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Abstract

Laboratory studies with rodents indicate that in utero proximity of a female to male foetus
can affect female’s subsequent reproduction due to elevated testosterone exposure during
early development. It remains unknown whether these findings can be generalised to non-
laboratory species because the need for caesarean section makes it difficult to determine the
intrauterine position outside laboratory conditions. As an alternative, some studies have
compared the reproductive performance of individuals born in male-biased litters to those
born in female-biased litters. We identified 44 of those studies in 28 viviparous species for a
total of 176 relationships between litter sex composition around the time of birth and
subsequent reproductive performance (fertility, fecundity, age at first reproduction, interbirth
intervals or post-natal survival of offspring). Those relationships are discordant and complex
both within and across species. Some factors can mask an actual association between litter
sex composition and reproductive performance. Conversely, a part of significant relationships
between litter sex composition and reproductive performance likely arises via pathways other

than androgen- and oestrogen-transfer between foetuses of different sexes.

In brief

In litter-bearing species, developing offspring can be exposed to different concentrations of
androgens and oestrogens according to the sex of neighbouring foetuses. However, the
relationships between litter sex composition and subsequent reproductive performance are

discordant and complex.
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Introduction

The ‘developmental origins of health and disease’ (DOHaD) hypothesis posits that events
experienced during critical periods of development, and particularly during intrauterine life,
have profound and long-term consequences on health (Gluckman et al., 2010). Initially
focused on the association between foetal exposure to maternal undernutrition and increased
risk of cardiovascular diseases in adults (Barker et al., 1989), DOHaD studies now include a
wide range of non-communicable diseases such as fertility problems (Jazwiec & Sloboda,
2019). Environmental factors explain most of the observed variation in subfertility for women
as well as men (Ahrenfeldt et al.,, 2020). In particular, exposure to endocrine-disrupting
chemicals (EDCs) during foetal development is associated with altered fertility and fecundity
(Green et al., 2021). Most of these substances are able to cross the placenta, interfere with
androgen and oestrogen synthesis, secretion or metabolism to alter the action of these sex

hormones and lead to long-latency adverse outcomes (Green et al., 2021; Vaiserman, 2014).

Natural hormonal perturbations during early development can also have long-term
consequences on fertility and fecundity, similar to the effects of EDCs. The most extreme
illustration of such effects is the freemartin syndrome in domesticated bovids (lannuzzi et al.,
2021; Padula, 2005). A freemartin is a sterile female that shows masculinisation of the
reproductive tract to varying degrees due to the presence of a male co-twin in utero. This
syndrome arises when the placentae of male and female twins establish vascular connections
enabling the passage of cells and hormones involved in sexual differentiation (e.g. anti-
Mullerian hormone and testosterone) from a male foetus to the female foetus. Genetically, a
freemartin is chimeric with lymphocytes showing XX/XY chromosomes. Freemartinism

concerns a vast majority (between 82 and 92%) of female cows born co-twin to a male (Esteves
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et al., 2012; Zhang et al., 1994). In addition, some freemartins are from single births because
of death of their male co-twin in utero (lannuzzi et al., 2021; Padula, 2005). Freemartinism is
mostly reported in cattle, although it is increasing in prevalence in sheep populations under

selection for increased litter size (Padula, 2005).

Less extreme, but far more common, is the influence of intrauterine position (IUP) on
subsequent reproduction in laboratory rodents. During sexual differentiation in mammals,
male foetuses have higher amounts of serum testosterone than females, whereas in some
species, such as house mice, females have greater serum concentrations of oestradiol than
males (vom Saal, 1989a). These hormones can transfer among adjacent foetuses through the
amniotic fluid (Even et al., 1992). As a result, foetuses positioned between two males in the
uterus (2M females and 2M males) have greater concentrations of serum testosterone
whereas those positioned between two females (2F females and 2F males) can have greater
concentrations of serum oestradiol relative to other foetuses of the same sex (Ryan &
Vandenbergh, 2002; vom Saal, 2016). Differences in sex hormone concentration due to IUP
are relatively small (Vandenberg et al., 2012). For example, in house mice, the difference in
serum concentration of testosterone and oestradiol between 2M and 2F females is 1 ng/mL
and 40 pg/ml, respectively (vom Saal, 2016). However, very small differences in sex hormones
due to IUP are associated with marked effects on morphological, behavioural and
reproductive traits (Ryan & Vandenbergh, 2002). For example, 2M female mice have
masculinised traits, including relatively long anogenital distances, delayed puberty, increased
aggression, decreased attractiveness, earlier age at cessation of fertility compared to 2F
females (Rines & vom Saal, 1984; vom Saal, 1989b; vom Saal & Bronson, 1978; vom Saal &
Moyer, 1985). In addition, the IUP of a female can influence the sex ratio of her own litters,

with 2M female mice and gerbils producing more males and 2F females producing more
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females (Clark & Galef, 1995; Vandenbergh & Huggett, 1994). The consequences of IUP are
not limited to females (vom Saal, 2016; vom Saal et al., 1983). For example, 2M gerbil males
are more attractive to females and sire more offspring than do 2F males (Clark et al., 1992).
Interestingly, effects of IUP on adult phenotype and reproduction of males and females vary
from one species to the next. Vom Saal et al. (1999) hypothesised that such variability in IUP
effects reflect differences in the way that testosterone and oestradiol regulate development

in different species.

It has been proposed that the IUP phenomenon could be an evolutionary response to
environmental variability (vom Saal, 1981, 1989a). By diversifying the phenotypes of a litter
via differential sex hormone exposures, a mother could ensure that a least one of her offspring
matches the future environmental conditions. For example, 2F females may have better
reproductive success when resources are plentiful, but 2M females may be more successful
breeders under stressful conditions because their higher aggressiveness would allow them to
access to more resources or mates (Vandenberg et al.,, 2012). Individuals living under
laboratory conditions are usually fed ad libitum, which can potentially mask any reproductive
advantage of masculinisation due to IUP. In addition, results involving endocrinology and
behaviour can differ substantially between laboratory and field settings (Calisi & Bentley,
2009). Thus, empirical tests of IUP effects in the wild, where food availability is limiting, are
complementary to those performed under laboratory conditions. One study has explored IUP
effects under seminatural conditions by releasing laboratory-reared house mice onto a
highway island approximatively 1ha in size (Zielinski et al., 1992). The only effect of IUP found
was a 45% larger home range size for 2M females than for 2F females (Zielinski et al., 1992).
However, the failure to detect a difference in survival rate or reproductive traits of females

from different IUP may have been due to the short duration of the 8-week experiment (vom
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Saal et al., 1999). Unfortunately, the study of IUP effects outside laboratory is extremely
challenging since it requires a caesarean section in litters with more than 3 offspring to identify
the position of each foetus. In contrast to the IUP, litter sex composition (i.e. litter sex ratio or
co-twin sex) does not require a caesarean section and, consequently, is more easily
measurable. Thus, empirical studies testing for the effects of litter sex composition on
subsequent reproductive performance in captive animals, wild animals and humans have

accumulated in the last two decades.

Here, we review studies investigating the potential influence of litter sex composition
around the time of birth on subsequent reproductive performance in viviparous organisms.
After describing our literature search protocol, we discuss the results for each taxonomic
group. The variability across species in IUP effects (vom Saal et al., 1999) limits the relevance

of conducting an overall study across taxa.

Literature review protocol

Our search protocol consists of a backward-forward citation search. Backward citation search
aims at identifying references cited in an article, while forward citation search involves
identifying references that cite an article. As a first step, we searched backward and forward
citations of six highly relevant studies to our systematic review using ISI Web of Science on
August 15th 2022. These six classic papers correspond to a review on IUP effects (Ryan &
Vandenbergh, 2002), a review on sex-specific sibling interactions in vertebrates (Uller, 2006),
a review on prenatal influences of hormones on reproductive life history strategies (Clark &
Galef, 1995), two early studies of IUP effects in mice (vom Saal & Bronson, 1978, 1980) and an
early study on long-term consequences of litter sex ratio on reproduction in swine (Drickamer

et al., 1997). After removing duplicated papers, we obtained 1033 studies. We then identified
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76 studies potentially relevant to our synthesis after reading titles and abstracts. We then
inspected these 76 studies in detail and checked whether they still met our inclusion criteria
(see below). This allowed us to obtain 26 out of 44 studies displayed in table 1. We reiterated
the procedure (backward and forward citation searching, titles and abstracts screened, full
text papers screened) from these 26 studies until no further relevant studies could be
identified (three iterations; the last iteration on January, 15, 2023). The additional backward
citation searching was conducted manually by checking the reference list of the study. We
used Google Scholar instead of ISI Web of Science for the additional forward citation searching

because it can find much grey literature (Haddaway et al., 2015).

To be included in our review, the paper had to contain statistical information testing
the influence of litter sex composition on reproductive performance. These individuals belong
to the FO generation. We included studies that measured litter sex composition at birth, or if
this was impossible, at weaning. For instance, in many social carnivores, females give birth to
their litter underground, and therefore measures of litter sizes at birth are not possible
(Russell et al., 2003). For twin studies, we included only those comparing opposite-sex and
same-sex twins. For instance, studies comparing the reproductive performance of twin

animals with non-twin animals (Dunn et al., 1979) were not included in our sample.

We classified the different traits of reproductive performance into 7 categories:
fecundity, fertility, post-natal survival of offspring, age at first reproduction, parental care,
interbirth interval and mating success. Fecundity is the biological ability of an individual to
conceive and have a live birth (Gardner et al., 2009). As such, fecundity can never be measured
directly and is only estimated from multiple indicators, such as the time to pregnancy,

probability of becoming parent, pregnancy success, stillbirth rate, ovulation rate, blastocyst
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production and sperm concentration. Fertility is a productive term representing the number
of offspring an individual has (Gardner et al., 2009). We included the number of offspring per
litter or per unit time (e.g. year) in the category ‘fertility’. The number of offspring was
measured either at birth or independence (weaning). Nevertheless, we included post-natal
survival of offspring (i.e. survival rate of F1 generation between birth and independence) as a
separate category because this is a measure specifically of offspring viability. The three traits
included in the category ‘age at first reproduction’ correspond to an actual reproduction (i.e.
age at first birth, age at first conception) or to a potential reproduction (i.e. age at sexual
maturity). Parental care mostly reflects offspring provisioning and protection in mammals
(Clutton-Brock, 1991). The most direct measures of food provisioning during the period of
lactation are milk production and composition (Landete-Castillejos et al., 2005) whereas
offspring mass at weaning is often used as indirect measure (Hamel et al., 2012). The category
‘interbirth interval’ includes time between births and number of litters per unit time. Finally,
we included dominance rank in animals and probability of marriage in human (von Rueden &

Jaeggi, 2016) in the category ‘mating success’.

Results of the literature survey

Characteristics of included studies

Our search protocol allowed us to identify 44 studies of 28 species for a total of 176
relationships between litter sex composition during early development and reproductive
performance (Table 1). There was a strong bias towards research on mammals. Human is the
most represented species with 26% of relationships and 34% of studies. Farm animals and
captive primates were also well represented in the sample (61% of relationships). A striking

feature of the studies investigating the consequences of litter sex composition on
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reproductive performance is their focus on females (81% of relationships). A female bias is
frequent in mammalian studies of life-history traits, in part because of the relative ease of
assigning maternity versus paternity (Archer et al., 2022). This bias is likely to have been
reinforced here by the economic importance of female productivity in farm animals because
there are no studies examining how litter sex composition influences male reproductive

performance in pigs, sheep, goats and rabbits (Table 1).

Litter sex composition was measured in different ways depending on litter size. When
there were two offspring per litter, studies have examined the effect of co-twin sex on
reproductive performance, as in sheep and human. When there were more than 3 offspring
per litter, studies have assessed the impact of litter sex ratio either by (i) comparing individuals
from same-sex vs mixed-sex litters, (ii) entering the proportion of males in the litter as a
continuous variable in the model, or (iii) converting the proportion of males in the litter to two
or more groups (Table S1). For the dependant variable, the 7 categories of reproductive
performance that we considered were represented in our sample but fecundity, fertility and

age at first reproduction represented over three quarters of the relationships (Table S1).

Human (n = 15 studies)

Several studies have tested the effects of co-twin sex on the same reproductive traits of
women from different populations. Inconsistent results are found for each of those
reproductive traits: the probability of giving birth, the number of offspring born, the age at
sexual maturity or the probability of marriage (Tables 1 and S1). Pre-industrial Finnish women
(born between 1734 and 1888) with a male co-twin in utero had reduced lifetime reproductive
success compared with women born with a co-twin female, as a result of a lower probability

of marriage as well as decreased fertility (Lummaa et al., 2007). A Norwegian study (Bitikofer
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et al., 2019) including twins born between 1967 and 1978 has found that women born with
female co-twins had 11.7% lower probability of ever having married and 5.8% fewer children,
although it is unclear why these two variables were measured at age 32 rather than later. In
contrast, there were no differences in the number of children between women born of same-
or opposite-sex twin pairs in Australia, the Netherlands and USA during the 20™ century
(Medland et al., 2008). A possible explanation for these divergent findings is spatio-temporal
variation in exposure to EDC. By altering the effects of endogenous hormones on
development, EDCs can make the direction and the magnitude of the relationships between
co-twin sex and reproductive performance hard to predict (Howdeshell et al., 1999; vom Saal,
2016). Although some EDCs are produced naturally by plants (phytoestrogens), the majority
are made-man compounds whose production started in the 1930s (Darbre, 2021). Thus, the
fitness consequences of co-twin sex have been relatively well studied in women potentially
exposed to EDCs (Figure 1). More studies are needed to confirm that in the past (e.g. before

the industrial revolution) women with male co-twins had reduced reproductive success.

It is also possible that the observed inconsistency between study results is, at least
partially, linked to another aspect of the in utero environment: nutrient competition (Box 1).
Males, being selected to grow faster, may be more successful in that competition, particularly
in poor environmental conditions (Oddie, 2000) such as encountered in pre-industrial
populations. Under this scenario, girls born with a sister co-twin should be heavier than those
born with a brother co-twin (James, 2002). In 15 developed countries, girls having a co-twin
brother were, at maximum (values depend on gestational age), 12 g heavier than those with
a co-twin sister (Jelenkovic et al., 2018), suggesting that this difference was due to a positive

effect of androgen on foetal growth (De Zegher et al., 1998) rather than nutrient competition
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with male co-twin. However, the association between birth mass and co-twin sex remains to

be tested in less favourable conditions.

During their study examining the influence of co-twin sex on reproductive performance
in Norwegian women, Biitikofer et al. (2019) also measured long-term impacts on men. They
have found that men with a female co-twin had a lower probability of ever having married by
age 32 yr. However, this relationship was no longer significant for a subset of men with a
deceased co-twin within first year of life, suggesting that it reflects differences in post-birth
socialisation effects rather than hormonal influences in utero. In other populations, men had
a similar probability of marriage or produced similar number of children, irrespective of
whether they had a female or male co-twin (Lummaa et al., 2007; Steeno & Vlietinck, 1989;
Wyshak & White, 1969). This absence of effects is not really surprising. Indeed, while
numerous effects of IUP on behaviour and reproductive organs in male mice have been
attributed to differences in serum oestradiol during foetal life (vom Saal, 2016; vom Saal et
al., 1983), prenatal levels of oestriol and oestradiol do not appear to differ by foetal sex in

human (Inkster et al., 2021).

Non-human primates (n = 6 studies)

The reproductive consequences of litter sex composition have been analysed relatively
recently in captive callitrichines (marmosets, tamarins and lion tamarins). In this family of
primates, the early shared intrauterine vascularisation facilitates the transfer of signalling
molecules between co-twins, including hormones involved in sexual differentiation. However,
the majority of the relationships between increased presence of males in the litter and female
reproductive performance, when present, are positive (Table 1), i.e. in the opposite direction

of what we would expect based on testosterone transfer between male and female foetuses.
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It has been suggested that mate competition between same-sex siblings limits the
reproductive performance of individuals born in same-sex litters compared to those born in
mixed-sex litters (McCoy et al., 2019). Although Perret (2021) found that male mouse lemurs
in same-sex litters were more competitive and produced more offspring than males born in
mixed-sex litters, she suggested that this pattern may result from social interactions after birth
rather than testosterone levels. Specifically, play fighting between brothers could play a major

role in the development of the skills or behaviours required for mating success (Perret, 2021).

Ovine and caprine (n = 11 studies)

Sheep play an important part in research on the freemartinism syndrome, which causes an
economic loss for farmers (Esteves et al., 2012). If the risk of freemartinism is too high, this
may counteract selection for large litter size in sheep populations. However, the incidence of
freemartins in ewes born with male siblings is only 3.15% (Mari & Casellas, 2018). This
contrasts with results in cattle where approximatively 80-92% of females born co-twin to male
are freemartins (Padula, 2005). In addition, all XX/XY chimeric females born co-twin with a
male are freemartins and sterile in cattle (Eldridge & Blazak, 1977), whereas there are no
significant differences in the frequency of female chimeras between litters with different sex
ratios in sheep (Brace et al., 2008). These differences between sheep and cattle cannot be
explained by different structures of placentae. Indeed, the placenta in ruminants is multiple
and cotyledonic (Rousseau-Ralliard et al., 2020). A possible reason behind these disparities is
that sex differentiation occurs much earlier in sheep than in cattle (lannuzzi et al., 2021).
Indeed, mixed-sex pregnancies can avoid the freemartinism phenomenon when placental
anastomoses fail to fuse or when fusion occurs after the critical period of sexual differentiation

(Mari & Casellas, 2018).
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In domestic sheep, blastocyst production rates and embryonic survival were increased
in ewes born with a female co-twin compared with those born with a male co-twin, but the
co-twin sex or litter sex ratio did not affect the number of offspring born or weaned (Table 1).
In contrast, in feral Soay sheep, female born with a male co-twin had lower number of lambs
born over their entire life compared with those born with a female co-twin (Korsten et al.,
2009). Those differences in lifetime reproductive success were mainly due to higher first-year
mortality of females born with a male co-twin. In addition, female Soays born with a male co-
twin had reduced birth mass relative to those born with a female co-twin (Korsten et al., 2009),
which is the opposite of what we would expect based on the hypothesis of testosterone-
induced masculinisation. It is likely that nutrient competition in utero contributes to the
observed pattern in the population of Soay sheep consequent to low resource availability (a

function of population density and weather).

Only two studies have been conducted in goats. The coexistence of a female with one
or two males in utero did not alter the fecundity, fertility and age at first birth of adult does
(Mellado et al., 2005). However, female goats that developed in utero with a male co-twin
produced more milk, but with lower fat percentage, than those that developed in utero with
a female co-twin (Abecia et al., 2020). The effect of milk volume diluting macronutrients has
been observed in other species (Chalupa et al., 2000; Hinde, 2009). In sheep, no effect of the
co-twin sex on female milk production was detected (Avdi & Driancourt, 1997); however this
study was limited to the first lactation and the results were in the same direction as those in
goats. This should encourage researchers to investigate whether male-specific foetal
hormones cause changes in the mammary glands of their female litter mates. In particular,
such investigations could be insightful to evaluate the potential benefits of considering sex

composition of the litter in the breeding programs used in dairy species.
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Porcine (n = 4 studies)

The four studies in pigs found at least one statistically significant correlation between litter
sex ratio and one reproductive trait (Table 1). It is certainly possible, but has not been
examined, that the complex counter-current uterine blood flow system in swine females leads
to an effect on maternal hormone levels that is different from what occurs in rodents, that
have a very different uterine vasculature. Thus, a foetal pig may be more sensitive to the
hormonal contribution of every foetus belonging to the litter than that of adjacent foetuses
(Ryan & Vandenbergh, 2002). In support of this idea, age at puberty of female swine was
related to litter sex ratio but not IUP (Lamberson et al., 1988; Rohde Parfet et al., 1990). Some
results are more difficult to interpret. For instance, it is unclear why the direction of the
relationship between the sex-ratio in the litter in which the mother was born and piglet
mortality seen in Polish Landrace pigs is the opposite of that seen in Polish Large White pigs

(Rekiel et al., 2012).

Rodents (n = 7 studies)

In two different populations of Alpine marmots (Dupont et al., 2015; Hacklander & Arnold,
2012), females from male-biased litters were more likely to become dominant than those
from female-biased litters. As in many other cooperative breeders, competition for
reproductive opportunities is particularly intense in this species, where reproduction within
social groups is monopolised by a single dominant female. While studies carried out in
laboratory rodents have shown a negative influence of masculinisation on female
reproductive performance, the opposite happens in Alpine marmots. A possible reason for
this discrepancy is that the relationships between aggressiveness and mating success are

variable between species. In rodents used in laboratory experiments, masculinised females
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being more aggressive are less receptive to males and less preferred by them (Ryan &
Vandenbergh, 2002). In some wild animals, the benefits of aggressiveness are probably higher
than its costs. In support of this idea, female Alpine marmots from male-biased litters are
more likely to become dominant by fighting, defeating and expelling the previous dominant
(Hacklander & Arnold, 2012). If masculinised females are also more aggressive towards male
intruders, masculinisation in Alpine marmots might also reduce the risk of infanticide by males
(Coulon et al., 1995). Trade-offs between development of traits increasing competitiveness,
like fighting ability, and fitness components may occur as in other taxa. For instance, in rustic
breeds of Swiss domestic cattle, the selection for fighting ability has led to reductions both in
milk production and fecundity (Sartori et al., 2015). However, in female alpine marmots, there
was no evidence for effects of litter sex ratio at weaning on the number of young per litter or

during the entire period of dominance as an adult (Hacklander & Arnold, 2012).

The effects of litter sex ratio on female reproduction performance have been studied
in another marmot species. In the yellow-bellied marmot, the probability of reproduction in a
given year was independent of litter sex ratio (Monclus et al., 2014). The yellow-bellied
marmot is primarily polygynous with low reproductive skew (reproduction is shared rather
equally) among females of a social group compared all other social marmot species, including
the Alpine marmot (Allainé, 2000). Litter sex composition may have a stronger influence on
competitive ability and the acquisition of dominance in species with high levels of
reproductive skew (i.e. when reproduction is monopolised by a single individual of each sex

per social group).

In Peromyscus rodents, males reared in litters with more brothers develop larger testes

as adults and this difference in testis size is associated with increased fertility (Fisher et al.,
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2018). As discussed by Fisher et al. (2018), it was unknown whether differences in testis size
among Peromyscus males are due to differential investment in sperm production by the males
themselves and/or passive exposure to higher levels of testosterone in utero. However, a
study on wild house mice found support for the former but not latter possibility (Lavoie et al.,
2019), suggesting that growing males allocate more in sperm production under a perceived

risk of male-male competition.

Reptiles (n = 1 study)

Only one study in the common lizard showed that females from male-biased clutches grew
faster and matured earlier, but had reduced fecundity (Uller et al., 2004). In addition, male
common lizards from male-biased clutches were more likely to successfully reproduce at age
one than males from female-biased clutches (Uller et al., 2004). To our knowledge, no other
study in non-mammalian viviparous species has investigated whether reproductive
performance of females and males may depend on the sex ratio of their litter of origin, but
there are two studies of snakes which have examined the consequence of litter sex ratios on
sex-specific morphological traits (Osypka & Arnold, 2000; Weatherhead et al., 2006). Thus,
there is potential for more work to be done to further understand if and how prenatal sex

ratio influence future reproduction in reptiles.

Attempts to explain differences between studies based on IUP vs litter sex composition

Relationships between litter sex composition and reproductive performance appear more
discordant and complex than those between IUP and reproduction. For twin studies, IUP is
equivalent to litter sex composition. Even if sex hormones transfer between twins, it is
possible that the level of in utero hormonal exposure from a single opposite sex co-twin is not

high enough to induce reproductive consequences. However, laboratory studies show that
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foetuses situated between a single male and a female foetus (1MF foetuses) have
intermediate concentrations of testosterone and oestradiol, and in adulthood are
intermediate between 2M and 2F individuals of the same sex in many morphological,

physiological and behavioural traits (vom Saal, 2016; vom Saal et al., 1999).

In studies that examined the influence of litter sex ratio on future reproductive
performance, litter sex ratio was generally used as a proxy of prenatal exposure to
androgens/oestrogens while it was unknow whether foetuses developed in a close proximity
to opposite-sex foetuses, or not. If not, they might have been less affected by androgens and
oestrogens than 2M and 2F individuals. Litters containing many males may increase the
concentrations of testosterone in the mother’s circulation and, in turn, increase blood
concentration of this hormone in the entire litter. However, there was no evidence for this

possibility in mice (vom Saal & Bronson, 1980).

Outside the laboratory, there are many factors that can mask relationships between
litter sex composition and reproductive performance (e.g. exposure to EDCs in human
studies). Conversely, some relationships between litter sex composition and reproductive
performance could arise via pathways that have nothing to do with prenatal sex hormones

(Box 1).

Conclusions

Back to our initial questions, our review of the literature in viviparous organisms (n = 44 studies
in 28 species) shows that evidence for an association between litter sex composition around
the time of birth and adult reproductive performance is currently conflicting. Almost all
studies were on mammal species, principally humans and farm animals. In humans, the

absence of long-term effects of co-twin sex on fecundity and fertility in the majority of
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contemporary populations is reassuring given the increase in the frequency of twin births in
nearly all countries (Monden et al., 2021). In future studies, it will be important to differentiate
the effects of sex hormones in utero from the other pathways (Box 1). These different
pathways may explain why relationships between litter sex composition and reproductive
performance are variable even between populations within the same species. In sum, the
effects of litter sex composition around the time of birth on subsequent reproduction are less

clear compared with |UP effects in laboratory rodents.

Declaration of interest, Funding, Contributions and Acknowledgements

We declare that there is no conflict of interest that could be perceived as prejudicing the
impartiality of the research reported. This research did not receive any specific grant from any
funding agency in the public, commercial or not-for-profit sector. MD conceived the study.
MD, VR and FD performed literature search and wrote the paper. We thank two anonymous

reviewers for their helpful comments.

References

Abecia, J. A., Sdnchez, M., & Arrebola, F. (2020). The effect of male co-twins on milk and kid
production, and productive lifespan of goats during their adult life. Livestock Science,
242,104279. https://doi.org/10.1016/].livsci.2020.104279

Ahrenfeldt, L. J., Moller, S., Wensink, M., Jensen, T. K., Christensen, K., & Lindahl-Jacobsen, R.
(2020). Heritability of subfertility among Danish twins. Fertility and Sterility, 114(3),
618—627. https://doi.org/10.1016/j.fertnstert.2020.03.014

Allainé, D. (2000). Sociality, mating system and reproductive skew in marmots: evidence and
hypotheses. Behavioural Processes, 51, 21-34.

Archer, C. R., Paniw, M., Vega-Trejo, R., & Sepil, I. (2022). A sex skew in life-history research:
the problem of missing males. Proceedings of the Royal Society B: Biological Sciences,
289, 20221117. https://doi.org/10.1098/rspb.2022.1117

Avdi, M., & Driancourt, M. A. (1997). Influence of sex ratio during multiple pregnancies on
productive and reproductive parameters of lambs and ewes. Reproduction Nutrition
Development, 37, 21-27.



411
412

413
414
415

416
417
418
419
420

421
422

423
424
425
426
427

428
429
430
431
432

433
434

435
436

437
438

439
440

441
442

443
444

445
446

447

Barker, D. J., Winter, P. D., Osmond, C., Margetts, B., & Simmonds, S. J. (1989). Weight in
infancy and death from ischaemic heart disease. Lancet, 9, 577-580.

Brace, M. D., Peters, O., Menzies, P., King, W. A., & Nino-Soto, M. I. (2008). Sex chromosome
chimerism and the freemartin syndrome in Rideau Arcott sheep. Cytogenetic and
Genome Research, 120(1-2), 132-139. https://doi.org/10.1159/000118752

Bradley, B. J., Snowdon, C. T., McGrew, W. C,, Lawler, R. R, Guevara, E. E., McIntosh, A., &
O’Connor, T. (2016). Non-human primates avoid the detrimental effects of prenatal
androgen exposure in mixed-sex litters: combined demographic, behavioral, and
genetic analyses. American Journal of Primatology, 78(12), 1304—-1315.
https://doi.org/10.1002/ajp.22583

Brown, J. A., Kirschten, D. P., Lewis, G. S., & Taylor, J. B. (2016). Sex of littermate twin affects
lifetime ewe productivity. Sheep & Goat Research Journal, 31, 1-8.

Bukowski, R., Smith, G. C. S., Malone, F. D., Ball, R. H., Nyberg, D. A., Comstock, C. H.,
Hankins, G. D. V., Berkowitz, R. L., Gross, S. J., Dugoff, L., Craigo, S. D., Timor-Tritsch, I.
E., Carr, S. R., Wolfe, H. M., & D’Alton, M. E. (2007). Human sexual size dimorphism in
early pregnancy. American Journal of Epidemiology, 165(10), 1216—-1218.
https://doi.org/10.1093/aje/kwm024

Butikofer, A., Figlio, D. N., Karbownik, K., Kuzawa, C. W., & Salvanes, K. G. (2019). Evidence
that prenatal testosterone transfer from male twins reduces the fertility and
socioeconomic success of their female co-twins. Proceedings of the National Academy
of Sciences of the United States of America, 116(14), 6749—6753.
https://doi.org/10.1073/pnas.1812786116

Calisi, R. M., & Bentley, G. E. (2009). Lab and field experiments: Are they the same animal?
Hormones and behavior, 56, 1-10. https://doi.org/10.1016/j.yhbeh.2009.02.010

Casellas, J., & Caja, G. (2014). Fetal programming by co-twin rivalry in sheep. Journal of
Animal Science, 92, 64—71. https://doi.org/10.2527/jas2013-6677

Chalupa, W., & Sniffen, C. J. (2000). Balancing rations for milk components. Asian-
Australasian Journal of Animal Sciences, 13, 388-396.

Christensen, K., Basso, O., Kyvik, K. O., Juul, S., Boldsen, J., Vaupel, J. W., & Olsen, J. (1998).
Fecundability of female twins. Epidemiology, 9(2), 189-192.

Clark, M. C., & Galef, B. G. (1995). Prenatal influences on reproductive life history strategies.
Trends in Ecology and Evolution, 10(4), 151-153.

Clark, M. M., & Galef, B. G. (1995). A gerbil dam’s fetal intrauterine position affects the sex
ratios of litters she gestates. Physiology & Behavior, 57(2), 297-299.

Clark, M., Tucker, L., & Galef, B. G. (1992). Stud males and dud males: intra-uterine position
effects on the reproductive success of male gerbils. Anim. Behav, 43, 215-221.

Clutton-Brock, T. H. (1991). The evolution of parental care. Princeton University Press.


https://doi.org/10.1159/000118752
https://doi.org/10.1002/ajp.22583
https://doi.org/10.1073/pnas.1812786116

448  Coulon, J., Graziani, L., Allainé, D., Bel, M. C., & Pouderoux, S. (1995). Infanticide in the
449 Alpine marmot (Marmota marmota). Ethology Ecology and Evolution, 7(2), 191-194.
450 https://doi.org/10.1080/08927014.1995.9522965

451  Darbre, P. D. (2021). A historical perspective on endocrine disruption as an emerging
452 multifaceted medical problem. Medical Research Archives, 9(9), 1-15.

453  De Zegher, F., Francois, |., Boehmer, A. L. M., Saggese, G., Miiller, J., Hiort, O., Sultan, C.,

454 Clayton, P., Brauner, R., Cacciari, E., Ibafiez, L., Van Vliet, G., Tiulpakov, A., Saka, N.,
455 Ritzén, M., & Sippell, W. G. (1998) Androgens and fetal growth. Hormone

456 research, 50(4), 243-244.

457  Drickamer, L. C., Arthur, R. D., & Rosenthal, T. L. (1997). Conception failure in swine:

458 importance of the sex ratio of a female’s birth litter and tests of other factors. Journal
459 of Animal Science, 75, 2192-2196.

460 Dunn, H. O., McEntee, K., Hall, C. E., Johnson, R. H., & Stone, W. H. (1979). Cytogenetic and
461 reproductive studies of bulls born co-twin with freemartins. Journal of Reproduction
462 and Fertility, 57, 21-30.

463  Dupont, P., Pradel, R., Lardy, S., Allainé, D., & Cohas, A. (2015). Litter sex composition

464 influences dominance status of Alpine marmots (Marmota marmota). Oecologia,

465 179(3), 753-763. https://doi.org/10.1007/s00442-015-3375-6

466  Eldridge, F. E., & Blazak, W. F. (1977). Chromosomal analysis of fertile female heterosexual
467 twins in cattle. Journal of Dairy Science, 60(3), 458-463.

468 https://doi.org/10.3168/jds.50022-0302(77)83888-5

469  Esteves, A., Bage, R., & Payan-Carreira, R. (2012). Freemartinism in cattle. In R. E. Mendes
470 (Ed.), Ruminants anatomy, behavior and diseases (pp. 99-120). Nova Science

471 Publishers.

472  Even, M. D., Dhar, M. G., & vom Saal, F. S. (1992). Transport of steroids between fetuses via

473 amniotic fluid in relation to the intrauterine position phenomenon in rats. Physiology &
474 Behavior, 51, 11-16.

475  Fisher, H. S., Hook, K. A., Weber, W. D., & Hoekstra, H. E. (2018). Sibling rivalry: Males with
476 more brothers develop larger testes. Ecology and Evolution, 8(16), 8197—8203.

477  French, J. A,, Frye, B., Cavanaugh, J., Ren, D., Mustoe, A. C., Rapaport, L., & Mickelberg, J.
478 (2016). Gene changes may minimize masculinizing and defeminizing influences of
479 exposure to male cotwins in female callitrichine primates. Biology of Sex Differences,
480 7(1), 28. https://doi.org/10.1186/s13293-016-0081-y

481  Gardner, D. S., Ozanne, S. E., & Sinclair, K. D. (2009). Effect of the early-life nutritional

482 environment on fecundity and fertility of mammals. Philosophical Transactions of the
483 Royal Society B: Biological Sciences, 364(1534), 3419-3427.

484 https://doi.org/10.1098/rstb.2009.0121



485  Gluckman, P. D., Hanson, M. A,, & Buklijas, T. (2010). A conceptual framework for the

486 developmental origins of health and disease. Journal of Developmental Origins of

487 Health and Disease, 1(1), 6—-18. https://doi.org/10.1017/52040174409990171

488  Green, M. P., Harvey, A. )., Finger, B. J., & Tarulli, G. A. (2021). Endocrine disrupting

489 chemicals: Impacts on human fertility and fecundity during the peri-conception period.
490 Environmental Research, 194, 110694. https://doi.org/10.1016/j.envres.2020.110694
491  Hacklander, K., & Arnold, W. (2012). Litter sex ratio affects lifetime reproductive success of
492 free-living female alpine marmots marmota marmota. Mammal Review, 42(4), 310—
493 313. https://doi.org/10.1111/j.1365-2907.2011.00199.x

494  Haddaway, N. R., Collins, A. M., Coughlin, D., & Kirk, S. (2015). The role of google scholar in
495 evidence reviews and its applicability to grey literature searching. PLoS ONE, 10(9).

496 https://doi.org/10.1371/journal.pone.0138237

497  Hamel, S., Craine, J. M., & Towne, E. G. (2012). Maternal allocation in bison: co-occurrence of
498 senescence, cost of reproduction, and individual quality. Ecological Applications, 22(5),
499 1628-1639.

500 Hinde, K. J. (2009). Richer milk for sons but more milk for daughters: Sex-biased investment
501 during lactation varies with maternal life history in Rhesus Macaques. American Journal
502 of Human Biology, 21(4), 512-519. https://doi.org/10.1002/ajhb.20917

503 Howdeshell, K., Hotchkiss, A., Thayer, K., Vandenbergh, J. G., & vom Saal, F. S. (1999).

504 Exposure to bisphenol A advances puberty. Nature, 404, 763-764.

505 https://doi.org/https://doi.org/10.1038/44517

506 lannuzzi, A., Parma, P., & lannuzzi, L. (2021). Chromosome abnormalities and fertility in

507 domestic bovids: A review. Animals, 11(802), 1-28.

508 https://doi.org/10.3390/ani11030802

509 Inkster, A. M., Ferndndez-Boyano, |., & Robinson, W. P. (2021). Sex differences are here to
510 stay: Relevance to prenatal care. Journal of Clinical Medicine, 10(13), 3000.

511 https://doi.org/10.3390/jcm10133000

512  Jahanfar, S., Lye, M.-S., & Krishnarajah, . (2013). Genetic and environmental effects on age
513 at menarche, and its relationship with reproductive health in twins. Indian Journal of
514 Human Genetics, 19(2), 245-250. https://doi.org/10.4103/0971-6866.116127

515 Jahanfar, S., & Walters, H. (2019). Association of twins’ sex discordance and age at

516 menarche. Archives of Gynecology and Obstetrics, 299(4), 1023-1031.

517 https://doi.org/10.1007/s00404-019-05088-x

518 James, W. H. (2002). Birthweight in dizygotic twins. Twin Research, 5(4), 309.
519 https://doi.org/10.1375/twin.5.4.309

520 Jazwiec, P. A., & Sloboda, D. M. (2019). Nutritional adversity, sex and reproduction: 30 years
521 of DOHaD and what have we learned? Journal of Endocrinology, 242(1), T51-T68.
522 https://doi.org/10.1530/JOE-19-0048


https://doi.org/10.3390/jcm10133000

523
524
525
526
527
528

529
530

531
532
533
534

535
536
537
538

539
540
541
542
543

544
545
546

547
548
549

550
551
552
553

554
555
556

557
558
559

560
561

Jelenkovic, A., Sund, R., Yokoyama, Y., Hur, Y. M., Ullemar, V., Almgvist, C., Magnusson, P. K.,
Willemsen, G., Bartels, M., Beijsterveldt, C. E. Van, Bogl, L. H., Pietildinen, K. H.,
Vuoksimaa, E., Ji, F., Ning, F., Pang, Z., Nelson, T. L., Whitfield, K. E., Rebato, E., ...
Silventoinen, K. (2018). Birth size and gestational age in opposite-sex twins as compared
to same-sex twins: An individual-based pooled analysis of 21 cohorts. Scientific Reports,
8(1), 6300. https://doi.org/10.1038/s41598-018-24634-2

Kaprio, J., Rimpeld, A., Winter, T., Viken, R. J., Rimpela, M., & Rose, R. J. (1995). Common
genetic influences on BMI and age at menarche. Human Biology, 67(5), 739-753.

Kelly, J. M., Kleemann, D. O., McGrice, H., Len, J. A,, Kind, K. L., van Wettere, W. H. E. J., &
Walker, S. K. (2017). Sex of co-twin affects the in vitro developmental competence of
oocytes derived from 6- to 8-week-old lambs. Reproduction, Fertility and Development,
29(7), 1379-1383. https://doi.org/10.1071/RD16098

Kenyon, P. R., Cave, L. M., Blair, H. T., Lopez-Villalobos, N., & Nicol, G. B. (2011). Does dam
age, ewe birth rank and sex of a co-twin affect a ewe’s lifetime performance?
Proceedings of the Association for the Advancement of Animal Breeding and Genetics,
458-461.

Korsoff, P., Bogl, L. H., Korhonen, P., Kangas, A. J., Soininen, P., Ala-Korpela, M., Rose, R. J,,
Kaaja, R., & Kaprio, J. (2014). A comparison of anthropometric, metabolic, and
reproductive characteristics of young adult women from opposite-sex and same-sex
twin pairs. Frontiers in Endocrinology, 5(MAR), 1-6.
https://doi.org/10.3389/fendo.2014.00028

Korsten, P., Clutton-Brock, T., Pilkington, J. G., Pemberton, J. M., & Kruuk, L. E. B. (2009).
Sexual conflict in twins: male co-twins reduce fitness of female Soay sheep. Biology
Letters, 5, 663—666. https://doi.org/10.1098/rsbl.2009.0366

Lamberson, W. R., Blair, R. M., Rohde Parfet, K. A., Day, B. N., Johnson, R. K., & Parfet, R.
(1988). Effect of sex ratio of the birth litter on subsequent reproductive performance of
gilts. Journal of Animal Science, 66, 595-598.

Landete-Castillejos, T., Garcia, A., Lopez-Serrano, F. R., & Gallego, L. (2005). Maternal quality
and differences in milk production and composition for male and female Iberian red
deer calves (Cervus elaphus hispanicus). Behavioral Ecology and Sociobiology, 57(3),
267-274. https://doi.org/10.1007/s00265-004-0848-8

Lavoie, M. D., Tedeschi, J. N., Garcia-Gonzalez, F., & Firman, R. C. (2019). Exposure to male-
dominated environments during development influences sperm sex ratios at sexual
maturity. Evolution Letters, 3(4), 392—402. https://doi.org/10.1002/evI3.123

Loehlin, J. C., & Martin, N. G. (1998). A comparison of adult female twins from opposite-sex
and same-sex pairs on variables related to reproduction. Behavior Genetics, 28(1), 21—
27.

Lummaa, V., & Clutton-Brock, T. Early development, survival and reproduction in humans.
Trends in Ecology and Evolution, 17(3), 141-147.


https://doi.org/10.1038/s41598-018-24634-2
https://doi.org/10.1002/evl3.123

562
563
564

565
566
567

568
569
570
571
572
573

574
575
576

577
578
579

580
581

582
583
584

585
586
587

588
589
590
591

592
593
594

595
596

597
598

Lummaa, V., Pettay, J. E., & Russell, A. F. (2007). Male twins reduce fitness of female co-
twins in humans. Proceedings of the National Academy of Sciences of the United States
of America, 104(26), 10915-10920. www.pnas.orgcgidoil0.1073pnas.0605875104

Mari, P., & Casellas, J. (2018). Freemartinism in replacement ewe-lambs of the Ripollesa
sheep breed. Journal of Veterinary Science, 19(6), 858—-861.
https://doi.org/10.4142/jvs.2018.19.6.858

McCoy, D. E., Frye, B. M., Kotler, J., Burkart, J. M., Burns, M., Embury, A,, Eyre, S., Galbusera,
P., Hooper, J., Idoe, A., Goya, A. L., Mickelberg, J., Quesada, M. P., Stevenson, M.,
Sullivan, S., Warneke, M., Wojciechowski, S., Wormell, D., Haig, D., & Tardif, S. D.
(2019). A comparative study of litter size and sex composition in a large dataset of
callitrichine monkeys. American Journal of Primatology, 81(9), e23038.
https://doi.org/10.1002/ajp.23038

Medland, S. E., Loehlin, J. C., Willemsen, G., Hatemi, P. K., Keller, M. C., Boomsma, D. .,
Eaves, L. J., & Martin, N. G. (2008). Males do not reduce the fitness of their female co-
twins in contemporary samples. Twin Research and Human Genetics, 11, 481-487.

Mellado, M., Pastor, F., & Mellado, J. (2005). Productive and reproductive parameters of
does as a function of sex of siblings during gestation. Journal of Animal Veterinary
Advances, 4(4), 427-429.

Meredith, S., & Kiesling, D. (1996). Age of puberty in ewes which developed prenatally with
either a ram or a ewe fetus. Small Ruminant Research, 20, 137-140.

Monclus, R., von Holst, D., Blumstein, D. T., & Rodel, H. G. (2014). Long-term effects of litter
sex ratio on female reproduction in two iteroparous mammals. Functional Ecology,
28(4), 954-962. https://doi.org/10.1111/1365-2435.12231

Monden, C., Pison, G., & Smits, J. (2021). Twin Peaks: more twinning in humans than ever
before. Human Reproduction (Oxford, England), 36(6), 1666—1673.
https://doi.org/10.1093/humrep/deab029

Nazarova, G. G., Proskurnyak, L. P., & Yuzhik, E. I. (2021). Growth and puberty of water boles
(Arvicola amphibius, Rodentia, Arvicolinae) in relation to birth season and family
factors. Biology Bulletin, 48(9), 1599-1608.
https://doi.org/10.1134/51062359021090168

Oddie, K. R. (2000). Size matters: Competition between male and female great tit offspring.
Journal of Animal Ecology, 69(5), 903—912. https://doi.org/10.1046/j.1365-
2656.2000.00438.x

Osypka, N. M., & Arnold, S. J. (2000). The developmental effect of sex ratio on a sexually
dimorphic scale count in the garter snake. Source: Journal of Herpetology, 34(1), 1-5.

Packer, C., Gilbert, D., Pusey, A., & O’Brieni, S. J. (1991). A molecular genetic analysis of
kinship and cooperation in African lions. Nature 351, 562-565. Nature, 351, 562-565.


https://doi.org/10.1093/humrep/deab029

599
600

601
602
603

604
605
606

607
608
609
610

611
612
613
614

615
616
617

618
619
620
621

622
623
624

625
626
627

628
629
630

631
632
633
634

Padula, A. M. (2005). The freemartin syndrome: An update. Animal Reproduction Science,
87(1-2), 93-109. https://doi.org/10.1016/j.anireprosci.2004.09.008

Perret, M. (2019). Litter sex composition affects first reproduction in female grey mouse
lemurs (Microcebus murinus). Physiology and Behavior, 208, 112575.
https://doi.org/10.1016/j.physbeh.2019.112575

Perret, M. (2021). Litter sex composition influences competitive performance during first
reproduction in male mouse lemurs. Physiology and Behavior, 228, 113196.
https://doi.org/10.1016/j.physbeh.2020.113196

Petersen, I., Martinussen, T., McGue, M., Bingley, P., & Christensen, K. (2011). Lower
marriage and divorce rates among twins than among singletons in Danish birth cohorts
1940-1964. Twin Research and Human Genetics, 14(2), 150-157.
https://doi.org/10.1375/twin.14.2.150

Rekiel, A., Wiecek, J., Wojtasik, M., Ptak, J., Blicharski, T., & Mroczko, L. (2012). Effect of sex
ratio in the litter in which Polish large white and Polish Landrace sows were born on the
number of piglets born and reared. Annals of Animal Science, 12(2), 179-185.
https://doi.org/10.2478/v10220-012-0015-5

Rines, J. P., & vom Saal, F. S. (1984). Fetal effects on sexual behavior and aggression in young
and old female mice treated with estrogen and testosterone. Hormones and Behavior,
18,117-129.

Rohde Parfet, K. A., Ganjam, V. K., Lamberson, W. R., Rieke, A. R., Saal, F. S. Vom, Day, B. N.,
& Parfet, K. A. R. (1990). Intrauterine position effects in female swine: subsequent
reproductive performance, and social and sexual behavior. Applied Animal Behaviour
Science, 26, 349-362.

Rose, R. J., Kaprio, J., Winter, T., Dick, D. M., Viken, R. J., Pulkkinen, L., & Koskenvuo, M.
(2002). Feminity and fertility in sisters with twin brothers: Prenatal androgenization?
Cross-sex socialization? Psychological Science, 13(3), 263—-267.

Rousseau-Ralliard, D., Chavatte-Palmer, P., & Couturier-Tarrade, A. (2020). Nutrition
maternelle, fonctions placentaires et fertilité de la descendance. Medecine de La
Reproduction, 22(1), 78-89. https://doi.org/10.1684/mte.2020.0787

Russell, A. F., Brotherton, P. N. M., Mcilrath, G. M., Sharpe, L. L., & Clutton-Brock, T. H.
(2003). Breeding success in cooperative meerkats: effects of helper number and
maternal state. Behavioral Ecology, 14, 486-492.

Rutherford, J. N., DeMartelly, V. A., Layne Colon, D. G., Ross, C. N., & Tardif, S. D. (2014).
Developmental origins of pregnancy loss in the adult female common marmoset
monkey (Callithrix jacchus). PLoS ONE, 9(5), €96845.
https://doi.org/10.1371/journal.pone.0096845


https://doi.org/10.1016/j.physbeh.2020.113196
https://doi.org/10.2478/v10220-012-0015-5

635
636
637

638
639
640

641
642
643

644
645
646

647
648

649
650
651
652

653
654
655
656

657
658
659

660
661

662
663
664

665
666
667
668

669
670
671

Ryan, B. C., & Vandenbergh, J. G. (2002). Intrauterine position effects. Neuroscience and
Biobehavioral Reviews, 26(6), 665—-678. https://doi.org/10.1016/5S0149-7634(02)00038-
6

Sartori, C., Mazza, S., Guzzo, N., & Mantovani, R. (2015). Evolution of increased
competitiveness in cows trades off with reduced milk yield, fertility and more masculine
morphology. Evolution, 69(8), 2235-2245. https://doi.org/10.1111/ev0.12723

Seyfang, J., Ralph, C. R., Tilbrook, A. J., & Kirkwood, R. N. (2017). Response to
gonadotrophins differs for gilts from female- and male-biased litters. Animal
Reproduction Science, 182, 134-137. https://doi.org/10.1016/j.anireprosci.2017.05.012

Serensen, K., Juul, A., Christensen, K., Skytthe, A., Scheike, T., & Kold Jensen, T. (2013). Birth
size and age at menarche: A twin perspective. Human Reproduction, 28(10), 2865—
2871. https://doi.org/10.1093/humrep/det283

Steeno, 0., & Vlietinck, R. (1989). Fertility in twins. Acta Geneticae Medicae et
Gemellologiae, 38(1-2), 71-75. https://doi.org/10.1017/s0001566000002853

Sugawara, A., Pearson, B. L., Blanchard, D. C., & Ward, M. A. (2012). Mouse females devoid
of exposure to males during fetal development exhibit increased maternal behavior.
Psychoneuroendocrinology, 37(3), 383—-395.
https://doi.org/10.1016/j.psyneuen.2011.07.009

Talia, C, Raja, E. A., Bhattacharya, S., & Fowler, P. A. (2020). Testing the twin testosterone
transfer hypothesis-intergenerational analysis of 317 dizygotic twins born in Aberdeen,
Scotland. Human Reproduction, 35(7), 1702-1711.
https://doi.org/10.1093/humrep/deaa091

Uller, T. (2006). Sex-specific sibling interactions and offspring fitness in vertebrates: Patterns
and implications for maternal sex ratios. Biological Reviews of the Cambridge
Philosophical Society, 81(2), 207-217. https://doi.org/10.1017/5S1464793105006962

Uller, T., Massot, M., Richard, M., Lecomte, J., & Clobert, J. (2004). Long-lasting fitness
consequences of prenatal sex ratio in a viviparous lizard. Evolution, 58, 2511-2516.

Uthlaut, V. A., Moss, G. E., Larson, B. A., & Alexander, B. M. (2009). Effect of sex of co-twin
and breed on ewe flock productivity. Proceedings, Western Section, American Society of
Animal Science, 60, 294-296.

Vaiserman, A. (2014). Early-life exposure to endocrine disrupting chemicals and later-life
health outcomes: An Epigenetic Bridge? In Aging and Disease (Vol. 5, Issue 6, pp. 419—
429). International Society on Aging and Disease.
https://doi.org/10.14336/AD.2014.0500419

Vandenbergh, J. G., & Huggett, C. L. (1994). Mother’s prior intrauterine position affects the
sex ratio of her offspring in house mice. Proceedings of the National Academy of
Sciences of the United States of America, 91, 11055-11059.


https://doi.org/10.1111/evo.12723
https://doi.org/10.1017/s0001566000002853
https://doi.org/10.1016/j.psyneuen.2011.07.009

672
673
674
675
676

677
678

679
680

681
682
683

684
685
686

687
688
689

690
691
692

693
694
695

696
697
698

699
700

701
702
703
704

705
706
707

708
709

Vandenberg, L. N., Colborn, T., Hayes, T. B., Heindel, J. J., Jacobs, D. R., Lee, D. H., Shioda, T.,
Soto, A. M., vom Saal, F. S., Welshons, W. V., Zoeller, R. T., & Myers, J. P. (2012).
Hormones and endocrine-disrupting chemicals: Low-dose effects and nonmonotonic
dose responses. Endocrine Reviews, 33(3), 378—455. https://doi.org/10.1210/er.2011-
1050

vom Saal, F. S. (1981). Variation in phenotype due to random intrauterine positioning of
male and female fetuses in rodents. Journal of Reproduction and Fertility, 62, 633—650.

vom Saal, F. S. (1989a). Sexual differentiation in litter-bearing mammals: influence of sex of
adjacent fetuses in utero. Journal of Animal Science, 67(7), 1824—-1840.

vom Saal, F. S. (1989b). The production of and sensitivity to cues that delay puberty and
prolong subsequent oestrous cycles in female mice are influenced by prior intrauterine
position. Journal of Reproduction and Fertility, 86, 457-471

vom Saal, F. S. (2016). Environmental programming of reproduction during fetal life: Effects
of intrauterine position and the endocrine disrupting chemical bisphenol A. Journal of
Animal Science, 94, 2722-2736.

vom Saal, F. S., & Bronson, F. H. (1978). In utero proximity of female mouse fetuses to males:
effect on reproductive performance during later life. Biology of Reproduction, 19, 842—
853.

vom Saal, F. S., & Bronson, F. H. (1980). Sexual characteristics of adult female mice are
correlated with their blood testosterone levels during prenatal development. Science,
208, 597-599.

vom Saal, F. S., Drickamer, L. C., Clark, M. M., Galef, B. G., & Vandenbergh, J. G. (1999).
Intrauterine position phenomenon. In Encylopedia of reproduction (Vol. 2, pp. 893—
900).

vom Saal, F. S., Grant, W. M., McMullen, C. W., & Laves, K. S. (1983). High fetal estrogen
concentrations: correlation with increased adult sexual activity and decreased
aggression in male mice. Science, 20, 1306—1309.

vom Saal, F. S., & Moyer, C. L. (1985). Prenatal effects on reproductive capacity during aging
in female mice. Biology of Reproduction, 32, 1116-1126.

von Rueden, C. R., & Jaeggi, A. v. (2016). Men'’s status and reproductive success in 33
nonindustrial societies: Effects of subsistence, marriage system, and reproductive
strategy. Proceedings of the National Academy of Sciences of the United States of
America, 113(39), 10824-10829. https://doi.org/10.1073/pnas.1606800113

Weatherhead, P. J., Kissner, K. J., & Sommerer, S. J. (2006). Prenatal sex ratios and
expression of sexually dimorphic traits in three snake species. Journal of Experimental
Zoology, 305A(8), 603—609. https://doi.org/10.1002/jez.a.317

Wyshak, G., & White, C. (1969). Fertility of twins and parents of twins. Human Biology, 41(1),
66—82.



710
711
712

713
714
715

716

717

Zhang, T., Buoen, L. C., Seguin, B. E., Ruth, G. R., & Weber, A. F. (1994). Diagnosis of
freemartinism in cattle: the need for clinical and cytogenic evaluation. Journal of the
American Veterinary Medical Association, 204(10), 1672—-1675.

Zielinski, W. J., vom Saal, F. S., & Vandenbergh, J. G. (1992). The effect of intrauterine
position on the survival, reproduction and home range size of female house mice (Mus
musculus). Behavioral Ecology and Sociobiology, 30(3), 185-191.



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

BOX

BOX 1. Causal mechanisms of how correlations between litter sex composition and
subsequent reproductive performance of females can arise. The sign of each arrow represents

the sign of the causal relationship associated.
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Our understanding of how litter sex composition around the time of birth influences
reproductive performance later in life is limited. In females, these effects are commonly
attributed to testosterone-induced masculinisation in utero but there are plausible alternative

explanations.

The first alternative involves nutritional competition between males and females
during gestation, particularly in sexually dimorphic species. Sex differences in energy intake
and growth of juveniles are common in sexually size-dimorphic species (Clutton-Brock, 1991).
Sexually size dimorphism in most mammals is biased in favour of males and this difference can
be evident soon after conception (Bukowski et al., 2007). Males, growing faster, may be more

successful in the competition for nutrients during prenatal development. Thus, females from
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male-biased litters may be nutritionally disadvantaged compared with females from female-
biased litters. This can lead to long-term consequences. For instance, variation in prenatal
growth can influence subsequent growth and age-specific size which, in turn, influence

reproductive performance (Lummaa & Clutton-Brock, 2002).

Sex-specific nutritional disadvantage after birth may also contribute to the differences
in reproductive performance of individuals in relation to their co-twin sex or litter sex ratio.
This disadvantage may be a consequence of sex differences in competitive ability or of
contrasts in parental strategy, or of a combination of both. Lactation, in particular, may be an
important mechanism underlying such effects. In mammals, in general the energetic costs of
gestation are small in comparison with those of lactation (Clutton-Brock, 1991). If daughters
are less favoured than sons by mothers, through milk quantity (Landete-Castillejos et al.,
2005), being reared with more males may be detrimental to females. Under this scenario,
prenatal litter sex composition is not the causal factor, it simply determines postnatal litter

sex composition.

Post-natal litter sex composition may also influence reproductive performance via
competition or cooperation between same-sex siblings for mates. In African lions (Panthera
leo), kin-related males form coalitions to take over and then defend a group of females (Packer
et al.,, 1991). Conversely, mate competition between same-sex siblings limits the reproductive
performance of individuals born in same-sex litters compared to those born in mixed-sex
litters (McCoy et al., 2019). The relationship between the proportion of males in the litter and
reproductive performance of females is expected to be positive under the hypothesis of
reproductive competition, but negative under the hypothesis of testosterone-induced

masculinisation, nutritional competition or reproductive cooperation.
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Figure legend

Figure 1. Birth year range for human studies in which relationships between co-twin sex and
reproductive performance have been examined. Cohorts were reported for each study listed

in table 1, except two (Loehlin & Martin 1998, Wysak & White 1969).
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Table legends

Table 1. Summary of the 44 studies testing whether litter sex composition influenced
subsequent reproductive performance of females (F) and males (M). For each species and sex,
we reported the number of positive, negative or null (i.e. p-value > 0.05) relationships
between increased presence of males in the litter and subsequent reproductive performance.
The detailed data set, with one row per relationship, is provided in supplementary material
(Table S1). The superscript numbers indicate the following used taxonomic groups: 1, human;

2, non-human primates; 3, ovine and caprine; 4, porcine; 5, rodents; 6, reptile.

Table S1. Studies testing whether litter sex composition influenced subsequent reproductive
performance of females (F) and males (M). We report whether the relationship between
increased presence of males in the litter and subsequent reproductive performance was
positive (+), negative (-) or non-statistically significant (0, i.e. p-value > 0.05). This does not
always match the direction of the correlation between column “D” and “E”. For instance, in
common marmoset, females born with a co-twin male lost more foetuses than females born

with a co-twin female (Rutherford et al., 2014), so the reported effect (column “F”) is negative.
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