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Background: Environmental exposures in early life explain variability in many

physiological and behavioural traits in adulthood. Recently, we showed that

exposure to a composite marker of low maternal capital explained the

clustering of adverse behavioural and physical traits in adult daughters in a

Brazilian birth cohort. These associations were strongly mediated by whether

or not the daughter had reproduced by the age of 18 years. Using evolutionary

life history theory, we attributed these associations to trade-o�s between

competing outcomes, whereby daughters exposed to low maternal capital

prioritised investment in reproduction and defence over maintenance and

growth. However, little is known about such trade-o�s in sons.

Methods: We investigated 2,024 mother–son dyads from the same birth

cohort. We combined data on maternal height, body mass index, income,

and education into a composite “maternal capital” index. Son outcomes

included reproductive status at the age of 18 years, growth trajectory,

adult anthropometry, body composition, cardio-metabolic risk, educational

attainment, work status, and risky behaviour (smoking, violent crime). We

tested whether sons’ early reproduction and exposure to low maternal capital

were associated with adverse outcomes and whether this accounted for the

clustering of adverse outcomes within individuals.

Results: Sons reproducing early were shorter, less educated, and more likely

to be earning a salary and showing risky behaviour compared to those not

reproducing, but did not di�er in foetal growth. Low maternal capital was

associated with a greater likelihood of sons’ reproducing early, leaving school,
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and smoking. High maternal capital was positively associated with sons’ birth

weight, adult size, and staying in school. However, the greater adiposity of

high-capital sons was associated with an unhealthier cardio-metabolic profile.

Conclusion: Exposure to low maternal investment is associated with trade-

o�s between life history functions, helping to explain the clustering of adverse

outcomes in sons. The patterns indicated future discounting, with reduced

maternal investment associated with early reproduction but less investment in

growth, education, or healthy behaviour. However, we also found di�erences

compared to our analyses of daughters, with fewer physical costs associated

with early reproduction. Exposure to intergenerational “cycles of disadvantage”

has di�erent e�ects on sons vs. daughters, hence interventions may have

sex-specific consequences.

KEYWORDS

maternal investment, life history theory, trade-o�s, reproduction, growth, education,

inter-generational e�ect, obesity

Introduction

Evolutionary “life history” theory (1, 2) offers a valuable

theoretical framework for understanding variability over the life

course in health, disease, and human capital. Further advances

may be achieved by linking this framework with another

conceptual approach that has gained substantial attention

during recent decades, the “developmental origins of adult

health and disease” (DOHaD) hypothesis (3).

A large volume of research has shown that early-life

exposure to adversity (eg poverty, maternal malnutrition, and

psychosocial stress) predicts less favourable adult outcomes,

and this has now been demonstrated for a wide range of

behavioural and physiological traits in numerous populations

(4–8). Reducing exposure to early adversity and promoting

resilience are thus considered key to decreasing the burden of

adult disease and human capital inequalities (9). Some studies

have focused on exposure to adverse social experiences within

the household during childhood/adolescence (10), however, a

range of environmental factors acting during foetal life and

infancy also play key roles in these associations (5, 11).

Introducing an evolutionary perspective improves the

understanding of why such epidemiological associations arise.

The key assumption of life history theory is that all organisms are

under selective pressure to allocate resources across four specific

functions, namely “maintenance”, “growth”, “reproduction”,

and “defense”, with trade-offs between them (1, 12, 13). For

example, allocating more resources to defence (e.g., the stress

response, or immune function) reduces the availability of

resources for other functions. Ultimately, natural selection is

assumed to prioritise “reproductive fitness” (surviving and

reproducing) over maintenance and growth. When fewer

resources are available, or when environmental risks are higher,

selection should favour increased allocation of resources to

immediate survival and reproduction, at a cost to maintenance

(a proxy for health) and growth (12, 14). This helps understand

why poverty, stress, and malnutrition are so detrimental to

health and the development of human capital.

This broad conceptual framework can then be used to help

explain why adverse outcomes cluster in specific subgroups of

a population. For humans, such clustering was first reported in

a New Zealand cohort, where a relatively small segment of the

adult population was found to account disproportionately for a

range of adverse outcomes, spanning ill-health, risky behaviour,

low educational attainment, and criminal convictions (15). This

finding was subsequently replicated in larger samples from New

Zealand and Denmark (16), however, these studies did not

explain why such clustering was occurring.

It is well known that multiple risk factors coalesce around

the composite stress of poverty, and their combined effects

might potentially explain the clustering of adverse outcomes.

For example, poverty is associated with young parental age,

maternal malnutrition and infection, parental psychosocial

stress, low household income, and lack of parental education

(9). These family characteristics may combine with a greater

likelihood of other factors outside the household, such as

inadequate housing quality, poor public infrastructure, and

inadequate access to healthcare and education opportunities.

These interactions can be explored using the evolutionary

framework we outlined above.

In linking life history theory with the DOHaD hypothesis,

however, two issues take on particular importance. First, many

of the adverse outcomes can be seen as the product of trade-

offs not only between life history functions but also between

the present and the future (13, 17, 18). When long-term

future benefits appear less attainable, due to higher levels of
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ecological threat or shorter life expectancy, selection favours

“future discounting”, in other words steering resources towards

more immediate ends. Second, during foetal life, all ecological

stimuli and stresses are transduced throughmaternal phenotype,

and this occurs partially during early postnatal life if the

mother is breastfeeding (19, 20), meaning that mothers play

a unique role in shaping early trade-offs in their offspring.

Third, while early reproduction is not favoured from a policy

perspective, it is the primary trait under selective pressure and

may indicate an adaptive response to environmental constraints.

All of these issues may be particularly relevant to understanding

the clustering of adverse outcomes in individuals.

To investigate the developmental origins of clustering of

adverse outcomes, we previously analysed data from a Brazilian

birth cohort, considering only females in the study (14). We

developed a composite score integrating several maternal traits

that may shape offspring development (maternal height, BMI,

education, and household income). Building on the “embodied

capital” model of Kaplan and colleagues (21), all of these

traits represent markers of “maternal capital” that underpin

the capacity for investment in offspring (14). We showed

that low levels of maternal capital shaped life history trade-

offs in the daughters that were evident at 18 years of age

(14). Specifically, low maternal investment was associated with

“future discounting” by the daughter, resulting in investment in

traits relevant to defence and reproduction (central fatness, early

childbearing) being prioritised over traits that might produce

more benefits in the longer term, including better early growth,

taller stature, longer education, and less risky behaviour. The

results for direct markers of cardio-metabolic health were null,

but this might reflect the young age of the cohort (18 years),

with low levels of non-communicable disease. Nonetheless,

low maternal capital in the offspring’s early developmental

period already predicted an elevated risk of developing non-

communicable disease at later ages, indicated by the clustering of

risk markers such as low birth weight, short adult height, higher

central fatness and smoking. Because reproduction is expected

to reduce the availability of resources for other outcomes,

we considered the association of maternal capital with early

reproduction especially important in driving trade-offs.

Similar tests have rarely been conducted for sons, indeed

substantially less research has been conducted under an

evolutionary lens on developmental trajectories in males

compared to females, in part, because it is less easy to quantify

reproductive outcomes in young adult males (22). Effects of

low maternal capital on life history trade-offs might be different

for sons compared to daughters, for several reasons. First,

the physical investment required for reproduction is different.

Whereas female physical investment in reproduction involves

the storage of energy in adipose tissue, in order to nourish the

offspring during lactation (23, 24), and the metabolic costs and

risks of pregnancy, male investment in reproduction is primarily

directed towards acquiring “embodied capital” (eg muscle mass,

social status), which may promote mating opportunities and

paternal investment in the broader sense, rather than the direct

provisioning of the offspring (25, 26). As such, while high

extrinsic mortality risk in both sexes may be expected to favour

early reproduction (27), it is less obvious for males whether this

should be traded off against physical growth. Conversely, males

on average grow up to be larger than females and have a different

anatomical distribution of body fat stores (25), hence there may

be costs to health associated with growing and maintaining

larger tissue mass in males that are less evident in females. Since

males may be subject to weaker trade-offs between growth and

reproduction and can delay reproduction to later ages than can

women, it is possible that the association between trade-offs and

inter-generational stresses might also be different in males, as

indicated by previous studies in high-income populations (28–

30).

We therefore undertook in sons the previous analyses we

performed for daughters (summarised in Figure 1 and described

in detail below).

Methods

The birth cohort we studied is located in the city of Pelotas

(∼334,000 inhabitants), in Rio Grande do Sul, the southern

state of Brazil. According to data for 1991, shortly before the

cohort was established, 91.6% of Pelotas inhabitants lived in

urban areas, where the crude birth rate was 19.3 births per 1,000

population, the Human Development Index was 0.558, and the

Gini index for income distribution was 0.59 (Atlas of Human

Development in Brazil). The profile of the birth cohort itself has

been described previously (31, 32) and updated in our previous

analysis on the daughters (14).

Offspring birth weight and length were measured at the

hospital by the research team. Weight and length at 12 months

were measured in a subsample, with an over-representation

of those with low birth weight, in the cohort participant’s

household. At 18 years, weight and height were measured to

calculate body mass index (BMI). Waist circumference was

measured using a non-elastic measuring tape. Fat-free and fat

mass were assessed using air-displacement plethysmography.

Cardiovascular risk markers measured in sons and

daughters at 18 years of age follow-up included glucose, glycated

haemoglobin (HbA1c), total cholesterol (TC), HDL-cholesterol

(HDL-C), LDL-cholesterol (LDL-C), triglycerides (TGL), and

systolic (SBP) and diastolic (DBP) blood pressure. The ratio

of total cholesterol to HDL was also calculated, with higher

values indicating a less favourable cholesterol profile. Venous

blood samples were collected regardless of fasting status,

left at room temperature for 30min and then centrifuged

for 15min at 2,000 g. Serum aliquots were stored at −80◦C

until analysis. Blood samples were not taken in pregnant or

suspected pregnant participants (n = 59). Random glucose was
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FIGURE 1

Conceptual diagram of the analysis. (A) Comparison of outcomes between sons who reproduced before 18 years vs. those who did not. (B)

Prediction of early reproduction by sons from components of maternal capital, including those used to generate the maternal capital index and

three other maternal traits. (C) Analysis of the association of adverse son outcomes with maternal capital, involving assessment of a

dose-response trend across the range of maternal capital penalties. (D) Analysis of the interactions of early son reproduction and low maternal

capital with adverse son outcomes. Reproduced with permission from reference (14).

measured using an automatic enzymatic colorimetric method.

HbA1c was measured using the Variant (Bio-Rad, Hercules,

CA) ion-exchange high-performance liquid chromatography

(HPLC) method. Lipids were measured using an automatic

enzymatic colorimetric method in a biochemistry analyzer

(BS-380 Mindray; Shenzhen Mindray Bio-Medical Electronics,

China). Systolic and diastolic blood pressures were recorded

in the seated position using a calibrated digital wrist monitor

(Omron HEM-629, Beijing, China) at the start and end of the

visit, with a margin of error of 1 mmHg, and the mean of the

two measurements was used in the analysis (33).

A questionnaire was used to ascertain behavioural and

human capital outcomes in participants at 18 years of age.

Reproductive status was established through the question Have

you ever made a girl pregnant? Schooling status was assessed by

collecting both categorical data (whether studying now; whether

studied in the last year) and continuous data (completed years

of education). For those not studying, participants were asked

to select from a list of 10 possible reasons accounting for this:

difficulty learning; illness; work; no school or travel available;

education not considered important; having children; married;

violence; failed vestibular examination; other. Participants

were asked if they received any income from work, or an

allowance (usually from parents) and the amount in Reais (Rs).

Questionnaires were also used to establish smoking behaviour

(current smoker; had smoked at least 1 cigarette in the last week),

and whether the participant had committed a violent crime in

the previous year.

Data processing

We categorised sons according to whether or not they had

reproduced early (by 18 years). This age was selected because
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the follow-up was conducted at this timepoint, and because

reproduction before 18 years is widely considered to be early,

reflected in the UN definition of early marriage in both sexes as

<18 years (34).

We categorised mothers according to their maternal capital

at the time the sons were born. This approach combined

markers of somatic capital (height and pre-pregnancy BMI)

and social or material capital (maternal education and family

income) into a composite index. Each of these four traits

has been widely associated with phenotypic variability in

the next generation (35–38). In Brazil, household income

is measured in units of “minimum wages”, where in 1993,

1 minimum wage = US$ 31.4 per month). We treated

maternal height as a marker of the mother’s own development

in early life, maternal BMI as a marker of her current

nutritional status, household income as a marker of maternal

access to goods and services, and maternal education as a

marker of her ability to access beneficial opportunities in

society (14).

For each maternal trait, a cut-off was identified defining

approximately the lower third in the population, in order to

identify those substantially below the median, as described

previously (14):

Height: <157 cm

Pre-pregnancy BMI: <21 kg/m2

Maternal education: <6 years

Family income: <3 minimum wages

Mothers scored a “capital penalty” for each criterion

satisfied, and the penalties were summed to give a total maternal

capital score, ranging from 0 to 4 (note that a score of 0

indicates high maternal capital). We used this capital penalty

variable to explore continuous associations of maternal capital

with son outcomes. For logistic regression analyses, we also

divided maternal age into three groups, namely <22 years, 22–

28 years, and >28 years. For the same purpose, we divided

the sons into three groups in relation to maternal parity,

namely first-borns, second-borns, and third-borns or more.

However, for descriptive analysis, we also generated a category

for high maternal parity, defined as the son being fourth/fifth-

born.

To assess the clustering of adverse traits among the sons,

we defined three categorical variables at 18 years: obesity

as BMI >30 kg/m2, short stature as height <171 cm, and

school dropout as not studying in secondary school during the

previous year. Self-reported current smoking and convictions

for violent crime were additional adverse outcomes. Finally,

we included low birth weight (defined as <2,500 g) as an

adverse outcome, as those with this characteristic remain

at elevated risk of non-communicable disease through adult

life (39).

Analytical steps

We undertook several analytical steps, which are

summarised in a conceptual diagram (Figure 1). These

analyses were identical to those previously undertaken with the

cohort daughters, making the results directly comparable.

(A) We first tested whether sons’ early reproduction was

associated with adverse outcomes, using independent

samples t-tests or χ
2 tests. We also examined sons’ outcomes

in relation to the characteristics of their mothers. We started

with this analysis because a key tenet of life history theory is

that reduced investment in early life favours the allocation of

resources towards early reproduction, at a cost to investment

in health and longevity.

(B) To understand how early reproduction by sons was shaped

by maternal investment in early life, we tested whether

markers of maternal capital predicted sons’ reproduction by

18 years. We fitted logistic regression models to test which

individual maternal trait predicted the reproductive status of

the sons. These models included the four variables defining

the composite index of maternal capital, but also additional

markers of the capacity for maternal investment (age and

parity) as well as risky maternal behaviours (consuming

alcohol and smoking during pregnancy) that might constrain

maternal investment.

(C) We next fitted regression models to test for dose-response

associations of sons’ traits with the number of maternal

capital penalties. Outcomes included the sons’ gestational age

and early growth trajectory, breast-feeding experience, adult

size and body composition, cardio-metabolic risk markers,

risky behaviour (smoking, violent crime) educational

attainment, and reproduction status, as well as maternal

traits (parity, smoking, alcohol intake).

(D) Finally, we evaluated the extent to which adverse outcomes

were clustered among the sons who had reproduced by 18

years of age and also among those who had been exposed

to low maternal capital. This was to test whether, as found

in daughters, the clustering of adverse traits could be partly

attributed to life history trade-offs driven by low maternal

capital. We analysed dichotomous outcomes for obesity,

short stature, current smoking, school dropout, violent crime,

and low birth weight, as justified above. The cut-off for

obesity is standard in nutrition research, however, the cut-

off for height was selected to define the shortest third

of the sample. We also explored the interactions of low

maternal capital and sons’ early reproduction with these

adverse outcomes.

Associations between sons’ early reproduction and adverse

outcomes might potentially be confounded by direct mother–

son transmission of the outcome, due to shared genes or

household environments. To exclude this possibility, we fitted
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regression models (linear or logistic as appropriate) in which

associations of the son’s early reproduction with outcomes were

held constant for the mother’s value for the same outcome.

Statistical analysis

Categorical variables were compared between groups using

χ
2 tests. We tested for normality in the continuous variables,

using Q-Q plots and Shapiro–Wilk tests. Not all outcomes

were normally distributed, hence we conducted two-group

comparisons using both independent t-tests and Mann–

Whitney U-tests. To adjust for the over-representation of

those with low birth weight in the subsample assessed at 1

year, weighted regression was used in the relevant models.

Biochemical data were reviewed for potential outliers, resulting

in implausibly high values being excluded for glucose (>300,

n = 3) and triglycerides (>700, n = 1). Continuous outcomes

reported in the main figures were all natural-log transformed so

that subsequent independent samples t-tests or Mann–Whitney

U-tests express differences (multiplied by 100) in percentage

terms (40). Conditional growth was calculated as regression

residuals of final size on initial size, divided by the standard

error of the estimate (SEE) of the regression model to generate

conditional z-scores.

To establish whichmaternal factors independently predicted

sons’ reproduction status at 18 years, logistic regression models

were fitted. Maternal capital variables were divided into two or

three groups as follows, in order to identify high-risk groups and

test for threshold effects:

Age <22, 22-<28, 28+ years

Height <155, 155-<162, 162+ cm

Education 0–4, 5–7, 8+ years

Income 0–2, 3–4, 5+ minimum wages

Parity First-born, second-born, third+-born

Smoking in pregnancy Yes, no

Maternal BMI <21, 21–<23.5, 23.5+ kg/m2

Logistic regression models were also fitted to test the

association of the son’s phenotype with the odds of early

reproduction, without or with adjustment for the equivalent trait

in the mother.

To test for associations of low maternal capital and early

son reproduction with adverse son outcomes, we conducted χ
2

tests on dichotomous variables (e.g. being short, out of school

etc). We then tested for independent associations of the two

predictors, using multiple logistic regression analysis. Due to the

small numbers, we defined the low maternal capital group for

this analysis as having 3 or 4 capital penalties and compared it

against those with no capital penalties. As our previous analysis

of this issue using a different method (comparing χ
2 tests using

the likelihood ratio), we also ran these models for the sons. Four

individuals had high outlying values for both HbA1c and blood

glucose, but the group comparisons were unaffected by whether

these individuals were excluded or not.

All analyses were conducted in SPSS version 24 (IBM

Corporation, Armonk, New York) and R version 3.6.3 (The R

foundation for Statistical Computing, Vienna).

Results

Of the 2,603 male participants included at birth, 2,024 (78%)

participated in the follow-up at the age of 18 years and provided

questionnaire responses, of whom 1,970 were measured for

anthropometry and body composition, 1,988 for blood pressure,

and 1,933 had a blood test. Compared to those followed

up, those not followed up had lower birth weight (−135 g,

95%CI −27, −188), birth length (−0.3 cm, 95%CI −0.5, −0.0),

gestational age (−0.2 weeks, 95%CI −0.3, −0.0), and maternal

pre-pregnancy BMI (−0.5 kg/m2, 95%CI −0.9, −0.2). Though

statistically significant, these differences were all small, and

there were no other differences in baseline maternal or child

characteristics (Supplementary Table 1). Likewise, among those

followed up, there was little missing data, and those missing

data showed either small differences or no differences, in

background characteristics, compared to those available for

analysis (Supplementary material). The subsample visited at 1

year comprised 652 boys.

Life-history trade-o�s in association with
early reproduction of sons

The comparison of sons who had or had not reproduced

by 18 years is summarised in Figure 2. The results were

near-identical, whether independent samples t-tests or Mann–

Whitney U-tests were used (Supplementary Table 2). Sons who

had reproduced by 18 years (n = 150) were shorter (−2.5 cm,

95%CI −3.5, −1.4), lighter in weight (−2.7 kg, 95%CI −5.1,

−0.3), and had lower fat mass (−2.0 kg, 95%CI −3.4, −0.7)

and triceps skinfold (−0.7mm, 95%CI −1.9, 0.4) compared to

those who had not reproduced. However, they did not differ

in fat-free mass or fat distribution, as measured by the residual

of subscapular skinfold adjusted for triceps skinfold (Figure 3).

These patterns indicated that constraints on linear growth and

fat deposition are associated with early reproduction.

Despite these differences in adult size, there were no

differences in size at birth or in infancy. Figure 4 contrasts the

growth trajectories of the two groups, using data on weight

and height z-score at birth, 1 year and 18 years. Neither group

differed from the growth reference or each other at birth and

1 year. However, from 1 year, the early reproducing group

showed poorer growth in both weight and height, reflected in

significantly lower z-scores at 18 years of age. After adjusting

for maternal capital, the deficit in the son’s stature associated

with early reproduction (−2.5 cm, 95%CI −3.6, −1.3) was
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FIGURE 2

Di�erences in maternal and son traits from pregnancy to adulthood between sons with or without o�spring by 18 years. Categorical variables are

shown as odds ratios on a log-scale and 95% confidence intervals. Continuous variables are shown as percent di�erences and 95% confidence

intervals, calculated from natural log-transformed variables. Numerical values for all comparisons are given in Supplementary Table 2.
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FIGURE 3

Subscapular skinfold plotted against triceps skinfold in the adult sons, stratified by whether they had reproduced by 18 years (blue scatter and

line) or not (red scatter and line). Both axes present log-scales. Early reproducing sons did not di�er in their subscapular skinfold (1 = 0.4mm,

95% CI −0.2, 0.9) for a given triceps skinfold, indicating no di�erence in central fat deposition.

reduced by 1 cm but was still significant (−1.4 cm, 95%CI −2.5,

−0.2), implicating a direct association of the son’s own growth

trajectory with early reproduction, independent of maternal size.

Sons who reproduced early had lower total cholesterol and lower

systolic BP, but no other differences in cardiovascular risk.

Regarding their behaviour, early-reproducing sons were

more likely to be a current smokers (OR 3.6, 95%CI 2.5, 5.1)

and to be receiving payment for work (OR 3.6, 95%CI 1.3, 10),

less likely to have been studying in the last year (OR 0.19, 95%CI

0.13, 0.27), andmore likely to have committed violent crime (OR

2.5, 95%CI 1.7, 3.7). Among a subset of those out of school (n

= 420), the most common reason for not being in school for

both groups was work – this was slightly more common among

early-reproducing than non-reproducing sons (62% and 56%,

respectively) (Table 1). Beyond that, 18% of non-reproducing

sons did not consider education important, compared to only

10% of the early-reproducing sons. Conversely, 10% of the early-

reproducing sons listed “having children” as the main reason

for not being in school. When those giving this response were

omitted from the analysis, as it was only relevant to one group,

there was no difference between the groups in the reason for

leaving school.

Sons who had reproduced by 18 years of age weremore likely

to have been born to high parity mothers (OR 1.9, 95%CI 1.2,

2.9). Their mother was more likely to have smoked in pregnancy

(OR 1.7, 95%CI 1.2, 2.4), but was no more likely to have drunk

alcohol (OR 0.7, 95%CI 0.3, 1.4).

Using logistic regression analysis, however, the only

maternal traits that independently predicted early reproduction

by the son were lower/middle levels of maternal education, and

smoking during pregnancy (Table 2).

Associations of maternal capital with son
traits

The maternal capital score is the sum of penalties across the

four traits, ranging from 0 to 4. The characteristics of individual

maternal traits varied in a dose-response manner in association
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FIGURE 4

Trajectories of growth in length/height z-score and weight z-score in the sons, stratified by whether they had reproduced by 18 years (blue

points) or not (red points). Early reproducing sons were similar to their non-reproducing sons at birth, and both groups showed a small degree

of catch up between birth and 1 year. From this time point, early reproducing sons showed poorer growth, resulting in lower weight and height

at 18 years.

with the composite score (Supplementary Table 3). Thus, as

expected, the fewer the penalties, the greater the mother’s height,

BMI, income, and education. The composite index also showed

an inverse dose-response association with maternal age, but a

positive association with the frequency of high parity. Thus,

low capital mothers were younger and of higher parity, and

their sons had on average to compete with more siblings for

maternal investment.

The composite maternal capital index showed a dose

response association with the vast majority of outcomes in sons.

The lower the level of maternal capital, the higher the proportion

of sons that had reproduced early, were out of school, and were

current smokers; however, there was no association with the

proportion who were being paid an allowance or for work, or

who had committed a violent crime (Table 3; Figure 5).

Maternal capital was positively associated in a dose-response

manner with the son’s adult size, and fat and fat-free components

of adult body composition. These associations had their origins

in foetal life, as similar associations were evident for size at birth

and during infancy (Figure 5). In all cases, the higher the level

of maternal capital, the greater the magnitude of the growth trait

or tissue mass in the son. Gestational age was also greater among

sons of higher-capital mothers, and the duration of exclusive

breastfeeding was longer (test for trend p < 0.004), though the

magnitude of the effect was small.

Contrasting with the pattern seen for other outcomes,

cardio-metabolic risk markers showed an unfavourable

association with maternal capital: the higher the maternal

capital, the higher the son’s total cholesterol, HDL, LDL,

triglycerides, and systolic BP, with a weaker trend also evident

for diastolic BP. However, the associations for glucose,

HbA1c, and the HDL/cholesterol ratio were null. When these

associations were adjusted for the son’s total fat mass, a clear

trend remained evident only for HDL (Supplementary Table 4),

indicating that adiposity was a strongmediator of the association

of higher maternal capital with elevated cardio-metabolic risk.

Adjusting for triceps skinfold, however, subscapular skinfold

showed no association with maternal capital (p = 0.4),
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TABLE 1 Reasons for sons not studying (n = 420), stratified by their

reproduction status at 18 years.

Has reproduced Has not

(n = 81) reproduced

(n = 339)

Reason for not studyinga,b N % N %

Difficulty learning 4 5 16 5

Illness 0 0 9 3

Work 50 62 189 56

No school or travel available 1 1 9 3

Education not considered important 8 10 61 18

Having children 8 10 0 0

Married 1 1 0 0

Violence 0 0 6 2

Failed vestibular examination 0 0 11 3

Other 9 11 38 11

aCohort subsample with detailed data on education status.
bGroup difference p < 0.0001 if “having children” included as a response, but p = 0.076

if this option excluded.

indicating that low maternal investment was not associated with

a more central fat distribution (Figure 6).

Clustering of adverse outcomes

We considered two possible drivers of clustering of adverse

outcomes among the sons: early reproduction and low maternal

capital. Regarding early reproduction, sons who had reproduced

by 18 years comprised 7.4% of the population and accounted

for 6.3% of obesity, 9.9% of short stature, 13% of violent

crime, 18% of current smoking, and 19% of school dropout.

Early reproduction, therefore, contributed only modestly to

the clustering of adverse adult traits among sons, and the

affected outcomes (ie those with greater frequency than expected

given the numbers who had reproduced early) were all

behavioural (violent crime, smoking, and school dropout). The

one biological outcome that appeared in the cluster among early-

reproducing sons was the low birth weight (12%), indicating that

poor foetal growth might be a marker of early reproduction in

later life.

To evaluate the second potential driver of clustering,

maternal capital, we compared the sons with low maternal

capital (3 or 4 penalties, n = 442), with the remainder of the

cohort. The low capital group comprised 23% of the population

and accounted for 14% of obesity, 24% of violent crime, 29%

of smoking, 32% of school dropout, 35% of short stature, 39%

of low birth weight, and 43% of early reproduction. Thus,

compared to early reproduction, there was a greater degree of

clustering of adverse outcomes in association with exposure to

low maternal capital, and the outcomes affected spanned both

TABLE 2 Logistic regression of son reproducing by 18 years on

components of maternal capital (n = 1,922).

Maternal capital Nagelkerke’s

component r2 = 0.16

Odds ratio 95% CI p-value

Age

<22 years 1.2 0.7, 2.0 0.4

22–28 years 1.0 0.6, 1.6 0.9

28+ years (reference) 1 - -

Height

<155 cm 1.1 0.7, 1.7 0.6

155–162 cm 0.8 0.6, 1.3 0.3

162+ cm (reference) - -

Education 1

0–4 years 2.6 1.5, 4.3 0.001

5–7 years 2.1 1.3, 3.5 0.004

8+ years (reference) 1 - -

Income

0–2 minimum wages 1.4 0.8, 2.4 0.2

3–4 minimum wages 0.7 0.4, 1.4 0.3

5+minimum wages (reference) 1 - -

Parity

First-born (reference) 1 - -

Second-born 0.9 0.6, 1.5 0.7

Third-born or higher 1.4 0.8, 2.33 0.2

Smoking in pregnancy

No (reference) 1 - -

Yes 1.4 1.0, 2.1 0.045

Maternal BMI

<20 kg/m2 1.2 0.8, 2.0 0.3

20–23.49 kg/m2 1.3 0.9, 2.0 0.2

23.5+ kg/m2 (reference) 1 - -

Grey shading indicates association significant at p < 0.05.

biology (short stature, low birth weight) and behaviour (school

dropout, smoking, violent crime, and early reproduction).

We then tested for independent associations of lowmaternal

capital and early son reproduction with these adverse outcome

variables, using logistic regression analysis. As shown in

Table 4, both low maternal capital and early son reproduction

independently predicted sons being out of school and being

current smokers. Low maternal capital was associated with

an increased risk of the son being of low birth weight and

short stature, but a reduced risk of being overweight or obese,

however early reproduction showed no association with short

stature. Sons who had reproduced early were more likely to

be receiving support, whereas low maternal capital was not

associated with this outcome. Neither low maternal capital nor

early reproduction was an independent predictor of the son

having committed a violent crime.
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TABLE 3 Dose response associations of maternal or sons’ traits according to the number of penalties in maternal capital.

Predictor 0 penalties (n = 389) 1 penalty (n = 617) 2 penalties (n = 573) 3 penalties (n = 299) 4 penalties (n = 69)

Maternal Traits N % N % N % N % N % p–valuea

First–born 132 40.4 233 39.2 195 34.5 108 29.9 27 32.5 0.017

Fourth+_born 20 6.1 47 7.9 83 14.7 59 16.3 9 10.8 <0.0001

Maternal smoking 73 22.3 161 27.1 191 33.7 157 43.5 36 43.4 <0.0001

Maternal alcohol 15 4.6 29 4.9 20 3.5 19 5.3 5 6.0 0.6

Coeff 95%CI Coeff 95%CI Coeff 95%CI Coeff 95%CI Coeff 95%CI

Maternal age (y) 28.0 27.3, 28.7 −1.7 −2.6,−0.8 −2.3 −3.2,−1.4 −2.8 −3.8,−1.9 −4.8 −6.4,−3.3 <0.0001

Constant 1 penalty$ 2 penalties$ 3 penalties$ 4 penalties$ p–valueb

Son Traits Coeff 95%CI Coeff 95%CI Coeff 95%CI Coeff 95%CI Coeff 95%CI

Birth weight (g) 3,441 3,385, 3,497 −134 −204,−64 −211 −282,−141 −311 −388,−233 −569 −64,−445 <0.0001

Birth length (cm) 49.7 49.5, 50.0 −0.3 −0.6,−0.0 −0.5 −0.8,−0.2 −1.0 −1.4,−0.7 −1.9 −2.4−1.3 <0.0001

Gestational age (w) 39.0 38.8, 39.2 −0.3 −0.5, 0.1 −0.3 −0.5, 0.1 −0.4 −0.6,−0.2 −0.6 −0.9,−0.2 <0.0001

Excl. breastfed (d)* 29.7 23.5, 35.8 −8.7 −16.2,−1.2 −16.5 −24.1,−9.0 −17.5 −26.0,−9.0 −17.8 −30.9,−4.8 <0.0001

Weight 1 year (kg)* 11.0 10.7, 11.2 −0.6 −0.9,−0.2 −1.0 −1.3,−0.7 −1.2 −1.6,−0.9 −1.8 −2.4,−1.2 <0.0001

Length 1 year (cm)* 77.4 76.8, 78.0 −1.6 −2.4,−0.8 −2.3 −3.1,−1.6 −3.2 –−4.1,−2.3 −4.6 −6.0,−3.2 <0.0001

Height (cm) 177.0 176.2, 177.7 −2.2 −3.1,−1.3 −3.1 −4.0,−2.2 −5.9 −6.9,−4.9 −8.8 −10.4,−7.2 <0.0001

Weight (kg) 78.3 76.8, 79.8 −6.4 −8.2,−4.5 −8.4 –−10.3,−6.5 −12.7 −14.7,−10.6 −16.7 −20.0,−13.3 <0.0001

BMI (kg/m2) 24.9 24.5, 25.4 −1.4 −2.0,−0.9 −1.8 −2.4,−1.2 −2.5 −3.2,−1.9 −3.2 −4.2,−2.2 0.020

Triceps (mm) 14.7 13.9, 15.6 −2.2 −3.2,−1.2 −3.0 −4.0,−1.9 −4.7 5.8,−3.5 −6.1 −7.9,−4.3 <0.0001

Subscapular (mm) 13.8 13.2, 14.4 −1.7 −2.5,−1.0 −2.0 −2.7,−1.2 −3.2 −4.1,−2.4 −4.0 −5.3,−2.6 <0.0001

Fat–free mass (kg) 61.7 60.9, 62.4 −3.0 −3.9,−2.0 −4.1 −5.0,−3.1 −6.6 −7.6,−5.5 −8.6 −10.3,−6.9 <0.0001

Fat mass (kg) 16.6 15.6, 17.7 −3.4 −4.7,−2.1 −4.3 −5.6,−3.0 −6.1 −7.5,−4.7 −8.1 −10.4,−5.8 <0.0001

Glucose (mg/dL) 93.2 91.4, 94.9 −0.4 −2.6, 1.8 −0.4 −2.6, 1.8 0.9 −1.5, 3.3 2.1 −1.7, 5.9 0.6

Cholesterol (mg/dL) 159.0 156.3, 161.7 −5.4 −8.7,−2.0 −7.9 −11.2,−4.5 −9.5 −13.2,−5.8 −10.0 −15.9,−4.1 <0.0001

HDL (mg/dL) 52.9 51.9, 53.9 −0.8 −2.1, 0.4 −1.4 −2.6,−0.2 −1.4 −2.8,−0.1 −3.5 −5.6,−1.4 0.001

LDL (mg/dL) 88.1 85.9, 90.4 −3.4 −6.2, −0.7 −4.7 −7.5,−1.9 −6.4 −9.4,−3.3 −5.2 −10.1,−0.4 <0.0001

HDL/Cholesterol ratio 0.64 0.61, 0.66 0.01 −0.01, 0.04 0.02 −0.01, 0.04 0.02 −0.01,−0.05 −0.02 −0.02, 0.02 0.6

(Continued)
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TABLE 3 (Continued)

Constant 1 penalty$ 2 penalties$ 3 penalties$ 4 penalties$ p–valueb

Son Traits Coeff 95%CI Coeff 95%CI Coeff 95%CI Coeff 95%CI Coeff 95%CI

Triglycerides (mg/dL) 87.7 82.7, 92.7 −4.8 −11.0, 1.5 −8.8 −15.1,−2.5 −11.4 −18.3,−4.5 −11.5 −22.5,−0.6 <0.0001

HbA1c (%)U 4.97 4.91, 5.03 0.03 −0.05, 0.11 0.00 −0.08, 0.08 −0.04 −0.12, 0.05 −0.05 −0.2, 0.08 0.1

Systolic BP (mmHg) 132.6 131.3, 133.9 −2.0 −3.6,−0.3 −1.4 −3.0, 0.3 −3.9 −5.7,−2.1 −4.9 −7.7,−2.0 <0.0001

Diastolic BP (mmHg) 71.7 70.8, 72.5 −0.8 −1.9, 0.2 −0.1 −1.2, 1.0 −1.6 −2.8,−0.4 −1.9 −3.8, 0.1 0.027

Education (y) 9.7 9.5, 10.0 −0.9 −1.2,−0.6 −2.1 −2.4,−1.8 −2.4 −2.8,−2.1 −3.2 −3.7,−2.7 <0.0001

Monthly allowance (Rs) 436 355, 516 120 19, 221 125 24, 226 121 9, 233 195 11, 378 0.025

Gross monthly pay (Rs) 542 476, 609 −43 −38, 123 85 5, 165 44 −42, 130 83 −49, 215 0.1

0 penalties 1 penalty 2 penalties 3 penalties 4 penalties

N % N % N % N % N % p–valuea

Reproduction by 18 y 9 2.8 36 6.1 36 6.4 47 13.1 14 16.9 <0.0001

Studying past year 302 92.9 491 82.9 428 75.9 262 73.0 56 67.5 <0.0001

Studying now 233 71.7 338 57.1 244 43.3 141 39.3 28 33.7 <0.0001

Allowance last month 223 68.6 390 65.9 389 69.0 234 65.2 52 62.7 0.5

Pay last year 205 88.7 434 90.8 458 91.2 301 93.2 68 90.7 0.4

Smoked last week 47 14.5 117 19.8 155 27.5 84 23.4 30 36.1 <0.0001

Current smoker 21 6.5 81 13.7 105 18.6 64 17.8 20 24.1 <0.0001

Violent crime 62 22.0 105 19.9 123 24.6 77 24.4 13 19.4 0.3

p-valuea chi-square test; p-valueb test for trend across the maternal capital groups, by regressing each outcome on a single variable coded 0–4 capital penalties.
*subsample, with analysis adjusted for over-recruitment of low birth weight infants.
$Each outcome was regressed on four dummy variables, whereby the son’s mother was identified as having 1, 2, 3, or 4 capital penalties (0 penalties= reference group).

The mean coefficient and its 95% CI intervals are shown for each dummy variable. Penalties refer to maternal short stature, low BMI, low education or low family income.
UHbA1c shown as percentage of total haemoglobin.

n= 2,024, small level of missing data for body composition and cardio-metabolic outcomes as described in text.

Grey shading indicates association significant at p < 0.05.

F
ro
n
tie

rs
in

P
u
b
lic

H
e
a
lth

1
2

fro
n
tie

rsin
.o
rg

https://doi.org/10.3389/fpubh.2022.914965
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Wells et al. 10.3389/fpubh.2022.914965

FIGURE 5

(A–H) Dose-response associations between sons’ traits and the magnitude of maternal capital, categorised in terms of a total composite score

of “penalties” (ranging from 0 to 4) selected from the categories “short stature”, “low body mass index”, “low education” and “low family income”.

See text for details of how the index and its categories are defined.

Overall, these analyses support our earlier findings, that

sons demonstrate primarily behavioural trade-offs in association

with early reproduction, whereas exposure to low maternal

capital is associated with both behavioural and physical

trade-offs.

Adjusting for direct mother-son
transmission of traits

Given that early-reproducing sons were both shorter

themselves and had shorter mothers, maternal phenotype

should be controlled for when testing the association of

early reproduction with the son’s growth trajectory. Such

associations might be driven by shared genetic factors

or non-genetic inter-generational transmission. A similar

scenario applies to behavioural traits, which might be

replicated across generations due to shared family habits

or opportunities.

Size at birth was not a predictor of early reproduction in

bivariate analysis. However, after taking maternal weight into

account, higher birth weight and BMI reduced the risk of

the son reproducing early. Conversely, it was greater maternal

stature, rather than the son’s birth length, that showed a

significant protective effect against the son’s early reproduction

(Table 5).

By adulthood, greater weight and height of the son were

associated with a reduced risk of early reproduction, and this

remained after adjustment for maternal size. Greater adiposity

and fat-free mass also reduced the risk of early reproduction.

These results persisted if adjusted for maternal capital: neither

the son’s adult weight nor fat mass predicted early reproduction,

whereas both short stature and higher fat-free mass of the son

were associated with increased odds (Supplementary Table 5).

Overall, these findings suggest that maternal short stature

indexed one pathway to the son’s early reproduction, indicating

an intergenerational effect, whereas the son’s poor growth in

childhood (but not in foetal life), indexed another pathway that

was independent of maternal phenotype.
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FIGURE 6

Dose-response associations of subscapular skinfold, adjusted for triceps skinfold, according to the number of “penalties” in maternal capital,

relative to 0 penalties as the reference group. Lower maternal capital was not associated with a more central fat distribution. Test for

trend p = 0.3.

TABLE 4 Multiple logistic regression models of independent associations of low maternal capital and early son reproduction with adverse son

outcomes.

Lowmaternal capital Early son reproduction

Adverse outcome OR 95% CI p-value OR 95% CI p-value Nagelkerke r2

Studying last year 0.22 0.13, 0.35 <0.001 0.26 0.15, 0.45 <0.001 0.17

Studying now 0.27 0.20, 0.37 <0.001 0.28 0.15, 0.52 <0.001 0.17

Receiving support 0.75 0.55, 1.07 0.07 2.88 1.50, 5.51 <0.001 0.02

Paid for work 1.51 0.86, 2.66 0.1 1.99 0.60, 6.63 0.2 0.02

Smoked last week 1.77 1.20, 2.60 0.004 3.15 1.87, 5.28 <0.001 0.06

Current smoker 3.03 1.82, 5.04 <0.001 2.36 1.33, 4.19 0.003 0.08

Low birth weight 6.16 2.75, 13.79 <0.001 1.41 0.67, 2.95 0.3 0.09

Overweight 0.28 0.20, 0.40 <0.001 1.18 0.63, 2.21 0.5 0.10

Obesity 0.29 0.17, 0.49 <0.001 0.65 0.19, 2.17 0.4 0.07

Short stature 5.32 3.73, 7.60 <0.001 1.22 0.73, 2.05 0.4 0.18

Violent crime 1.05 0.72, 1.55 0.8 1.43 0.78, 2.63 0.2 0.00

Grey shading indicates association significant at p < 0.05.

Similarly, we analysed whether early reproduction by the

son predicted poor schooling outcomes, or the risk of being a

smoker, taking into account maternal education and smoking

in pregnancy respectively (Table 6). While lower maternal

educational attainment was associated with the same outcome in

the son, early reproduction by the son was also an independent

predictor. Likewise, while maternal smoking was associated

with son smoking, early reproduction by the son was also an

independent predictor. These results persisted if adjusted for

maternal capital score (Supplementary Table 6).
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TABLE 5 Logistic regression models analysing the association of son’s growth phenotype with the odds of early reproduction, without/with

adjustment for maternal phenotype.

Predictor Model 1 (unadjusted) Model 2 (adjusted)

Odds ratio 95% CI Odds ratio 95% CI

Birth weight (kg) 0.81 0.60, 1.11 0.62 0.48, 0.79

Maternal weight (kg) 0.98 0.97, 1.00

Weight 1 y (kg) 0.87 0.68, 1.11 0.90 0.69, 1.18

Maternal weight (kg) 1.01 0.94, 1.01

Weight 18 y (kg) 0.98 0.97, 0.99 0.99 0.97, 1.00

Maternal weight (kg) 0.97 0.97, 1.00

Birth length (cm) 0.98 0.92, 1.05 0.99 0.92, 1.06

Maternal height (cm) 0.97 0.95, 1.00

Length 1 y (cm) 0.95 0.86, 1.05 1.00 0.89, 1.11

Maternal height (cm) 0.92 0.88, 0.98

Height 18 y (cm) 0.95 0.93, 0.97 0.95 0.92, 0.98

Maternal height (cm) 0.99 0.97, 1.02

Birth BMI (kg/m2) 0.90 0.80, 0.94 0.90 0.78, 1.01

Maternal BMI (kg/m2) 0.98 0.93, 1.03

BMI 18 y (kg/m2) 0.98 0.80, 1.00 0.99 0.95, 1.03

Maternal BMI (kg/m2) 0.97 0.92, 1.02

Fat mass index 18 y (kg/m2) 0.93 0.88, 0.99 0.94 0.88, 1.00

Maternal BMI (kg/m2) 0.97 0.93, 1.02

Fat-free mas index 18 y (kg/m2) 1.08 0.99, 1.18 1.11 1.01, 1.22

Maternal BMI (kg/m2) 0.95 0.91, 1.00

BMI, body mass index.

n= 2,014 for all except weight at 1 year (n= 554) and length at 1 year (n= 546).

Grey shading indicates association significant at p < 0.05.

TABLE 6 Linear regression models analysing associations of early reproduction with components of son phenotype, without/with adjustment for

the same or similar component of maternal phenotype.

Outcome in son Predictor Model 1 (unadjusted) Model 2 (adjusted)

Coeff 95% CI Coeff 95% CI

Years of education Early reproduction −1.64 −2.03,−1.25 −1.05 −2.40,−0.71

Maternal education (y) 0.33 0.30, 0.35

OR 95% CI OR 95% CI

Studying now Early reproduction 0.17 0.11, 0.26 0.20 0.13, 0.32

Maternal education 1 0.28 0.22, 036

Maternal education 2 0.42 0.34, 0.52

Current smoker Early reproduction 3.56 2.49, 5.10 3.36 2.31, 4.84

Maternal smoking 1.84 1.43, 2.37

Maternal education group 1: 0–4 years, group 2: 5–7 years; reference group 8+ years.

Maternal income group 1: 0–2 minimum wages, group 2: 3–4 minimum wages, reference group 5+minimum wages.

n= 2,014.

Grey shading indicates association significant at p < 0.05.

In general, therefore, early reproduction was associated with

unfavourable trade-offs relating to childhood growth, health,

education, and risk-taking, independent of the potential direct

maternal transmission of phenotypic traits.

Discussion

As in daughters (14), our analysis of sons has shown that

exposure to low maternal capital in early life is associated with
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FIGURE 7

Summary table for results of associations of early reproduction and exposure to low maternal capital with outcomes in both sons and

daughters. Maternal predictors of early reproduction are also indicated. Blue cells indicate an association, green cells indicate where one sex

shows the opposite direction of e�ect compared to the other sex. Overall, sons show fewer associations of physical traits with early

reproduction, and in contrast to daughters, low maternal capital is associated with lower cardiometabolic risk in sons.

future discounting, indicated by trade-offs between competing

life history functions of growth, metabolic health, risky

behaviour, and education and work. More explicitly, early life

adversity is associated with prioritising early reproduction at the

expense of investing in growth or other aspects of human capital.

These trade-offs associated with maternal capital levels might

emerge, depending on the outcome, either through behavioural

decisions of the offspring, through physiological responses

involving no conscious deliberation, or through a combination

of both mechanisms. However, at a more detailed level, the

pattern of trade-offs showed several differences compared to

those of daughters, indicating that sons and daughters respond

differently to low levels of maternal investment (Figure 7).

Moreover, the role of early reproduction in mediating the

association of low maternal capital with adverse outcomes in the

offspring is weaker in sons compared to daughters, and sons pay

fewer physical costs in association with early reproduction.

A key finding, similar to that in daughters (14), was

that exposure to low maternal capital was associated with an

increased likelihood of early reproduction by sons. Only 3% of

sons in the highest maternal capital group reproduced early,

compared to 17% in the lowest group. As this is a key tenet of

life history theory—that less investment in early life, a marker

of reduced longevity, favours allocating resources away from

other life history functions towards earlier reproduction (27)—

we first evaluated how reproduction itself was associated with

adverse outcomes. Similar to our findings for daughters, early

reproduction by sons were associated with poorer physical

growth, less education, and more risky behaviour. This indicates

that those who grew poorly in early life were more likely to

reproduce early. However, unlike in the daughters, the reduced

investment in physical growth did not occur in foetal life or

infancy, and instead emerged only during childhood. Moreover,

unlike in daughters, early reproduction was not associated with a

more central fat distribution, a marker of investment in immune

defence. Overall, early reproduction in sons appeared to involve

little physical cost, whereas daughters who reproduced early

demonstrated poor quality growth much earlier in the life

course (foetal life) and more extensive somatic penalties in adult

life (14).

Another contrast between the sexes was that almost every

individual marker of low maternal capital was independently
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associated with an increased likelihood of daughters

reproducing early, whereas only low maternal education

and maternal smoking in pregnancy were independent

predictors of sons reproducing early. Maternal parity 3+ was

not a predictor of early reproduction, whereas parity 5+ was,

indicating that earlier reproducing sons tended to come from

relatively large families, and might themselves have wanted to

have started a family earlier, a finding reported in a UK study of

adolescent women (41). Overall, it appears that the “pathway”

to early reproduction is less sensitive to maternal physical traits

in sons than daughters and that the key period of exposure for

sons may be childhood rather than foetal life.

In daughters in this cohort (14), similar to other studies on

girls (42, 43), school dropout and early pregnancy were related.

In girls, these outcomes demonstrate a two-way street, whereby

poor school performance may lead to early reproduction, while

early pregnancy may cause girls to leave school (44, 45). Fewer

studies have addressed this dynamic in boys, but some studies

find similar associations of poor school performance with

boys’ early marriage or the initiation of sexual behaviour (46–

48). In this cohort, we replicated our findings for daughters,

showing that early reproduction in sons was associated with

less education, and an increased likelihood of two types of risky

behaviour (smoking, violent crime). Such correlations of adverse

behavioural outcomes have been reported in other studies and

settings (15, 49, 50), and have also been explored using an

evolutionary life history lens in other species (51). As with

the daughters (14), however, early-reproducing sons were more

likely to consider education important compared to their non-

reproducing peers and were more likely to cite work as the main

reason for being out of school and to be earning wages from

paid labour. Whereas the daughters in this cohort traded off

school directly with bearing children (14), the sons, therefore,

demonstrated a trade-off between learning (with potentially

greater future returns) and more immediate wage-earning. This

is consistent with men’s lack of direct parental investment in

pregnancy and lactation, indicating that they require other

strategies for parental investment (52).

Overall, therefore, early reproduction contributed primarily

to the clustering of a set of adverse behavioural outcomes among

sons (school dropout, smoking, and violent crime) but was

poorly predictive of adverse physiological outcomes. This may

indicate that early-reproducing sons live in households that

already demonstrate “future discounting” at a behavioural level,

and replicate this pattern in their own life-course. Low maternal

education was the strongest predictor of the sons reproducing

early and was also an independent predictor in daughters. This

may indicate an intergenerational pattern of reduced schooling,

whereby women trade off education for early reproduction,

and similar trade-offs are then made by their offspring of both

sexes. Nevertheless, we emphasise that the majority of those

not in school did not indicate that they considered education

unimportant; the main reason given for having left school being

either having children (women: 69%; men: 10%) or working

(men: 62%).

These findings help explain the associations of maternal

capital with sons’ life history trade-offs. Low maternal capital

was associated with sons’ poor growth from foetal life onwards,

and with smaller body size, and lower fat and fat-free mass

in adulthood. Individual associations of maternal traits (eg

nutritional status, education, wealth, smoking) with physical

growth patterns in both sexes have been widely reported

previously (35, 53–56). Several studies from low and middle-

income countries have shown that higher birth weight is

associated with greater FFM in males, but with greater fat

mass in females (57), however, we observed similar associations

of low maternal capital with reduced FFM and fat mass

patterns in both sexes in this cohort. Exposure to lower

maternal capital was also associated with a higher risk of school

dropout, early reproduction, and smoking, but not with financial

income or violent crime. Other studies have linked maternal

undernutrition, smoking, and lack of education with adverse

social outcomes in the offspring, involving both physical and

behavioural mechanisms (45, 58–61). Overall in our study,

exposure to lowmaternal capital in early life was more successful

in explaining both physical (low birth weight, short stature)

and behavioural traits, compared to early reproduction which

explained only behavioural outcomes.

For daughters, we previously found that neither early

reproduction nor exposure to low maternal capital was strongly

predictive of cardio-metabolic risk profile, except for central

fatness which was elevated in both risk groups (14). Although

several markers of higher metabolic risk (low birth weight, short

stature, obesity, and central fat) were evident for daughters

reproducing early or exposed to low maternal capital, this

did not propagate to the direct metabolic measurements,

and in some cases, risk markers such as cholesterol and

triglycerides were lower in the groups that had invested more

in survival/reproduction. In sons, the association of early

reproduction with cardio-metabolic risk was again broadly null,

though markers of adiposity were lower in early-reproducing

sons. However, there was a much stronger pattern for maternal

capital, whereby the lower the level of maternal capital the lower

the son’s cardio-metabolic risk profile. The only traits that did

not show this finding were markers of glycemic control (glucose,

HbA1c) and central fat distribution.

This indicates that while the sons of high capital mothers

may achieve better growth and adult size, and delay the onset of

reproduction to capitalise on these traits (potentially benefitting

from the opportunity to reproduce with partners of higher socio-

economic status), they do so at a cost of poorer cardio-metabolic

health. This may be in part explained by the greater opportunity

for wealthier families to access palatable but fattening processed

foods, and hence higher body fat levels, as widely reported

in Brazil (62). These effects are strongly mediated by higher

overall levels of fat, but not a more central fat distribution.
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From a life history perspective, high capital sons have greater

energy reserves but have not allocated them disproportionately

to immune defence.

We emphasise that at this age, overt levels of cardio-

metabolic risk are low in this population; for example, only 2% of

the sons had hypertension as defined by diastolic blood pressure.

In the longer term, sons and daughters of low capital mothers

have lower birth weight and shorter stature, while also being

more likely to smoke. According to the logic of the “capacity-

load” model (63), this may make them more susceptible to non-

communicable diseases in later life, especially if they become

overweight. Our findings, therefore, suggest that the pathway

to elevated cardio-metabolic risk may be different, depending

on exposure to maternal capital and developmental trajectory.

High capital sons have elevated fatness (metabolic load) but also

developed better metabolic capacity in early life. Low capital

sons have a low metabolic load but developed poorer metabolic

capacity in early life. In turn, different interventions may be

required to reduce long-term disease risk.

Our results highlight an important sex difference in the

way adiposity mediates physical trade-offs. Generically, females

have more body fat than males, particularly at around 18 years.

In both sexes, exposure to low maternal capital was associated

with less total body fat, but whereas this was associated with

a more central fat distribution in daughters, it was not in

sons. The contrast was even greater for early reproduction:

early reproducing daughters had more body fat than their

non-reproducing peers who had not reproduced, though lower

triceps skinfold, and again a more central fat distribution. For

women, body fat is well-established to fund lactation, and

hence benefits reproductive investment (24). Conversely, early

reproducing sons had substantially less body fat than their

non-reproducing peers, and no evidence of a more central

fat distribution, and they had preserved their fat-free mass,

which has been associated with reproductive success in men

(26). From a life history perspective, this indicates reduced

resilience against future infections/famines in low capital and

early reproducing sons, and hence future discounting similar

to that demonstrated by the clustering of early reproduction,

school dropout, and smoking.

Our markers of risky behaviour (smoking, violent crime)

are best considered not as direct investment in any of the

four life history functions, but rather as an indication of

future discounting (13). Smoking reduces maintenance in health

and may potentially reduce longevity, but in the short term

may be used as a palliative to mitigate psychosocial stress.

Violent crime might produce short-term pay-offs at cost of

the longer-term capacity to invest in offspring (the possibility

of social punishment such as prison). Of particular relevance,

levels of the hormone testosterone have been linked with

aggressive behaviour and violent crime in men (64, 65), and the

same hormone has well-established associations with secondary

sexual characteristics and sexual behaviour (66, 67).

Our analyses of early reproduction included adjustment

for maternal traits, to improve confidence that sons’ trade-offs

were a direct consequence of their own developmental

trajectory and not simply the replication of maternal

phenotype. The findings broadly supported this hypothesis,

but this does not mean that genetic susceptibility to adverse

outcomes plays no role. Recent analysis suggests that key

early life “environmental” influences, relating to parents or

neighbourhoods, also correlate with genetic markers of the

child’s propensity to adverse outcomes, examples including

alleles associated with education, BMI, and schizophrenia (68).

In our analysis, an intriguing finding was that maternal short

stature indexed one pathway to the son’s early reproduction,

indicating an intergenerational effect, whereas the son’s

poor growth in childhood indexed an additional pathway

that was independent of maternal phenotype. Further

work will be needed to explore the contribution of genetic

and environmental factors to the kinds of trade-offs we

have reported.

Strengths and limitations

Many of the strengths and limitations of this analysis

are the same as those we described in detail for the

daughters’ analysis (14). Briefly, strengths include the

rich dataset and the large sample size from a middle-

income country, and the prospective collection of data on

maternal capital and the offspring in early life. Moreover,

a major strength is the opportunity to interrogate maternal

investment and developmental and reproductive outcomes

in men, as the majority of work to date has focused

on women.

Among the limitations are the 22% cohort attrition by 18

years, small amounts of missing data, the lack of data on paternal

phenotype or the overall reproductive career of the mothers,

and the fact that our analysis is necessarily observational,

meaning that we cannot demonstrate causality in the trade-

offs we describe. As with the daughters’ analyses, none of these

limitations is substantial, indicating that our findings are likely

to be robust.

A different limitation, of particular relevance to the current

analysis, is that since men start to reproduce later than women

on average, a direct comparison of men and women at 18 years

is difficult to interpret. Whereas 15% of the cohort of women

had a child by 18 years of age (14), only 7% of the men did.

However, since the cohort was followed up at 18 years, this was

the only comparison that was possible.Moreover, the sample size

of 150 men was still adequate to identify some predictors and

some associated outcomes. A contrasting limitation is that not

all men may have been willing to admit in the questionnaire that

they had been responsible for a pregnancy. This may make our

findings conservative.

Frontiers in PublicHealth 18 frontiersin.org

https://doi.org/10.3389/fpubh.2022.914965
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Wells et al. 10.3389/fpubh.2022.914965

Conclusions

In conclusion, we found that, as in the daughters in this birth

cohort, both early reproduction and exposure to markers of low

maternal investment are associated with phenotypic patterns

in sons that indicate trade-offs between life history functions.

Our work, therefore, helps understand why adverse outcomes

may cluster within susceptible subsets in a population, with

low maternal capital appearing as a more important driver of

this clustering than early reproduction. Our primary finding

was that, as in daughters, the patterns indicated a degree of

future discounting, with both reduced maternal investment and

early reproduction associated with less investment in growth and

maintenance along with greater risky behaviour. Lowermaternal

investment was associated with a greater likelihood of early

reproduction by sons.

However, we also found several notable contrasts compared

to our earlier analyses of daughters. First, early reproduction

appeared to be a weaker mediator of the associations of low

maternal capital with adverse sons outcomes. Second, sons paid

fewer physical costs in association with early reproduction.

Third, sons with high-capital mothers had worse cardio-

metabolic outcomes, mediated by higher fatness; however, in

the longer-term, sons of low-capital mothers may still be more

susceptible to both infectious and non-communicable diseases.

Overall, sons appear to suffer fewer penalties than daughters

in association with reduced maternal investment. Sons of low

capital mothers were shorter and leaner than their high capital

peers but had managed to preserve their lean mass, a trait

of value in male reproduction. They had avoided cardio-

metabolic costs, but also had lower energy reserves, potentially

constraining immune function. They were less educated but

had transitioned to wage work which could offer immediate

opportunities to invest in their families. Further work is needed

to investigate how these trade-offs accumulate through the life-

course, as cohort members complete their reproduction and

become at greater risk of overt non-communicable disease in

association with ageing.

Our results have several implications for policy. First, low

maternal capital accounted for a substantial degree of clustering

of adverse outcomes among sons. Interventions to promote

maternal capital may therefore represent the most effective

pathway to improve sons’ outcomes, as indicated also for

daughters (14). Maternal capital is the first environmental niche

to which the offspring is exposed, and responses to all other

environmental exposures are made under the imprint of this

initial developmental exposure (69).

Second, to improve offspring outcomes comprehensively,

both multi-sectoral and specific education and health

interventions are needed, ideally initiated before women

conceive and persisting during the early critical windows of

offspring development (70–74). This composite and early

approach may be more effective in disrupting the accumulation

of penalties across the life-course than interventions that are

provided only during childhood and adolescence (15).

Third, to be most effective in breaking inter-generational

cycles of disadvantage, interventions should target both mothers

and their offspring, as post-natal interventions (promoting

exclusive breast-feeding, immunizations, education etc) may

be able to ameliorate some of the adverse consequences of

exposure to poor maternal nutritional status in utero. In

that context, broader societal gender inequality must also be

addressed, because of its cumulative adverse impacts on the

offspring through the life-course. Importantly, gender inequality

has been linked with adverse outcomes in offspring of both

sexes, including low birth weight, early child development, child

malnutrition and mortality risk, and attitudes to education (75–

78).

However, given that the associations of maternal factors with

outcomes varied between daughters and sons (Figure 7), we

should recognise that the benefits of interventions to improve

maternal capital may also differ by offspring sex, because of

inherent biological differences between boys and girls that

have been shaped by natural or sexual selection, and which

drive differential investment across life history functions. This

hypothesis requires testing using an experimental approach such

as individual level or cluster randomised control trials. From

an intergenerational perspective, moreover, many interventions

have targeted adolescent girls as “future mothers” to improve

components of maternal capital (79, 80), but much less is known

about the potential benefits to offspring health of targeting boys

as “future fathers”, to improve paternal capital.
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