swidden agricultural
along the periphery of the tropical forest. In the study village, the pri-
mary cultigens include cassava (manioc), plantains, and corn. People
also grow taro, peanuts, fruit, and other small crops (Komatsu, 1998).
There is a stark sexual division of labor. After men clear the garden plot,
agriculture is exclusively women's work. Men organize hunting parties,
fish using lines and traps, and cultivate palm wine, or molenge. In the
study village, there are also two men who are merchants, and one male
school teacher. Bondongo culture prescribes a fairly rigid social hier-
archy based on gender, age, and status. Compared to women, men
wield more overt political power and hold positions of authority in the
village government, starting with the Precot, or elected chief. With a
village size of roughly 22 shifting households, most men hold a position
on either the council of elders or the council of youth, and the Precot
generally consults with multiple other men, usually the elders, to reach
consensus on village decision-making. Regardless of their position in
the village hierarchy, all men must also perform subsistence/economic
activities to provide for themselves and their families.

2.2. Data collection

Data for this study were collected by AHB and SLL during June and
July of 2016. All married men and women with at least one child
younger than 18-years-old and their children were eligible for the
study. All families available in the village except two agreed to parti-
cipate. Data from four men and their families were excluded from the
current study because of missing data for some relevant measures: Two
men left the village on business before salivary data could be collected,
one man refused to participate in the saliva component of the study,
and one man's children were away from the village during the study
period so were not available to provide data on their energetic condi-
tion. Village consent to conduct the research was obtained at a public
meeting held during a prior field trip in 2015, and individual verbal
consent or assent (for children) was obtained from all participants
during the 2016 study period. As agreed upon during the public
meeting, compensation to each family was in the form of a gift to both
the male and female heads of household. Rice, a highly desirable
commodity, was also given to each participating family each evening
following saliva collection. The study was approved of by the
Institutional Review Boards of Duke University (Protocol # 2017-0038)
and the University of Notre Dame (# 18-02-4397).

We collected three types of data to assess the relationships between
paternal care, children's health and well-being, and testosterone (T):

2.2.1. Paternal Care

As we reported in our initial work from this site (Boyette et al.,
2018), we sought to characterize the cultural model of fatherhood
among the Bondongo, and to quantify within-group perceptions of in-
dividual fathers. We were also interested in local understandings of
child health and well-being. First, informal interviews were conducted
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with adult men and women (n = 14, 36% women) on the subjects of
fatherhood and child health and well-being. Responses to the inter-
views were highly consistent across informants. Using these responses,
a set of questions about valued domains of fatherhood and child de-
velopment was derived to use in a peer-ranking task (von Rueden et al.,
2008). The domains of concern here include fathers' indirect care
through work as a provider of key resources, direct care of ill children,
and direct care in children's socialization, as well as the domain of
healthy child growth and development (Table 1).

For the ranking task, men were shown photographs of the other
fathers in the study and were then asked to place them in order from
first to last in response to each question (Boyette et al., 2018). Parti-
cipating men were encouraged to uniquely rank their peers, but ties
were permitted. For quantitative analysis, the last position in each
participant's completed ranking was coded as “1” and the first (highest)
as the sum of the number of total positions. Men's rankings of their
peers were highly reliable for each question (Cronbach's a > 0.84 for
each, Table 1). The rankings were then averaged across rankers to es-
tablish a score for each man ranked. The two direct care domains were
highly correlated (r = 0.85, p < 0.001) and the average of these two
scores was used as a single measure, Direct score, for analysis (Boyette
et al., 2018). The inter-correlations between the three ranking variables
used in the current study are presented in Table 2a. As can be seen, the
two fatherhood quality scores are effectively not correlated, indicating
they represent independent domains of fatherhood quality. However,
each is significantly, positively correlated with Child Health score.
Additionally, Table 2b presents the inter-correlations between the Child
Health scores and our measures of children's energetic conditions (see
below). Child Health score is significantly and positively correlated
with all measures (p < 0.01) Together, these inter-correlations suggest
that men in the village have shared knowledge of the cultural model of
fatherhood, their peer's qualities as direct and indirect caregivers, and
the health of each other's families.

Risk taking and aspects of Bondongo fathers' care

The greater cultural value placed on indirect paternal care in this
community is significant to the current study because those activities in
which men engage are risky and could therefore be facilitated by higher
T (Goudriaan et al., 2010; Gray et al., 2017; Ronay and von Hippel,
2010; Stanton et al., 2011). For example, fishing involves the risk of
drowning in the river or being attacked by crocodiles. Drowning is the
most common risk, and we learned of two unexplained drownings along
the river by men fishing during the two-month research period. Ad-
ditionally, clearing the forest for gardens requires felling old growth
trees with axes and machetes, burning of the understory, and sub-
sequent routine maintenance by burning. Men's cultivation of molenge
involves considerable risk but is highly valued and is important in
maintaining social relationships and acquiring social status. It is con-
sumed daily and is required at all formal social gatherings. Whose
molenge is “good” versus “bad” is commonly noted, and men are
shamed for serving molenge that has been diluted with water. Har-
vesting molenge involves twice daily monitoring of as many as eight
palm trees, which are accessible via dugout canoe along the heavily
forested banks of the river. The sap is extracted from the top of the tree,
which involves climbing by suspending the body with a vine rope or
using a vine ladder, typically while carrying a (plastic) wine receptacle,
a machete, and other tools (e.g. for making the spout). Falls occur and
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Table 2a
Inter-correlation matrix of average peer-ranking scores (Pearson's r values).

Child Health score Provider score Direct score

Child Health score 1.00
Provider score 0.53 1.00
Direct score 0.68 0.01 1.00
* p =< 0.05.
* p < 0.01.
Table 2b

Inter-correlation matrix of average peer-ranking score of children's health and
children's age- and sex-adjusted BMI and SFT values (Pearson's r values).

Child Health score WFH BMI SFT
Child Health score 1.00
WFH 0.41 1.00
BMI 0.35 0.86 1.00
SFT 0.46 0.38 0.36 1.00
= p < 0.01.
=% p < 0.001.

can lead to severe injury (e.g. concussion, limb breakage). Collectively,
these subsistence-related activities do not routinely involve direct male-
male competition, but they are important to males' acquisition of status
within the relatively hierarchical community and thus could plausibly
be linked to T through competition-related pathways as well (Archer,
2006; Gray et al., 2017; Muller, 2017).

2.2.2. Anthropometrics

For all available participants, height, weight, and triceps skinfold
thickness were measured using standard techniques (Lohman et al.,
1988). Height was measured with a Seca stadiometer, and weight with
a digital scale. From these measurements, we calculated weight-for-
height (WFH) and body mass index (BMI) as indicators of health and
energetic status across development. Triceps skinfold thickness (SFT)
was measured using Lange skinfold calipers to assess levels of body fat
(as a marker of current health and energetic condition). WFH, BMI, and
SFT values were adjusted for children's age and sex by regressing each
measure on children's age and sex and adding the residuals to the
average value of the measure. This method maximized the use of the
available data. Due to our relatively small sample size within age
groups, common standardization methods such as those used by the
WHO (e.g. de Onis et al., 2007) could not be used. However, because it
is standard practice to calculate age-adjusted BMI values for chil-
dren < 2-years-old separately from older children due to differences in
the ratio of height to weight during the first two years that can lead to
“abnormally” high BMI for the younger group (WHO Multicentre
Growth Reference Study Group, 2006), we ran our statistical models
both including and excluding children < 2-years-old (n = 3) from the
BMI age- and sex-standardization. While the results are qualitatively
equivalent, we report only the results that excluded the children < 2 for
clarity. For WFH, BMI, and SFT, all adjusted values were transformed to
z-scores before statistical analysis.

Questions relevant to the current study that were used in the peer-ranking and their associated domain labels.

Domain Question

Cronbach's a

Child Health score
Provider (Indirect) score
Direct score

Whose children are the healthiest?
Who works the hardest?

Sick care sub-domain: Who is most likely to stay home/sacrifice other activities when their children are sick to care for them?
Socialization sub-domain: Who “attends to”/“frames” (Fr. encadre) their children's behavior the most?

0.89
0.95
0.85
0.97
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2.2.3. Salivary testosterone (T)

All adult men in the study were asked to provide 2 ml of saliva via
passive drool, in polypropylene tubes, for up to five evenings. We
analyzed 62 total saliva samples for T. Each participant provided a
minimum of three samples and all samples were collected within a
period of 10 days (see Supplementary methods). Two men (12.5%) gave
three samples, 25% gave four, and 62.5% gave five. Along with col-
lection logistic reasons, we focused on evening saliva samples for T
because past work in this area has shown that afternoon and evening T
tends to be more strongly associated with social dynamics, compared to
morning levels (Gettler et al., 2015; Gettler et al., 2012; Gray et al.,
2004). Two T data points (one each for two men) were excluded from
the analysis based on T values that were 3+ SDs from the mean for the
sample as well as 3+ SDs from the mean for the individual participant's
T values from the other days. On each day in the presence of the re-
search team, all participants provided saliva roughly between 16:30
and 18:30, thus we minimized between-subject and between-day
variability in the time of sampling. Samples were frozen on site in
portable liquid nitrogen dewars and kept frozen until they were trans-
ported back to the University of Notre Dame (UND) in a liquid nitrogen
dry shipper. The samples were then stored at —80°C at UND until
analysis. Samples were analyzed for levels of salivary T using com-
mercially available kits (Salimetrics, Carlsbad, CA; Kit Number: 1-2402)
at UND's Hormones, Health, and Human Behavior Lab by MSS under
the supervision of LTG. The inter-assay coefficients of variation (CV) for
the low and high controls were 9.6% and 5.6%, respectively. The intra-
assay CV was 4.6%.

2.3. Statistical analysis

All statistical analyses were conducted using Stata 15.0 (Stata
Corporation). The relationships between T and men's fathering qualities
and T and children's health were modeled using OLS regression with
standard errors clustered by the individual father to account for the
repeated sampling of T. This method maximized our use of the available
data. All values for T were base-10 log-transformed prior to analysis to
adjust for non-normal distribution of the data. To test for the hy-
pothesized inverted U-shaped relationship, the log of men's T levels and
the square of this value were entered into a model predicting fathering
quality (average rank scores) as the dependent variable—either
Provider score, Direct score, or Child Health score. To reduce colli-
nearity and variance inflation in these models, the log of father's T was
centered (i.e. the mean was subtracted from each value) before the
centered values were then squared (Robinson and Schumacker, 2009).
To verify the quadratic nature of the relationship between T and fa-
thering quality/child health, a second set of models were run without
log T-squared. Although the pattern appears to vary across populations,
older men tend to have lower T than younger males in some settings
(Ellison et al., 2002) and this held in our sample. In small-scale socie-
ties, men's provisioning effort also tends to be higher in their third and
fourth decades of life (Gurven and Hill, 2009), so we included fathers'
ages as a covariate in each set of models. For Child Health score, we
included a third model that added fathers' Provider and Direct scores, as
those are potential pathways through which fathers' T might be pre-
dictive of child outcomes. In this model, both Provider and Direct scores
were converted to z-scores to allow comparison of the relative effects of
each type of paternal care.

OLS regression was also used to test if T had an inverted U-shaped
relationship with children's energetic and growth status, and if this
relationship was accounted for by fatherhood quality. Standard errors
were clustered by household to control for non-independence of mea-
surements. For this analysis, three sets of models were tested in se-
quence with each child health indicator (WFH, BMI, and SFT) as the
outcome variable. The average level of T was calculated for each father,
log base 10 transformed, and then included as a predictor in each set of
models. The log of fathers' T was again centered before the square

39

Hormones and Behavior 107 (2019) 35-45

values were calculated. In the first model, the log of fathers' T, its
squared value, and fathers' ages were included as predictors. In the
second model, the log of T-squared was removed to compare the
quadratic with the linear relationship between fathers' T and child
health. Finally, fathers' Provider and Direct scores were included in a
third model to test whether paternal care was potentially in the
pathway between T and child outcomes. Again, both Provider and
Direct scores were converted to z-scores to enable comparison of re-
lative effect sizes.

For both sets of models, children's age, children's sex, fathers' total
number of biological children, number of children in the household, age
of fathers' youngest child, and fathers' energetic status (fathers' triceps
SFT) were examined as potential covariates. Given the relatively small
sample size for our study, which increases potential risk related to over-
fitting of models, covariates with a non-significant association to our
predictor variable (fathers' T) were excluded from the final models but
the relevant bivariate relationships are presented in Table S2.

3. Results

The mean age of fathers in our study (n = 16) was 37.19 years old
(SD = 8.15), and they had an average of 6 children (SD = 3.68).
Assessed from 60 total samples, the mean T for the fathers was
76.02 pg/ml (SD = 36.48). Older men had lower T (r= —0.40,
p = 0.002), with a similar negative correlation between age and log T
(r = —0.33, p = 0.01). As fathering quality was measured by a peer-
ranking task, it is notable that the range for our measure of indirect care
(i.e. Provider Score) was about twice as large as that for our measure of
direct care (i.e. Direct Score), indicating men made more fine-grained
distinctions between their peers when assessing the quality of their
indirect care. Further descriptive statistics are presented in Table 3.

In our first set of models, which tested for an inverted U-shaped
relationship between fathers' T and their indirect care rankings (i.e.
Provider score), the regression results were consistent with a linear
relationship, as men with higher log T had significantly greater
Provider scores in Model 1 (p = 0.010) and Model 2 (p = 0.017;
Table 4; Fig. 1) but log T-squared (p = 0.486) and was not statistically
significant in Model 1 (Table 4). Fig. 1 displays the linear relationship.

In our second set of models, we performed the same analysis as
above but tested whether there was an inverted U-shaped versus a
linear relationship between fathers' T and their quality as direct care
providers (i.e. Direct score). While we predicted there would not be a
significant association between T and men's direct care, we found
limited evidence for an inverted U-shaped relationship, as the quadratic
term in the model was statistically significant whereas the linear term

Table 3
Descriptive statistics.
n Mean SD Min Max
Fathers
T (pg/ml)* 16 76.02 36.48 27.06 171.43
Age (years) 16 37.19 8.15 24.00 50.00
Age of spouse(s) (years)” 16 33.00 8.05 18.00 48.00
Number of children 16 6.06 3.68 1.00 15.00
Provider Score 16 8.44 3.67 1.60 15.38
Direct Score 16 4.83 2.01 1.39 8.42
Child Health Score 16 5.90 2.26 2.19 9.50
Children
Age (years) 64 8.02 4.27 1.00 17.00
WFH (kg/cm) 64 0.19 0.02 0.15 0.26
BMI (kg/mz)" 61 15.94 1.52 13.21 19.74
SFT (mm)*© 58 9.36 3.17 4.00 19.00
Biological child (% yes) 64 87.50 - 0 1

2 Values for T are derived from 60 total data points from the 16 participants.

b Values include co-wives of one man; one participating man's wife refused to
participate.

¢ Values adjusted for children's age and sex.
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Table 4
Tests of relationships between quality of indirect care (i.e. Provider Score) and
fathers' T.

Model 1: Model 2:
R®=0.29 R®=0.28
b SE p b SE p
Log T* 6.19 2.12 0.010 5.95 2.23 0.017
Log T-squared -5.36 7.50 0.486
Age 0.24 0.12 0.062 0.25 0.12 0.049
2 Log T and log T-squared reflect centered values.
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Fig. 1. Linear fit plot with 95% confidence intervals of the log of fathers' sali-
vary T predicting the average ranking of their quality as providers. Scatter plot
of log T data adjusted for father's age is overlaid.

was not (log T: p = 0.926; log T-squared: p = 0.033; Table 5; Fig. 2)
controlling for fathers' ages. As can be seen in Fig. 2, the curvature of
the best fit line between log T and fathers' Direct Score is modest. While
this significant quadratic relationship obviates the need to test for a
linear correlation, we note that Model 2 (Table 5) showed no significant
linear relationship for these variables (p = 0.919).

In the next set of models, we tested for links between fathers' T and
children's health as measured by the ranking task and anthropometrics,
respectively, and whether father's indirect and direct caregiving helped
to account for those relationships. Similar to the results above for fa-
thers' direct care, we found limited evidence for a quadratic relation-
ship between fathers' log T and the rankings of their children's health
(log T: p = 0.394; log T-squared: p = 0.029, Model 1, Table 6), con-
trolling for fathers' ages (Fig. 3). Moreover, we found that fathers' Direct
and Provider scores attenuated this relationship (Model 3, Table 6). In
Model 3, both ranking scores were statistically significant, with a re-
latively larger effect size (b) for direct care (Direct: p < 0.001; Pro-
vider: p = 0.001; Table 6), the quadratic term for fathers' log T was no
longer significant, and the (absolute) magnitude of the effect size (b)
diminished substantially (p > 0.4).

In modeling children's anthropometrics, we found an inverted U-
shaped relationship between fathers' log T and their children's BMI z-
scores (log T: p = 0.003; log T-squared: p = 0.013) and triceps skinfold
thickness (SFT) z-scores (log T: p = 0.009; log T-squared: p = 0.030),
independent of fathers' ages (Table 7, Fig. 4). Given the significant
findings for the quadratic models, it was not necessary to proceed with
the alternative linear modeling approach, but we present those non-
significant results for comparison in Table 7 for BMI and SFT (Model 2:
both p > 0.05). As with the analysis of fathers' rankings of children's
health, there was also evidence that paternal care was potentially in the
pathway for these findings (Model 3, Table 7). For BMI, the addition of
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the two paternal care rankings strongly reduced the (absolute) magni-
tude of the effect size (b) for log T-squared, which was no longer sta-
tistically significant (p > 0.5), although we note that both ranking
scores were also non-significant (both p > 0.3). The linear term re-
mained statistically significant with a similar effect size (b) (p = 0.012).
In Model 3 for children's SFT, both direct care (i.e. Direct score) and
indirect care (i.e. Provider score) were statistically significant, with a
larger relative effect size for direct care (both p < 0.05; Table 7). In
this model, the linear and quadratic terms for fathers' log T were no
longer significant and had reduced effect sizes (b) compared to Model 1
(both p > 0.1; Table 7). Children's weight-for-height (WFH) z-scores
were also examined, but there was no significant quadratic or linear
relationship found between fathers' T and children's WFH (all p > 0.1).

4. Discussion

In this paper, we aimed to shed light on the relationships between
men's T, their fathering quality, and their children's health (i.e. via local
perceptions and measures of energetic status). Our results show that
fathers with higher T than other fathers in their community tended to
be ranked as better providers. However, we also found that fathers with
medium range T (for their community) were generally viewed as being
better direct caregivers and were ranked as having healthier children,
though those relationships were modest. In a similar, but relatively
more robust set of findings, fathers with medium-range T had children
who were in better energetic condition based on anthropometric mea-
sures; those associations were largely accounted for by fathers' direct
and indirect caregiving. Our findings help shed light on the function of
one of the key physiological mechanisms (T) thought to play a role in
mediating male life history trade-offs, and our results specifically con-
tribute new insights on how men's T relates to parenting effort in
ecologies in which there are overlaps between risky behavior and fa-
thers' contributions to families. In particular, our findings provide in-
sights on fitness-relevant behaviors (i.e. provisioning) and outcomes
(i.e. improved child health and energetics) linked to fathers' T in such
an ecological context, which is evolutionarily-relevant to the emer-
gence of human's unique life history strategy.

In the current study, we first tested for relationships between fa-
thers' T and their levels of indirect care of their children, as measured
by peer-rankings of their quality as hard-working providers of key re-
sources. The fathers who were ranked as the best providers in this
community were those who had higher T compared to their fellow fa-
thers, which, to our knowledge, is the first time that a measure of fa-
thers' indirect care has been linked to basal T, including in small-scale,
subsistence-level societies. Bondongo men's valued work, including
fishing, hunting, felling trees and burning new garden plots, and col-
lecting palm wine, are all risky activities. These activities are also as-
sociated with men's status and comparable activities are linked to
higher fitness in small-scale societies (von Rueden and Jaeggi, 2016).
Thus, these results align with conceptual frameworks and past findings
regarding T's role in motivating risky and competitive behaviors, which
are often mating-related, including among humans and other verte-
brates (Gray et al., 2017; Muller, 2017; van Anders, 2013). They could

Table 5
Tests of relationships between quality of direct care (i.e. Direct Score) and fa-
thers' T.

Model 1: Model 2:

R*=0.12 R*=0.08

b SE p b SE p
Log T* 0.19 2.05 0.926 -0.22 2.12 0.919
Log T-squared -9.34 3.98 0.033
Age 0.05 0.06 0.425 0.07 0.05 0.231

@ Log T and log T-squared reflect centered values.
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Fig. 2. Fractional polynomial fit plot with 95% confidence intervals of the log
of fathers' salivary T predicting the average ranking of their quality as direct
caregivers. Scatter plot of log T data adjusted for father's age is overlaid.

plausibly relate to T indirectly through competition- and status-seeking
pathways, despite not typically involving overt male-male competition.
Indeed, in hierarchical social contexts, highly ranked, dominant male
primates, including humans, often have elevated T (Muller, 2017).
Our results also show some broad complementarity to past work in
Tanzania and Kenya, respectively, on men's T and life history status in
subsistence-level societies in which fathers are minimally involved with
direct care of young children, fathers contribute primarily via indirect
care, and polygyny is culturally sanctioned. Muller et al. (2009) found
that among Datoga pastoralists fathers and non-fathers did not differ
significantly for T, while Gray (2003) showed that Kenyan Swahili men
with multiple wives had higher T than other men. While there are
important design differences between those studies and ours, they are
consistent with the notion that when aspects of men's partnering/par-
enting effort overlap with mating effort and/or involve competition and
risk taking, men succeeding in those roles will likely have elevated T. In
a pair of studies among Tsimane forager-horticulturalists in Bolivia, it
was shown that men's T acutely spiked during intensive subsistence
labor (tree chopping for plot clearing) as well as around the time they
made a kill while hunting. Trumble and colleagues interpreted those
patterns as potentially facilitating enhanced muscular metabolic pro-
cesses (tree chopping) or reward-based effects of T (hunting) related to
provisioning (Trumble et al., 2014; Trumble et al., 2013). Given the
different time scale of those studies (short-term hormone changes) re-
lative to ours (basal hormone levels), there are no specific contra-
dictions between their interpretations and our findings or framing, and
we would argue they are potentially complementary. Meanwhile, re-
search elsewhere among rural Polish men in a community practicing
subsistence, non-mechanized agriculture found that partnered fathers
had lower T than other men but also worked more than them (Alvarado

Fig. 3. Fractional polynomial fit plot with 95% confidence intervals of the log
of fathers' salivary T predicting the average ranking of their children's health.
Scatter plot of log T data adjusted for father's age is overlaid.

et al., 2015). That team found negative bivariate relationships between
men's T and workload, although they were modest and not significant.
While further comparison between our results and those of Alvarado
et al.' (2015) are constrained by divergences in design, these relative
differences at least suggest that there could be variation by type/nature
of subsistence labor, ecology, and culture that shape relationships be-
tween fathers' indirect care and T (see also Gettler et al., 2015).

From an a priori perspective, it was plausible that fathers with
middle-range T could have been ranked more highly as providers in this
context (an inverted U-shaped relationship), which was our alternative
hypothesis. This possibility aligns with some evidence from animal
models but has not been shown in humans. For example, experimental
results from animal models suggest that when males' T is elevated too
much during periods in which they would otherwise cooperate with
mothers to care for young, they forego parental care and focus their
reproductive effort on pursuing females and competing with other
males for extra-pair opportunities (Ketterson et al., 1992; Reed et al.,
2006). While our results here suggest that fathers' elevated T may not
conflict with indirect forms of parenting effort, it is also possible that
Bondongo men's provisioning activities may also serve to advertise
men's qualities as mates.

Diverging from the patterns for indirect care, our findings support a
modest inverted U-shaped relationship between fathers' T and their
rankings as direct caregivers. Many of the prior studies linking lower
paternal T to greater engagement in direct care come from societies in
which fathers' nurturant, hands-on caregiving is more prevalent and
valued than among the Bondongo (Edelstein et al., 2017; Gettler et al.,
2011; Mascaro et al., 2013; Weisman et al., 2014). Thus, given the
cultural setting for our study and based on existing frameworks
(Gettler, 2016a; van Anders et al., 2011; van Anders, 2013), we

Table 6
Tests of relationships between children's health rankings (Child Health Score) and fathers' T.
Model 1: Model 2: Model 3:
R?=0.31 R? =027 R?*=0.74
b SE p b SE P b SE P
Log T* 1.76 2.01 0.394 1.28 2.19 0.566 -0.17 1.32 0.896
Log T-squared -10.77 4.45 0.029 -2.27 2.65 0.404
Age 0.14 0.05 0.010 0.16 0.04 0.003 0.03 0.04 0.455
Provider z-score 1.07 0.27 0.001
Direct z-score 1.48 0.31 0.0002

% Log T and log T-squared reflect centered values.
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Table 7
Tests of relationships between fathers' T and children's BMI (top) and SFT (bottom).
BMI z-score Model 1: Model 2: Model 3:
(n = 61) R?=0.19 R?=0.12 R?=0.19
b SE p b SE P b SE p
Log T* 2.74 0.76 0.003 2.29 1.14 0.065 2.49 0.86 0.012
Log T-squared —15.29 5.34 0.013 -6.93 10.52 0.521
Fathers' age 0.02 0.02 0.294 0.05 0.02 0.008 0.03 0.03 0.342
Provider z-score 0.07 0.18 0.715
Direct z-score 0.20 0.18 0.284
SFT z-score Model 1: Model 2: Model 3:
(n = 58) R? =0.22 R? = 0.09 R®=0.35
b SE p b SE p b SE p
Log T* 2.79 0.92 0.009 2.14 1.25 0.108 1.54 0.94 0.125
Log T-squared —21.99 9.11 0.030 3.31 7.39 0.661
Fathers' age 0.00 0.03 0.912 0.05 0.02 0.072 0.01 0.02 0.496
Provider z-score 0.33 0.12 0.017
Direct z-score 0.54 0.10 0.0001

# Log T and log T-squared reflect centered values.

predicted that we would not find a significant relationship between
fathers' T and direct care. In contrast, our results hint that fathers with
medium-range T for this community were rated as better direct care-
givers. While unanticipated, these results do align conceptually with
recent findings showing that when father's T is too low they may be
prone to depression (which could interfere with direct or indirect par-
enting effort) and/or reduced direct care (Gettler et al., 2017; Saxbe
et al., 2017). While average levels of direct caregiving across fathers at
this site are low, including by cross-cultural standards (Hewlett and
Macfarlan, 2010; Gray and Anderson, 2010), there is between-father
variation for engagement in these behaviors, particularly as children
move beyond weaning age and into later stages of childhood. Un-
fortunately, we do not have direct behavioral observations of men's
parenting in this study, which is a limitation (see below), to verify the
range of variation in duration/frequency/type of men's direct care.
Because the quadratic term was statistically significant in the model for
this finding, whereas the linear term was not, we are hesitant to over-
emphasize the importance of this result, but suggest this hypothesis
merits further testing at other sites, given the complementarity with
other recent results (Gettler et al., 2017).

Similarly, we found evidence for an inverted U-shaped relationship

between fathers' T and children's well-being, particularly as indicated
by anthropometric measures of children's energetic status. Our results
here specifically demonstrate that fathers with middle-range T had
children with better energetic status, as measured by both BMI and
triceps SFT. As we outlined in the Introduction, among vertebrates with
biparental care, it is relatively common for males to have lower T when
they cooperate with females to care for offspring, particularly in species
in which paternal care is facultative and not obligate (Lynn, 2008). This
leads to the prediction that lower paternal T would tend to be linked to
increased offspring survival and quality. Consistent with this idea, re-
search in birds with biparental care shows fathers with experimentally
elevated T experience higher rates of offspring mortality (Reed et al.,
2006). These potential associations have been little tested in other
vertebrate taxa.

As we have noted above, this is further complicated in humans
because fathers with too low of T are prone towards poorer mental
health and reduced parenting effort (Gettler et al., 2017; Saxbe et al.,
2017), but those with more modestly reduced T tend to engage in
greater direct care (Gettler, 2014, 2016a; Gray et al., 2017; van Anders,
2013). Meanwhile, human males with elevated T or androgen function
also tend to experience relationship disruption (Gettler et al., 2017;
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Fig. 4. Fractional polynomial fit plots with 95% confidence intervals of the average of the log of fathers' salivary T predicting children's a) BMI and b) triceps SFT z-

scores. Scatter plot of log T data adjusted for father's age is overlaid.
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Mazur and Michalek, 1998) and lower relationship satisfaction and
commitment for themselves and their partners (Edelstein et al., 2014),
all of which could also negatively impact children's well-being, espe-
cially in harsh and challenging ecologies. These prior results are con-
sistent with the notion that whether forms of paternal care that are
ecologically critical and culturally salient skew more towards direct or
indirect care (and combinations thereof), fathers with T that is in a
moderate range, avoiding low and high extremes, may have children
with the most optimal outcomes. Our findings suggest that these pat-
terns linking fathers' T to child energetic condition were largely ex-
plained by fathers' rankings for direct and indirect care, which align
with conceptual models of fathers' contributions to child outcomes and
their underlying psychobiological pathways as well as past results from
this site and others for child health (Boyette et al., 2018; Gettler, 2014;
Gray and Anderson, 2010; Gurven and Hill, 2009; Kaplan et al., 2000;
Rosenbaum and Gettler, 2018; Winking and Koster, 2015). To our
knowledge, our results are the first to link human fathers' T to their
children's health, and specifically to energetic status, which is critical to
their long-term growth, development, and survival (Martorell et al.,
2010; Nandy et al., 2005). Through those pathways, our findings help
provide some of the first evidence linking profiles of fathers' T to fitness-
relevant outcomes in their children.

Complementing the patterns we found here, we note that in our
prior publication on these data (Boyette et al., 2018) we also observed
stronger links between fathers' direct care rankings and child en-
ergetics, compared to associations with fathers' indirect care rankings.
The pathways linking fathers' direct caregiving to child energetics are
conceptually less clear than would be the case for indirect care, espe-
cially provisioning. Consequently, it is plausible that fathers' Direct
scores are correlated with or index other unmeasured factors related to
family life beyond fathers' own care that are likely to influence child
health and development in this community. For example, research in
other small-scale settings has found that marital partners' work effort is
positively correlated (Gurven et al., 2009) and assortative mating is
common, such that men and women of similar quality tend to partner
(Smith, 2004). It is plausible that men with moderate levels of T are
preferred by females as partners because they may tend towards social
functioning that is more optimal for long-term cooperation and family
life (i.e. less inclined towards anger; more empathetic) compared to
higher T men (Gettler, 2016b), but they are also relatively better pro-
viders and higher in status than lower T males. In the current case, it
may be that women's contributions to indirect and direct care, while
somewhat matched to those of their partners, matter more for child
health. Alternatively, or in addition, men with medium range T could
improve their children's health through building and maintaining social
network ties (e.g. gathering and sharing palm wine or meat, partici-
pating in work parties, or recruiting/cultivating alloparental care) in
ways that support their children's energetic status via pathways other
than fathers directly caring for or provisioning them (Gettler, 2016b;
von Rueden et al., 2008). For example, in other settings, reputations for
both competency and cooperation tend to yield benefits for men and
their families in terms of health (Macfarlan and Lyle, 2015).

Our study has a number of limitations that merit discussion. First,
our sample size is small, especially for fathers, which limits statistical
power and can also pose issues for statistical models with polynomial
terms. This is simply a reality of working at this very remote, difficult to
access field site with participants residing in a small community. Our
sample of 16 fathers represents ~89% of the potential fathers who were
present at the site for the duration of the data collection period. We
attempted to mitigate some of these inherent limitations by conducting
repeated sampling for fathers' T, using data analytical approaches that
maximized the use of those repeated measurements, and recruiting a
comparatively larger sample of men's children. Second, all of our data
are cross-sectional and our analyses could have been further clarified by
additional variables regarding family life. Both of these dynamics
contribute to a greater possibility of confounding than if our design
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were longitudinal and/or a bit more expansive. For example, as we
mentioned above, we were not able to rule out maternal care or care
from others as factors that might help explain links between fathers' T
and child energetic condition. In addition, while we found inter-
relationships between fathers' T, paternal caregiving, and their chil-
dren's BMI and SFT, we did not find similar associations between fa-
thers' T and children's WFH. We can only speculate on why this might
be the case. In our sample, children's WFH was more strongly positively
correlated with their height than was BMI or SFT. Early life nutritional
and morbidity exposures particularly help shape trajectories for height
(Adair, 2007; Wells et al., 2005), so perhaps the longer-term factors
shaping children's WFH are more decoupled from pathways related to
fathers' T, which likely facultatively varies through time. Furthermore,
we were not able to independently measure men's indirect or direct care
by way of systematic behavioral observation. While the high reliability
of our peer-rankings (see Methods) gives us confidence they were ac-
curate representations of relative quality of care, observational mea-
sures of time spent in resource acquisition (along with quantitative
assessment of economic returns), direct caregiving, and social network
maintenance would help clarify the connection between men's T, fa-
thering quality, and child outcomes. Measurement of mothers' and
others' direct and indirect care and contributions to child health and the
connections between men's T profiles and measures of their social
networks across multiple domains would be fruitful areas of future
research, and we hope to help clarify these remaining questions in
subsequent field seasons.

5. Conclusions

Overall, this study advances our knowledge of the complex ways in
which T interrelates with aspects of men's life history strategies, par-
ticularly forms of indirect parenting effort, which may overlap with risk
taking and competitive behaviors as well as status acquisition in some
small-scale societies. To our knowledge, our results are the first to link
elevated T among fathers to greater provisioning and indirect care (or
perceptions thereof). However, notably, they also provide the new in-
sight that fathers with more medium-range T have children in better
energetic condition, which is largely accounted for by their parenting
effort. These novel results add further support to the view that men's life
history strategies are flexible, and that T acts to facilitate male re-
productive strategies in context-dependent ways across human socio-
ecologies (Gettler, 2014, 2016a; van Anders, 2013).
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