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Abstract 

 

1. In its initial form, the expensive son hypothesis postulates that sons from male-biased 

sexually dimorphic species require more food during growth than daughters, which 

ultimately incur fitness costs for mothers predominantly producing and rearing sons.  

2. We first dissect the evolutionary framework in which the expensive son hypothesis is 

rooted, and we provide a critical reappraisal of its differences from other evolutionary 

theories proposed in the field of sex allocation. Then, we synthesize the current (and 

absence of) support for the costs of producing and rearing sons on maternal fitness 

components (future reproduction and survival). 

3. Regarding the consequences in terms of future reproduction, we highlight that species 

with pronounced sexual size dimorphism display a higher cost of sons than of 

daughters on subsequent reproductive performance, at least in mammals. However, 

in most studies, the relative fitness costs of producing and rearing sons and daughters 

can be due to sex-biased maternal allocation strategies rather than differences in 

energetic demands of offspring, which constitutes an alternative mechanism to the 

expensive son hypothesis stricto sensu.  

4. We observe that empirical studies investigating the differential costs of sons and 

daughters on maternal survival in non-human animals remain rare, especially for 

long-term survival. Indeed, most studies have investigated the influence of offspring 

sex (or litter sex ratio) at year T on survival at year T+1, and they rarely provide a 

support to the expensive son hypothesis. On the contrary, in humans, most studies 

have focused on the relationship between proportion of sons and maternal lifespan, 

but these results are inconsistent.   

5. Our study highlights new avenues for future research that should provide a 

comprehensive view of the expensive son hypothesis, by notably disentangling the 



effects of offspring behaviour from the effect of sex-specific maternal allocation. 

Moreover, we emphasize that future studies should also embrace the mechanistic side 

of the expensive son hypothesis, largely neglected so far, by deciphering the 

physiological pathways linking son’s production to maternal health and fitness.  

Keywords: energy requirements, fitness costs, maternal investment, offspring sex, sexual 

size dimorphism 



1 | An overview of the expensive son hypothesis 

In the vast majority of species, sex differences in metabolism and growth appear from the early 

stages of development and persist during the provisioning of young after birth or hatching (Alur, 

2019; Fairbairn et al., 2007), resulting in a sexual size dimorphism at the adult stage. While 

invertebrates and poikilothermic vertebrates have largely female-biased sexual size dimorphism 

(SSD), mammals and birds often express male-biased SSD overall (Lindenfors et al., 2007). 

The direction and magnitude of the SSD is driven by the strength of both natural and sexual 

selection acting on each sex (Darwin, 1871; Lindenfors et al., 2007). Because early growth is 

likely to have the greatest influence on male reproductive success in polygynous species 

showing high SSD (Trivers, 1985), sex differences in the energetic costs of producing and 

rearing sons and daughters should be most frequently found in these species. In his highly 

influential book on the evolution of parental care, Tim Clutton-Brock (1991) concluded that “in 

polygynous birds and mammals, where males are the larger sex, sons grow faster than 

daughters, require more food, and depress their parents subsequent breeding success or 

survival to a greater extent” (p. 227), which we refer to as the expensive son hypothesis. 

However, while the differences in the energetics costs of producing and rearing sons and 

daughters were already well documented in the early 1990’s (Clutton-Brock, 1991), the fitness 

consequences were rarely examined at this time.  

Here, we first decipher the evolutionary framework within which the expensive son hypothesis 

is grounded. Then, we provide a critical reappraisal of the studies quantifying the differential 

fitness costs of producing and rearing sons and daughters. Finally, we identify open questions 

that may stimulate future research on the links between offspring sex, health and fitness. 

Figure 1: The expensive son hypothesis. The greater extraction of maternal resources by sons 

- in species in which the sexual size dimorphism is biased towards males - is responsible for an 

increased energetic cost for mothers producing and rearing sons. These energetic costs 



can result in fitness consequences in terms of both survival and subsequent reproductive 

success, particularly in poor environmental conditions. The genetic and physiological 

mechanisms mediating the long-term fitness consequences of mothers producing and rearing 

sons are yet to be deciphered. Illustrations have been generated on the site 

https://app.recraft.ai/projects. 

2 | Back to the evolutionary theories 

The expensive son hypothesis is grounded in the life history theory framework serving to 

explain the costs of reproduction (Clutton-Brock, 1991), and relies on the principle of energy 

allocation (Cody, 1966). According to this principle, once resources are limited, energy 

allocation to one biological function (e.g. growth, reproduction, survival insurance 

mechanisms) curtails the energy allocation to another function, which ultimately leads to 

resource-based allocation trade-off. A well-known trade-off occurs between current and future 

reproduction (Stearns, 1992). If parents increase allocation to current reproduction, this can 

impair their ability to reproduce in the future, as well their survival (e.g. Rivalan et al., 2005). 

Conversely, if they do not allocate enough energy in current reproduction, the offspring can 

have poor survival and/or reproductive success. Overall, costs of reproduction are associated 

with each breeding stage (e.g. gestation and lactation in mammals; egg production, incubation 

and chick-rearing in birds). Because lactation is the most energetically costly component of 

female reproduction in many mammals (Clutton-Brock et al., 1989), the costs of rearing 

offspring should be higher than those producing them.  The costs of reproduction can manifest 

in the short-term, through e.g. a reduction in current reproductive success following a successful 

reproductive event the previous year (Hamel et al., 2010), or once a certain amount of 

physiological damages has accumulated over several reproductive events (Kroeger et al., 2018). 

These cumulative long-term costs of reproduction are often examined in the context of the 

disposable soma theory (Kirkwood, 1977; Kirkwood & Rose, 1991), which posits that 



individuals allocating a substantial quantity of resources toward reproduction early in life 

reduce their allocation to somatic maintenance, which will ultimately promote a reduced 

lifespan later in life and/or a faster senescence (see Lemaître et al., 2015 for a review in wild 

populations of vertebrates).  

The initial prediction of the expensive son hypothesis is that producing or rearing sons is 

associated with short-term detrimental consequences on maternal reproduction and survival 

(Clutton-Brock, 1991). Whether mothers producing and rearing more sons over several 

reproductive events suffer from a reduced lifespan or impaired reproductive performance in the 

long-run remains a major area for exploration. An early study of the association between the 

lifetime number of sons and maternal longevity was conducted by Helle (2002) in a pre-

industrial human population. This marked the beginning of a new line of inquiry into the 

differential costs of sons and daughters over multiple reproductive events. More recently, 

Douhard et al. (2019, 2020) examined these issues in non-human long-lived mammals. 

The expensive son hypothesis posits that differences in the costs of producing and rearing sons 

and daughters result from sex differences in offspring behaviour (Clutton-Brock, 1991) such as 

a higher propensity for sons to extract milk from their mother compared to daughters (that may 

even lead to acute mother-offspring conflicts over food provisioning, see Haig, 2010). 

Alternatively, mothers may allocate more energy per son than per daughter during gestation 

and/or lactation and pay the costs in term of fitness, later. Most research on sex allocation in 

polygynous vertebrates has focused on the Trivers-Willard hypothesis, which proposes that 

mothers in good condition invest more in the production of sons while those in bad condition 

invest more in daughters (Trivers & Willard, 1973 see Gosling, 1986 for an example). Trivers 

(1972) defined parental investment as any parental behaviour that increases the offspring’s 

chance of survival while decreasing the future survival or reproductive success of the parent. A 

complicating factor here is that the assumptions of Trivers-Willard hypothesis are more likely 



to hold in highly sexually dimorphic species (Hewison & Gaillard, 1999). However, while 

under the Trivers-Willard hypothesis the higher cost of sons should be particularly high for 

mothers in good condition, we may expect to observe the opposite pattern under the expensive 

son hypothesis (a higher cost of sons for mothers in poor condition) (Clutton-Brock, 1991). On 

the other hand, Myers (1978) predicted that parents with low resources (either because they are 

in poor condition or reproduce during poor environmental conditions) should overproduce the 

cheapest sex to buffer costs in terms of future reproductive success. Currently, it remains 

unclear whether environmental conditions and maternal condition commonly influence sex 

differences in the costs of producing and rearing young. 

 

3 | Relative costs of sons and daughters in terms of future reproduction 

Most mammalian species with pronounced SSD, such as red deer (Cervus elaphus), bighorn 

sheep (Ovis canadensis), fallow deer (Dama dama), Eastern gray kangaroo (Macropus 

giganteus), African elephant (Loxodonta africana) and long-finned pilot whale (Globicephala 

melas), display higher costs of rearing sons than daughters on subsequent reproductive 

performance (Table 1). On the other hand, the species for which no higher cost of sons has been 

reported (e.g. Cuvier’s gazelle (Gazella cuvieri), white rhinoceros (Ceratotherium simum) and 

Columbian ground squirrel (Urocitellus columbianus) are among the least dimorphic mammals 

(Table 1). One unexpected report comes from the Southern elephant seals (Mirounga leonina) 

and its northern relative (Mirounga angustirostris). Elephant seals are some of the most 

sexually dimorphic mammals with adult males being up to four times heavier than females. In 

addition, elephant seals are extreme capital breeders whose lactation results in extreme loss in 

female body mass (35% on average over the 24-days lactation period, see Desprez et al., 2018). 

In capital-breeding mammals, a mother that had produced or weaned a male may require more 

time to rebuild her energetic reserve and therefore, might be more likely to skip the following 



reproductive occasion in annual reproducers or delayed the next reproduction in multi-year 

lactation species (e.g. Loxodonta Africana in Table 1). Yet, this was not observed in empirical 

studies of elephant seals (Le Bœuf et al., 1989; Wilkinson & Van Aarde, 2001). One possible 

explanation is that the difference in SSD at the end of the lactation period in these species is 

modest compared with the pronounced difference in adulthood. For example, in the northern 

elephant seal, males are only 4% heavier than females at weaning (Salogni et al., 2019). 

Although SSD has been evaluated primarily in adults (Table 1 and 2), it is important to consider 

SSD at birth and weaning when examining the relative cost of producing and rearing sons and 

daughters. Post-weaning SSD can be important only for species with prolonged mother-

offspring associations, such as mountain goats (Oreamnos americanus). In this species, mothers 

of 1-year-old males are more likely to take a reproductive pause the following year while 

newborn sex did not influence subsequent reproduction in the same population (Table 1). This 

cost of sons could be due to the fact that 1-year-old males are about 12% heavier than females 

while there was no sexual dimorphism in newborns mass (Festa-Bianchet & Côté, 2008).  

Quite strikingly, the patterns observed in macaques (genus Macaca) are not aligned with the 

predictions of the expensive son hypothesis, as birth intervals after the birth of daughters were 

longer than after the birth of a son, or the probability of giving birth after a daughter in the 

following breeding season is lower than after a son (Table 1). Furthermore, the repeatability of 

these results between populations but also within them (e.g. well studied populations of 

Madingley and Primate Research Center in California, Table 1) make these results robust. 

Sexual size dimorphism is biased toward larger males in Macaques (Plavcan, 2001), and a likely 

explanation for the higher cost of daughters is local resource competition between females. 

Where daughters remain in their natal group and sons disperse, the continued presence of 

daughters can increase competition for food within the group (Clark, 1978). Females can 

minimize competition for themselves and their daughters by reducing the recruitment of 



unrelated immature females into their group through aggression (Silk, 1983). High levels of 

aggression directed at female infants cause daughters to spend more time in contact with their 

mother and the subsequent greater frequency of nipple stimulation may inhibit ovulation and 

delays the next conception (Gomendio, 1990). In contrast, in Killer whales (Orcinus orca), 

where individuals of both sexes may remain in their natal group, the presence of adult sons has 

a stronger negative influence on the reproductive output of the mother (Weiss et al., 2023). Due 

to their larger body size, adult males have energetic requirements exceeding those of adult 

females (Noren, 2011) and this may limit the quantity of prey that adult males can afford to 

share with group members (Wright et al., 2016). The examples outlined above thus emphasize 

that the sex differences in the costs of sons and daughters are not necessarily restricted to 

gestation and lactation periods. 

Females facing persistent costs of sons born during previous reproductive events can transfer 

some of those costs to their current offspring, which further extend the fitness consequences. 

For instance, in several human populations, the individuals born after an elder brother have 

lower birth weight than those born after an elder sister (Table 1). This can lead to short- and 

long-term consequences as birth weight is associated with early survival and health in adulthood 

(Barker et al., 1989). There is also evidence in animals that the costs of sons can be incurred by 

the next offspring. For instance, in bighorn sheep, after controlling for yearly environmental 

variation, it has been found that mothers that weaned a lamb decreased their reproductive effort 

the following year, especially if they had weaned a son (Martin & Festa‐Bianchet, 2010). 

Mothers ensure their own mass gain and only allocate the excess energy to their young. 

Consequently, lambs born after a male have lower summer mass gain during lactation than 

lambs born after a female (Martin & Festa‐Bianchet, 2010), which could explain why survival 

to weaning was about 10-12% lower if the mother had weaned a son rather than a daughter the 

previous year (Berube et al., 1996). 



There is some evidence that sex differences in the reproductive costs of producing and rearing 

offspring depend on environmental conditions and may be observed only when resources are 

poor. While mother red deer from the Isle of Rum are less likely to give birth the following 

season or suffer from 11 days longer birth intervals after producing a son (Clutton-Brock et al., 

1981; Froy et al., 2016; but see Gomendio et al., 1990), this decrease of  the ability to give birth 

the following season was not observed in a population living in a relatively productive forest 

(Bonenfant et al., 2003). Similarly, in the bighorn sheep population of Ram Mountain, where 

there have been records of high population density and in which ewes are 10% lighter than 

those of the Sheep River population (Festa-Bianchet et al., 2019), reproductive costs of sons 

are often found (Table 1). Typically, the sex of the offspring weaned the previous year has a 

greater effect on lamb survival to 1 year especially during peaks of high population density 

(Berube et al., 1996). On the contrary, no such costs were found in the Sheep River population 

(Festa-Bianchet, 1989).  In a natural herd of horses (Equus caballus), mothers that reared a son 

during poor years (defined according to mean body condition) showed an increase in the 

interbirth interval compared to those that reared a daughter (Monard et al., 1997). Similarly, an 

increase of interbirth intervals after rearing a son has been observed in African elephant 

(Loxodonta Africana) during droughts, corresponding to year with low food availability (Lee 

& Moss, 1986). Hence, it is perhaps not surprising that no effect of offspring sex was seen in 

captive giraffes (Giraffa camelopardalis) or cattle (Bos taurus) (Table 1), which are generally 

maintained on generous feeding regimens.   

Using his own work in red deer as an illustration, Clutton-Brock (1991) suggested that maternal 

social rank can modulate the relative costs of producing and rearing sons and daughters. Under 

the expensive son hypothesis, the additional costs of producing and rearing sons could be 

greater for low-ranking mothers because they do not have priority of access to the best feeding 

sites and because their body condition is lower than that of high-ranking females (Gomendio et 



al., 1990). Since the early 90’s, studies examining the role of mother social rank on the costs of 

offspring sex have flourished in non-human primates and it is clear that the direction and the 

magnitude of the effects are variable across species (Table 1). In some populations of 

chimpanzee (Pan troglodytes) and gorilla (genus Gorilla), high-ranking mothers have longer 

interbirth intervals following births of sons than births of daughters. This pattern agrees with a 

common prediction of the Trivers-Willard hypothesis that females in better condition would be 

expected to invest more in sons. In several species of macaques, low-ranking mothers have 

longer interbirth intervals following births of daughters than births of sons likely because the 

daughters of low-ranking mothers are subject to more intense aggression than the daughters of 

high-ranking mothers (Silk, 1983, see also above). Thus, the mechanisms responsible for the 

modulating effects of maternal social rank on the relative costs of rearing sons and daughters 

appears different from a strict energetic cost inherent to the expensive son hypothesis. 

Most of the studies listed in table 1 are indicative rather than conclusive because correlation 

does not imply causation. There are only three studies performing experimental manipulation 

of postnatal offspring sex ratio with contrasting results (i.e. Koskela et al., 2009; Rutkowska et 

al., 2011; Schwanz & Robert, 2016). Schwanz and Robert (2016) conducted a cross-fostering 

experiment in a monotocous marsupial (Tammar wallabies, Macropus eugenii), in which 

females reared the opposite sex that they produced to disassociate the effects of producing and 

rearing offspring of each sex. Their results indicate that rearing the opposite sex to the one 

originally produced reduces the mother’s probability to produce an offspring the following year, 

irrespective of the sex of offspring. Therefore, albeit indirect, results from this study do not 

support the expensive son hypothesis. On the contrary, in Bank voles (Myodes glareolus), a 

rodent in which females can breastfed a litter while being pregnant, daily energy expenditure 

was higher in females pregnant with a male-biased litter and breastfeeding only males’ litters 

compared with females pregnant with a female-biased litter and breastfeeding only females’ 



litters (Rutkowska et al., 2011). These differences in energy expenditure were associated with 

direct consequences on fitness since the size of the daughter from pregnant mothers of male-

biased litters and breastfeeding only males’ litters was smaller. Unfortunately, in most 

mammalian species, mothers refuse to care for cross-fostered offspring, rendering experimental 

manipulation impossible.  

Finally, it is worth noticing that the energetic costs associated with a biased production of sons 

might contribute to the between-mothers variability in reproductive ageing patterns. Indeed, 

while females from most vertebrate species suffer from a decline in reproductive performance 

with age (Lemaître et al., 2020), the age at the onset and the rate of reproductive ageing can 

differ largely among mothers (Lemaître & Gaillard, 2023). A recent study focused on bighorn 

sheep highlighted a possible effect of the cumulative cost of sons since mothers that have 

weaned a majority of sons between 2 and 7 years of age experienced a faster reproductive 

ageing than those having weaned a majority of daughters (Douhard et al., 2020). Unfortunately, 

it is difficult to know offspring sex or sex ratio at each reproductive event in wild species and, 

in some cases, there could be too few births per mother. This is likely why no other study has 

examined these cumulative costs and multiple questions remain opened. 

Table 1  

4 | Relative costs of sons and daughters in terms of survival 

Empirical evidence for a higher cost of sons than daughters on maternal survival are rare (Table 

2), compared to those on reproduction (Table 1). In red deer, the difference in survival 

probabilities between low-ranking females that have reared sons (0.45) and those that have 

reared daughters (0.85) is strong (Gomendio et al., 1990). This species, however, stands out as 

an exception in non-human animals (Table 2). Up to now, most studies in non-human animals 

have investigated influence of offspring sex ratio (or litter sex ratio) at year T on survival at 



year T+1. However, the differential costs of sons and daughters may occur on a shorter 

timescale. If the foetus is too large to fit through the birth canal easily, both the foetus and the 

mother could impair maternal survival. Thus, we can expect that the production complications 

related to the production of a male lead to a higher mortality risk in sexually dimorphic species. 

A study performed on bonnet macaques (Macaca radiata) did not reveal an effect of the 

offspring sex among mothers dying straight after birth (Silk, 1988). However, the SSD at birth 

in this species, as in many primate species (Ellis et al., 2013), is relatively weak with an average 

birth weight of 400g for females and 450g for males (Rao et al., 1998). In human, the higher 

rate of caesarean section in male foetuses (Eogan, 2003) should encourage the quantification of 

the offspring sex consequences on maternal survival during the perinatal period in preindustrial 

populations where medical assistance during childbirth was rudimentary. Caesarean sections 

are also more frequently found in male than female foetus in cows (Barkema et al., 1992), but 

such species have often been the subject of artificial selection in order to increase their 

productivity in terms of meat, resulting in an increase in the size of individuals (Grobet et al., 

1997). To date, it remains unknown whether wild mammalian females displaying a high SSD 

at birth can experience severe complications during birth due to the difficulty of knowing causes 

of death (but see Andres et al., 2013).   

We know much more about the long-term cumulative costs of producing and rearing sons and 

daughters in terms of maternal longevity. The association between the proportion of sons and 

the post-menopausal longevity have been extensively studied in women (Table 2), in the context 

of the expensive son hypothesis. In humans, differences in maternal energy intake suggest that 

sons require 10% and 7% more energy than daughters during pregnancy and lactation, 

respectively (da Costa et al., 2010; Tamimi, 2003). However, the human studies listed in Table 

2 provide mixed results with half (9 out of 17 studies) supporting the expensive son hypothesis. 

Given that environmental conditions modulate trade-offs between life history traits, with 



stronger trade-offs when environmental conditions are unfavourable (Cohen et al., 2020), we 

might expect that studies finding a cost of sons were those performed in preindustrial rather 

than contemporary populations, because medical care and birth control were absent, in addition 

to a limited access to resources. However, the current picture is not so straightforward (Table 

2). It is possible that the between-individual heterogeneity in in resource availability within the 

population mask the cost of sons at the population level (see Van Noordwijk & de Jong, 1986 

for a similar point in the context of resource acquisition). A potential factor to account for this 

heterogeneity is the socioeconomic status of individuals since women with lower socio-

economic status often face food shortages and they are not able to increase caloric intake or 

reduce physical activity when pregnant or lactating (Jasienska, 2020). Two studies show the 

presence of a negative effect of the number of children or sons on maternal longevity in the 

poorest social class only (Lycett et al., 2000; Van De Putte et al., 2004). Unfortunately, 

information on socioeconomic status are often crude and more generally not available for most 

pre-industrial populations (Nenko et al., 2014). Overall, identifying accurate proxies of 

nutritional status and its influence on the differential costs and daughters remains one of the 

major fundamental challenges for human studies. Infant mortality, which integrates a wide 

range of socio-ecological factors such as nutrition, nursing practices, health and infectious 

epidemics, could be a promising candidate given costs of sons on maternal longevity have been 

found in women facing high infant mortality in a pre-industrial Canadian population (Invernizzi 

et al., 2024). 

In some human societies, daughters provide more care than sons to their elderly parent 

(Grigoryeva, 2017), providing an alternative explanation to the expensive son hypothesis for 

the higher cost of sons on maternal longevity. To decipher the potentially confounding effects 

of sociocultural factors, a study examined the differential cumulative costs of sons and 

daughters on maternal longevity in four species of wild ungulates with high male-biased sexual 



size dimorphisms but simpler social systems than humans. Yet, no effect of the offspring sex 

on maternal longevity was found, whatever the species (Douhard et al., 2019). Results of this 

study are therefore at odds with those of humans. This can be explained by the fact that humans 

have different life history strategies to other species, notably characterized by an extending 

post-reproductive lifespan. In long-lived species in which selection did not favour the evolution 

of post-reproductive lifespan (e.g. ungulates) and where females thus reproduce until death, 

high survival at late ages should be particularly beneficial for Darwinian fitness. In such species, 

the fitness cost of producing and rearing sons should be more expressed in terms of impaired 

future reproduction than survival because a female’s fitness is more dependent on her survival 

than on the reproductive success in a given year (see also Hamel et al., 2010). 

Table 2 

5 | Toward an integrative expensive son hypothesis 

Currently, it is often unclear whether differential costs of sons and daughters results from 

differences in the behaviour of offspring (as assumed by the expensive son hypothesis, Clutton-

Brock 1991) rather than a sex-specific allocation strategies from the mothers (e.g. Hewison et 

al., 2005). Some studies have attempted to decipher these two (non-mutually exclusive) 

pathways. Typically, in Iberian red deer (Cervus elaphus hispanicus), females can adjust their 

milk composition according to the sex of their offspring, with a milk 15% fatter and 12% richer 

in protein for sons than for daughters (Landete-Castillejos et al., 2005). In Rhesus macaques 

(Macaca mulatta), a similar adjustment is made by females with a milk containing 26% more 

calories for sons than for daughters (Hinde, 2007). A maternal behavioural adjustment has also 

been found in several species of several taxa, notably birds in which females provide 43% and 

33% more food to their sons than to their daughters in Brown songlark (Cinclorhamphus 

cruralis) and Wandering albatross (Diomedea exulans) (see Magrath et al., 2007; Weimerskirch 



et al., 2000, respectively), or in mammals in which females control the amount of milk given to 

their offspring by interrupting suckling bouts, such as in giraffes in which suckling bouts 

terminated by females are longer for sons (Gloneková et al., 2020). Conversely, some studies 

suggest that sex-differences in offspring behaviour are particularly pronounced. In Coypu 

(Myocastor coypus), a polytocous species, 94% of sons suckle on high-yielding teats, while 

only 41% of daughters suckle on these teats (L. Gosling et al., 1984). In Plains zebra (Equus 

burchellii), while suckling bouts are mostly terminated by mothers, offspring initiated the 

resumption of the bout with a resumption time shorter for sons, suggesting that both the mother 

and the offspring operate on the energy allocation toward offspring (Pluháček et al., 2011). To 

refine our understanding of the expensive son hypothesis, studies that simultaneously explore 

both sex differences in nursing behaviour and fitness cost of offspring sex (e.g. Clutton-Brock 

et al., 1981; Trillmich, 1986; White et al., 2007) are mandatory.      

Although the fitness costs of offspring sex are increasingly studied (see Table 1 & 2), the 

underpinning mechanisms are still unclear, possibly because the expensive son hypothesis in 

its earliest development was agnostic to any physiological pathways. One potential mechanism 

for the expensive son hypothesis could involve the depletion of energy reserves from the mother 

due to the greater energy requirements of sons. If the mother reproduces too soon after 

producing and rearing a son, then her energy reserves may not have had sufficient time to be 

fully restored. This may result in the production of offspring with weak growth and poor 

survival. However, a mother who has produced a son may also wait longer before reproducing 

again, allowing her energy reserves to be restored. This may result in longer birth interval 

following the birth of a son. Such a mechanism may explain why sons often reduce maternal 

subsequent reproduction (Table 2). With regard to the long-term costs of sons, such as reduced 

maternal longevity, the mechanisms remain to be identified. However, inflammageing, 

corresponding  to an increase in inflammatory factors throughout life without any sign of severe 



infections disease, and oxidative stress, which are known to be linked to the occurrence of late-

onset diseases (Ferrucci & Fabbri, 2018; Finkel & Holbrook, 2000), could play a role. Indeed, 

two markers of inflammageing (C-reactive protein & Interleukin 6), as well the level of 

oxidative stress, are both positively correlated with the production of sons (Galbarczyk et al., 

2021; Merkling et al., 2017; Ziomkiewicz et al., 2016). 

6 | Future directions for comparative analyses 

A challenge for future research is to determine the quantitative evidence for the expensive son 

hypothesis. Considering all studies, it would extremely useful to carry out a comparative 

analysis to test whether there is a statistically significant relationship in the predicted direction, 

namely that higher costs of sons are observed in populations where there is a greater degree of 

SSD at weaning. In mammals, lactation is considerably more energy-demanding than gestation 

(Clutton-Brock et al. 1989, Butte & King, 2005). Therefore, considering lactation, through a 

standardised SSD at weaning, would enable a more detectable assessment of expensive son 

hypothesis. Unfortunately, the SSD at weaning is not always known for populations (Table 1 

& Table 2) and working with a SSD at the scale of the species could be unsuitable given the 

variations there may be between populations of a same species (e.g. Ovis canadensis 

populations in Table 1). This gap needs to be filled in the future to better assess whether the 

costs of sons are higher in highly dimorphic species and if they are reversed in species where 

the SSD is based towards daughters. Unfortunately, despite a good number of species having a 

SSD biased towards daughters, such as Spotted hyena (Crocuta Crocuta) (Ralls, 1976), there 

are no studies on these species in our tables, which suggests another gap to be filled in the 

future. 

Furthermore, the metrics employed in previous studies are not easy to standardize. Among the 

studies that have examined the effect of offspring sex on the mother’s future reproduction, two 

metrics in particular have been widely used: birth intervals and the probability of giving birth 



according to the sex of the previous offspring (Table 1). Although there are far fewer studies 

on maternal survival (Table 2), the probability of maternal survival from year T to T+1 as well 

maternal longevity are the most widely used metrics. To perform a comparative analysis in the 

future, more studies on these metrics are necessary. 

7 | Conclusion 

Originally, the expensive son hypothesis referred to the reduced subsequent breeding success 

or survival of parents due to the higher energy demand of producing males, the largest sex in 

most mammals and birds (Clutton-Brock, 1991). Overall, empirical studies tackling this 

hypothesis so far have revealed contrasting results, highlighting marked differences between 

species or between the fitness related-traits considered (Tables 1 and 2). Moreover, the thorough 

consideration of many additional factors, not embedded in the expensive son hypothesis so far 

(e.g. maternal social rank, environmental conditions, lactation stage) could help refining the 

predictions regarding the occurrence and magnitude of the fitness costs associated with the 

production of sons and daughters. Finally, we stress that future studies aiming to gain a 

comprehensive view of the expensive son hypothesis should embrace the putative physiological 

mechanisms linking maternal reproductive expenditure to fitness.



Box 1: The expensive son hypothesis: some opened questions 

Relative costs of sons and daughters in terms of future reproduction 

• Does having a majority of sons lead to an earlier onset or a stronger rate of reproductive 

senescence for mothers compared to those with a majority of daughters? 

Relative costs of sons and daughters in terms of future survival 

• Does the risk of birth complications for the mother increase with a son in highly 

dimorphic species? 

• What is the most appropriate proxy for considering differences in nutritional status 

during parental care between mothers when studying the costs of sons on survival in 

humans and other mammals? 

Mechanisms underpinning the expensive son hypothesis 

• What are the exact molecular pathways (e.g. endocrine pathways) underpinning the 

expensive son hypothesis and do they differ between species? 

• Does inflammageing, recently found to increase with son’s production (Galbarczyk et 

al., 2021), could be an important mechanism involved in the costs of sons on maternal 

longevity in vertebrates? 

• Does the oxidative stress, involved in the aetiology of many diseases and found to be 

higher in women having a majority of sons (Finkel & Holbrook, 2000; Merkling et al., 

2017), could be involved in the costs of sons on maternal longevity in vertebrates? 

Future directions for comparative analyses 

• Given lactation is energetically more costly than gestation, especially in mammals 

(Butte & King, 2005), does the extent of the expensive son hypothesis is stronger when 

the relative number of sons is considered at weaning rather than at birth? 



• Does the population type could play a role in the detection of costs of sons, with the 

expectation that costs of sons could be more detectable in populations facing harsh 

environmental conditions? 
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Table 1. A review of studies testing the differential costs of sons over daughters on maternal future reproduction. The literature search protocol 

used is available in electronic supplementary material. A support for the higher costs of sons was considered when the p-value was below the 

threshold of 5%, none of studies have used Bayesian methods. The SSD index was calculated by dividing the sum of the mass of males and females 

by the mass of males. When the mass was not available we used the body size. A positive value means that the SSD is biased towards males while 

a negative means the SSD is biased towards females. Regarding the population type, “semi-captive” refers to lightly managed populations 

(supplemental feeding).  

Species Metrics 

Higher 

costs of 

sons over 

daughters 

Factors 

modulating 

differential costs 

of offspring sex 

Population 
Population 

type 

Weaning 

SSD 
Adult SSD References 

Orca (Orcinus 

orca) 

Probability to 

produce a viable 

calf for mothers 

having surviving 

sons 

Yes Not tested 
Southern resident 

(Canada & USA) 
Wild NA* 0.247 (Weiss et al., 2023) 

Southern 

elephant seal 

(Mirounga 

leonina) 

Probability of 

giving birth 

according to the 

sex of offspring 

produced the 

previous season 

No 
Size of females 

tested but no effect 

Marion Island (South 

Africa) 
Wild 0.139 0.800 

(Wilkinson & Van 

Aarde, 2001) 

Northern 

elephant seal 

(Mirounga 

angustirostris) 

Probability of 

giving birth 

according to the 

sex of offspring 

No Not tested California (USA) Wild 0.076 0.751 (Le Bœuf et al., 1989) 



weaned the 

previous season 

Long-finned 

pilot whale 

(Globicephala 

melas) 

Probability of 

giving birth 

according to the 

sex of offspring 

from the last 

reproduction 

being raised  

Yes Not tested Faroe Islands Wild NA NA (Nichols et al., 2014) 

Antarctic fur 

seal 

(Arctocephalus 

gazella) 

Probability of 

giving birth 

according to the 

sex of offspring 

produced the 

previous season 

No Not tested 
Bird Island (South 

Georgia) 
Wild 0.092 0.750 

(Lunn & Arnould, 

1997) 

Galapagos fur 

seal 

(Arctocephalus 

galapagoensis) 

Probability of 

giving birth 

according to the 

sex of offspring 

weaned the 

previous season 

No Not tested 
Fernandina Island 

(Ecuador) 
Wild NA 0.555 (Trillmich, 1986) 

Red deer 

(Cervus 

elaphus) 

 

Probability of 

giving birth 

according to the 

sex of offspring 

produced the 

previous season 

Yes 

Survival of the 

offspring tested 

but no effect Isle of Rum 

(Scotland) 

 

Wild NA NA 

(Froy et al., 2016) 

Probability of 

giving birth 

according to the 

sex of offspring 

No 

Costs of rearing 

sons occur only in 

low-ranking 

females 

(Gomendio et al., 1990) 



weaned the 

previous season 

Birth interval* Yes 

Not tested 
(Clutton-Brock et al., 

1981) 

Probability of 

giving birth 

according to the 

sex of offspring 

weaned the 

previous season 

Yes 

Red deer 

(Cervus 

elaphus) 

Probability of 

giving birth 

according to the 

sex of offspring 

weaned the 

previous season 

No Not tested 

The Petite Pierre 

National Reserve 

(France) 

Wild 0.087 NA (Bonenfant et al., 2003) 

Bighorn sheep 

(Ovis 

canadensis) 

Age-specific 

decline in 

fecundity with 

age according to 

the sex ratio of 

offspring weaned 

in early life 

Yes Not tested 

Ram Mountain 

(Canada) 
Wild NA 0.170 

(Douhard et al., 2020) 

Survival of the 

lamb according 

to the sex of the 

offspring weaned 

the previous 

season 

Yes 

Costs of rearing 

sons are greater at 

high population 

density 

(Berube et al., 1996) 

Lamb summer 

mass gain 
Yes Not tested 

(Martin & Festa‐

Bianchet, 2010)  



Bighorn sheep 

(Ovis 

canadensis) 

Duration to 

return to oestrus 

according to the 

sex of the 

offspring 

produced the 

previous season 

Yes 
Age of ewe tested 

but no effect 
Montana (USA) 

Semi-

captive 
NA NA (Hogg et al., 1992) 

Bighorn sheep 

(Ovis 

canadensis) 

Probability of 

giving birth 

according to the 

sex of offspring 

weaned the 

previous season 

 

No 

 
Not tested Sheep River (Canada) Wild 0.098 0.335 (Festa-Bianchet, 1989) 

Soay sheep 

(Ovis aries) 

Birth weight of 

lamb according 

to the sex of 

twins previously 

birthed 

Yes Not tested 
St Kilda archipelago 

(Scotland)   
Wild 0.121 0.198 (Korsten et al., 2009) 

Fallow deer 

(Dama dama) 
Birth interval* Not tested 

Costs of rearing 

sons occur in 

mothers aged >3 

years only 

Tovetorp (Sweden) Captive -0.019 NA (Birgersson, 1998) 

White-tailed 

deer 

(Odocoileus 

virginianus) 

Birth interval* No 

Age of mother and 

litter size (twins or 

singletons) tested 

but no effect 

Shingleton (USA) Captive 0.096 NA (Verme, 1989) 

Mountain goats 

(Oreamnos 

americanus) 

Probability of 

giving birth 

according to the 

sex of offspring 

No 

Mass of the 

offspring tested 

but no effect 

Caw Ridge (Canada) 

 
Wild 0.096 0.310 (Hamel et al., 2011) 



produced the 

previous season 

Probability of 

giving birth 

according to the 

sex of yearling 

observed the 

previous season 

Yes Not tested 
(Charest Castro et al., 

2018) 

American bison 

(Bison bison) 

Probability of 

giving birth 

according to the 

sex of offspring 

produced the 

previous season 

Yes Not tested Montana (USA) 
Semi-

captive 
NA NA (Wolff, 1988) 

American bison 

(Bison bison) 

Birth interval* No 

Not tested South Dakota (USA) 
Semi-

captive 
NA NA 

(Green & Rothstein, 

1991) 

Probability of 

giving birth 

according to the 

sex of offspring 

produced the 

previous season 

No 

Giraffes 

(Giraffa 

camelopardalis) 

Birth interval* No 

Identity of the 

mother tested but 

no effect 

San Diego zoo (USA) Captive NA 0.349 
(Bercovitch et al., 

2004) 

Hariana cattle 

(Bos taurus) 
Birth interval* No Not tested Unspecified NA NA NA (Dhillon et al., 1970) 

Friesian cattle 

(Bos Taurus) 
Birth interval* No Not tested Cairo (Egypt) Captive NA NA 

(Dessouky & Rakha, 

1961) 



Cuvier's gazelle 

(Gazella 

cuvieri) 

Probability of 

giving birth 

according to the 

sex ratio of 

offspring 

produced the 

previous seasons 

No 
Not tested Almeria (Spain) Captive NA NA (Alados & Escós, 1994) 

Birth interval* No 

Humans 

Birth weight of 

child according 

to the sex of the 

previous child 

Yes 

Birth order and 

birth interval 

tested but no effect 

Glasgow (Scotland) NA NA NA (Rickard, 2008) 

Humans Birth interval* 

No; higher 

costs of 

daughters 

Not tested Hutterite sect NA NA NA (Margulis et al., 1993) 

Humans 

Birth interval* No 

Birth interval 

longer after the 

birth of male co-

twins than female 

co-twins  

Finland NA NA NA (Lummaa, 2001) Probability of 

giving birth 

according to the 

sex of the last 

offspring 

produced  

No 

Mothers are more 

like to cease 

reproducing after 

the birth of male 

co-twins than 

female co-twins   

Humans Birth interval* Yes Not tested Kenya NA NA NA (Mace & Sear, 1997) 

Humans Birth interval* Yes Not tested Ethiopia NA NA NA (Tesfaw et al., 2022) 



Humans 

Birth weight of 

boys according 

to the sex of 

previous children 

Yes 

Not tested 

Colleges and 

universities in USA 

and Canada 

NA NA NA 
(Blanchard & Ellis, 

2001) 
Birth weight of 

daughters 

according to the 

sex of previous 

children 

No 

Humans 

Birth weight of 

boys according 

to the sex of 

previous children  

Yes 

Not tested Quebec (Canada) NA NA NA (Côté et al., 2003) Birth weight of 

daughters 

according to the 

sex of previous 

children 

No 

Humans 

Birth weight of 

children 

according to the 

sex of the first 

child 

Yes Not tested Norway NA NA 0.131 (Magnus et al., 1985) 

Humans 

Birth weight of 

child according 

to the sex of the 

previous child 

Yes Not tested Denmark NA NA NA (Nielsen et al., 2008) 

Humans Birth interval* No Not tested Vietnam NA NA NA 
(Swenson & Thang, 

1993) 

Humans 

Length of the 

third birth 

interval* as a 

No Not tested Assam (India) NA NA NA (Nath & Land, 1994) 



function of the 

sex ratio of the 

two-preceding 

offspring 

Humans 

Birth interval* No Not tested Philippines NA NA NA 

(Trussell et al., 1985) Birth interval* No Not tested Malaysia NA NA NA 

Birth interval* No Not tested Indonesia NA NA NA 

Humans 

Birth interval* as 

a function of the 

sex ratio of 

preceding 

offspring 

Yes Not tested Bangladesh NA NA NA 
(Bairagi & Langsten, 

1986) 

Humans 

Probability of 

giving birth 

according to the 

sex ratio of 

previous 

offspring 

produced 

Yes 
Not tested Shaanxi (China) NA NA NA (Tu, 1991) 

Birth interval* Yes 

Humans 

Birth weight of 

child according 

to the sex of the 

previous child 

Yes 

Not tested Sweden NA NA NA (Jelenkovic et al., 2014) 

Birth interval* No 

Rhesus 

macaques 

(Macaca 

mulatta)  

Probability of 

giving birth 

according to the 

sex of offspring 

No 

Costs of rearing 

sons occur in 

dominant mothers, 

whereas costs of 

rearing daughters 

 

Madingley (UK) 
Captive -0.065 NA (Gomendio et al., 1990) 



raised the 

previous season 

occur in 

subordinate 

mothers 

Birth interval*  No 

Birth interval 

longer after the 

birth of a daughter 

for low-ranking 

females 

(Gomendio, 1990) Probability of 

giving birth 

according to the 

sex of offspring 

raised the 

previous season 

No 

A lower 

probability to 

reproduce after 

raising a daughter 

for low-ranking 

females 

Birth interval* 

No; higher 

costs of 

daughters 

Not tested 
(M. J. A. Simpson et 

al., 1981) 

Birth interval* No 

 Birth interval 

longer after raising 

a daughter for 

high-ranking 

females 

(A. E. Simpson & 

Simpson, 1985) 

Rhesus 

macaques 

(Macaca 

mulatta) 

Birth interval* No Not tested 

California (USA) Captive NA 0.360 

(Small & Smith, 1984) 

Probability of 

produce a viable 

offspring 

according to the 

sex of offspring 

produced the 

previous season 

Not tested 

Maternal status 

(primiparous or 

multiparous) 

tested but no effect 

(Hinde, 2009) 



Birth interval* No 

Maternal status 

(primiparous or 

multiparous) 

tested but no effect 

Probability of 

conceive 

according to the 

sex of offspring 

produced the 

previous season 

Not tested 

Primiparous 

mothers of sons 

more likely to 

conceive during 

the next breeding 

season 

 

Rhesus 

macaques 

(Macaca 

mulatta) 

Birth interval* Yes Not tested 
Cayo Santiago 

(Puerto Rico) 

Semi-

captive 
0.095 0.193  (Berman, 1988) 

Rhesus 

macaques 

(Macaca 

mulatta) 

Birth interval*  

No; higher 

costs of 

daughters 

Maternal rank 

tested but no effect 
Lawrenceville (USA) Captive NA NA (Maestripieri, 2001) 

Japanese 

macaques 

(Macaca 

fuscata) 

Probability of 

giving birth 

according to the 

sex of offspring 

produced the 

previous season 

Not tested 

A lower 

probability to 

reproduce after 

raising a daughter 

for low-ranking 

females 

Takasakiyama 

Natural zoo (Japan) 
Captive -0.016 0.332 (Kurita et al., 2012) 

Japanese 

macaques 

(Macaca 

fuscata) 

Birth interval* No 
Maternal rank 

tested but no effect 
Rome zoo (Italia) Captive NA NA (Schino et al., 1999) 

Japanese 

macaques 

(Macaca 

fuscata) 

Birth interval* 

No; higher 

costs of 

daughters 

Birth interval 

longer after the 

birth of a daughter 

Kyoto (Japan) Captive 0.098 0.268 (Takahata et al., 1995) 



in low-ranking 

females only 

Bonnet 

macaques 

(Macaca 

radiata) 

 

Birth interval* No 

Survival of the 

offspring opening 

the interval tested 

but no effect 

California (USA) Captive NA NA 

(Silk, 1988) 

Birth interval* No 
Maternal rank 

tested but no effect 
(Silk et al., 1981) 

Birth interval* No 

Survival of the 

offspring opening 

the interval tested 

but no effect  

(Silk, 1990) 

Barbary 

macaques 

(Macaca 

sylvanus) 

Birth interval* No 
Maternal rank 

tested but no effect  

Salem (USA) 
Semi-

captive 
NA NA 

(Paul & Kuester, 1990) 

Birth interval* Not tested 
Parity tested but 

not effect  

(Paul & Thommen, 

1984) 

Pigtail 

macaques 

(Macaca 

nemestrina 

leonine) 

Birth interval* 
No; higher 

costs of 

daughters 

Maternal rank and 

age tested but no 

effect 

Lawrenceville (USA) Captive NA NA (Maestripieri, 2002) 

Long-tailed 

macaques 

(Macaca 

fascicularis) 

Birth interval* 
No; higher 

costs of 

daughters 

Birth interval 

longer after the 

birth of a daughter 

in high-ranking 

females 

Arnhem 

(Netherlands) 
Captive NA NA 

(Van Schaik et al., 

1989) 

Mandrill 

(Mandrillus 

sphinx) 

Birth interval* No 

Parity and social 

rank tested but no 

effect 

Franceville (Gabon) 
Semi-

captive 
0.021 0.708 (Setchell et al., 2002) 



Chimpanzee 

(Pan 

troglodytes) 

Birth interval* Yes Not tested 
Kibale National Park 

(Uganda) 
Wild NA NA (Bădescu et al., 2022) 

Chimpanzee 

(Pan 

troglodytes) 

Birth interval* No 

Survival of the 

offspring opening 

the birth interval 

tested but no effect 

Mahale Mountains 

(Tanzania) 
Wild NA 0.162 (Nishida, 1990) 

Chimpanzee 

(Pan 

troglodytes) 

Birth interval* No 

Birth interval 

longer after the 

birth of a son in 

high-ranking 

females; birth 

interval longer 

after the birth of a 

daughter in low-

ranking females 

Taï tropical rainforest 

(Côte d’Ivoire) 
Wild NA NA (Boesch, 1997) 

Mountain 

gorillas (Gorilla 

beringei 

beringei) 

Birth interval* No 

Birth interval 

longer after the 

birth of a son in 

high ranking 

females; Birth 

interval longer 

after the birth of a 

daughter in low 

ranking females 

Karisoke Research 

Center (Rwanda) 

Semi-

captive 
NA NA (Robbins et al., 2007) 

Western 

lowland gorillas 

(Gorilla gorilla 

gorilla) 

Birth interval* No Not tested 

Various institutions in 

North America and 

Europe 

Captive NA NA (Sievert et al., 1991) 

Red howler 

monkey 
Birth interval* No 

Habitat and 

maternal age 

tested but no effect 

Hato Masaguaral 

(Venezuela) 
Wild 0 0.279 

(Crockett & Rudran, 

1987) 



(Alouatta 

seniculus) 

Howler 

monkeys 

(Alouatta fusca 

clamitans) 

Birth interval* No Not tested 
Estação Biológica de 

Caratinga (Brazil) 
Wild NA NA (Strier et al., 2001) 

Spider monkey 

(Ateles 

paniscus) 

Birth interval* Not tested 

Birth interval 

longer after the 

birth of a son in 

high ranking 

females 

Manu National Park 

(Peru) 
Wild NA NA (Symington, 1987) 

Olive baboons 

(Papio 

cynocephalus 

anubis) 

Birth interval* No Not tested Gilgil (Kenya) Wild 0 0.480 
(Smuts & Nicolson, 

1989) 

Francois' langur 

(Trachypithecus 

francoisi) 

Birth interval* 
No; higher 

costs of 

daughters 

Maternal age and 

parity tested but 

no effect 

Various zoos in China Captive NA NA (Yi et al., 2023) 

Hanuman 

langurs 

(Semnopithecus 

entellus) 

Birth interval* Yes Not tested Ramnagar (Nepal) Wild NA NA (Ostner et al., 2005) 

White-headed 

langurs 

(Trachypithecus 

leucocephalus) 

Birth interval* No  Not tested 
Nongguan Natural 

Reserve (China) 
Wild NA NA (Zhao et al., 2009) 

Muriquis 

(Brachyteles 

arachnoides) 

Birth interval* No Not tested 
Estação Biológica de 

Caratinga (Brazil) 
Wild 0 0 (Strier, 1999) 

Plains zebra 

(Equus quagga) 
Birth interval* Yes Not tested 

Hwange National 

Park (Zimbabwe) 
Wild 0 0 (Barnier et al., 2012) 



Plains zebra 

(Equus 

burchelli) 

Weaning age 

according to the 

sex of the foetus 
Yes Not tested 

Dvu˚r Kra´love´ Zoo 

(Czech Republic) 
Captive 0 0 (Pluháček et al., 2007) 

White 

rhinoceros 

(Ceratotherium 

simum) 

Birth interval* No Not tested 

Hluhluwe- iMfolozi 

Game Park (South 

Africa) 

Wild NA NA (White et al., 2007) 

Horse (Equus 

caballus) 

Birth interval* Not tested 

Birth interval 

longer after the 

birth of a son in 

poor years 

Camargue (France) Wild NA NA (Monard et al., 1997) 
Probability of 

giving birth 

according to the 

sex of the 

offspring weaned 

during the year 

No Not tested 

Horse (Equus 

caballus) 

Probability of 

giving birth 

according to the 

sex of the 

offspring 

produced the 

previous season 

No Not tested 

Central North Island 

(New Zealand) 
Wild NA NA 

(Cameron & Linklater, 

2000) 

Birth interval* No 

Birth interval 

longer after the 

birth of a daughter 

in poor conditions 

females 



Tammar 

wallabies 

(Macropus 

eugenii) 

Probability of 

giving birth 

according to the 

sex of the 

offspring reared 

in a case of 

cross-fostering 

No Not tested 
Garden Island 

(Australia) 

Semi-

captive 
NA NA 

(Schwanz & Robert, 

2016) 

Tammar 

wallabies 

(Macropus 

eugenii) 

Probability to 

wean a cross-

fostered 

offspring 

according to the 

sex of previous 

offspring birthed 

No Not tested 
Tutanning Nature 

Reserve (Australia) 
Wild NA NA (Robert et al., 2010) 

Eastern gray 

kangaroos 

(Macropus 

giganteus) 

Probability of 

weaning an 

offspring as a 

function of the 

sex of the 

previous 

offspring 

produced 

Yes 
Maternal mass 

tested but no effect 

Wilsons Promontory 

National Park 

(Australia) 

Wild NA NA (Toni et al., 2021) 

African 

elephant 

(Loxodonta 

africana) 

Birth interval* Yes Not tested 
Amboseli National 

Park (Kenya) 
Wild NA 

0.267 (using 

height) 
(Lee & Moss, 1986) 

Bank vole 

(Myodes 

glareolus) 

Probability of 

giving birth 

according to the 

sex ratio of the 

previous litter 

born 

No 
Previous litter size 

tested but no effect 
Konnevesi (Finland) Captive 0.006 0.099 (Koskela et al., 2009) 



Birth weight of 

males according 

to the sex ratio of 

the previous litter 

weaned 

No Not tested 

(Rutkowska et al., 

2011) 
Birth weight of 

females 

according to the 

sex ratio of the 

previous litter 

weaned 

Yes Not tested 

Columbian 

ground squirrel 

(Urocitellus 

columbianus) 

Litter size 

weaned 

according to the 

litter sex ratio at 

birth 

No Not tested 

Sheep River (Canada) Wild 0.036 NA (Barra et al., 2021) 
Litter size 

weaned 

according to the 

litter sex ratio at 

weaning 

No Not tested 

Mongolian 

gerbils 

(Meriones 

unguiculatus) 

Birth interval* Yes Not tested 
McMaster colony 

(Canada) 
Captive 0.008 0.166 (Clark et al., 1990) 

*Birth interval refers here to the method used to test whether the sex of the offspring opening the interval influences the duration until the next 

birth. Although some studies did not take the survival of the child opening the interval into account, others only considered birth intervals in which 

offspring survived to a given age (ex: weaning, 1 year…). NA means the information is not available for the population. 



Table 2. A review of studies testing the differential costs of sons and daughters on maternal survival. The literature search protocol is available in 

electronic supplementary material. A support for the higher costs of sons was considered when the p-value was below the threshold of 5%, none 

of studies have used Bayesian methods. The SSD index was calculated by dividing the sum of the mass of males and females by the mass of males. 

When the mass was not available we used the body size. A positive value means that the SSD is biased towards males while a negative means the 

SSD is biased towards females. Regarding the population type, “semi-captive” refers to lightly managed populations (supplemental feeding, 

reduced area, demography controlled with hunting). A human population is considered modern if the survey period is after 1760, else it is 

considered pre-industrial. 

Species Metrics 

Higher 

costs of 

sons over 

daughters 

Factors 

modulating 

differential 

costs of 

offspring sex 

Population 
Population 

type 

Weaning 

SSD 

Adult 

SSD 
References 

Northern elephant 

seal (Mirounga 

angustirostris) 

Survival 

probability of the 

mother from t to 

t+1 according to 

sex of the 

offspring produced 

at t 

No Not tested 
California 

(USA) 
Wild 0.076 0.751 

(Le Bœuf et al., 

1989) 

Red deer (Cervus 

elaphus) 

Survival 

probability of the 

mother from t to 

t+1 according to 

sex of the 

Not tested 

Yes, costs of 

sons occur 

only in low-

ranking 

females 

Isle of Rum 

(Scotland) 
Wild NA* NA 

(Gomendio et al., 

1990) 



offspring weaned 

at t 

Survival 

probability of the 

mother from t to 

t+1according to 

sex of the 

offspring produced 

at t 

Yes 

Survival of the 

offspring 

tested but no 

effect 

(Froy et al., 2016) 

Lifespan of 

mothers surviving 

at least to 10 years 

of age as a 

function of the 

proportion of sons 

born and weaned 

between 3 and 9 

years of age 

No 

Number of 

offspring born 

and weaned 

between 3 and 

9 years of age 

but no effect 

(Douhard et al., 

2019) 

Bighorn sheep 

(Ovis canadensis) 

Survival 

probability of the 

mother from t to 

t+1 according to 

sex of the 

offspring weaned 

at t 

No Not tested 

Ram 

Mountain 

(Canada) 

Wild NA 0.170 

(Berube et al., 

1996) 

Lifespan of 

mothers surviving 

at least to 8 years 

of age as a 

function of the 

proportion of sons 

born and weaned 

No 

Number of 

offspring born 

and weaned 

between 2 and 

7 years of age 

but no effect 

(Douhard et al., 

2019) 



between 2 and 7 

years of age 

Bighorn sheep 

(Ovis canadensis) 

Survival 

probability of the 

mother from t to 

t+1 according to 

sex of the 

offspring weaned 

at t 

No Not tested 
Sheep River 

(Canada) 
Wild 0.098 0.335 

(Festa-Bianchet, 

1989) 

Soay sheep (Ovis 

aries) 

Lifespan of 

females surviving 

at least to 7 years 

of age as a 

function of the 

proportion of sons 

born and weaned 

between 1 and 6 

years of age 

No 

Number of 

offspring born 

and weaned 

between 1 and 

6 years of age 

but no effect 

Hirta 

(Scotland) 
Wild 0.121 0.198 

(Douhard et al., 

2019) 

Mountain goats 

(Oreamnos 

americanus) 

Survival 

probability of the 

mother from t to 

t+1 according to 

sex of the 

offspring produced 

at t 

No 

Offspring mass 

tested but no 

effect 

Caw Ridge 

(Canada) 
Wild 0.096 0.310 

(Hamel et al., 2011) 

Lifespan of 

mothers surviving 

at least to 10 years 

of age as a 

function of the 

proportion of sons 

born and weaned 

No 

Number of 

offspring born 

and weaned 

between 3 and 

9 years of age 

but no effect 

(Douhard et al., 

2019) 



between 3 and 9 

years of age 

Columbian ground 

squirrel 

(Urocitellus 

columbianus) 

Survival 

probability of the 

mother from t to 

t+1 according to 

sex of the 

offspring produced 

and weaned at t 

No No tested 
Sheep River 

(Canada) 
Wild 0.036 NA (Barra et al., 2021) 

Golden-mantled 

ground squirrel 

(Callospermophilus 

lateralis) 

Survival 

probability of the 

mother from t to 

t+1 as a function of 

litter sex ratio 

produced at t 

No No tested 
Colorado 

(USA) 
Wild NA NA 

(Kanaziz et al., 

2022) 

Bonnet macaques 

(Macaca radiata) 

Maternal mortality 

just after birth 

according to the 

sex of the 

offspring produced 

at t 

No Not tested 
California 

(USA) 
Captive NA NA (Silk, 1988) 

Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

proportion of sons 

born 

No Not tested 
Quebec 

(Canada) 

Pre-

industrial 
NA NA 

(Beise & Voland, 

2002) 
No Not tested Germany 

Mainly 

modern 
NA NA 

Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

Yes Not tested 
Sami 

(Finland) 

Mainly 

pre-

industrial 

NA NA (Helle et al., 2002) 



proportion of sons 

born 

Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

proportion of sons 

born 

No Not tested Amish (USA) Modern NA NA 
(McArdle et al., 

2006) 

Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

proportion of sons 

born and surviving 

until 5 years 

No 

Yes, costs of 

sons occur 

only in the 

lowest social 

class 

Moerzeke 

(Belgium) 

Mainly 

modern 

 

NA NA 
(Van De Putte et al., 

2004) 

Humans 

Lifespan of women 

surviving at least 

to 45 years of age 

as a function of the 

proportion of sons 

born 

No 

Yes, costs of 

sons occur 

only when 

adjusting for 

the number of 

surviving sons. 

Socio-

economic 

status tested 

but no effect. 

Matlab 

(Bangladesh) 

Modern 

 
NA NA (Hurt et al., 2006) 

Humans 

Lifespan of women 

as well lifespan of 

those surviving at 

least to 50 years of 

age as a function 

of the proportion 

of sons born 

No 

Socio-

economic 

status tested 

but no effect 

Skelleftea 

(Sweden) 

Pre-

industrial 

 

NA NA 
(Cesarini et al., 

2007) 



Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

proportion of sons 

born and surviving 

to 15 years 

Yes 

Socio-

economic 

status tested 

but no effect 

Utah (USA) Modern NA NA (Harrell et al., 2008) 

Humans 

Lifespan of women 

surviving at least 

to 45 years of age 

as a function of the 

proportion of sons 

born 

No Not tested Poland Modern NA NA 
(Jasienska et al., 

2006) 

Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

proportion of sons 

born 

No Not tested 
Sami 

(Sweden) 

Mainly 

modern 
NA NA 

(Cesarini et al., 

2009) 

Humans 

Lifespan of women 

surviving at least 

to 50 years of age 

as a function of the 

proportion of sons 

born 

Yes Not tested 
Sami (Finland 

and Sweden) 

Mainly 

pre-

industrial 

NA NA (Helle et al., 2010) 

Humans 

Lifespan of women 

as a function of the 

proportion of sons 

born and surviving 

to adulthood 

Yes, when 

sons were 

considered 

at birth 

Socio-

economic 

status tested 

but no effect 

Finland 
Mainly 

modern 
NA NA 

(Helle & Lummaa, 

2013) 



Humans 

Lifespan of women 

surviving at least 

to 65 years of age 

as a function of the 

proportion of 

surviving sons 

No, higher 

costs of 

daughters 

Not tested Korea Modern NA NA (Kim, 2022) 

Humans 

Mortality risk of 

women surviving 

at least to 50 years 

of age as a 

function of the sex 

of the two first 

child 

Yes Not tested Norway Modern NA NA (Næss et al., 2017) 

Humans 

Mortality risk of 

women aged less 

than 40 years of 

age as a function 

of the proportion 

of sons 

No 

Yes, costs of 

sons occur 

only when 

comparing 

mothers of 

four sons with 

those of four 

daughters 

Norway Modern NA NA (Christiansen, 2014) 

Humans 

Mortality risk of 

women surviving 

at least to 60 years 

of age as a 

function of the 

proportion of sons 

born 

No Not tested China Modern NA NA 

(Pham-Kanter & 

Goldman, 2012) 

Mortality risk of 

women surviving 

at least to 65 years 

of age as a 

No Not tested Taiwan Modern NA NA 



function of the 

proportion of sons 

born 

Humans 

Mortality risk of 

women as a 

function of the 

proportion of sons 

born 

No Not tested USA Modern NA NA (Grandi et al., 2023) 

Humans 

Mortality risk of 

women surviving 

at least 45 years of 

age as a function 

of the proportion 

of sons born, 

weaned and raised 

to adulthood 

No 

Yes, costs of 

sons occur in 

women having 

high infant 

mortality rates 

Quebec 

(Canada) 

Pre-

industrial 
NA NA 

(Invernizzi et al., 

2024) 

*NA means the information is not available for the population 



Supplementary material 1. Prisma diagram of the literature research protocol used for the 

Table 1 

 



Supplementary material 2. Prisma diagram of the literature research protocol used for the 

Table 2 

 



Supplementary material 3: Research protocol for information about SSD in Table 1 & 2. 

 

Firstly, we looked to see if information on weight or height at adulthood and at weaning was 

available in the table article. If the information was not available, we searched among the studies 

cited by and citing the study of the table. Finally, we searched for information using keywords 

on the site web of science with (‘vernacular name’ OR ‘scientific name’) AND (mass OR 

weight OR height) AND (population name) for adult and by adding AND wean* for weaning.  

If the information was not available for the population we have left the box empty. For human 

studies, given that the study period is also considered, it is difficult to obtain information on 

mass and weight for the sample under consideration if the information is not directly in the 

article. Unfortunately, information on weight or height was not available in any of the human 

studies in the tables. 


