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Siblings are an important part of an individual’s early-life environment
and may therefore play an important role in shaping an individual’s
survival. The quantification of sibling effects on survival is challenging,
however, especially in long-lived species with extended parental care and
overlapping generations, such as humans. Here, we use historical parish
data from Switzerland to quantify how the number of older siblings and
their survival status, age and sex are associated with childhood survival.
Across 2941 focal individuals born between 1750 and 1870, the total
number of older siblings did not predict an individual’s childhood survival
probability. However, distinguishing between siblings by their survival
status, age and sex revealed several associations, which in some cases also
interacted with the sex of the focal individual: while older brothers close in
age reduced the survival of girls (but not boys), having more older sisters
close in age improved their younger sibling’s survival. Our results therefore
suggest that older siblings play an important role in shaping early-life
survival and highlight that the strength and direction of sibling-related
associations are context-dependent and can arise through both biological
and cultural factors.

1. Introduction

How the early-life environment shapes individual variation is of keen interest
to evolutionary ecologists [1,2]. Across a variety of animal species, older
siblings are one important aspect of the early-life environment [3,4], with
the potential to positively or negatively shape evolutionarily and demograph-
ically important traits, including survival and reproduction [5]. However,
quantifying the effects of siblings on offspring fitness components has proved
challenging, especially in species with long, slow life histories and overlap-
ping generations [4].

Whether siblings provide benefits or compete depends upon a species’s life
history and degree of cooperation. When siblings do not act cooperatively,
having more siblings will lead to competition because a limited amount
of resources, such as parental care, is split among more offspring [6,7]. In
humans, this is referred to as the resource dilution hypothesis [8], which
posits that parental resources are finite, and when they are divided among
more children, this reduces the benefits available to each child. However,
siblings may vary in their ability to compete for these finite resources,
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generating variation in how siblings affect each other. For example, competitive abilities can vary between the sexes in species n

who are sexually dimorphic [9]. Furthermore, in species where offspring are not produced simultaneously, older siblings will
be more developed and have a competitive advantage over younger siblings [10]. Additionally, even when parents aim for
equal distribution of resources among their offspring, later-borns may be at a disadvantage because they enter a family when
resources are already depleted [11]. Hence, in addition to the number of siblings, the birth order and age of siblings are
additional determinants in the resource dilution hypothesis. To complicate matters further, negative sibling interactions through
competition may be offset by the positive effect of cooperation, promoted through kin selection [12,13], including direct help or
behaviours that increase shared familial resources [14]. Thus far, ecological studies have largely focused on within-brood sibling
interactions in birds [4], and understanding the balance of cooperative and competitive sibling interactions across sexually
dimorphic species with multiple reproductive events is the subject of ongoing research (see [15] for research on elephants and
[16] for research on humans).

In humans, sibling effects have attracted interest from researchers from different fields, studying a variety of cultures
and traits, including dispersal behaviour [17-19], nutritional status [20,21], educational attainment [8,22] and marital timing
[23]. Some studies have also looked at fitness outcomes, including childhood survival, in pre-industrial societies [16,19,24,25].
In these human societies, short interbirth intervals combined with long development times [26,27] result in parents raising
multiple dependent children simultaneously [28,29]. While humans are a highly cooperative species, older siblings who are
closer in age and still depend on their parents might compete with younger siblings and negatively impact their development
[30]. This could occur through direct competition for parental resources or via effects on the health and condition of the mother
during previous pregnancies [31,32]. Conversely, it is expected that older and more independent siblings (often defined as being
at least 5 years older; e.g. [33]) can have positive effects on survival through cooperative behaviours [30]. These behaviours
can provide not only direct benefits, such as taking on childcare duties [28], but also indirect benefits, because older siblings
take over tasks that allow parents to focus on caring for newborns [33] or increase familial resources (e.g. through foraging,
agricultural labour [28,34] or paid labour in industrialized societies [35]). Although isolating specific mechanisms is challenging,
studies have generally found that having more older siblings close in age is associated with lower early-life survival [33], while
having more older siblings further in age is associated with higher early-life survival [36,37].

Biologically and culturally mediated sex differences [38] can interact with sex differences in development time to make
sibling interactions in humans highly sex-dependent [39]. Biologically, because males are on average larger and require more
resources [40,41], the effect of older brothers on their younger siblings’ survival could be expected to be more negative
compared to the effect of older sisters [42]. However, males also have lower childhood survival rates than females, perhaps due
to their weaker immune system [40,43,44], and the death of a previously born older sibling may decrease their impact on their
younger siblings [31], Hence, the survival status of older brothers can moderate their effect on survival, and in addition to age
differences, both the sex and the survival status of siblings are important to account for in studies.

The negative biological effects of having older brothers can be moderated by cultural factors, which could explain why
several studies found no sex-specific effects of older siblings on early-life survival [36,37,45]. For example, having more older
brothers enhanced survival to 15 years in pre-industrial Finland, possibly because they made economic contributions [19].
On the other hand, in cultures where only sisters provide help to younger siblings, the number of older sisters positively
correlates with survival [46]. Finally, in cultures with a preference for sons (e.g. due to patrilineal inheritance), sisters may be
more negatively affected by the presence of brothers [33]. This may happen because more resources are allocated to males
rather than because of direct harm by parents or siblings [47,48]. This aligns with studies arguing that resource dilution is
not uniform but conditional, leading to the development of the gendered and context-dependent resource dilution hypothesis
[49,50]. Regardless of the mechanism, these effects can be so strong that they reverse the biological differences in childhood
mortality between sexes [51]. Son preference can, in turn, increase the competition for resources among sisters, placing younger
female siblings at an even greater disadvantage [52]. When this combines with older brothers bringing in more resources, it can
feed into a wider picture of same-sex competition but opposite-sex benefits [16,33,53]. It is thus crucial that studies account for
age differences, survival statuses and how they interact with sex when examining the effects of siblings on early-life survival.

Few studies have simultaneously considered both siblings who may compete for resources and those who may provide
support (but see [33]). Here, we aim to fill this knowledge gap and examine evidence for cooperative and competitive
interactions between siblings shaping childhood survival to age 5, an important factor in the evolutionary and demographic
history of humans [54]. To this end, we use historical life-history data from 2941 individuals born in the period 1750-1870,
adapted from Swiss church parish records [55]. In this population, both fertility and childhood mortality were high during this
period, making the population particularly valuable for investigating the effect of siblings on childhood survival patterns. We
first quantify the association between childhood survival and total number of older siblings while controlling for potentially
important confounders, such as grandparental presence [56], parental presence [57], parental age [58] and socioeconomic status
[59]. We then conduct a decomposition of the number of older siblings in a series of models, separating siblings by whether they
had died before the birth of the focal individual (their survival status), whether they were born close (<5 years) or far in age (=5
years) from the focal individuals, and whether they were sisters or brothers. We estimate the associations between childhood
survival and the number of older siblings in each of these categories, while allowing for these associations to be dependent on
the sex of the focal individual. On the whole, these analyses provide a uniquely detailed insight into how siblings may shape
child survival and how this may be modulated by cultural factors such as parental preferences or gender-specific roles within
the family.

We predict that the number of older siblings who are at least 5 years of age is associated with an increase in childhood
survival because the positive effects of helping outweigh the negative effects of competition. Conversely, we expect the number
of older siblings who are under 5 years of age to be associated with decreased childhood survival, owing to maternal health
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and/or competition for parental resources. We also expect associations with older siblings to vary based on the sex of both [ 3]

the older siblings and the focal individual and predict brothers to be associated with decreased childhood survival owing to
larger resource requirements. Finally, a son preference would manifest itself as an interaction between the sex of the sibling and
the sex of the focal individual, with the association between the number of older brothers and childhood survival being more
negative (or less positive) for females than for males.

2. Methods
(a) Study population

We used data from an extensive genealogical archive [55] that covers two parishes situated on the Swiss Alpine plateau: Linthal
(46°55' N, 9°00" E) and Elm (46°55" N, 9°10" E). This archive contains birth, marriage and death dates for individuals (including
unbaptized and stillborn individuals) born between 1540 and 1998, but 73% were born after 1800. For 96% of the individuals,
both their birth date and the identity of their parents were known, allowing for the characterization of family structure at birth.
Although the precise death date was missing for 41% of individuals, this was mainly due to emigration as an adult, and deaths
before the age of 5 were unlikely to have been missed.

We limit our analyses to individuals born between 1750 and 1870 as sample sizes for earlier years were relatively small
(e.g. <30 recorded births per year), and after 1870 early-life survival gradually improved in Switzerland [60]. Our data show
that during this period, the median lifespan was 31, and survival from birth to age 5 (childhood survival) was relatively low
(67%). These values are broadly consistent with historical estimates from other eighteenth- and nineteenth-century European
populations [54,61]. At the same time, our data show that fertility was high, with a median of five children per reproductive
woman, ranging from 1 to 22. Hence, this can be considered a stage 1 demographic transition (i.e. pre-industrialized) population
[62,63]. During this period, the population is furthermore representative of a northern or western European population, with
relatively late ages-at-first birth (median age 25) owing to the wealth accumulation that was required pre-marriage [64]. During
this period, the region can be considered pre-industrial, as by 1850 around 50% of the Swiss population was agricultural [65],
and in our data, 40.6% of children had a father who worked in the agricultural sector (n = 3021/7439). Other common areas of
occupation for fathers were the military (8.5%), construction/carpentry (7.8%), administrative/clerical (6.9%) and factory work
(3.5%).

(b) Childhood survival

We treat childhood survival as a binary variable defined as survival until age 5 [33,66,67]. Survival was determined for all
individuals who had a recorded birth and death year. This included 194 individuals who died on the day they were born.
Individuals with an unknown year of death that were known to have married and/or reproduced were assumed to have
survived beyond the age of 5 (n = 2328). Overall, childhood survival status could be determined for 93% of the individuals with
a known birth date (1 =11 878).

(c) Sibling classifications

Using the identity of their parents, we grouped individuals into nuclear families. Limiting ourselves to full siblings of parents that
only married once, we counted the number of older siblings at an individual’s birth, which ranged from 0 to 15 older siblings. In
addition to the total number of older siblings, for all older siblings with known birth and death dates, we determined whether they
survived until the birth of the focal individual (survival status; living older siblings range =0-11, deceased older siblings range =0-8).
We also determined whether alive older siblings were less than (range = 0—4) or at least 5 years (range = 0-10) older than the focal
individual (hence<5or> 5, respectively). These categorizations aimed to distinguish between siblings that, for the majority of the focal
individual’s first 5 years, were unlikely (<5 years older) or likely (>5 years older) to have been able to provide benefits (see [33,36]).
These may includenotonly directhelp or carebutalso the contribution to family wealth through labour [68]. Finally, we distinguished
between male and female older siblings in each age category (i.e. brothers and sisters) (brothers <5 older: range = 0-4; brothers >5
older: range =0-7; sisters <5 older: range = 0-3; sisters > 5 older: range = 0-6).

(d) Focal individual characteristics

For each focal individual, their sex was recorded (males: n = 6567; females: n = 6243) to account for factors such as the
higher susceptibility of males to mortality during early life and a possible son preference [43,44,47]. This also allowed for the
examination of sex-dependent associations between childhood survival and the number of older siblings (see §2f), as found in
other studies [19]. Accounting for the total number of older siblings also automatically controls for potential effects of being
firstborn on survival (as they have zero older siblings), and we therefore did not separately incorporate a firstborn variable
[69]. We excluded twins from the analyses as focal individuals (1 = 257) owing to the differences in survival and other factors
associated with twins [70,71].
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(e) Parental variables

Following Evans et al. [72], we used the father’s occupation as a proxy for a family’s socioeconomic status. Occupations
were standardized following the Historical International Standard Classification of Occupations (HISCO) [73] and assigned a
numeric value for socioeconomic status using the historical social stratification scale (HISCAM) [74]. HISCAM uses records
of intergenerational interactions and marriages between different occupations from 1800 to 1938 across northern Europe and
Canada to assign different occupations a socioeconomic status ranging from 1 to 100 [74]. In cases where multiple occupations
were present (n = 472, with up to eight occupations), we used the occupation with the highest HISCAM. A HISCAM score
was assigned to 2333 fathers with recorded occupations, providing measures of socioeconomic statuses that ranged from 39.9
to 99 on an interval scale (servant to lieutenant, respectively), resulting in 7438 focal offspring (58%) with a known family
socioeconomic status that could be used to control for potential positive effects of wealth and social status on childhood survival
[75].

We determined whether the mother and/or father died during the focal individual’s first 5 years (918 and 524 cases,
respectively) to control for the negative impact this may have on offspring survival [76,77]. Additionally, both the mother’s
and father’s ages at birth were included to account for potential parental age effects on early-life survival [58,78]. Finally, we
included the number of grandparents alive in the first 5 years of the child’s life to control for the positive effect they may have
on their grandchildren’s survival [56].

(f) Statistical analyses

We modelled the association between the number of older siblings and childhood survival using generalized linear mixed
models (GLMMs) with the glmer function from Ime4 1.1.31 [79] in R 4.2.2 [80], with a binomial error and logit-link. This
approach suited our aim of estimating net childhood survival across a structured set of models, which we describe below. Given
the binary outcome variable and the need for the inclusion of random intercepts and slopes, we adopted a GLMM approach,
which can readily accommodate these (also see [19]).

We first fitted a baseline model (m1) estimating the association between childhood survival and the total number of
older siblings. We then ran separate models increasing in complexity, decomposing the number of older siblings into further
categories. First, we split the number of older siblings into those that were alive or deceased at the focal individual’s time of
birth (m2). We then decomposed these categories further into the number of living or deceased older siblings born close (<5
years) and far in age ( years) from the focal individual (m3). Finally, we further decomposed these categories into the number of
older living and deceased brothers and sisters born close (<5) and far (=5) in age (m4).

To control for biologically meaningful and potentially confounding variables affecting childhood survival, all models
included the following categorical fixed effects: the sex of the focal individual, the birth parish (either Linthal or Elm) and
whether the focal individual experienced the death of their mother or father during childhood. As linear covariates, we
included socioeconomic status, mother and father age, and the number of grandparents alive at the date of birth of the focal
individual. Squared terms were also added for parental age effects but removed, least significant first, if non-significant to
aid interpretation of the first-order effects. We modelled variation in childhood survival among families and across 5 year
parish-specific birth cohorts by including both as random effects. Additionally, we fitted random slopes for each sibling variable
to quantify their effect within families [81]. We also tested for interactions between the sex of the focal individual and all
variables relating to the numbers of siblings of different categories in all models to test if any effects of sibling presence
were sex-dependent. Models were fitted using only individuals informative for all predictors, leaving 2941 focal individuals,
including 1454 females and 1487 males.

Significance of all fixed effects was determined using likelihood ratio tests (LRTs), using the dropl function (stats 4.2.2 [80]).
Interactions were removed if non-significant (stepwise, highest p-values first) to improve interpretability of the results, but
otherwise all predictors were retained in the model irrespective of their statistical significance. Results including non-significant
interactions for each model are shown in electronic supplementary material, tables S2, S5 and S6. If an interaction with the focal
individual’s sex was significant, a post hoc test was conducted using emmeans 1.8.4-1 [82] to determine whether the association
between childhood mortality and the variable was statistically significant within each sex. DHARMa 0.4.6 was used for model
diagnostics [83]. Specifically, the KS test and QQ plots were used to examine whether residuals followed a normal distribution,
and we tested for overdispersion, heteroscedasticity and outliers. None of these tests revealed violations of model assumptions.
Collinearity between variables was low for most variables across all models (variance inflation factor < 5) and only surpassed 4
for the maternal age variable (assessed using vif from car 3.1.1 [84]). We used ggeffects 1.1.5 to predict the differences in survival
between children with different numbers of siblings (comparing 0 versus 2), with all other predictors held at their reference
for categorical predictors and at the mean for numeric predictors [85]. For data visualization, we used ggplot2 3.4.1 and ggpubr
0.5.0 [86,87]. To aid model convergence, the ‘bobyqa’ optimizer was used, and all non-categorical predictor variables were
mean-centred and scaled to a standard deviation of 1.

3. Results

Overall, 73% of the focal individuals in our study survived childhood (n = 2141/2941). In our baseline model (1), childhood
survival was not associated with the number of older siblings (odds ratio = 0.91, 95% CI = [0.77-1.08], p = 0.282; figure 1;
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The effect of older siblings on
childhood survival
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Figure 1. Associations between the total number of older siblings and childhood survival (m7), and then when decomposed by their survival status (m2), age
(m3) and sex (m4). On the x-axis are the respective odds ratios of surviving, and error bars show the 95% confidence intervals. p-values are shown as: «p < 0.1,
*p < 0.05 and **p < 0.01. We present sex-specific odds ratios and confidence intervals (females = red; males = blue) when associations were sex-dependent. The
significance of sex-specific effects was taken from post hoc tests.

electronic supplementary material, table S1). This association did not vary across families (p = 0.157, electronic supplementary
material, table S1) and was not dependent on the sex of the focal individual (p = 0.551; electronic supplementary material,
table S2). However, childhood survival was higher for individuals born in Elm than in Linthal (0.674 [0.527 - 0.861], p = 0.003;
electronic supplementary material, table S1); for individuals with mothers of intermediate age who survived the first 5 years of
the focal individual’s life (0.891 [0.823-0.965], p = 0.005, and 1.923 [1.068-3.461], p = 0.032, respectively, electronic supplementary
material, table S1); and for individuals with older fathers (1.206 [1.022-1.422], p = 0.027; electronic supplementary material,
table S1). Childhood survival was not associated with paternal survival across the first 5 years of the focal individual’s life,
their fathers’ socioeconomic status, their sex or the number of grandparents alive at the time of their birth (p > 0.05; electronic
supplementary material, table S1). Finally, childhood survival varied significantly among families but not among birth cohorts
(p <0.001 and p = 0.120; respectively, electronic supplementary material, table S1).

However, dividing focal individuals by their sex and dividing their older siblings by whether they were alive when the
focal individual was born (m2) revealed associations between childhood survival and the total number of both living and
deceased older siblings that were dependent upon the sex of the focal individual (p = 0.018 and p = 0.026, respectively; electronic
supplementary material, table S3; figure 1). For example, having two living older siblings versus zero increased survival from
73% [51-88%] to 76% [56-89%] for males but decreased the survival probability of females from 79% [60-90%] to 78% [0.58-
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Table 1. Logistic GLMM showing the association between the childhood survival and the number of older siblings from m4 (n = 2941), in which we decomposed the
number of older siblings into deceased and living older sisters and brothers born close and far in age (= 5) to the focal individual and present their associations with
childhood survival, together with the other predictors of survival included in the model. Odds ratios, 95% confidence intervals, variation explained by random effects
and p-values from LRT tests are presented. Interactions are shown with a multiplication symbol (x). Odds ratios significantly different from 1 are in bold. *p < 0.05;
**p < 0.01; ***p < 0.007.
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0.90%]. Conversely, having two deceased older siblings versus none was associated with a decrease in survival in boys, from
78% [57-90%] to 75% [53-88%], but an increase in girls from 77% [56-90%] to 80% [61-91%)]. However, within boys and girls, the
effect of the number of (living or deceased) older siblings was not statistically significant (the number of living older siblings on
boys: p =0.127 and on girls: p = 0.794; the number of deceased older siblings on boys: p = 0.515 and on girls: p = 0.334; figure 1).
We then further divided the number of living older siblings into those close in age (<5 years old when the focal individual
was born) or far in age (=5 years of age) (m3, electronic supplementary material, table S4). In this model, neither the number
of deceased nor living older (>5) siblings affected childhood survival (1.017 [0.881-1.174], p = 0.817, and 1.056 [0.900-1.238], p
= (.516, respectively, electronic supplementary material, table S4; figure 1) and these associations were not dependent upon the
sex of the focal individual (p = 0.080 and p = 0.386, respectively; electronic supplementary material, table S5). The association
between childhood survival and the number of living older (<5) siblings was however dependent on the sex of the focal
individual (p = 0.003; electronic supplementary material, table S4): having two living older (<5) siblings versus none increased
the survival of boys from 73% [51-88%] to 80% [60-91%] and decreased the survival of girls from 80% [61-91%] to 75% [53-
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89%]. However, although significantly different from each other, neither of these odds ratios was significantly different from -

one (boys: p = 0.065; girls: p =0.124; figure 1).

Finally, we split the number of living older siblings close and far in age into brothers and sisters (m4). This revealed a
sex-dependent association between the childhood survival and the number of older (<5) brothers (p = 0.007; table 1): girls with
two rather than no older (<5) brothers had a survival probability of 69% [44-86%] versus 82% [63-0.92%] (p = 0.002; figure 1),
but boys’ survival was not associated with the number of older (<5) brothers (77% [55-90%] versus 77% [55-91%)], p = 0.966;
figure 1). Individuals with more living older (=5) brothers had marginally higher survival (p = 0.105; table 1; figure 1), such that
the survival probability of individuals with two living older (>5) brothers versus none increased from 78% [58-91%] to 82%
[63-93%)], regardless of their sex (p = 0.140, electronic supplementary material, table 56). Having more living older (<5) sisters
was also positively associated with an individual’s childhood survival (p = 0.029; table 1; figure 1), with the survival probability
of individuals with two older (<5) sisters versus none increasing from 78% [58-91%] to 84% [66-94%], regardless of the focal
individual’s sex (p = 0.124, electronic supplementary material, table S6). However, childhood survival was not associated with
the number of living older (>5) sisters or the number of deceased older brothers or sisters (p = 0.656, p = 0.831 and p = 0.562,
respectively; table 1; figure 1). The associations of the sex- and age-specific sibling variables with childhood survival showed no
variation across cohorts (p > 0.05; table 1), but there remained unexplained variation in childhood survival between families (p <
0.001; table 1).

The associations between childhood survival and all other variables were consistent across models (m1-m4; table 1; electronic
supplementary material, tables S1-56), except for the association between father age and childhood survival being non-signifi-
cant in m2 (p = 0.088; electronic supplementary material, table S3), m3 (p = 0.098; electronic supplementary material, table 54)
and m4 (p = 0.112; table 1).

4. Discussion

Although at first sight childhood survival did not appear to be associated with the total number of older siblings (figure 1),
distinguishing between siblings on the basis of their survival status, sex, and age difference with the focal individual revealed
both positive and negative associations. Thus, these results argue against exclusively positive associations between the presence
of older siblings and survival [25]. Instead, they suggest that some siblings provide benefits and others are detrimental, and
that these also depend on the sex of the focal individual. Thereby, we show that siblings are an important—but complex and
context-dependent—component of the early-life environment.

Several of our results are consistent with a parental preference for sons. First, we found that girls—but not boys—with
more living older brothers close in age had reduced childhood survival. Having older brothers who are close in age could be
detrimental to younger siblings of either sex due to their larger size and greater energetic demands [40-42], but the fact that
this cost was limited to females suggests that parents might have tried to shield their younger sons from these costs. This is
consistent with the male-favoured or gendered resource dilution model [33,49]. We also found that having more living older
siblings increased childhood survival of boys more than of girls, whereas having more dead older siblings benefitted females
more. Although these sex differences became weaker with further decomposition (electronic supplementary material, tables
S4 and S6; table 1), this suggests that help provided by siblings benefitted boys more than girls and that deaths increased the
chances of survival for girls. Evidence of male preference is in line with the patrilineal inheritance in our study system, which
could have motivated differential parental investment, prioritizing boys [88]. However, unlike other studies [16,19,33], we did
not find lower childhood survival of those born with many same-sex older siblings, and hence no evidence for same-sex sibling
competition (electronic supplementary material, table S4), illustrating how siblings” effects on survival can vary across cultural
and temporal contexts (also see below).

In contrast to the negative association with the number of older brothers close in age, the number of older sisters close in
age was positively associated with the survival of their younger brothers and sisters. This differs from findings by [33], who
found the association between the total number of older sisters to be positive for males but negative for females—perhaps due
to same-sex competition. Similarly, Nitsch et al. [19] found a positive association of the total number of older sisters with male
survival but none with female survival. While these studies have suggested the positive association may be due to older sisters
helping younger siblings, this cannot explain why we did not find similar associations for older sisters more distant in age.
Alternatively, positive associations between the number of older sisters close in age and survival may be due to individuals with
more older sisters (<5) being less likely to have older brothers (<5), or to suffer the negative consequences of being a firstborn
[89]. However, firstborn effects on survival are nuanced [69] and, overall, these associations illustrate that while siblings may
have detectable effects on early-life survival, these are difficult to interpret and likely multifaceted, and at the moment should be
interpreted with care.

Albeit weak, we found some evidence that older brothers further away in age are positively associated with childhood
survival, suggesting they helped younger siblings survive (figure 1). No such associations were found for older sisters. This is
similar to associations found by Nitsch ef al. [19], who hypothesized that older brothers might have helped the productivity
of family farms through providing labour. Future studies could test this by comparing farm-owning versus non-farm-owning
families. In our population, there was also a strong wage gap between males and females, meaning older brothers may have
benefitted their families’ resources through income, while older sisters had a more limited ability to do so [90]. Further, as
potential inheritors, older brothers may have stayed with their families for longer than sisters, giving them greater opportunity
to influence the development of their younger siblings than older sisters. The lack of an upper age limit for siblings further away
in age (>5) may partly explain the absence of a detectable effect of older brothers and sisters in these categories, as it is possible
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that some siblings in these categories had reached an age at which they no longer influenced their younger siblings, for instance,
by having left the household. However, 99.6% of individuals in the category of siblings further away in age (>5) had an age
difference of less than 25 years at the birth of their younger sibling, which is also the median age of first reproduction. Since the
first reproduction most likely coincided with marriage and household departure, it is likely that the majority of these siblings
were still residing in the household and thus capable of influencing their younger siblings’ survival. Finally, the absence of an
association with the number of dead brothers does not contradict the observed positive effect of living brothers, which may
further reflect a beneficial influence, although the precise mechanism remains unknown.

Albeit valuable, comparisons to other studies are hampered by differences in the geographical location, time period and
approaches used to analyse survival. With the exception of Fox ef al. [16], who report sibling associations in Krummhorn
in Germany, most other studies were conducted in areas considerably further away from Switzerland, where differences in
cultural norms, household structures, occupational patterns and living conditions may all have contributed to variation in
associations of older siblings with survival (Finland [19]; Quebec [16]; Taiwan [33]; Malawi [45]; Gambia [46]; Morocco [36];
Bolivia [37]). Similarly, the historical time period under study varies substantially among studies (1906-1945 [33]; 1997 [45];
1950-1974 [46]; 1984 [36]; 1998-1999 [37]). Finally, our focus on older sibling age and sex, in combination with the focal
individual’s sex, makes direct comparison with other studies challenging, with only Riswick & Hsieh [33] adopting a similar
approach. Overall, our study fills a gap in the literature by offering new insights into sibling associations with childhood
survival across a previously unexamined combination of cohort and historical time period, while highlighting the role of age
and sex in shaping these associations.

Our study has some limitations. First, its observational nature makes causal inference challenging, especially when the
underlying mechanisms mediating the survival effects of siblings are not well understood. Isolating associations with sibling
number in GLMMs (or comparable approaches such as cox-proportional hazard models) in human populations is often
challenging, and other variables (e.g. parental age) may be confounded with birth order effects. To delve further into these
complexities and build on our findings, future studies could explore the ability of structural equation models or event history
analysis to provide a higher-resolution insight into some of the described associations [91]. Second, although we found evidence
for older brothers and sisters influencing the early-life survival of their younger siblings, these associations were close to the
threshold of statistical significance. This illustrates the difficulties of disentangling these effects in historical human populations,
even with very large sample sizes. Related to this, we did not explicitly control for the effects of younger siblings, which could
also affect childhood survival. However, as opposed to younger siblings, older siblings can affect early-life survival from the
moment of birth and are therefore probably more important. Furthermore, simultaneously including the number of younger
siblings introduces additional complexity to what are already complex and data-hungry models. Finally, the number of younger
siblings is likely to correlate with the number of older siblings, making it difficult to reliably separate their effects. Nevertheless,
exploring the effects of younger and older siblings in tandem would be an avenue for future studies to explore.

In this study, we provided a comprehensive decomposition of how older siblings shape survival in early life. Thereby, our
study fills a gap in the literature by offering new insights into sibling associations with childhood survival across a previously
unexamined community and historical time period. We emphasize the need to consider interactions with the sex, survival and
age of siblings, which are mediators of both the strength and the direction of sibling-related associations. Overall, we provide
a rare insight into how siblings can shape survival in a long-lived species, suggesting signals consistent with both cooperative
and competitive interactions mediated by biological and cultural factors that align with the gendered resource dilution model.
Thereby these results show that siblings are an important component of the early-life environment.

Ethics. Access to the data has been approved by the relevant authorities and its use conforms to all legal regulations as well as institutional ethical
guidelines.
Data accessibility. Code and data necessary for reproducing results are available at [92].

Supplementary material is available online [93].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. M.S.: conceptualization, data curation, formal analysis, investigation, methodology, validation, visualization, writing—
original draft, writing—review and editing; E.A.Y.: conceptualization, data curation, methodology, supervision, validation, writing—review
and editing; V.L.: conceptualization, supervision, validation, writing—review and editing; E.P.: conceptualization, data curation, methodology,
supervision, validation, writing—review and editing; H.L.D.: conceptualization, methodology, supervision, validation, writing—review and
editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. M.S.'s current PhD work is co-funded by the European Union’s Horizon Europe research and innovation programme under the Marie
Sklodowska-Curie Actions grant agreement No. 101125250. E.A.Y.'s PhD was funded by the University of Groningen, through a Rosalind
Franklin Fellowship awarded to H.L.D. Digitization and transcription of the data were funded by the Swiss National Science Foundation (grant
no. 31003A_159462). V.L. was funded by the Strategic Research Council of the Academy of Finland (grant nos. 345185 and 345183).
Acknowledgements. We thank Beat Mahler and Fritz Rigendinger of the Landesarchiv des Kantons Glarus for enabling access to the data. We thank
Aida Nitsch and the Dugdale Research Group for feedback throughout the project and Maaike A. Versteegh for comments on the writing.

References

1. Grafen A. 1988 On the uses of data on lifetime reproductive success. In Reproductive success (ed. T Clutton-Brock), pp. 454—751. Chicago, IL: University of Chicago Press.
2. Lindstrom J. 1999 Early development and fitness in birds and mammals. Trends Ecol. Evol. 14, 343—348. (doi:10.1016/50169-5347(99)01639-0)

7515707 1767 8905420 qdsyjeunol/Buobunsigndiiaposiesor |


http://dx.doi.org/10.1016/s0169-5347(99)01639-0

Downloaded from https://royal societypublishing.org/ on 22 September 2025

20.
21.

22.

23.
24,
25.

26.
27.

28.
29.
30.
31
32.
33.

34.
35.

36.
37.
38.
39.

40.
41.
42.

3.
44,

45.
46.
47.
48.
49.

Emlen ST. 1995 An evolutionary theory of the family. Proc. Natl Acad. Sci. USA 92, 8092-8099. (doi:10.1073/pnas.92.18.8092)

Hudson R, Trillmich F. 2008 Sibling competition and cooperation in mammals: challenges, developments and prospects. Behav. Ecol. Sociobiol. 62, 299—307. (doi:10.1007/500265-
007-0417-z)

Clutton-Brock TH. 1988 Reproductive success: studies of individual variation in contrasting breeding systems. Chicago, IL: University of Chicago Press.

Lack D. 1947 The significance of clutch-size. Ibis 89, 302—-352. (doi:10.1111/j.1474-919x.1947..th04155.x)

Trivers RL. 1974 Parent-offspring conflict. Am. Zool. 14, 249-264. (doi:10.1093/icb/14.1.249)

Blake J. 1989 Number of siblings and educational attainment. Science 245, 32-36. (doi:10.1126/science.2740913)

Clutton-Brock T. 2016 Mammal societies. Oxford, UK: John Wiley & Sons.

Trillmich F, Wolf JBW. 2008 Parent—offspring and sibling conflict in Galdpagos fur seals and sea lions. Behav. Ecol. Sociobiol. 62, 363-375. (doi:10.1007/500265-007-0423-1)

Lawson DW, Mace R. 2009 Trade-offs in modern parenting: a longitudinal study of sibling competition for parental care. £vol. Hum. Behav. 30, 170-183. (doi:10.1016/j.
evolhumbehav.2008.12.001)

Hamilton WD. 1964 The genetical evolution of social behaviour. II. J. Theor. Biol. 7,17-52. (doi:10.1016/0022-5193(64)90039-6)

Parker GA, Mock DW, Lamey TC. 1989 How selfish should stronger sibs be? Am. Nat. 133, 846-868. (doi:10.1086/284956)

Hertwig R, Davis JN, Sulloway FJ. 2002 Parental investment: how an equity motive can produce inequality. Psychol. Bull. 128, 728—745. (doi:10.1037//0033-2909.128.5.728)

Berger V, Reichert S, Lahdenperd M, Jackson J, Htut W, Lummaa V. 2021 The elephant in the family: costs and benefits of elder siblings on younger offspring life-history trajectory in
a matrilineal mammal. J. Anim. Ecol. 90, 2663-2677. (doi:10.1111/1365-2656.13573)

Fox J, Willfiihr K, Gagnon A, Dillon L, Voland E. 2017 The consequences of sibling formation on survival and reproductive success across different ecological contexts: a comparison of
the historical Krummhdrm and Quebec populations. Hist. Fam. 22, 364—423. (doi:10.1080/1081602X.2016.1193551)

Beise J. 2004 The helping and the helpful grandmother: the role of maternal and paternal grandmothers in child mortality in the 17th and 18th century population of French settlers in
Quebec, Canada. WP-2004-004. Max Planck Institute for Demographic Research. (doi:10.4054/MPIDR-WP-2004-004)

Zhou L, Ge E, Micheletti AJC, Chen Y, Du J, Mace R. 2022 Monks relax sibling competition over parental resources in Tibetan populations. Behav. Ecol 33, 1070-1079. (doi:10.1093/
beheco/arac059)

Nitsch A, Faurie C, Lummaa V. 2013 Are elder siblings helpers or competitors? Antagonistic fitness effects of sibling interactions in humans. Proc. R. Soc. B 280, 20122313. (doi:10.
1098/rsph.2012.2313)

Hagen EH, Barrett HC. 2009 Cooperative breeding and adolescent siblings. Curr. Anthrapol. 50, 727—-737. (doi:10.1086/605328)

Helfrecht C, Meehan CL. 2016 Sibling effects on nutritional status: intersections of cooperation and competition across development. Am. J. Hum. Biol. 28, 159-170. (doi:10.1002/
ajhb.22763)

Steelman LC, Powell B, Werum R, Carter S. 2002 Reconsidering the effects of sibling configuration: recent advances and challenges. Annu. Rev. Sociol. 28, 243—-269. (doi:10.1146/
annurev.s0c.28.111301.093304)

Suanet B, Bras H. 2014 Sibling position and marriage timing in the Netherlands, 1840-1922. J. Fam. Hist. 39, 126—139. (doi:10.1177/0363199013506986)

Mulder MB. 1998 Brothers and sisters. Hum. Nat. 9, 119—161. (doi:10.1007/512110-998-1001-6)

Marco-Gracia FJ, Lopez-Antén M. 2025 ‘For better, for worse’: the role of siblings in survival and biological well-being in rural Aragén (Spain) in the twentieth century. Soc. Sci. Hist.
1-29. (doi:10.1017/s5h.2025.26)

Harvey PH, Clutton-Brock TH. 1985 Life history variation in primates. £vol. Int. J. Org. Evol. 39, 559. (doi:10.2307/2408653)

Kaplan H. 1997 The evolution of the human life course. In Between zeus and the salmon: the biodemography of longevity (eds KW Wachter, CE Finch), pp. 175-211. Washington, DC:
National Academies Press.

Kramer KL. 2005 Children’s help and the pace of reproduction: cooperative breeding in humans. Evol. Anthropol. 14, 224-237. (doi:10.1002/evan.20082)

Sear R, Mace R. 2008 Who keeps children alive? A review of the effects of kin on child survival. Evol. Hum. Behav. 29, 1-18. (doi:10.1016/j.evolhumbehav.2007.10.001)

Kramer KL. 2002 Variation in juvenile dependence. Hum. Nat. 13, 299—-325. (doi:10.1007/512110-002-1011-8)

Boerma JT, Bicego GT. 1966 Preceding birth intervals and child survival: searching for pathways of influence. Stud. Fam. Plan 23, 243-256.

Whitworth A, Stephenson R. 2002 Birth spacing, sibling rivalry and child mortality in India. Soc. Sci. Med. 55, 2107-2119. (doi:10.1016/50277-9536(02)00002-3)

Riswick T, Hsieh YH. 2020 Between rivalry and support: the impact of sibling composition on infant and child mortality in Taiwan, 1906—1945. Demagr. Res. 42, 615—656. (doi:10.
4054/demres.2020.42.21)

Kramer KL, Boone JL. 2002 Why intensive agriculturalists have higher fertility: a household energy budget approach. Curr. Anthropol. 43, 511-517. (doi:10.1086/340239)

Nag M, Peet RC, Bardhan A, Hull TH, Johnson A, Masnick GS, Polgar S, Repetto R, Tax S. 1978 An anthropological approach to the study of the economic value of children in Java and
Nepal [and Comments and Reply]. Curr. Anthropol. 19, 293-306. (doi:10.1086/202076)

Crognier E, Baali A, Hilali M. 2001 Do 'helpers at the nest' increase their parents’ reproductive success? Am. J. Hum. Biol. 13, 365—373. (doi:10.1002/ajhb.1060.ahs)

Crognier E, Villena M, Vargas E. 2002 Helping patterns and reproductive success in Aymara communities. Am. J. Hum. Biol. 14, 372-379. (doi:10.1002/ajhb.10047)

Frayer DW, Wolpoff MH. 1985 Sexual dimorphism. Annu. Rev. Anthropol. 14, 429-473. (doi:10.1146/annurev.an.14.100185.002241)

Rickard 1), Lummaa V, Russell AF. 2009 Elder brothers affect the life history of younger siblings in preindustrial humans: social consequence or biological cost? Evol. Hum. Behav. 30,
49-57. (doi:10.1016/j.evolhumbehav.2008.08.001)

Thurstans S et al. 2022 Understanding sex differences in childhood undernutrition: a narrative review. Nutrients 14, 948. (doi:10.3390/nu14050948)

Invernizzi L, Lemaitre JF, Douhard M. 2025 The expensive son hypothesis. J. Anim. Ecol. 94, 20—-44. (doi:10.1111/1365-2656.14207)

Rickard 1). 2008 Offspring are lighter at birth and smaller in adulthood when born after a brother versus a sister in humans. Evol. Hum. Behav. 29, 196—200. (doi:10.1016/j.
evolhumbehav.2008.01.006)

Bakwin H. 1929 The sex factor in infant mortality. Hum. Biol. 1, 90.

Drevenstedt GL, Crimmins EM, Vasunilashorn S, Finch CE. 2008 The rise and fall of excess male infant mortality. Proc. Natl Acad. Sci. USA 105, 5016—5021. (doi:10.1073/pnas.
0800221105)

Sear R. 2008 Kin and child survival in rural Malawi. Hum. Nat. 19, 277-293. (doi:10.1007/512110-008-9042-4)

Sear R, Steele F, McGregor 1A, Mace R. 2002 The effects of kin on child mortality in rural Gambia. Demography 39, 43—63. (doi:10.1353/dem.2002.0010)

Marco-Gracia FJ, Beltran Tapia FJ. 2021 Son preference, gender discrimination, and missing girls in rural Spain, 1750—1950. Popul. Dev. Rev. 47, 665—689. (doi:10.1111/padr.12406)
Rosenblum D. 2015 Unintended consequences of women’s inheritance rights on female mortality in India. Econ. Dev. Cult. Chang. 63, 223-248. (doi:10.1086/679059)

Kalmijn M, van de Werfhorst HG. 2016 Sibship size and gendered resource dilution in different societal contexts. PLoS One 11, €0160953. (doi:10.1371/journal.pone.0160953)

7515707 267 8905420 qdsyjeunol/Buobunsigndiiaposiefor |


http://dx.doi.org/10.1073/pnas.92.18.8092
http://dx.doi.org/10.1007/s00265-007-0417-z
http://dx.doi.org/10.1007/s00265-007-0417-z
http://dx.doi.org/10.1111/j.1474-919x.1947.tb04155.x
http://dx.doi.org/10.1093/icb/14.1.249
http://dx.doi.org/10.1126/science.2740913
http://dx.doi.org/10.1007/s00265-007-0423-1
http://dx.doi.org/10.1016/j.evolhumbehav.2008.12.001
http://dx.doi.org/10.1016/j.evolhumbehav.2008.12.001
http://dx.doi.org/10.1016/0022-5193(64)90039-6
http://dx.doi.org/10.1086/284956
http://dx.doi.org/10.1037//0033-2909.128.5.728
http://dx.doi.org/10.1111/1365-2656.13573
http://dx.doi.org/10.1080/1081602X.2016.1193551
http://dx.doi.org/10.4054/MPIDR-WP-2004-004
http://dx.doi.org/10.1093/beheco/arac059
http://dx.doi.org/10.1093/beheco/arac059
http://dx.doi.org/10.1098/rspb.2012.2313
http://dx.doi.org/10.1098/rspb.2012.2313
http://dx.doi.org/10.1086/605328
http://dx.doi.org/10.1002/ajhb.22763
http://dx.doi.org/10.1002/ajhb.22763
http://dx.doi.org/10.1146/annurev.soc.28.111301.093304
http://dx.doi.org/10.1146/annurev.soc.28.111301.093304
http://dx.doi.org/10.1177/0363199013506986
http://dx.doi.org/10.1007/s12110-998-1001-6
http://dx.doi.org/10.1017/ssh.2025.26
http://dx.doi.org/10.2307/2408653
http://dx.doi.org/10.1002/evan.20082
http://dx.doi.org/10.1016/j.evolhumbehav.2007.10.001
http://dx.doi.org/10.1007/s12110-002-1011-8
http://dx.doi.org/10.1016/s0277-9536(02)00002-3
http://dx.doi.org/10.4054/demres.2020.42.21
http://dx.doi.org/10.4054/demres.2020.42.21
http://dx.doi.org/10.1086/340239
http://dx.doi.org/10.1086/202076
http://dx.doi.org/10.1002/ajhb.1060.abs
http://dx.doi.org/10.1002/ajhb.10047
http://dx.doi.org/10.1146/annurev.an.14.100185.002241
http://dx.doi.org/10.1016/j.evolhumbehav.2008.08.001
http://dx.doi.org/10.3390/nu14050948
http://dx.doi.org/10.1111/1365-2656.14207
http://dx.doi.org/10.1016/j.evolhumbehav.2008.01.006
http://dx.doi.org/10.1016/j.evolhumbehav.2008.01.006
http://dx.doi.org/10.1073/pnas.0800221105
http://dx.doi.org/10.1073/pnas.0800221105
http://dx.doi.org/10.1007/s12110-008-9042-4
http://dx.doi.org/10.1353/dem.2002.0010
http://dx.doi.org/10.1111/padr.12406
http://dx.doi.org/10.1086/679059
http://dx.doi.org/10.1371/journal.pone.0160953

Downloaded from https://royal societypublishing.org/ on 22 September 2025

50.

51.

52.

53.
54.

55.
56.

57.
58.

59.

60.
61.
62.

63.

64.
65.

66.
67.
68.
69.

70.

7.
72.

73.

74.

75.

76.

7.

78.

79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
9.

Riswick T, Engelen T. 2018 Siblings and life transitions: investigating the resource dilution hypothesis across historical contexts and outcomes. Hist. Fam. 23, 521-532. (doi:10.1080/ m

1081602x.2018.1532309)

Fuse K, Crenshaw EM. 2006 Gender imbalance in infant mortality: a cross-national study of social structure and female infanticide. Soc. Sci. Med. 62, 360—374. (doi:10.1016/j.
socscimed.2005.06.006)

Muhuri PK, Menken J. 1997 Adverse effects of next birth, gender, and family composition on child survival in rural Bangladesh. Popul. Stud. 51, 279-294. (doi:10.1080/
0032472031000150056)

Voland E, Dunbar RIM. 1995 Resource competition and reproduction. Hum. Nat. 6, 33—49. (doi:10.1007/bf02734134)

Volk AA, Atkinson JA. 2013 Infant and child death in the human environment of evolutionary adaptation. Evol. Hum. Behav. 34, 182—192. (doi:10.1016/j.evolhumbehav.2012.11.
007)

Kubly-Miiller JJ. 1912 Die Genealogien-Werke des Kantons Glarus. Schweizer Archiv Fiir Heraldik 1912, 164—187.

Chapman SN, Lahdenperd M, Pettay JE, Lynch RF, Lummaa V. 2021 Offspring fertility and grandchild survival enhanced by maternal grandmothers in a pre-industrial human
society. Sci. Rep. 11, 3652. (doi:10.1038/s41598-021-83353-3)

Atrash HK. 2011 Parents’ Death and its Implications for Child Survival. Rev. Bras. Crescimento Desenvolv. Hum 21, 759-770. https://revistas.usp.br/jhgd/article/view/20028/22116
Arslan RC et al. 2017 Older fathers’ children have lower evolutionary fitness across four centuries and in four populations. Proc. R. Soc. B 284, 20171562. (doi:10.1098/rspb.2017.
1562)

Braudt DB, Lawrence EM, Tilstra AM, Rogers RG, Hummer RA. 2019 Family socioeconomic status and early life mortality risk in the United States. Matern. Child Health J. 23,1382—
1391. (doi:10.1007/510995-019-02799-0)

Ritzmann-Blickenstorfer H (ed). 1996 Historische statistik der schweiz: statistique historique de la suisse. Zurich, Switzerland: Chronos.

Roser M. 2023 Mortality in the past: every second child died. See https://ourworldindata.org/child-mortality-in-the-past.

Chesnais JC. 1992 The demographic transition: stages, patterns, and economic implications: a longitudinal study of sixty-seven countries covering the period 1720—1984. Oxford, UK:
Clarendon Press. (doi:10.1093/050/9780198286592.001.0001)

Corbett S, Courtiol A, Lummaa V, Moorad J, Stearns S. 2018 The transition to modernity and chronic disease: mismatch and natural selection. Nat. Rev. Genet. 19, 419-430. (doi:10.
1038/541576-018-0012-3)

Lee R. 2003 The demographic transition: three centuries of fundamental change. J. Econ. Perspect. 17, 167-190. (doi:10.1257/089533003772034943)

Rachoud-Schneider AM, Leonhard M, Schnyder A, Baumann W, Moser P. 2007 Agriculture. 19 November 2007. Dictionnaire historique de la Suisse (DHS). See https://hls-dhs-dss.
ch/fr/articles/013933/2007-11-19/ (accessed 7 November 2023).

Lawson DW, Alvergne A, Gibson MA. 2012 The life-history trade-off between fertility and child survival. Proc. R. Soc. B 279, 4755—4764. (doi:10.1098/rspb.2012.1635)

World Health Organization. 2022 Child mortality (under 5 years). See https://www.who.int/news-room/fact-sheets/detail/child-mortality-under-5-years.

Minge-Kalman W. 1978 Household economy during the peasant-to-worker transition in the swiss alps. Etnology 17, 183—196. (doi:10.2307/3773143)

Faurie C, Russell AF, Lummaa V. 2009 Middleborns disadvantaged? Testing hirth-order effects on fitness in pre-industrial finns. PLoS One (ed R Sear), 4, e5680. (doi:10.1371/journal.
pone.0005680)

Lummaa V. 2001 Reproductive investment in pre-industrial humans: the consequences of offspring number, gender and survival. Proc. R. Soc. B 268, 1977—1983. (doi:10.1098/
rspb.2001.1786)

Rickard 1) et al. 2022 Mothers with higher twinning propensity had lower fertility in pre-industrial Europe. Nat. Commun. 13, 2886. (doi:10.1038/s41467-022-30366-9)

Evans SR, Waldvogel D, Vasiljevic N, Postma E. 2018 Heritable spouse effects increase evolutionary potential of human reproductive timing. Proc. R. Soc. B 285, 20172763. (doi:10.
1098/rsph.2017.2763)

Leeuwen M, Maas |, Miles A, Edvinsson S, Karlsson J, Jarnaes-Erikstad M, Matthijs K. 2002 Historical international standard classification of occupations. Leuven, Belgium: Leuven
University Press.

Lambert PS, Zijdeman RL, Leeuwen MHD, Maas I, Prandy K. 2013 The construction of HISCAM: a stratification scale based on social interactions for historical comparative research.
Hist. Methods 46, 77—89. (doi:10.1080/01615440.2012.715569)

Pettay JE, Helle S, Jokela J, Lummaa V. 2007 Natural selection on female life-history traits in relation to socio-economic class in pre-industrial human populations. PLoS One 2, e606.
(doi:10.1371/journal.pone.0000606)

Li R, Ware J, Chen A, Nelson JM, Kmet JM, Parks SE, Morrow AL, Chen J, Perrine CG. 2022 Breastfeeding and post-perinatal infant deaths in the United States, a national prospective
cohort analysis. Lancet Reg. Health Am. 5, 100094. (doi:10.1016/j.1ana.2021.100094)

Moucheraud C, Worku A, Molla M, Finlay JE, Leaning J, Yamin AE. 2015 Consequences of maternal mortality on infant and child survival: a 25-year longitudinal analysis in Butajira
Ethiopia (1987-2011). Reprod. Health 12, S4. (doi:10.1186/1742-4755-12-51-54)

Gillespie DOS, Russell AF, Lummaa V. 2013 The effect of maternal age and reproductive history on offspring survival and lifetime reproduction in preindustrial humans. Evolution 67,
1964—1974. (doi:10.1111/ev0.12078)

Bates D, Mdchler M, Bolker B, Walker S. 2015 Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 67, 01. (doi:10.18637/jss.v067.i01)

R.Core Team. 2024 R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing. See https://www.R-project.org/.

Schielzeth H, Forstmeier W. 2009 Conclusions beyond support: overconfident estimates in mixed models. Behav. Ecol. 20, 416—420. (doi:10.1093/beheco/arn145)

Lenth R. 2024 emmeans: estimated marginal means, aka least-squares means. R package version 1.10.6. See https://CRAN.R-project.org/package=emmeans.

Hartig F. 2016 DHARMa: residual diagnostics for hierarchical (multi-level / mixed) regression models. R package version 0.4.7. See https://CRAN.R-project.org/package=DHARMa.
Fox J, Weisherg S, Price B, Adler D, Bates D. 2019 car: companion to applied regression. See https://CRAN. R-project. org/package=car.

Liidecke D. 2018 ggeffects: tidy data frames of marginal effects from regression models. J. Open Source Softw. 3, 772. (doi:10.21105/j0ss.00772)

Wickham H. 2016 ggplot2: elegant graphics for data analysis. See https://ggplot2.tidyverse.org.

Kassambara A. 2020 ggpubr: ‘ggplot2’ based publication ready plots. See https://cran.r-project.org/package=ggpubr.

Hobson A. 1929 Agricultural survey of Europe: Switzerland. Technical Bulletin 101. United States Department of Agriculture. (doi:10.22004/ag.econ.157084)

Bjorkegren E, Svaleryd H. 2023 Birth order and health disparities throughout the life course. Soc. Sci. Med. 318, 115605. (doi:10.1016/j.s0cscimed.2022.115605)

Davatz J. 1980 Glarner Geschichte fiir die Schulen des Kantons Glarus. Glarus, Switzerland: Kantonaler Lehrmittelverlag.

Singer JD, Willett JB. 2003 Applied longitudinal data analysis: modeling change and event occurrence. New York, NY: Oxford University Press. (doi:10.1093/acprof:0s0/
9780195152968.001.0001)

S7S1S707 26T 970S°Y 301d quJ/|eum0[/6106U|q5||qnd/(19|)05|m(01


http://dx.doi.org/10.1080/1081602x.2018.1532309
http://dx.doi.org/10.1080/1081602x.2018.1532309
http://dx.doi.org/10.1016/j.socscimed.2005.06.006
http://dx.doi.org/10.1016/j.socscimed.2005.06.006
http://dx.doi.org/10.1080/0032472031000150056
http://dx.doi.org/10.1080/0032472031000150056
http://dx.doi.org/10.1007/bf02734134
http://dx.doi.org/10.1016/j.evolhumbehav.2012.11.007
http://dx.doi.org/10.1016/j.evolhumbehav.2012.11.007
http://dx.doi.org/10.1038/s41598-021-83353-3
https://revistas.usp.br/jhgd/article/view/20028/22116
http://dx.doi.org/10.1098/rspb.2017.1562
http://dx.doi.org/10.1098/rspb.2017.1562
http://dx.doi.org/10.1007/s10995-019-02799-0
https://ourworldindata.org/child-mortality-in-the-past
http://dx.doi.org/10.1093/oso/9780198286592.001.0001
http://dx.doi.org/10.1038/s41576-018-0012-3
http://dx.doi.org/10.1038/s41576-018-0012-3
http://dx.doi.org/10.1257/089533003772034943
https://hls-dhs-dss.ch/fr/articles/013933/2007-11-19/
https://hls-dhs-dss.ch/fr/articles/013933/2007-11-19/
http://dx.doi.org/10.1098/rspb.2012.1635
https://www.who.int/news-room/fact-sheets/detail/child-mortality-under-5-years
http://dx.doi.org/10.2307/3773143
http://dx.doi.org/10.1371/journal.pone.0005680
http://dx.doi.org/10.1371/journal.pone.0005680
http://dx.doi.org/10.1098/rspb.2001.1786
http://dx.doi.org/10.1098/rspb.2001.1786
http://dx.doi.org/10.1038/s41467-022-30366-9
http://dx.doi.org/10.1098/rspb.2017.2763
http://dx.doi.org/10.1098/rspb.2017.2763
http://dx.doi.org/10.1080/01615440.2012.715569
http://dx.doi.org/10.1371/journal.pone.0000606
http://dx.doi.org/10.1016/j.lana.2021.100094
http://dx.doi.org/10.1186/1742-4755-12-s1-s4
http://dx.doi.org/10.1111/evo.12078
http://dx.doi.org/10.18637/jss.v067.i01
https://www.R-project.org/
http://dx.doi.org/10.1093/beheco/arn145
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=DHARMa
https://CRAN.%20R-project.%20org/package=car
http://dx.doi.org/10.21105/joss.00772
https://ggplot2.tidyverse.org
https://cran.r-project.org/package=ggpubr
http://dx.doi.org/10.22004/ag.econ.157084
http://dx.doi.org/10.1016/j.socscimed.2022.115605
http://dx.doi.org/10.1093/acprof:oso/9780195152968.001.0001
http://dx.doi.org/10.1093/acprof:oso/9780195152968.001.0001

Downloaded from https://royal societypublishing.org/ on 22 September 2025

92.

93.

Spa M, Young EA, Lummaa V, Postma E, Dugdale HL. 2025 Replication data for: Age- and sex-dependent associations between the number of older siblings and early-life survival in m
preindustrial humans. (doi:10.34894/4W9URW)

Spa M, Young EA, Lummaa V, Postma E, Dugdale HL. 2025 Supplementary material from: Age- and sex-dependent associations between the number of older siblings and early-life
survival in preindustrial humans. Figshare. (doi:10.6084/m9.figshare.c.7979923)

STS1ST07 <267 9705204 qdsy/jewnof/BioBuysyqndiaaposiefos


http://dx.doi.org/10.34894/4W9URW
http://dx.doi.org/10.6084/m9.figshare.c.7979923

	Age- and sex-dependent associations between the number of older siblings and early-life survival in pre-industrial humans
	1. Introduction
	2. Methods
	(a) Study population
	(b) Childhood survival
	(c) Sibling classifications
	(d) Focal individual characteristics
	(e) Parental variables
	(f) Statistical analyses

	3. Results
	4. Discussion


