SCIENCE ADVANCES | RESEARCH ARTICLE

'.) Check for updates

EVOLUTIONARY BIOLOGY

Sexual selection drives sex difference in adult life
expectancy across mammals and birds
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Across human cultures and historical periods, women, on average, live longer than men, a pattern best under-
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stood from a comparative evolutionary perspective. Here, we analyzed adult life expectancy in 528 mammal and
648 bird species in zoos. Like humans, 72% of mammals exhibited a female life expectancy advantage, while 68%
of birds showed a male advantage, as expected from the harmful effects of sex chromosomes described by the
heterogametic sex hypothesis. Yet, sex differences varied widely. In zoos, we found strong evidence that this vari-
ation generally correlated with both the mating system and sexual size dimorphism. Although with weaker evi-
dence, the patterns remained consistent in populations from the wild, with an even larger effect of the mating
system. Thus, even in zoos, where environmental pressures are largely reduced, precopulatory sexual selection
seems to play a fundamental role in shaping sex differences in life expectancy in mammals and birds.

INTRODUCTION

Both scientists and the general public have long been intrigued
by the relatively large and consistent differences in survival be-
tween women and men. Worldwide, today, women live, on average,
5.4 years longer than men (1). Although the magnitude varies, the
direction of this effect is nearly universal in human populations re-
gardless of historical, cultural, or social context (2-5). While some
researchers have argued that this puzzling consistency is attributable
to the interplay between human sociality and biology (6-8), com-
parative approaches show that the female survival advantage is
seemingly common in other mammals (9-12). However, the female
advantage is not universal across animals [e.g., (5, 7, 13, 14)]: Males
outlive females in many birds, amphibians, and insects (15-20). Un-
derstanding why the direction and strength of sex differences in sur-
vival vary across the tree of life requires uncovering the evolutionary
mechanisms that underlie them, both within and across major taxo-
nomic groups.

Several nonmutually exclusive hypotheses have been proposed to
explain sex differences in adult life expectancy (ALE; i.e., the average
age at death in a population) and their evolution. One of the leading
hypotheses is based on the deleterious effects of the sex chromosomes
in the heterogametic sex (XY in male mammals or ZW in female

birds) (7, 17-19, 21-23). Alternatively, life history theory suggests that
sex biases in survival result from differences in the intensity of sexual
selection, as individuals of one sex sacrifice long-term survival by al-
locating resources to mate competition or to the development and
maintenance of sexually selected traits (17, 24-26). Another set of ex-
planations focuses on the cost of reproduction, where increased allo-
cation to gestation, offspring production, or parental care can also
come at the expense of survival (27-30).

Resolving the relative explanatory power of these theories and
hypotheses requires comparable demographic data spanning a
broad phylogenetic scope. The most extensive comparisons to date
include 101 mammal species (9) and 194 bird species (15) from
populations in the wild. While evolutionarily informative, observed
sex differences may stem from environmental factors, such as sex-
biased dispersal or risk-taking behaviors, rather than underlying
physiological aging differences (7). Moreover, modest sample sizes
often limit statistical power and precision in estimating the mag-
nitude of differences. Data from zoo populations provide unique
opportunities to study sex-specific survival and life expectancy by
markedly expanding the number of species and their sample sizes
(31, 32) while reducing confounders like predation, starvation,
increased risk of injuries, and pathogen exposure. This partially
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controlled environment can help isolate the effects of genetic and
physiological factors influencing sex-specific ALE (7, 9, 32).

However, reduced environmental pressures in zoos may also at-
tenuate the strength of sex differences in ALE and their association
with other life history variables. Species often live considerably lon-
ger in zoos than in the wild (33), and abundant resources and man-
aged reproduction in zoos may lower individual survival costs
associated with growth and reproduction. For example, the influ-
ence of sexual size dimorphism (SSD) on male survival tends to be
lower, and the individual cost of producing offspring appears to
have no effect on female survival in zoo settings (12, 34). Neverthe-
less, the goal of any comparative study on sex differences in life ex-
pectancy is to understand the evolutionary forces that shape them
across species, not within them. If these forces are sufficiently strong,
then they should still be evident even in controlled environments.
Combining data from populations in both zoos and the wild can
help differentiate between evolutionary and ecological factors influ-
encing sex differences in ALE. Consistent results across both set-
tings might suggest that genetic mechanisms rooted in evolutionary
processes are involved.

Here, we conducted a large-scale comparative study of sex differ-
ences in ALE in mammal and bird populations in zoos and on a
subset of species from populations in the wild, to explore the direc-
tion and magnitude of these differences between species and within
clades (e.g., orders). Our goal was to elucidate whether, as predicted
by the heterogametic sex hypothesis, the general pattern of female
ALE advantage in mammals and the male advantage in birds is
widespread within classes. Motivated by our finding that sex differ-
ences in ALE are greatly variable within birds and mammals and
across environments, we then tested two influential hypotheses pro-
posed to explain sex differences in survival based on life history
characteristics that can vary even between closely related species,
namely, the effect of sexual selection and the cost of reproduction.

RESULTS

Sex differences in ALE

The heterogametic sex hypothesis proposes shorter life spans for the
heterogametic sex, either due to the “unguarded X/Z” chromosome
or the “toxic Y/W” (5, 17, 35). While some evidence supports this
hypothesis in its various forms (18, 19, 21, 22, 35), studies have ar-
gued that it is insufficient to explain the observed male or female
advantage in life expectancy across many species (36, 37). Moreover,
substantial variation remains in both the magnitude and direction
of sex differences in life expectancy, even among species with the
same sex determination system (9, 15). For example, in populations
in the wild, female moose (Alces alces) have twice the adult median
life span of males, while adult male sifakas (Propithecus verreauxi)
live, on average, 20% longer than females (9).

Here, we analyzed sex differences in ALE, hereafter ALE differ-
ences, in mammals and birds from zoo populations and, for a subset
of species, corresponding populations from the wild, to determine
whether the predictions of the heterogametic sex hypothesis hold
across both controlled and natural environments. We used Bayesian
survival trajectory analysis (38-40) to fit age- and sex-specific sur-
vival models from the age at first birth for each species, using data
from the Species360 Zoological Information Management System
(ZIMS; Data Use Agreement no. 101333) (41). Our analysis encom-
passed 528 mammal and 648 bird species from zoo populations,
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spanning the majority of taxonomic orders (20 of 29 mammalian
orders and 31 of 42 avian orders), covering taxa generally under-
represented in survival studies, such as shorebirds, insectivores, and
rodents. To evaluate the consistency of our findings in natural set-
tings, we also analyzed published data from populations in the wild
of 110 species (69 mammals and 41 birds) that were also monitored
in zoos.

From the Bayesian survival models, we estimated posterior
means and SDs of ALE differences, where ALE is represented by the
mean (expected) age at death calculated from the distribution of
ages at death (data S1). We calculated ALE differences as 5, = (ef—
em)/max(ep, e,), where erand e, refer to female and male ALE, re-
spectively. This measure ranges from —1 to 1, with 0 indicating no
difference, positive values indicating a female advantage, and nega-
tive values indicating a male advantage in ALE. Therefore, 5, quanti-
fies the proportional differences in ALE relative to the sex with the
longer ALE and can be directly expressed as percent differences,
given by Ps =100 X |3, |. Thus, if §, > 0, then Pj is the percent fe-
male advantage, while, if §, < 0, then Py is the percent male advan-
tage. For instance, a difference of 8, = 0.5 indicates a Py = 50%
female advantage, while 8, = —0.5 indicates a Py = 50% male advan-
tage. Although highly correlated with other metrics of sex differ-
ences in life expectancy [e.g., log(en/ep); fig. S1], this measure
provides a more intuitive understanding of ALE differences. To esti-
mate the strength of evidence in ALE differences (i.e., how different
the posterior mean §, is from 0), we calculated a two-sided test sta-
tistic (zero overlap) of the area under the posterior density of values
smaller or larger than 0, highlighting differences with zero overlap
below 0.05 to indicate strong evidence and between 0.05 and 0.125
as moderate evidence. We calculated class and order-level means
and SEs as weighted averages, where the weights were determined
using the reciprocal of the posterior SD for each species.

ALE differences across mammals and birds

Our results showed a 12% average female ALE advantage in mam-
mals (class mean 8, = 0.122; 95% confidence interval, [0.108, 0.136])
and a 5% average male advantage in birds (class mean 5, = —0.052,
[-0.062, —0.042]) in zoos (Fig. 1A). Notably, this average propor-
tional female advantage in mammals was more than twice as large as
the male advantage in birds. Overall, ALE was female biased in 72%
of mammal species (381 of 528 species) and male biased in 68% of
bird species (438 of 648 species). Note that these numbers include
species with weak or no evidence for male-female differences in
ALE. We identified 208 mammal species with strong evidence for a
female bias (i.e., zero overlap of <0.05), representing 39% of all spe-
cies, and 28 species (5%) with a male bias. Among birds, 122 species
(19%) showed robust evidence of a male bias, while 26 species (4%)
exhibited a clear female bias (Fig. 1, B and C). We also examined
species for which we had a higher level of confidence in the ALE
difference estimates as measured by the posterior SD (i.e., lower
20th percentile of the distribution of posterior SDs). We found that
mammals had an even larger average female advantage of 16%,
whereas birds had a 6% male advantage (5, = 0.156, [0.134, 0.178]
for mammals; and 8, = —0.058, [—0.076, —0.040] for birds).

The average ALE differences were more pronounced in the wild
than in zoos, although with much greater variability (Fig. 1D and
figs. S2 and S3). The average female advantage in mammals was 1.5
times greater in wild populations than in zoos (class mean J,: 0.186,
[0.133, 0.239] versus 0.127, [0.092, 0.162]), while, in birds, the aver-
age male ALE advantage was five times greater in the wild than in
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Fig. 1. Sex differences in ALE (ALE differences) for mammals and birds. (A) Density plot of the distribution and weighted mean (red and blue lines) of ALE differences
for birds and mammals. (B) Histogram of the number of species according to their zero overlap. Zero overlap provides a two-sided test that indicates the area under the
posterior density of ALE differences below or above 0. Differences with zero overlap of <0.05 were considered nonnegligible (marked with *#). (C) Phylogenetic trees of 528
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z00s (class mean &,; —0.266, [—0.321, —0.211] versus —0.050,
[—0.081, —0.019]; Fig. 1D). Despite the apparent larger ALE differ-
ences in wild populations, we found that the direction of sex bias
was consistent between both environments for 47 (68%) mammal
and 23 (56%) bird species. We recorded strong to moderate evi-
dence (i.e., zero overlap of <0.125) of female bias in mammals in
both environments in 20 species (29%), while, in birds, only four
species (10%) showed strong to moderate evidence of a male bias in
ALE differences across both settings.

Contrary to the predictions of the heterogametic sex hypothe-
sis, we found strong evidence (zero overlap of <0.05) of zoo-held
species with male-biased ALE in 28 mammals (5.3% of 528 spe-
cies) and with female-biased ALE in 26 birds (4% of 648 species).
In populations in the wild, we found strong evidence for a male
bias in five mammal species (7.3% of 69 species) and a female bias
in one bird species, namely, the canvasback (Aythya valisineria,
2.4% of 41 species).

These results suggest that ALE differences cannot be predicted by
the heterogametic sex hypothesis alone but are likely influenced by
a combination of environmental and genetic factors. Environmen-
tally driven mortality likely amplifies sex differences in the wild,
particularly in birds, while many of the physiological and genetic
costs shaping these differences seemingly still persist under con-
trolled conditions.

ALE differences within orders

We identified considerable between-clade variation in both the
magnitude and direction of ALE differences within both verte-
brate classes and across environments (Fig. 2A; table S1; and
fig. S4, A to P). In zoos, most mammalian orders (17 of 20) ex-
hibited a female ALE advantage, particularly large in ungulates
(25% in Artiodactyla and 18% in Perissodactyla), bats (Chiroptera,
14%), and marsupials (superorder Australidelphia and order Di-
delphimorphia, 12%). The female advantages in ALE differences
at the order level were less pronounced in primates (6%), rodents
(Rodentia, 5%), and carnivores (Carnivora, 3%), and negligible
in rabbits, hares, and pikas (Lagomorpha, 0.6%). We found weak
or moderate evidence of male-biased ALE differences in tenrecs
and African shrews (Afrosoricida, 3% male advantage), elephant
shrews (Macroscelidea, 9%), and anteaters and sloths (Pilosa, 9%).

Among the mammalian orders with the largest number of spe-
cies, artiodactyls showed the highest proportion of species with a
female advantage in ALE differences, while those with the highest
proportion of male advantages were carnivores (8 of 102 species),
primates (6 of 99 species), and rodents (4 of 86 species). Although
species with a male advantage were members of several families
within each order, several notable patterns emerged.

In artiodactyls, represented by 136 species in zoos and 25 in the
wild, we found strong evidence of a male advantage across both envi-
ronments in species belonging to the family Bovidae. In the wild,
American bison (Bison bison) and Dall sheep (Ovis dalli) showed
strong evidence of a male advantage. Notably, Dall sheep had strong
evidence of a female advantage in zoos. In zoos, the sassaby (Damaliscus
lunatus) and the Arabian gazelle (Gazella arabica) showed strong evi-
dence of a male advantage, although these species were not available
in our wild dataset.

Among carnivores in zoos, 2 of the 18 species in the family Canidae,
wolves (Canis lupus) and wild dogs (Lycaon pictus), had strong evi-
dence of a male advantage in ALE, while 11 species showed no evidence
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of ALE differences. These findings were consistent with data from
populations in the wild, where wolves again showed strong evidence
of a male advantage, wild dogs showed moderate evidence of a male
advantage, and red foxes (Vulpes vulpes) showed no ALE differences.
This shows that a large proportion of species in the family Canidae
(more than 70% in zoos) did not conform to the expected mamma-
lian female advantage in ALE.

In primates, 8, ranged from a 30% male advantage to a 33% fe-
male advantage (Fig. 2B), with strong taxonomic differences across
major lineages. For example, we observed a predominantly female
ALE advantage in Asian and African monkeys (Cercopithecidae),
both in zoo and wild populations, but negligible differences in le-
murs (Lemuridae). Among hominids, we estimated a female advan-
tage across all sampled species, although the advantage in humans
was less pronounced than in chimpanzee and gorilla populations in
zoos and the wild (Fig. 2C). This pattern in humans persisted across
historical times and environments, including 18th and 21st century
Swedes, 21st century Japanese, and hunter-gatherer populations. In
contrast, we found strong evidence of a male advantage in two of the
three species of night monkeys (family Aotidae) in zoos, namely, the
gray-handed night monkey (Aotus griseimembra) and the three-
striped night monkey (Aotus trivirgatus). The third species, the Azara’s
night monkey (Aotus azarae), which was also represented in the
wild data, showed no ALE differences in either environment, sug-
gesting that night monkeys may not conform to the expected mam-
malian female advantage.

Analyzing 86 rodent species across 20 families, we found a re-
duced overall female ALE advantage (order mean §,: 0.053, [0.030,
0.077]), albeit with large between-species variation. Although rodents
are typically described as fast-paced, with low survival and high an-
nual fecundity, their life histories are diverse. For instance, capybaras
and cavies (Caviidae), which are among the largest and slowest-paced
rodents, displayed an 11% average female ALE advantage, with strong
evidence of a female bias for all five species, which represented this
family in our dataset. In contrast, faster-paced species such as mice
and rats (Muridae) showed negligible differences (i.e., zero overlap of
>0.05 for most species) (fig. S4E). Notably, both species of mole rats
(family Bathyergidae), the Damaraland mole rat (Fukomys damarensis)
and the naked mole rat (Heterocephalus glaber), showed strong evi-
dence of a male advantage. In the wild, we only found strong evi-
dence of a male advantage in American red squirrels (Tamiasciurus
hudsonicus). Despite their importance as model organisms in aging
research, rodents show considerable variation in sex differences. This
variability also appears within species, as demonstrated by a review of
118 laboratory mouse studies and 19 laboratory rat studies, which
found no consistent sex differences, likely due to differences in strain
and laboratory environments (2).

In birds, 25 of the 31 orders showed an overall male ALE ad-
vantage, including all well-represented orders such as galliforms
(Galliformes, 9%), pigeons and doves (Columbiformes, 9%), song-
birds (Passeriformes, 5%), parrots (Psittaciformes, 5%), and water-
fowl (Anseriformes, 3%). Large flightless ratites (ostriches, tinamous,
and emus) showed no ALE differences (Rheiformes mean §, =
—0.002, [—0.006, 0.002]; Struthio camelus, 8, = 0.059). Remarkably,
the sex chromosomes in ratites are homomorphic (i.e., not highly
differentiated) (42). However, hawks, eagles, and vultures (Accipi-
triformes) were a notable exception, with an overall—and, some-
times, large—female ALE advantage (Fig. 2A and table S1).
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Fig. 2. Sex differences in ALE (ALE differences) for taxonomic orders and families. (A) Mean (white dots) order-level ALE differences, where horizontal bars show the
95% confidence intervals calculated from the weighted SEs across nine mammalian and 15 bird orders. Only orders with more than five species (gray points) were in-
cluded. (B) ALE differences for 100 primate species. Red and blue bars show the 95% credible intervals, while the white dots show the posterior mean ALE difference.
Color represents whether the mean ALE difference favored females (red) or males (blue). Opacity indicates the strength of evidence for those differences (zero overlap of
<0.05). The tiles indicate whether the species is monogamous (yellow) or not (purple). Animal shapes were obtained from phylopic.org. (C) Posterior distribution of ALE
differences for different populations of humans, chimpanzees, and gorillas, including the chimpanzee populations from the Tai National Park (Cote d’lvoire), the Gombe
National Park (Tanzania), and the Budongo Forest (Uganda) and the gorilla population from Mbeli Bai (Republic of Congo) (38). The shaded areas under the curves show
the 95% credible intervals.
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Inspecting exceptions to the expected male advantage among the
bird orders that included a large number of species, we found that 8
of the 151 species of songbirds had strong evidence of a female ad-
vantage, followed by waterfowl with 5 of the 106 species. On the
other hand, we found no evidence of a female advantage among 48
species of pigeons and doves (Columbiformes) and 23 species of
woodpeckers and allies (Piciformes).

In songbirds, the species with strong evidence of a female advan-
tage were spread across different families. In particular, the weavers
(family Ploceidae) had two species with strong evidence and one
with moderate evidence of a female advantage.

Within waterfowl, we found that, in ducks and geese (family
Anatidae), 5 of the 105 species in zoos had strong evidence of a fe-
male advantage, while 66 had no evidence of ALE differences. Three
of the five species with a female advantage were sea duck species
belonging to the Mergus and Bucephala genera, naturally inhabiting
highly northern latitudes under extreme conditions. Overall, 67% of
species in this family did not conform to the expected male advan-
tage in birds. Our wild data only included two species in this family,
both of which had no evidence of ALE differences.

Although not among the most numerous, birds of prey present
notable exceptions to the typical male advantage in birds (Fig. 2A).
In zoo populations of falcons and hawks (Accipitridae), two of the
five species, the common buzzard (Buteo buteo) and Harris’s hawk
(Parabuteo unicinctus), showed strong evidence of a female advan-
tage, while the remaining species showed no ALE differences. Simi-
larly, in owls (Strigidae), 3 of the 19 species showed a female
advantage and nine showed no difference, i.e., 57% did not conform
to the expected male advantage. In the wild dataset, four owl species
were represented, of which two species deviated from the male-
biased pattern: the tawny owl (Strix aluco) showed strong evidence
of a female advantage, and the little owl (Athene noctua) showed no
difference. Notably, the female advantage in the tawny owl was only
evident in the wild, with a male advantage in zoos.

The above findings demonstrate a widespread female advan-
tage among mammals in both environments, including many taxa
previously unexplored. However, in zoos, the number of species
that show no or weak evidence of sex differences (292 sp.) or, con-
versely, a male advantage in ALE (28 sp.) is substantial. In birds,
we found a predominant male advantage in ALE, but, again, with
notable exceptions. These exceptions in both classes appear to be
more prevalent in certain families, which suggest that some phy-
logenetic groups may have evolved different strategies. To better
understand this variability, we therefore investigated how evolu-
tionary mechanisms, such as sexual selection and the cost of re-
production, relate to sex-biased ALE across mammals and birds
and across environments.

Evolutionary drivers of sex differences in ALE

Two hypotheses have been proposed to explain the evolutionary
mechanisms, leading to sex differences in ALE, both of which may
act simultaneously and revolve around the survival costs associated
with reproductive and sexual traits (17, 25, 26). On the one hand,
the sexual selection hypothesis posits that individuals (often males)
may prioritize competition for mating or fertilization opportunities
over survival, either through investing in sexually selected traits like
ornaments or larger body size (i.e., precopulatory competition)
(10, 15, 43) or through the production of high quantity and quality
ejaculates (i.e., postcopulatory competition) (44). The intensity of
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sexual selection is expected to be lower in socially monogamous
than in polygynous species, where the costs of monopolizing access
to mating opportunities can greatly reduce survival [e.g., (10, 11, 43)].
However, evidence of the direct effect of sexual selection on sex dif-
ferences in life expectancy from studies in the wild remains incon-
clusive. For example, in bird and mammal populations in the wild,
pre- and postcopulatory traits, such as a polygamous mating system
(10, 11, 15), SSD (20), plumage coloration (20), and relative testis
mass (15), have been associated with male-biased mortality. How-
ever, other studies have found no such associations or only weak
effects (9, 12, 29, 45).

On the other hand, the cost of reproduction hypothesis states
that the allocation to gestation and parental care can come at a sur-
vival cost (27, 28, 30). For example, in birds, posthatching care in
males (15, 16, 29) and annual egg productivity in females (16, 28)
have been associated with sex differences in ALE, albeit other studies
failed to find an effect of parental care (28). However, some authors
argue that, due to prolonged care for altricial offspring, selection
may favor higher survival of the caregiving sex, particularly in long-
lived species with highly dependent offspring (46-51). Thus, the re-
spective roles of reproductive costs and parental care in shaping sex
differences in ALE remain unresolved.

To test the influence of pre- and postcopulatory sexual selection
and the cost of reproduction on ALE differences, we used weighted
Bayesian phylogenetic generalized least squares [BPGLS; (52)]. As
proxies for precopulatory sexual selection, we used as predictors:
(i) SSD, included as the additive effect of log-transformed male and fe-
male body masses (45); (ii) social mating system (monogamy versus
nonmonogamy); and (iii) in birds, sexual plumage dichromatism as
a measure of allocation to mate attraction (46). As proxies for post-
copulatory sexual selection, we included log-transformed testis
mass, controlled for the potential confounding effects of body mass
and mating system [e.g., (53, 54)]. As proxies for the cost of repro-
duction, we used (i) annual female offspring productivity, following
(55), and (ii) parental care tactic, categorized as female-biased ver-
sus either biparental or male-biased (this last only in birds) (56) (see
Materials and Methods). Because we used the same predictor vari-
ables for birds and mammals (except for plumage dichromatism,
which was modeled separately in birds), we ran the BPGLS on both
classes combined, using the deviance information criterion (DIC)
for model choice (57, 58). To determine whether these effects varied
across clades, we conducted separate analyses for each taxonomic
order using data from at least 15 species. Due to low sample sizes per
order in the wild dataset, this was only possible for the zoo dataset.
Furthermore, in the wild dataset, we tested for potential biases in
our results due to the effect of hunting.

Evolutionary drivers of ALE differences in mammals and birds

The BPGLS results on the zoo data showed that precopulatory sexu-
al selection, specifically mating system and SSD, had a strong effect
on ALE differences across both classes, with different class intercepts
and a large phylogenetic signal (Pagels A = 0.8). Models allowing
these effects to differ between classes performed worst, suggesting a
phylogenetically widespread influence of precopulatory sexual se-
lection on ALE differences (Table 1 and table S2). Albeit with weak-
er evidence, these results are consistent with results from populations
in the wild, whereby the direction of the effects of mating system
and SSD remained, with a stronger influence of mating system in the
wild (tables S3 and S4). These results imply that the female ALE ad-
vantage is, on average, greatest in nonmonogamous species with
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Table 1. Parameter estimates of the models fitted using Bayesian PGLS to account for variation observed in ALE differences for mammals and birds.
Results show the full models with the lowest DICs for the three tested hypotheses relating to pre- and postcopulatory sexual selection and the cost of
reproduction. All other models are provided in table S2. Columns show sample sizes (N), posterior mean and SD, and lower and upper 95% credible intervals (Cl)
from the posterior densities of the regression parameters. Positive coefficients denote an increase in the female advantage and a male advantage otherwise.
Zero overlap provides a two-sided test that indicates the area under the posterior density below or above 0. Values in bold indicate zero overlap below 0.05.

Variable N Mean Lower CI Upper CI Zero overlap
Precopulatory sexual selectlon

Intercept 848 —-0.329 0.075

CIass Mammalla 0.587 0 091

Log(male body mass) 0.106 0 024

Monogamy
ReS|duaI varlance cs

Pagel s x

Class Mammaha
Log(male body mass)
Log(testis mass)

0 015
0 004

Re5|dual 'V'arian'éé'('yi“ 0038 0008 0024 0057 Crmmmmmmmmm——
Pagel s }» 0.826 0.052 0.708 0.91 0 -
Cost of reproductlon

Log(female body mass) 0001 I
Log(female age at ﬁrst blrth) 0 024 0.015 0.053
Log(annual productlwty) 0.006 0.011 0.028

Re5|dual varlanceo

Pagels?x

male-biased SSD and smallest in monogamous species with low
SSD. In zoos, female mammals of polygynous, promiscuous, and
polygynandrous species had a 15% female ALE advantage (mean d,:
0.149, [0.135, 0.163]), while, in monogamous species, the difference
was negligible (mean §.: —0.012, [—0.032, 0.008]). In birds, the dif-
ferences in nonmonogamous species were negligible (mean .
—0.023, [—0.056, 0.010]), and, contrary to mammals, there was a
male advantage in monogamous species (mean J,: —0.049, [-0.061,
—0.037]). These changes from the trend in mammals may result
from the background costs of heterogamy on female birds. We found
no evidence of an effect of hunting on ALE differences on popula-
tions in the wild, although we detected moderate evidence of a further
increase in ALE differences with the interaction between hunting
and monogamy (table S5). This potential increased effect might be
exacerbated by populations exposed to trophy hunting, particularly
in certain mammalian orders, where larger and older males are dis-
proportionately removed from the population.

We still found exceptions whereby none of these mechanisms
explained our results. Lemurs, despite being predominantly non-
monogamous, showed negligible ALE differences, confirming ob-
servations in wild populations. Lemurs appear to be exceptional
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among primates, exhibiting balanced sex ratios, a lack of SSD, fe-
male social dominance, and genital masculinization (59). The fe-
male advantage in raptors occurs despite reversed SSD (females are
larger than males) and common female territorial defense (60, 61).
This suggests that these traits may not be appropriate markers of the
strength of sexual selection in these species, or that other processes
may be at play (e.g., environmental factors, genetics, or unmeasured
survival costs on males).

Although we found no effect of plumage coloration on ALE dif-
ferences in zoos, there was strong evidence of a negative effect in the
wild data. In relation to postcopulatory sexual selection, we found
no evidence that sperm competition is associated with sex differ-
ences, except in artiodactyls.

Last, contrary to the cost of reproduction hypothesis, we found
that female allocation to parental care was positively associated with
a female ALE advantage in zoos (Table 1 and table S2). Albeit with
moderate evidence (zero overlap of 0.128), we found that the mag-
nitude of the positive effect of female care was larger in the wild
(8¢ = 0.139) than in the zoo populations (tables S3 and S4). We
found no evidence of an effect of annual productivity on ALE differ-
ences in both environments.
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Evolutionary drivers of ALE differences within orders

At the order level, the direction (i.e., sign) of the effect sizes for mating
system and SSD was consistent across most mammalian and bird or-
ders. However, in pigeons and doves among birds, male-biased
SSD had a negligible negative effect on ALE differences (Fig. 3 and
table S6). Among mammals, we found strong evidence of strong pos-
itive effects of male-biased SSD in artiodactyls and marsupials, and
moderate evidence in rodents and primates. We also found a positive
effect of SSD on the remaining bird orders, albeit the evidence was
moderate to weak. In primates, the mating system strongly predicted
ALE differences, with an average 10% female ALE advantage in non-
monogamous species. In contrast, we found evidence for the effect of
postcopulatory sexual selection on sex differences in ALE only in ar-
tiodactyls, where relative testis mass was positively associated with a
female ALE advantage (Fig. 3 and table S6). As for the cost of repro-
duction, we found strong evidence of a positive effect of parental care
only in primates. This indicates a greater female ALE advantage in
primates with greater female allocation to parental care.

We recognize that the confidence intervals for the order-level ef-
fects of SSD and monogamy on ALE differences include zero for
several orders (Fig. 3). This is expected, as the reduction in sample
sizes at the order level and modest effect sizes naturally lead to a re-
duced strength of evidence of these effects (62), as measured by the
percentile of 0 on the parameter posterior density. However, we be-
lieve that these effects should not be dismissed, as the direction (i.e.,
a positive effect of SSD and a negative effect of monogamy) and, to a
large extent, their magnitudes remained broadly consistent across
taxonomic levels (orders and classes) and under varying environ-
mental conditions (zoo and wild).

DISCUSSION

Our analyses provide the most phylogenetically comprehensive esti-
mates of sex differences in ALE in mammals and birds to date, point-
ing to evolutionary drivers of sex-specific survival. While our results
partially support the heterogametic sex hypothesis, heterogamy alone
cannot explain the breadth of variation in ALE differences found here.
For instance, in howler monkeys, marmosets, and tamarins, despite

male heterogamy, we found negligible female ALE advantages or even
male-biased ALE, most likely explained by the widespread monoga-
my in this group. Our findings suggest an interplay between heterog-
amy and precopulatory sexual selection, which may also explain the
less pronounced male ALE advantage in birds compared to the stron-
ger female ALE advantage in mammals (18, 21, 22).

Of the two hypotheses we tested, we found that the social mating
system, typified as social monogamy versus nonmonogamy (i.e., po-
lygynandrous, polyandrous, promiscuous, or polygynous mating
systems), was the most consistent correlate of ALE differences across
both mammals and birds. These findings are consistent with early
work in mammals (10, 11) and ruminants in zoos (43) but differ
from results in ungulates from wild populations and broader mam-
malian datasets, which found no such association (9, 12, 45). Nota-
bly, some of these apparent discrepancies can be at least partially
resolved by exploring the taxonomic representation in the previous
studies. For instance, the study by Toigo and Gaillard (12), which
reports no effect of the mating system, focuses only on wild popula-
tions of ungulates (Artiodactyla and Perissodactyla). Here, consis-
tently with their results, we found moderate evidence of a reduction
in ALE differences as a function of monogamy in ungulates. It is
important to note, however, that there are only a handful of mo-
nogamous species in these taxonomic groups, which undoubtedly
hinders the detection of any effect. Similarly, in (9), despite the larg-
er taxonomic scope, nearly half of the species are ruminants, while
only 6 of the 98 species were classified as monogamous, making it
extremely unlikely to detect an effect of monogamy. In birds, our
results are consistent with previous analyses, which have shown that
male polygamy is associated with an increased male bias in mortal-
ity (15, 28). Thus, despite the coarse classification of complex pat-
terns of mating behavior and social structure used here to describe
the mating system, the larger taxonomic coverage and the shared
direction and magnitude of the effect in both classes and across or-
ders and environments (zoo versus wild) suggests that monogamy
and a reduction in the female ALE advantage in mammals or an
increase in the male advantage in birds may have jointly evolved.

Similarly, our findings on the positive association of SSD and
ALE differences are consistent with early evidence in mammals and

SSD Monogamy Testis mass Productivity Parental care
—— Marsupialia —o—
Rodentia =@
_[E Primates —o—i ——
Carnivora —oH
Artiodactyla —— @1
Columbiformes
_|_E Psittaciformes
Passeriformes ———
[ Anseriformes
Galliformes —e
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-05 0.0 05 -0.3 -0.1 01 03 -03 -0.1 0.1 03 -02 0.0 0.2 -0.3 -0.1 0.1 03

Direction of effect:

Effect sizes

® Male advantage @ Female advantage

Fig. 3. Order-level weighted means of effect sizes for the different evolutionary predictors of sex differences in ALE. The points show the posterior means, and the
horizontal bars show the 95% credible intervals calculated from the weighted SDs. Only orders with more than 15 species were analyzed. Colors indicate whether the di-
rection of the mean value of the effect size was positive, favoring a female ALE advantage, or negative, favoring a male ALE advantage. SSD refers to sexual size dimor-
phism, and productivity refers to the product of mean neonate or egg mass, litter or clutch size, and the mean number of litters or clutches per year per adult female.
Marsupialia include the orders Dasyuromorphia, Didelphimorphia, Diprotodontia, and Peramelemorphia.
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birds (10, 20), although subsequent studies report a moderate effect
in mammals (9), no effect in both classes (12, 28, 29, 45), or even an
opposite effect in birds, whereby a larger male bias in size increased
male survival (15). Note, however, as we stress above, some of these
studies on mammals include a limited number of species and are
heavily taxonomically clustered. Nonetheless, the discrepancies be-
tween our results and the literature in birds are likely due to a weak-
er effect of SSD on ALE differences in this class, as we find when
using an interaction between the class and this predictor on both the
zoo and wild datasets (tables S2 and S3). Alternatively, plumage col-
oration has been suggested as an appropriate measure of the male
investment in sexual characteristics and as a measure of intrasexual
selection through mate choice in birds (5, 10, 20). However, consis-
tent with (29), we found no evidence of an effect of plumage color-
ation on ALE differences in zoos, while, in the wild, the relationship
appeared negative, as male bias in plumage dichromatism increased,
the male advantage in ALE also increased (table S3). This counterin-
tuitive result contrasts with previous studies where different mea-
sures of sex differences in mortality have been positively associated
with plumage coloration (20, 63) or found no association between
adult sex ratios and plumage dichromatism (64). Notably, our result
was largely driven by data on geese and ducks (Anseriformes) and
was not observed in other groups (table S7). While intriguing and
worth exploring further, these results should be interpreted with
caution. Most of the wild data for geese and ducks comes from heav-
ily hunted populations, where potential hunting biases in sex-
specific mortality remain unclear.

Previous studies have confirmed a mortality cost of reproduction
in birds, through posthatching care in males (15, 16, 29) and annual
egg productivity in females (16, 28), while others failed to find an
effect of parental care (28). Although our result on the positive effect
of female care on ALE differences thus appears counterintuitive, it
may stem from the interplay between parental care and the mating
system. Species with female-only care tend to be polygynous (fig. S6);
thus, males are experiencing increased costs of sexual selection, po-
tentially leading to an increased female advantage. Additionally, our
combined measure of parental care may mask the specific effect of
posthatching care in males, while reproductive management in zoos
may further attenuate the costs of reproduction. Alternatively, our
results may support the hypothesis that selection favors increased
adult survival for the caregiving sex, particularly in species with sub-
stantial allocation of time and energy to offspring care (46, 47, 49, 51).
Our study, however, cannot resolve the two competing hypotheses.
For example, primates, for which the selection for longer life span in
the caregiving sex hypothesis has been proposed (47), are the only
mammalian order where female-only care had a positive effect on
ALE differences.

In zoos, advances in husbandry and veterinary care, combined
with protection from environmental stressors (e.g., harsh climate,
starvation, and predation), allow zoo animals to live significantly
longer than their wild counterparts (fig. S5). While both sexes ben-
efit from these improvements, we know little about how zoo envi-
ronments differentially affect males and females. Although zoos
attempt to replicate natural settings, they are constrained, for in-
stance, by limited space and access to natural diets. This may be par-
ticularly important for species with complex or highly specialized
diets, complex social structures, or those less adapted to the higher
population densities in zoos, especially for solitary or pair-living
species (65). For example, Miller et al. (65) found that diet in zoos
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influenced female, but not male relative life expectancy in ruminants.
Note that, although we found reduced ALE differences in zoo rumi-
nants, the female advantage found in wild populations still remained.
On the other hand, reproductive management in zoos, often targeting
one sex (e.g., hormonal contraception in female primates), may fur-
ther influence our results.

Thus, our results from both wild and zoo populations suggest
that the effect of sexual selection on the evolution of ALE differ-
ences may still be at play and evident even in controlled environ-
ments. From a comparative perspective, finding evidence in support
of hypotheses on the evolution of ALE differences from data where
effects are expected to be attenuated, such as those from zoo popula-
tions, warrants further investigation on the genetic basis of the evo-
lution of sex differences in life span.

Last, our findings may help explain why differences in ALE be-
tween men and women are so consistent across time and cultures.
Specifically, female-biased ALE appears to be common to chimpan-
zees and gorillas, suggesting that longer life expectancies for females
are a characteristic long embedded in our evolutionary history. In-
triguingly, though, the female ALE advantage in humans is smaller
than that observed in African apes, including previously studied
populations of chimpanzees and gorillas in the wild (Fig. 2C). This
observation is consistent with the idea of weaker sex-biased sexual
selection in humans compared to gorillas and chimpanzees, which
exhibit marked or even extreme male-biased size dimorphism, are
highly nonmonogamous compared to humans, and, in the case of
chimpanzees, have larger relative testes size, suggesting sperm com-
petition as a stronger selective force (66). However, the case in hu-
mans does suggest the importance of environmental modifiers of
sex differences in ALE. For instance, in Sweden, the female ALE
advantage was lower in the mid-1700s compared to the 2000s, per-
haps because reductions in the risk of maternal death during child-
birth have removed otherwise leveling effects on life span between
men and women (67, 68). Irrespective of this variation, humans
conform well to the general mammalian trend of a female advantage
in ALE, demonstrating that, at least in terms of sex differences in
survival, our species is not unique.

MATERIALS AND METHODS
Survival analysis
We obtained individual birth and death records for birds and mam-
mals via research request no. 101333 from Species360’s ZIMS (41).
ZIMS is recognized as the most comprehensive global demographic
database for animals held under human care, curated by Species360,
a global nonprofit organization encompassing more than 1300 zoo
and aquarium members across more than 100 countries. Given that
Species360 member institutions regularly engage in exchanges and in-
terbreeding among their animal populations, individuals of a collec-
tively managed taxa can be considered part of a single meta-population
(69). Although our data encompass a broad range of taxonomic or-
ders, species held in zoos may represent an unbalanced sample. Zoos
often prioritize species that are easier to breed, more attractive to visi-
tors, or of particular conservation concern. For example, while our
sample includes 20% of all extant primate species, it only includes 1%
of bat species.

To estimate ALE for each species, we first used the ZIMS data to
determine sex-specific ages at first reproduction, measured as the low-
er 10% quantile of individual ages at first offspring birth or hatching.
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This quantile level best corresponded to reported ages at birth from
literature data, where the intercept was closest to 0 and the slope was
closest to 1. If ages at first birth could not be estimated from the ZIMS
data, then we used ages at first reproduction from the literature, either
sex-specific or non-sex-specific values, in that order of preference.
Due to the lack of data on ages at first reproduction in some birds, we
used imputed data from (70) for 134 species (data S1). Imputed data
were only used as a proxy for the minimum age for the survival analy-
ses from which we estimated ALE, but not as life history covariates in
the regression analysis to test our hypotheses.

To infer age-specific survival and mortality using ZIMS census
data, we used Bayesian survival trajectory analysis using the R pack-
age BaSTA (BaSTA version 2.0.0) (38-40). This method allowed us
to include individuals even in cases where ages were missing or
when birth dates were uncertain, thus expanding our dataset and
enhancing analysis robustness. To reduce uncertainty in the mortal-
ity estimates, we only included species with at least 35 individuals
per sex (i.e., males and females), with a median sample size of 280
individuals per sex. Records included animals held between 1 Janu-
ary 1980 and 22 January 2024, the date of data extraction. The 1980s
threshold was selected due to substantial improvements in record-
keeping and husbandry practices in most zoological institutions
from this time onward. Outliers, including animals with life spans
exceeding the 99th percentile, were excluded.

Although the Gompertz model is usually considered the most
parsimonious for modeling age-specific survival in adulthood, it has
been shown to underestimate rates of actuarial senescence because
of a delayed onset of senescence in slow-living species [e.g., (9, 71)].
To account for this, we fitted Siler models (72) from the age at first
reproduction, which accounts for the delayed onset of actuarial se-
nescence, for each species and sex. For comparability of the results
between sexes, we used the maximum age at first reproduction be-
tween males and females (or unknown sex if not available) for both
sexes. The Siler model describes mortality as a convex function of
age, x, given by

B (x) = exp(ay—a,x) + ¢ + exp(by+ b x) (1)

where ag, by € (=, ) and a; ¢, b; > 0 are the mortality parameters
to be estimated. The first exponential term in Eq. 1 allows for an
initial decline in mortality (controlled by parameters g and a,), fol-
lowed by ¢, which describes constant background mortality, while
the second exponential term captures the increase in mortality due
to senescence at older age (controlled by b, and b;).

The cumulative survival function calculated from birth is given by

S =exp| = [ weo @
0

BaSTA uses Markov chain Monte Carlo (MCMC) with Metropolis-
Hastings sampling (73, 74) to estimate the unknown mortality pa-
rameters and unknown birth dates. We ran eight parallel chains for
60,000 iterations, with a burn-in of 10,001 and thinning at intervals
of 100 iterations. Model convergence was assessed using the Gelman-
Rubin statistic (75). We then constructed the posterior densities of
the estimated parameters and life expectancies, while traces and
goodness-of-fit were visually assessed by at least two independent
researchers (figs. S7 and S8). After discarding models with poor
goodness-of-fit or for which the life table survival did not reach a
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minimum threshold of 0.1, we obtained a final dataset and survival
and mortality estimates for 648 bird species and 528 mammal spe-
cies for subsequent analysis.

For human populations, we obtained period life tables for Japan
(2012) and Sweden (1750 and 2012) from the Human Mortality Da-
tabase (1), while the Hadza (76) and Ache data (77) were obtained
from published sources. We selected Japan because of its status as
the world’s life expectancy leader and Sweden for its high-quality
demographic data dating back to the mid-18th century. To obtain
the same type of survival results as for the ZIMS data, we recon-
structed the human populations based on the life table survival, I,
by obtaining the number of individuals alive at the beginning of
each age interval as Ny = | N I;| (i.e., nearest lower integer), where N
is the total number of individuals (assuming a cohort structure). We
then estimated the number of individuals dying within the age in-
terval as Dy = N, — N,;1. We created a simulated dataset with D,
ages at death for each age x, which we analyzed using BaSTA. All life
tables are available in the GitHub repository (data S1).

Throughout this manuscript, we refer to sex as a binary biologi-
cal variable (female and male), including in reference to human
data. However, we acknowledge that phenotypic traits within sex
can be multifaceted and that gender identity in humans may not
align with biological sex (78).

We obtained published demographic data of populations from
the wild (data S1). For mammals, age-specific mortalities were cal-
culated either from life tables obtained from the malddaba database
(79) or derived from the Siler mortality parameters reported in (9).
Due to the limited availability of age-specific demographic data for
birds, we used published mean annual adult sex-specific or mortal-
ity probability, g,, or its complement, the adult annual survival
probability, p, = 1 — g,. When data from multiple populations were
available, we selected the population with the highest data quality
(i.e., largest sample sizes and longitudinal rather than cross-sectional
studies). For comparison with human populations (Fig. 2C), data
for multiple chimpanzee populations and the Mbeli Bai gorillas in
the wild were obtained from (38).

For the published data on populations in the wild, which con-
sisted of reported age-specific mortality parameters from Lemaitre
et al. (9), we simulated ages at death by randomly sampling from the
corresponding distribution of ages at death derived from the report-
ed parameters and the reported sample sizes. We then analyzed the
simulated data using BaSTA, which allowed us to estimate SEs of the
life-span metrics relevant for this study.

Life span metrics

From each iteration of the converged MCMC mortality parameter
chains, we calculated adult remaining life expectancies as a metric of
life span, that is, the theoretical average age at death, from age at first
birth, a, given by

S(t)dt
l (€)

e. =

S

where e; is the ALE for sex i at a given iteration of the converged

MCMC chain. From these, we calculated sex differences in ALE, as
(ef “Cm )

ge=————

max(ef, €n)
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where ey refers to female ALE and e, refers to male ALE. From the
resulting posterior vector of ALE differences, we calculated the pos-
terior mean, SD, and 95% credibility intervals of ALE differences for
each species (data S1).

Note that positive §, values indicate a female ALE advantage, while
negative values indicate a male ALE advantage, with values theoreti-
cally ranging from —1 to 1. Therefore, 5, quantifies the proportional
differences in ALE as a function of the sex with the longest ALE,
which can directly be expressed as percent differences (i.e., 100 J,).
Note that, although highly correlated with previously used metrics of
sex differences in longevity [e.g., log(e./¢y); fig. S1], this measure pro-
vides a more intuitive understanding of differences in ALE.

As a measure of certainty in the species-level ALE differences
(i.e., how different 8, was from 0), we calculated a two-sided test
statistic (i.e., the zero overlap) of the area under the posterior den-
sity of values smaller or larger than 0. For ease of interpretation, we
highlighted when the differences in ALE had a zero overlap be-
low 0.05.

For the published data on populations in the wild that consisted
of reported sex-specific adult annual mortality probabilities, g,, or
annual survival probabilities, p,, we approximated the life table sur-
vival, [, as

x—1 x—1
l":Ht=()(1_qu)= t=0p“ (5)
which assumes a constant hazard rate given by
1
p)=b=—-——"—- 6
log (1-¢,) (6)

Note that we assumed that age 0 was the age at first reproduction
as reported in the corresponding literature source. We then used an
approximation for ALE given by

®
€ N Zx:O lx

where o is the maximum age for the species. From these estimates,
we approximated ALE differences as in Eq. 4. To estimate the life
expectancy SEs, we used the variance approximation proposed by
(80), given by

w— 2 1- a
65% Zx:; lﬁ[(l—ax)+ex+1 ]2 lqa(l)—q)]

™)

(8)

X
where a, = 0.5 is the fraction of the age interval lived, e, , is the re-
maining life expectancy at age x + 1, and D, is the estimated number
of individuals dying in the interval, calculated as for the human life
tables. To ensure comparability between wild and zoo data, we re-
calculated the ALEs in zoos from the same age at first reproduction
as in the wild populations.

Phylogenetic generalized least squares

We implemented weighted BPGLS with the R package BayesPGLS
(52) between the ALE differences, d,, and life-history predictors as-
sociated with our three evolutionary hypotheses (data S1). We ob-
tained the phylogenetic tree from (81, 82) for mammals and (83) for
birds. We computed the maximum clade credibility using the phan-
gorn R package (84) from a sample of 100 trees based on the birth-
death node-dated trees for mammals and the Ericson All Species

Staerk et al., Sci. Adv. 11, eady8433 (2025) 1 October 2025

Tree using the VertLife Phylogeny subsets tool (vertlife.org). For
BPGLS with both classes combined, we grafted the two phylogenies
using the R package geiger (85), assuming a median divergence time
of 319 MY, as provided by (https://timetree.org/).

The package BayesPGLS uses MCMC with direct sampling for the
regression parameters with Metropolis-Hastings to estimate Pagel’s
A (0 <A < 1), which provides an estimate of the intensity of the
phylogenetic signal (86). Given that we used estimated ALE differ-
ences from Bayesian survival trajectory analyses on species with dif-
ferent sample sizes and other sources of uncertainty, we used the
posterior SEs of §,, 65, to calculate weights for the regression. Given
the spread of the SEs, we first transformed them as

vs =log

€

cst+1
and calculated the weights as

Vg

ws=——(v5)

max (10)

where w5 € (0, 1]. The priors for the regression parameters were all
normally distributed with mean of 0 and variance of 100.

Note that, for some of the models tested, the predictors for mam-
mals and birds had the same structure (i.e., SSD, mating system, tes-
tis mass, body mass, annual productivity, and parental care). In
those cases, we ran BPGLS on a combined phylogeny, testing differ-
ent levels of interactions between the predictors and taxonomic
class (i.e., Mammalia and Aves) and compared model performance
by means of the DIC (57, 58). In case of models that included plum-
age dichromatism, which is only available in birds, we ran separate
BPGLS in birds. Predictors plotted against ALE differences are pro-
vided in figs. S6, S9, and S10.

All analyses were performed in the free open-source software R
(87). In addition to the R packages BaSTA and BayesPGLS, we used
the packages snowfall (88), snow (89), caper (90), phytools (91), and
geiger (85). For the plots we used ggplot2 (92), and, for the phyloge-
netic tree plot, we used ggtree (93-97), ggtreeExtra (98), ggnewscale
(99), and treeio (100).

Life history covariates

For each species, we calculated a single representative value per life-
history variable by computing the mean of all available records for
that species. To ensure consistency in species nomenclature across
various sources, we standardized species names according to the
taxonomic backbone maintained by the Global Biodiversity Infor-
mation Facility (101). This standardization process was facilitated
using the R package “taxize” (102). Life-history data are available
in data S1.

Life-history covariates to test the influence of precopulatory sex-
ual selection included mating system, SSD, and plumage dichroma-
tism (only in birds). In mammals, the social mating system was
scored as 0 for nonmonogamous species (including polygamous,
promiscuous, and polygynandrous species) and 1 for monogamous
species, whereas most of data was obtained from (103) and then
complemented with additional data from literature searches. In
birds, we transformed male and female monogamy scores ranging
from 0 to 4 (56) into comparable categories (fig. S11). For each sex in
birds, we coded species as monogamous (I) or nonmonogamous
(0), where monogamy was defined as more than 80% of individuals
in a species being socially monogamous. Conversely, nonmonogamy
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was defined as less than 80% of individuals being monogamous.
We then classified the species as monogamous if both sexes were
monogamous, and, thus, nonmonogamous included polyandrous,
polygynous, promiscuous, and polygynandrous species. To test
whether our results were robust, we also conducted analyses on the
ungrouped monogamy scores for both sexes, as well as alternative
thresholds of 95 and 99% for the monogamy category (fig. S11). We
chose the 80% threshold for monogamy based on model selection
using the DIC. However, results were similar across different thresh-
old values (table S8).

We estimated mean male and female body mass from individual
body mass measurements recorded in ZIMS (41) and complemented
these with information from relevant literature sources. Several
measures of SSD have been suggested [see (43) for a comparison].
Rather than analyzing residuals, we used log-transformed male and
female body masses, used as additive covariates in the BPGLS [e.g.,
(45)] as advocated in (104). The allometric relation between the male
and the female body mass is assumed to follow the power function

M, =aM] (11)

where M,, and My are the male and female body masses, and
a and y > 0 are the scale and power parameters, respectively. If
v = 1, then the body masses are proportional; however, it has been
shown that in most mammals the power parameter isy > 1(105). To
estimate both parameters, Eq. 11 can be linearized as

log (M,,) = log a+ylog (M) (12)
which is commonly used as the basis to estimate the parameters by

means of a linear regression or phylogenetic least squares. From
Eq. 12, SSD can then be calculated as

SSD =log a =1log (M,,) —y log (Mf)

which has been used as a predictor in studies of sex differences in
survival and other life-history variables as

Y =n+p SSD=n+p[log (M,,) —ylog (M;)] (13)
where Y is the expected value for the response, 1)is the intercept, and
B is a slope parameter. However, as proposed in (106), in our BPGLS,
we did not previously estimate the two power function parameters
but used the logged body masses as predictors. Thus, we have that
we are incorporating SSD as

¥ =n+p, log (M,,) +B, log (M;)

which, as we show from our results (Table 1 and tables S2 to S4 and
S6), the regression parameters are ; > 0and f, < 0. By equating the
right-hand sides of Eqs. 13 and 14, it is simple to show that f; =
and B, = —Py; thus, the estimated power parameter can be obtained
from the BPGLS results asy = —f, / B;. In short, the effect of SSD on
ALE differences is measured by the regression parameter associated
with the male body mass ().

We extracted plumage dichromatism in birds from (56), which
was measured as the mean relative brightness and patterning across
five separately scored body regions, in the interval [—2, 2], where —2
refers to brighter/more patterned females, 0 denotes no difference,
and +2 refers to brighter/more patterned males [see methods in (64)].

(14)
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To test the influence of postcopulatory sexual selection, we in-
cluded relative combined testis mass, that is, testis mass controlled
for body mass, both included as log-transformed additive covari-
ates. Additionally, we controlled for mating system, given that the
mating system could act as a confounder between ALE differences
and relative testis mass. Similarly to SSD, for the relative testis mass,
we have that the allometric relation between testis mass and body

mass can be expressed as
T=aM, (15)

where T 'is testis mass. For simplicity, we use the same parameters as
for SSD. The relative testis mass can then be expressed as

RT=loga=log(T)—vylog (Mm)
By following the procedure for SSD, we have that

(16)

Y =P RT=n+p, log(T)+, log (M,,) =n+p[log (T)—ylog (M,,)]
(17)

where, as we show in Table 1 and tables S2 and S6, in general, B, > 0
and p, < 0, where the exemptions in some orders (e.g., artiodactyls)
imply that @ < 1 (i.e., log @ < 0) and can be confirmed by running a
regression between log-testis mass and log-body mass in these or-
ders. Thus, we have that, as with SSD, f; = pand y = —f, / ;, while
the effect of relative testis mass is measured by the corresponding f;.
In the reproducibility code, we provide R code to demonstrate how
these relationships hold on simulated data.

Life-history covariates to test the influence of the cost of re-
production included female annual productivity, calculated as the
product of mean neonate or egg mass, litter or clutch size, and the
mean number of litters or clutches per year per adult female (55).
Annual productivity excluded marsupials due to their very low birth
weight in the pouch. In addition, we obtained information on pa-
rental care. In mammals, parental care was categorized as either bi-
parental (0) or female-only care (I), given that no species with
male-only care is known. In birds, parental care was measured as the
female contribution to care compared to the males, based on mean
values across eight original parental care behaviors (56), resulting in
a continuous scale in the interval [-2, 2], where —2 is male-only
care and 2 is female-only care. For comparability with mammals, we
transformed these scores into a categorical variable, including male
care, biparental care, and female care. To evaluate robustness or our
results, we tested different threshold values for defining these cate-
gories (with cutoff values at —1 and 1, at —0.5 and 0.5, or at <0
and >0), but the effect size and direction remained consistent in the
BPGLS model that included age at first birth and parental care in
birds (table S9, models 2 and 3). Because we found no statistical dif-
ferences between the categories male care and biparental care, we
ultimately combined the data into two groups (biparental/male care
and female care), where values <0 refer to biparental/male care and
values >0 refer to female care (fig. S12 and table S9, model 4). Last,
to determine whether our results from populations in the wild could
have been confounded by hunting, we obtained the hunting status of
most populations from their corresponding references. We then
carried out BPGLS on the combined effect of precopulatory sexual
selection and hunting. We confirmed hunting status in 106 popula-
tions, of which 34 were hunted (15 mammals and 19 birds). As we
show in table S5, the effect of hunting was negligible, while it might
have potentially exacerbated the effect of the mating system.
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