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1. Abstract
Fisher’s principle predicts the SR at birth to be approximately 50:50. However, exceptions on the 50:50
SR have been observed. In zoos, in particular, these biased SRs lead to welfare, logistics and population
management problems. A biased SR causes the total population in zoos to be larger than the effective
population size. Three gibbon species out of seven managed by the European Association for Zoos and
Aquariums (EAZA) appear to show a male-biased SR. These species are Gabriella’s gibbon (Nomascus
gabriellae), Northern white-cheeked gibbon, (Nomascus leucogenys) and Siamang (Symphalangus
syndactylus). This thesis project aimed to understand the causing mechanisms of the skewed SR in
captive populations of gibbons. Through systematic literature review and consultation with experts,
eight possible hypotheses were identified: 1. SR bias due to sampling effect; 2. Maternal condition
hypothesis; 3. Local resource competition; 4. Fragile male hypothesis; 5. Terminal investment theory;
6. Physiological limitations; 7. Contraception hypothesis; and 8. Founder effect. Analysis of studbook
data showed no sex-specific difference in juvenile mortality among any of the captive populations. In
addition, maternal age was shown to not affect the SR. The additive genetic variation and narrowsense heritability were estimated for SR on the underlying scale. Both were estimated to be low,
though the small population sizes caused high standard errors. We proposed the physiological
hypothesis as the most plausible because 1. It does not assume an evolutionary mechanism. The zoo
environment may merely pose sex-specific limitations to embryonic development; 2. Testosterone,
stress, and diet have been shown to influence the SR; 3. It can explain why populations of the same
species do not show similar SRs within EAZA and AZA; 4. The genera showing a bias (Nomascus and
Symhalangus), are both expected to be more folivorous while they are often fed a more frugivorous
diet.
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2. Introduction
Sex ratio (SR) is the ratio of males to females in a population. The SR tends to be 50:50 in sexually
reproducing animal species, although deviations have been observed in wild and captive populations
(Clutton-Brock & Iason, 1986; Austad & Sunquist, 1986; Burke & Birch, 1995; Lutermann et al., 2004).
The European Association for Zoos and Aquariums (EAZA) observed the SR of certain gibbon species
to deviate from 50:50. This thesis-project aims to understand the causing mechanisms of the skewed
SR in these captive populations of gibbons.

2.1 Fisher’s principle
Fisher’s principle predicts the SR at birth to be approximately 50:50 (Fisher, 1930). This is based on
Fisher’s conclusion that a female should produce the offspring sex that most increase her own fitness.
In case male births would be less common than female ones, a newborn male has a higher chance of
mating and may produce more offspring than a newborn female. Thus, those parents who are
genetically disposed to produce more males will have more grandchildren than average. This causes
the male-producing alleles to rise in frequency, resulting in male births becoming more common.
However, when the number of males grows, and the 50:50 SR is approached, the advantage that is
associated with producing males, disappears. If each sex has the same cost, then an evolutionary
stable balance is expected in which no sex has a fitness advantage over the other. This framework of
negative frequency-dependent selection explains the 50:50 SR of a wide range of animal species.
However, numerous exceptions to the 50:50 SR in mammals have been observed (Clutton-Brock &
Iason, 1986; Austad & Sunquist, 1986; Burke & Birch, 1995; Lutermann et al., 2004). In zoos, in
particular, these biased SRs lead to welfare, logistics and population management problems (Faust
and Thompson, 2000).

2.2 Physiological mechanisms to adjust SR
There are different types of SR. The primary SR is the ratio at fertilization. The secondary SR is the ratio
at birth. Last, the tertiary SR is the ratio in sexually mature organisms. Much research has focused on
explaining a bias in the secondary SR in an evolutionary adaptive way. Currently research on the
physiological mechanism behind biasing either the primary or secondary mammalian SR is scarce. It
consists of mostly hypotheses based on trade-offs between the adaptive potential and fertility. The
SR of offspring can be influenced by mechanisms on both paternal and maternal side. Potential
mechanisms are shown in Figure 1.
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Figure 1. Moments in reproductive timing at which adjustment of mammalian SR could occur. The
gray boxes indicate the timing from before mating to after birth. The white boxes indicate possible
sex-skewing mechanisms related to this timing (Cameron et al., 2016).

2.2.1 Maternal mechanisms
Potential maternal mechanism for primary SR adjustment in mammals are priming the oocyte to differ
in susceptibility to X or Y chromosome bearing spermatozoa and influencing the viability and
competitiveness of the X- and Y-bearing sperm cells in the oviduct (Krackow, 1995; Douhard, 2017).
Another maternal mechanism, that would influence the secondary SR, is sex-specific foetal or
embryonic mortality. The abortion is expected to occur early after conception, as the energetic costs
increase with gestational stage (Clutton-Brock, 1986; Krackow, 1995; Douhard, 2017). Douhard (2017)
presented three physiological pathways by which a mother could influence the sex of her offspring.
These involve maternal testosterone, glucose levels during early cell divisions and glucocorticoid
production due to stress (Figure 2). No consistency in effects have been found yet, suggesting that
these three factors are inter-related and may work in opposite directions, or in concert and variation
of effects between species exists (Edwards et al., 2016; Douhard, 2017).
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Figure 2. Potential pathways for maternal SR adjustment. The +/- sign shows the direction of the
correlation. The ‘?’ shows uncertainty, as the glucocorticoid pathway has only been examined in a few
studies on mammals (Douhard, 2017).
Maternal testosterone concentration might influence the development of the oocyte, by increasing
its tendency to receive a Y-chromosome-bearing spermatozoon (Cameron et al., 2017). Specifically,
the molecular composition of the zona pellucida is suggested to be influenced by high levels of
follicular testosterone (Grant & Chamley, 2010). Secondly, during early cell division, glucose levels may
affect sex-specific embryonic mortality (Cameron, 2004). A high concentration of maternal glucose
might increase the mortality of female blastocysts relative to males. This could then lead to a malebiased secondary SR. The mechanism is based on findings on an excess of glucose inhibiting female
conceptus development while favoring that of males. Later the same research group (Cameron et al.,
2008) showed that not the maternal glucose level per se predicts offspring SR in mice (Mus musculus)
best. Instead, it is the temporal variation in glucose around conception that does. The result is
consistent with observations on dairy cows (Bos taurus) (Roche et al., 2006) and feral horses (Equus
caballus) (Cameron et al., 2007). In these studies, changes in maternal condition around conception
were more predictive of offspring SR than the current condition (Douhard, 2017). However, in tammar
wallabies (Macropus eugenii) contradictory results were found, as high maternal levels of glucose
were associated with more daughters, so this mechanism might be species-specific (Schwanz et al.,
2014). Last, maternal glucocorticoid levels (in response to stress) are suggested to affect offspring SR
through sex-specific embryonic mortality. Male offspring are generally more vulnerable to in utero
oxidative stress, which is glucocorticoid-related than females (Navara, 2010; Love et al., 2005). Studies
on the mammalian association between maternal stress and offspring SR are inconsistent (Ideta et al.,
2009; Helle et al., 2008; Ryan et al., 2012). More work is needed to determine whether glucocorticoids
directly and/or indirectly impact offspring SR (Douhard, 2017).
The developmental asynchrony hypothesis (Krackow, 1995) poses that by control of the relative time
of insemination within the estrous cycle or by alteration of reproductive hormone levels around the
time of ovulation and early embryonic development, the SR can be adaptively altered from the
maternal side. Krackow (1995) based this hypothesis on three arguments. First, reproductive hormone
levels (testosterone, estrogen, progesterone, and gonadotropin) have been shown to be linked to the
SR at birth (James, 2017). These relationships seem to be caused by a mechanism at conception.
Second, the relative time of insemination within the estrous cycle is proposed to influence human SR
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(James, 2017). A U-shaped trend of the SR with cycle day of insemination has later been confirmed
(Guerrero, 1974; Harlap, 1979). Several mammals have shown evidence, though inconsistent, that the
time of insemination relative to the event of ovulation affects the SR. Third, foetal resorption has been
found in relation to SR at birth, but also through inconsistent evidence. Krackow (1995) then
concluded that if dynamics of reproductive hormone levels shift the mean time of uterine
responsiveness, its extent, or symmetry, this may result in a biased SR at birth. Key to this hypothesis
is that the uterus is prepared by the dynamics of reproductive hormones to respond to implantation
signals during a specific part of the oestrus cycle. Outside this period of uterine responsiveness, the
uterus is a hostile environment to embryonic survival (Pope, 1988). Krackow assumes that there is
considerable variation in developmental pace between blastocysts and that there are sex-specific
differences in this developmental pace. There is evidence in cattle and mice that male blastocysts
develop at a higher rate than female ones prior to implantation (Tsunoda et al., 1985). So, in
conclusion, if uterine responsiveness is synchronized with male blastocyst development, this would
result in a male-biased SR at birth.

2.2.2 Paternal mechanisms
In mammals, males are the heterogametic sex. It can thus be argued that they have more control over
the mechanism of offspring’s sex determination. Variation in the ratio of ejaculated X- and Ychromosomes could be a possible mechanism for SR control (Edwards et al., 2014). Ejaculate samples
can be counted for X- and Y-bearing sperm, a procedure that already exists for humans and livestock.
Research on pygmy hippopotamus (Choeropsis liberiensis), using electro-ejaculation and fluorescence
in-situ hybridization, indicated that males had a mechanism to bias the ratio of X- and Y-chromosomesbearing spermatozoa in their ejaculate (Saragusty et al., 2012).

2.4 Gibbon species
Gibbons (family Hylobatidae) are the smallest of the apes (Hominoidea). Gibbons were the first to
branch off among the hominoids, and are characterized by their predominantly monogamous lifestyle,
brachiating locomotion, and typical territorial calls (Fleagle, 1999; Mootnick, 2006). The 20 recognized
species inhabit tropical and subtropical rainforests of Southeast Asia (Figure 3). These 20 species are
distributed over four genera based on distinctive diploid chromosome number: Nomascus (2n =
52), Hylobates (2n = 44), Symphalangus (2n = 50) and Hoolock (2n = 38) (Müller et al., 2003; IUCN,
2022). According to Carbone et al. (2014), the radiation of these genera into 20 species is due to the
accelerated evolution of the gibbon karyotype. Carbone et al. (2014) hypothesized that a high number
of chromosomal rearrangements became fixed in a relatively short time, due to a combination of
geographic isolation and post-mating reproductive barriers. The date of the lineage-splitting event is
estimated in the Miocene-Pliocene transition when the elevation of the Yunnan plateau and rise in
sea levels caused a redistribution of tropical forests (Carbone et al., 2014; Cane et al., 2001; Xu et al.,
2008). In the beginning of the Pliocene, sea levels fluctuated and caused cycles of forest fragmentation
and fusion.
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Figure 3. Geographical distribution of gibbons. Dotted lines indicate the country border. Solid lines
indicate major rivers. Historical distribution of Nomascus hainanus and Nomascus nasutus is hatched
(Thinh et al., 2010).
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EAZA manages the studbooks of seven gibbon species (Table 1). Six of them are managed in an EAZA
Ex-situ Programme (EEP)(no EEP for Hylobatus agilis), and thus function as an insurance population.
According to IUCN, major threats in-situ are hunting (for bushmeat and pet trade), construction of
roads, forest conversion, and mining (IUCN, 2022). Ex-situ, the population management is mainly
threatened by a shortage of institutional space and the occurrence of skewed SRs. In zoos, gibbons
are kept as pairs, so a surplus of males causes logistic (e.g., housing) and welfare (e.g., loneliness)
issues. A biased SR causes the total population in zoos to be larger than the effective population size.
Table 1. Gibbon species for which captive populations are managed by EAZA (IUCN, 2022). No
population estimates are available.
Scientific name
Common name
IUCN Red list Status
Nomascus gabriellae
Gabriella’s gibbon
Endangered
Nomascus leucogenys
Northern white cheeked
Critically endangered
gibbon
Hylobatus agilis
Agile gibbon
Endangered
Hylobatus lar
Lar gibbon
Endangered
Hylobatus moloch
Javan gibbon
Endangered
Hylobatus pileatus
Pileated gibbon
Endangered
Symphalangus syndactylus
Siamang
Endangered

2.5 Aim
This thesis project aims to understand the causing mechanisms of the skewed SR in captive
populations of gibbons. We aim to 1. make an inventory of all hypotheses on mammalian SR
adjustment from the literature that may apply to gibbons, and 2. use studbook data to investigate
these hypotheses where possible.
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2 Materials and methods
3.1 Literature review
The first phase consisted of the set-up of clear and detailed hypotheses, based on logic and rationale
and on what is known about gibbon biology, physiology, and behavior. For a general understanding of
the problem, both ultimate and proximate factors were explored. We made an inventory of all
hypotheses on mammalian SR adjustment known in the literature, using Wageningen University’s
library search engine and Google Scholar. The main search terms were “sex ratio”, “mammal”,
“gibbon” and “sex allocation”. The list of hypotheses was then discussed with experts in the field to
select those that were deemed most plausible for gibbons (Appendix 1, Figure 7).

3.2 Studbook analysis
The second phase consisted of using studbook data to test the hypotheses where possible. The data
allowed for testing of the significance of the observed biases, comparison of juvenile mortalities,
phenotypic analysis on birth year, maternal age, paternal age and birth interval, and a more in detail
study of the effects of maternal age. At last, the studbook data was used for genetic analysis to
determine the heritability and genetic variation for the trait SR. Alpha was set at 0.05 for all analyses.

3.2.1 Study population
The European Association for Zoos and Aquarium (EAZA) manages the studbooks of seven gibbon
species. Two of these are within the Nomascus genus: Gabriella’s gibbon (Nomascus gabriellae) and
northern white cheeked gibbon (Nomascus leucogenys). Four are within the Hylobates genus: agile
gibbon (Hylobatus agilis), lar gibbon (Hylobates lar), Javan gibbon (Hylobates moloch) and pileated
gibbon (Hylobates pielatus). The last species is the siamang (Symphalangus syndactylus). The
European data was supplemented with data from the American Association for Zoos and Aquariums
(AZA), which manages the studbook of three species: H. lar, N. leucogenys and S. syndactylus. These
were treated as separate populations. The data of all studbooks are recorded in the Zoological
Information Management System (ZIMS) (Species360, 2022) by the member institutions. Individuals
that were wild-born and/or had an undetermined sex type were excluded from the analyses.
Additionally, the data was filtered to only include individuals born from 1980 until 2021, as this is the
period that has the most accurate record-keeping according to EAZA.

3.2.2 Testing deviations from 50:50 SR
The data was exported from ZIMS for studbook analysis in RStudio (Version 1.4.1106, R core Team,
2021). The deviations from SR were analyzed by two-sided binomial testing.

3.2.3 Juvenile mortality
PMx software (Ballou et al., 2020) was used to analyze sex-specific juvenile mortality. PMx is provided
under a Creative Commons Attribution-No Derivatives International License, courtesy of the Species
Conservation Toolkit Initiative (https://scti.tools). The male and female juvenile mortality were
compared with a two-proportion z-test, using the 0-age class mortality determined by PMx. This 0-age
class mortality is defined as the proportion of individuals that die during the first age class (TraylorHolzer, 2011).
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3.2.4 Phenotypic analysis
We used a generalized linear model in RStudio to estimate the effects of certain factors on SR. This
analysis was performed at the genus level (Nomascus, Hylobatus and Symphalangus). The factors that
were tested as linear covariates were the age of dam at birth, the age of sire at birth, birth year,
maternal birth interval, and association (EAZA or AZA). We used forward model selection to test for
the significance of interactions.
Due to a maternal age effect found by Margulis et al. (2011), we studied the effect of the age of the
dam in more detail using age classes. A chi-square test was used to determine whether the number
of male and female births was dependent on the age-class of the mother. The test was done in
Microsoft Excel (version 16.60). The age classes were set as ‘0-10’, ‘11-15’, ‘16-20’, ‘21-25’, and ‘>25’
years.

3.2.5 Genetic analysis
Since the offspring’s SR is in fact a binary trait (male or female), a binomial model with a logistic link
function was used for the genetic analysis (Falconer and Mackay, 1996; De Villemereuil et al., 2013).
A normally distributed latent variable was defined on the underlying scale, which was the tendency
to be a male. This tendency was translated to the 0/1 scale with the logistic function.
We used the following animal model for each gibbon species:
y= Xb + Za +e
where y was the vector of the offspring’s sex (with logit link), b was the vector of fixed effects (age of
dam, age of sire, birth year and birth interval), X was the design matrix to link observations to
appropriate fixed effects, a was the vector of animal additive genetic effects, Z was the design matrix
to link observations to appropriate random effects, and e was random residual vector.
We used ASReml to estimate variance components under a general linear mixed model by residual
maximum likelihood (REML) (Gilmour et al., 2015). The narrow-sense heritability (h2) on the
underlying scale was calculated as:
2
ℎ𝑢𝑛𝑑
=

𝜎𝑎2𝑢𝑛𝑑
𝜋2
𝜎𝑎2𝑢𝑛𝑑 + 3

where 𝜎𝑎2𝑢𝑛𝑑 is the additive genetic variance on the underlying scale and
variance”, which is ~3.3 for the logit link (Gilmour et al., 2015).

𝜋2
3

is the so-called “link
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3 Results
4.1 Literature review
Through the literature review and discussion with experts, eight possible hypotheses were identified
that may explain the skewed SR observed in captive populations of gibbons. These hypotheses are 1.
SR bias due to sampling effect – which is mainly based on a critical review of possible physiological
mechanisms to adjust the SR; 2. Maternal condition hypothesis – a theory proposed by Trivers and
Willard (1973) that suggests the SR to be dependent on the maternal physical condition; 3. Local
resource competition hypothesis – suggesting that the SR is biased according to sex-specific
philopatry; 4. Fragile male hypothesis – based on juvenile mortality; 5. Terminal investment theory –
based on maternal age; 6. Physiological limitations hypothesis – a hypothesis that assumes no
evolutionary adaptation, but merely a reaction to a certain environmental factor; 7. Contraception
hypothesis – based on the effect of contraception through a change of hormone levels; 8. Founder
effect – assumes a genetic component to the SR variation.

4.1.1 SR bias due to sampling effect
A first hypothesis is that the bias in zoos is a result of coincidence, rather than evolutionary adaptation
or an environmental effect. The observed bias would then vanish after longer record keeping. This
hypothesis is discussed first due to the skepticism of consulted experts about the significance of the
observed bias. Negative frequency-dependent selection, as described by Fisher (1930), could show a
temporal bias, while in the long term this will be balanced out.
Deviations from the 50:50 SR at birth have been observed in numerous examples in wild mammals
(Clutton-Brock & Iason, 1986; Austad & Sunquist, 1986; Burke & Birch, 1995; Lutermann et al., 2004),
which has led to the expectation of facultative SR adjustment, as a response to a large variety of
variables (Krackow, 2002). Krackow argues that there is too little evidence for physiological
mechanisms for SR adjustment. SR manipulation by sex-selective mortality is suggested to be unlikely
because the costs would outweigh the benefits. First, in mammals, the complete abortion of offspring
would mean that reproduction is delayed by at least one estrous cycle. Second, there is a loss of
energetic investment. Last, also the medical risks of abortion should be considered. The most costminimizing way to adjust SR would be either sex-chromosome selection at the first meiotic division or
gamete selection. During meiosis, however, the X and Y haplotypes will share a common cytoplasm
after separation at first division in the spermatogenic syncytium in mammals. How can the mammalian
parent identify the presence of an X or Y chromosome in these haplotypes and resulting gametes? The
evolution of a ‘tag’ that provides information on the gamete’s X or Y content is highly unlikely, as sexchromosomal genes have no fitness interest in being discriminated against. So, selection would favour
sex chromosomal genes that make the gamete unrecognizable for parental sex discrimination. Next,
Krackow argues that there are too many conflicting findings in populations of the same species, and
skews that are observed in small samples, often disappear when combined into long-term or larger
data sets. Additionally, a publication bias towards studies that do find a deviation, could be leading
the debate in the wrong direction. According to Krackow (2002), ‘the non-existence of parental
manipulation tools is a biologically far more plausible a priori hypothesis than their existence’.

4.1.2 Maternal condition hypothesis
Trivers and Willard (1973) proposed the maternal condition hypothesis, which dominated much of the
historical discussions on the evolutionary explanation for mammalian SR variation. When male
mammals have a greater variance in reproductive success than females, this creates a certain high
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risk/high reward situation when producing male offspring. Male offspring of inferior conditions may
reproduce less than female offspring of inferior conditions. But male offspring of superior conditions
would reproduce more than female offspring of superior conditions. Offspring’s condition is linked to
the mother’s condition. Therefore, Trivers and Willard argued that females in good condition should
produce more sons than daughters (Trivers and Willard, 1973; Schino, 2004).
The Trivers-Willard hypothesis rests upon three assumptions (Douhard, 2017). First, the maternal
condition is positively correlated with offspring condition at the end of maternal care. Second,
differences in condition between offspring at the end of maternal care persist to adulthood. Third,
differences in maternal adult condition have a greater impact on the reproductive success of males
than females (Figure 4).

Figure 4 Prediction (gray line) of the Trivers-Willard hypothesis with its general assumption: fitness
of sons (blue line) increases faster with the maternal condition than the fitness of daughters (red
line). The hypothesis predicts that mothers should produce offspring of the sex with the greatest
expected fitness returns (Douhard, 2017).
The maternal condition can be affected by the dominance rank of a female in a group, nutrition,
health, and/or stress level (Faust and Thompson, 2000). Studies on the Trivers-Willard hypothesis have
used different measures of maternal condition, e.g. dominance rank, body mass, age, or parity.
Additionally, according to Douhard (2017) rather the maternal condition relative to that of other
mothers in a population influences the SR. However, it remains uncertain whether females can assess
their own morphological condition relative to others in the population. Female animals in zoo
environments are expected to be in ‘good’ condition, which could explain why the ‘costlier’ sex is
produced more. The maternal condition can be linked to three potential mechanisms to influence SR
(see chapter 2.3.1 offspring’s sex determination). Elevated testosterone levels may be related to
dominance rank, elevated circulating glucose levels are related to high body fat and elevated
glucocorticoid levels are related to stress.
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4.1.3 Local resource competition
Local resource competition predicts that in species in which one sex shows philopatry, while the other
disperse, and when the area is close to carrying capacity, mothers should bias their offspring toward
the sex that disperses (Clark, 1978; Dias et al., 2020). This hypothesis is supported by Faust and
Thompson (2000) in their study on captive primates, ungulates, and carnivores. They found that in
species with female philopatry, males were overproduced, whereas, in species with male philopatry,
females were overproduced.
Clark (1978) found that in African galago’s (Galago senegalensis), sisters remain in the same area and
the overproduced males dispersed. Dias (2019) found similar results for black howler monkeys
(Alouatta caraya). In this species, males are the dispersing sex and they observed that sons are born
more often to mothers with higher glucocorticoid hormone metabolite concentrations around the
time of conception. The glucocorticoid levels are related to environmental conditions, and fewer
daughters are born to mothers living in anthropogenically disturbed habitats (Rangel-Negrín,
Coyohua-Fuentes, Canales-Espinosa, et al., 2018). As sons are of the dispersing sex, their leaving would
put less pressure on the already increased food competition in the disturbed habitat. In addition, in
red howler monkeys (Alouatta seniculus), SR was female-biased when population densities were low,
and groups were small. But, when population densities increased, groups became larger and
competition among females over recruitment opportunities became more intense, the SR became
progressively more male-biased (Rudran and Frenandez-Duque, 2003).
On the other hand, local resource enhancement predicts that mothers will produce more of the
philopatric sex (female in howler monkeys) because this sex is more likely to help with future infant
care and defense (Zhao et al., 2009). Research testing the local resource competition and local
resource enhancement models on primates specifically (102 species from 45 genera) confirmed that
dispersal patterns were linked to birth SRs in primate groups that do not breed cooperatively (Silk and
Brown, 2008). Species in which females are the primary dispersers had female-biased SRs, species in
which males are the primary dispersers had male-biased SRs, and species in which both sexes
dispersed were unbiased (Figure 5).
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Figure 5. The mean and standard error of birth-SRs in species in which females are the primary
dispersers (n=8 species), both sexes disperse (11 species) and males are the primary dispersers (37
species). To construct this graph, only species with samples of more than 100 births were used (Silk
and Brown, 2008).

4.1.4 Fragile male hypothesis
When male infant mortality is higher, it can be hypothesized that biasing the SR towards males is a
‘solution’ to end up with an equal tertiary SR (Fedigan and Zohar, 1997). We could hypothesize the
following: in case of paternal SR adjustment, a mutation could have occurred that caused ejaculation
of more Y-bearing sperm. This would then be positively selected for, as it increases the number of
males that reaches reproductive age. According to Fisher (1930), reproductive success should be equal
between males and females. So, a new X/Y ratio would be reached that balances out the higher male
juvenile mortality. This X/Y ratio could thus technically be calculated. In the case of maternal SR
adjustment, two mechanisms are possible. The fitness of the sperm could be influenced in the oviduct,
according to their X or Y content. This would be similar to paternal semen adjustment. Another way
would be sex-specific embryo survival. This seems less likely, as sacrificing a female embryo, to
compensate for higher male juvenile mortality, is losing investment to invest in the sex that has a
higher risk of not reaching sexual maturity. In any case, this hypothesis requires a sex-specific
difference in juvenile mortality. This difference is often the result of higher rearing costs for male
offspring, who require more energy input to grow (Margulis et al., 2011)
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4.1.5 Terminal investment theory
The terminal investment theory (Margulis et al., 2011) says that mothers at the end of their life should
invest the last time in male offspring. This assumes that the older mothers have an advantage over
younger mothers, for example through experience in raising offspring, or a higher status in the group.
In case of higher male infant mortality, it could be beneficial for older, more experienced mothers to
rear male offspring, while younger mothers rear female offspring. This would also assume that there
is a rearing cost difference in male and female offspring.

4.1.6 Physiological limitations hypothesis
In literature, many hypotheses assume the mechanism to bias SR to be facultative, as an adaptation
to maximize an individual’s fitness (see the maternal condition, local resource competition). For the
captive gibbon population, we hypothesize that they did not develop such a mechanism in the wild.
However, a certain ‘zoo effect’ introduces a physiological limitation that affects an embryo’s survival
differently according to their sex. In chapter 2.2, we explained three possible maternal physiological
mechanisms on how the secondary SR can be influenced. We suggest that these embryonic responses
to testosterone, glucose and glucocorticoid levels are still relevant, without necessarily having to
relate to an evolutionary explanation. Instead, the zoo environment may cause higher baseline levels,
or different synergies, of these compounds than in the wild. According to Hosey (2005), ”three
dimensions define the zoo environment and distinguish it from other primate environments:

1. The chronic presence of human visitors. By this, I mean the frequent (usually daily) arrival of
large numbers of people who are unfamiliar to the animals. This, then, would exclude most
primate centers, where the animals are routinely exposed only to humans who are more-orless known to them, and groups of unknown visitors are rare.
2. Restricted space. The physical space available to even the most naturalistic groups of zoo
primates is usually much less than they would range over in the wild.
3. Being managed. Most aspects of the life histories of zoo primates are managed to some extent
by humans. Group membership, spatial accommodation, feeding routine, health and
reproduction are all largely outside the animals’ control.”
Other potential zoo effects could be the proximity to other species (conspecifics or predators), a
different diet than in the wild, higher exposure to pollution related to urban areas and different
climate conditions. Based on the physiological mechanisms listed by Douhard (2017), we explore the
possible elevated levels of stress and circular glucose.
I.

Effects of stress

Stress can be measured by glucocorticoid and testosterone levels and can be inflicted by zoo effects
as mentioned above. Determining whether captive animals experience more stress than those living
in the wild can be controversial. We hypothesize that wild gibbons experience higher levels of acute
stress, due to predation, competition, or social events. These events can be argued to be more absent
in zoo environments but may be replaced by acute stress during transportation or veterinary checks.
However, instead, we argue that animals in zoos experience higher baseline stress levels. While wild
animals mostly experience these high peaks of acute stress, zoo animals may experience a more
constant chronic stress.
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In literature, stress is often related to fewer births of males. Examples of observed dips in human
secondary SR related to stress are self-assessed early pregnancy stress (Obel et al., 2007); severe preconceptual life events (Hansen et al., 1999); terrorist attacks (Grech et al., 2015; Masukume et al.,
2017; Catalano et al., 2005; Catalano et al., 2006); floods and heavy fog (Lyster et al., 2006);
earthquakes in Iran (Saadat et al., 2008), Japan (Fukuda et al., 1998) and Chile (Torche et al., 2012);
economics declines (Grech et al., 2015) and mass layoffs (Catalano et al., 2003). In humans, stress
generally seems to lead to overproducing female offspring. However, there are records of species in
which stress is related to overproducing males. In black howler monkeys, sons are born more often to
mothers with higher glucocorticoid hormone metabolite concentrations around the time of
conception (Diaz, 2019). The glucocorticoid levels are related to environmental conditions, and fewer
daughters are born to mothers living in anthropogenically disturbed habitats (Rangel-Negrín,
Coyohua-Fuentes, Canales-Espinosa et al., 2018).
II.

Effects of diet

In humans, high content of essential fatty acids in the diets of pregnant females is speculated to favor
boys (Crawford et al., 1987). This may suggest that male fetuses are more susceptible to fatty-acid
deficiencies than females. Additionally, there would be a positive correlation between male births and
food availability (Williams and Gloster,1992). If caloric availability declines, so does the SR. Research
on the effect of diet on SR shows that malnourished (based on height and weight) Ethiopian women
gave birth to more daughters than sons (Gibson et al., 2003). Also in Italy, malnourished mothers were
less likely to produce sons (Cagnacci et al., 2004). Thus, human males appear to have higher in utero
caloric demands than females (Rosenfeld et al., 2004).
Remarkable is the male SR bias observed in women suffering from gestational diabetes mellitus
(Ehrlich, 2021). This is a condition in which a hormone made by the placenta prevents the body from
effectively using insulin. As a result, glucose builds up in the blood instead of being absorbed by the
cells. Laboratory animal studies suggest that the bias in secondary SR related to maternal diabetes
might be due to glucose’s impact on early embryonic development. Short exposure to glucose after
fertilization skews development towards males in bovine embryos (Peippo et al., 2001). In the
presence of glucose, more male than female embryos reach the morula and blastocyst stage. In
contrast, there is no sex-specific difference in this progression in the absence of glucose (Peippo et al.,
2001). Additionally, in vitro exposure of bovine blastocysts to a medium containing excess glucose
appears to selectively block females at the morula to blastocyst transition (Ehrlich et al., 2012; Peippo
et al., 2001; Larson et al., 2001; Gutiérrez-Adan et al., 2001). This early developmental failure has been
linked to metabolites generated by increased activity of the pentose phosphate pathway (Kimura et
al., 2005). In these bovine embryos, the gene glucose-6-phosphate dehydrogenase (G6PDH), which
encodes the enzyme responsible for the rate-limiting step of the pentose phosphate pathway, is
located on the X-chromosome. Thus, the female intolerance to excess glucose may be the result of
the presence of two active X-chromosomes in female blastocysts. Only in the morula stage, when one
of the X-chromosomes is inactivated, this intolerance ceases (Green et al., 2016; Dupont et al., 2013).

4.1.7 Contraception
Contraception may affect the SR. Temporal, chemical contraception uses hormones to regulate the
menstrual cycle. As described in section 4.2, sex hormones such as testosterone have been shown to
influence the SR. Literature findings on this topic are scarce. One study was found in which doe deer
that were given DES (Di-ethylstilbestrol), a non-steroidal estrogen medication, gave birth to a
significantly higher number of male fawns than controls (Harder and Peterle, 1974).
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4.1.8 Founder effect
The gibbon populations that are now in captivity all descent from the individuals that were once
captured in the wild. In the past 50 years, no wild captured gibbons have been added to the zoo
populations. In addition, captive gibbon populations are considered to be threatened by their small
population size (Melfi, 2011). This ‘bottleneck’ may have caused a founder effect. We hypothesize that
producing male-biased offspring has a genetic component to it. When there is interspecific variation
in this trait, some individuals would be more prone to producing male offspring. As a result of the
founder effect, perhaps for some of the gibbon species, individuals were captured from the wild that
carried the alleles to produce more male offspring. As zoos continued breeding with the descendants
from these individuals, a population was established in which the alleles for producing more male
offspring became disproportionally abundant. This then may have resulted in the observed maleskewed bias. It could also explain why other species don’t show the biased SR, as in these populations
the founder effect would be absent.

4.2. Studbook analysis
Studbook data was used to calculate the SR of all EAZA and AZA populations. The data also allowed
for analysis of juvenile mortality and the effect of age on SR. At last, we present heritability estimates.

4.2.1 Deviations from 50:50 SR
Binomial tests (Table 2) indicated that the fraction of male births in the EAZA populations of N.
gabriellae (p = 0.0184), N. leucogenys (p = 0.0002), and S. syndactylus (0.0009) were significantly
higher than 0.5 (two-sided).
Table 2. Binomial tests SR of birth gibbon species managed by EAZA and AZA. Only births from 1980
till 2022 were used. Fractions of males that differ significantly from 0.5 are indicated with ‘*’.
species
association captive births
fraction of
P-value
95% confidence
males
(binomial
interval
test)
N. gabriellae
EAZA
185
0.589
0.0184*
0.514 - 0.660
N. leucogenys

EAZA

156

0.653

0.0002*

0.573 - 0.728

AZA

159

0.572

0.0807

0.491 - 0.650

H. agilis

EAZA

33

0.454

0.7283

0.281 - 0.636

H. lar

EAZA

745

0.506

0.7695

0.469 - 0.542

AZA

386

0.497

0.9594

0.446 - 0.548

H. moloch

EAZA

86

0.454

0.4505

0.345 - 0.564

H. pileatus

EAZA

157

0.503

1.000

0.422 - 0.583

S. syndactylus

EAZA

499

0.575

0.0009*

0.530 - 0.618

AZA

330

0.476

0.4090

0.420 - 0.531
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4.2.2 Juvenile mortality
Juvenile mortality, defined as the mortality within the first age class, did not significantly differ
between males and females for any of the populations (P > 0.05). According to the two proportion ztest (Table 3), none of the z-values are larger than 1.96 or smaller than -1.96 (z-score for 95%
confidence interval). So, we cannot reject the null hypothesis that the proportions are the same.
Table 3. Comparison per population of male and female juvenile mortality.
species
association
male
female
Z-value
mortality
mortality
N. gabriellae
EAZA
0.19
0.21
0.333
(N=106)
(N=76)
N. leucogenys
EAZA
0.27
0.20
-0.965
(N=94)
(N=56)
AZA
0.21
0.14
-1.247
(N=101)
(N=86)
H. agilis
EAZA
0.23
0.48
1.435
(N=16)
(N=14)
H. lar
EAZA
0.15
0.17
0.739
(N=374)
(N=361)
AZA
0.18
0.16
-0.778
(N=414)
(N=440)
H. moloch
EAZA
0.22
0.23
0.104
(N=35)
(N=42)
H. pileatus
EAZA
0.19
0.23
0.609
(N=81)
(N=73)
S. syndactylus
EAZA
0.25
0.26
0.233
(N=239)
(N=183)
AZA
0.24
0.21
-0.709
(N=183)
(N=207)

P-value
0.738
0.334
0.212
0.151
0.459
0.436
0.916
0.542
0.815
0.478
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4.2.3 Phenotypic analysis
When fitted as a linear covariate, age of sire nor age of dam had significant linear effects on SR in
Nomascus, Hylobatus and Symphalangus. When using classes, the age of dam did seem to have some
effect on SR in Nomascus and Symphalangus (Figure 6), as mentioned in previous section (4.2.3
maternal age effect). Other explanatory variables that were included in the model, i.e. birth year, birth
interval and association (EAZA or AZA), had no significant effects on SR. When applying forward model
selection, some higher-order interaction terms (e.g. birth_year*age_sire*species_leucogenys) were
significant. However, since the number of observations per level of interaction was rather small and
the biological interpretation unclear, the simpler model with only main effects was used for the
genetic analysis.
Figure 6 shows per genus the SR of five age classes. Binomial tests indicate that for Nomascus, age
class 0-10 (p = 0.0364) and 11-15 (p = 0.0024) have a significantly higher SR than 0.5 (two-sided). For
Hylobatus, no age class shows a significantly higher SR. For Symphalangus, age class 16-19 (p = 0.0042)
has a significantly higher SR than 0.5 (two-sided). Binomial testing showed for certain age classes that
the SR was significantly higher than 0.5. However, chi-square testing (4 degrees of freedom), used to
compare the different age classes, could not show dependency between age of the mother and the
fraction of males born in Nomascus (p = 0.8901), Hylobatus (p = 0.1969 and Symphalangus (p =
0.1412). In other words, we assume the null hypothesis that SR is the same across age classes for all
three genera.
b) Hylobatus
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Figure 6. SR of both EAZA and AZA populations per genus and per maternal age class (years).
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4.2.4 Genetic analysis
The underlying additive genetic variation (𝜎𝑎2𝑢𝑛𝑑 ) and narrow-sense heritability (hund2) for the binary
trait SR were estimated using ASReml. Both estimated values show standard errors that are relatively
high for all species (Table 4). We therefore expect low significance for all values. When additive genetic
variation was lower than 0.001, ASReml could not estimate the standard error.
Table 4 . Estimated underlying additive genetic variation and narrow-sense heritability for EAZA and
AZA populations of gibbons (SE is Standard Error).
species
N. gabriellae
N. leucogenys

association
EAZA
EAZA
AZA

H. agilis

EAZA

H. lar
H. moloch
H. pileatus
S. syndactylus

EAZA
AZA
EAZA
EAZA
EAZA
AZA

𝜎𝑎2𝑢𝑛𝑑

captive births
185
156
159
33

< 0.001
0.146
< 0.001

745
386
86
157
499
330

𝜎𝑎2𝑢𝑛𝑑 SE
/
0.395
/

hund2
< 0.001
0.127
< 0.001

hund2 SE
< 0.001
0.303
< 0.001

< 0.001

/

< 0.001

< 0.001

0.082
0.351
0.801
< 0.001
0.155

0.132
0.239
0.817
/
0.165

0.075
0.259
0.444
< 0.001
0.134

0.113
0.130
0.253
< 0.001
0.123

< 0.001

/

< 0.001

< 0.001
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4 Discussion
In this thesis, eight hypotheses were identified through literature research and consultation with
experts in reproductive physiology, quantitative genetics and gibbon behavior. These hypotheses
were checked for the captive gibbon populations where possible using the available studbook data.
Here, we use the results of this thesis to further discuss which hypotheses are most plausible for
(captive populations of) gibbons.

5.1 SR bias due to sampling effect
The bias that EAZA has observed in their captive populations of certain gibbon species is confirmed by
analysis of all births between 1980 and 2021 (Table 2). It is likely that these biases are not a result of
a sampling effect because they occur in related species and are significant for a period of 40+ years.
Both Nomascus species show a significant bias (0.59 for N. gabriellae and 0.65 for N. leucogenys),
which is in line with genomic research suggesting that, within a genus, species are genetically
remarkably similar (Carbone et al., 2014). Study of nuclear sequence variation showed that there are
low levels of differentiation between gibbon species within the same genus (measured by Fst)(Kim et
al., 2011). Furthermore, an ongoing episodic gene flow has occurred, with for example an estimated
migration rate of one migrant every two generations between N. leucogenys and N. gabriellae (Kim et
al., 2011). Therefore, it is hypothesized that speciation within genera has been a result of geographical
isolation, rather than ecological differentiation. Speciation events can be linked to geographical
changes in South-East Asia and the dis- and reappearing of islands (Carbone et al., 2014). However,
the Nomascus population from AZA does not show a significant bias. While not significantly biased,
the SR is still shifted towards more males (0.57). The non-occurrence of a significant bias in any of the
four Hylobates species, both in EAZA or AZA, further complies with the theory of little differentiation
within genera. Symphalangus, a genus with only one species, shows a significant bias in the EAZA
population but not in the AZA one (0.58 and 0.48 respectively). This difference allows for further
research into husbandry practices that may differ between the two associations. Overall, these results
do not confirm hypothesis one, which stated that the bias is due to a sampling effect.

5.2 Maternal condition
The Trivers-Willard hypothesis proposes the existence of a mechanism to adjust the offspring’s SR
according to the mother’s condition, in order to maximize the offspring’s reproductive success (Trivers
and Willard, 1973). The maternal condition can be related to maternal age. A ‘prime-age’ mother,
defined as the age class ’13-20’ by Margulis et al. (2011), can be assumed to be in optimal physiological
conditions. Furthermore, this age class is not affected by inexperience in child-rearing related to young
age on the one hand, and diseases related to old age on the other hand. Our results show no effect of
maternal age on the SR (Figure 6). However, when looking at the SR per age class, Symphalangus
seems to be the only one that shows a clear prime-age class (16-19 years) with related higher SR.
Remarkable here is that the figure shows the combined data of the EAZA and AZA population, and
only the EAZA one has an overall significant SR. In Nomascus, the other genus in which biases are
observed, the age class ‘16-19’ also shows the highest SR. However, the peak is less outspoken as in
Symphalangus because the other age classes show higher SRs as well. The rise in SR in the oldest age
class (‘>25’) in Nomascus, is likely due to a lower total amount of births, namely 43, in comparison to
107 for age class ‘16-19’. However, since chi-square testing showed no dependency between age class
and SR for all species, these conclusions based on the individual age classes should be made carefully.
Applying this hypothesis to gibbons appears to be problematic in several ways. First, gibbons are
considered to be monogamous, to mate for life, and to have nuclear families (Leighton, 1987). Second,
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gibbons are not dimorphic, meaning that the two sexes don’t differ significantly in size or weight. One
of the assumptions of the Trivers - Willard hypothesis states that differences in adult conditions should
have a greater impact on the reproductive success of males than females. This assumption usually
holds for polygynous and dimorphic species. In gibbons, however, males and females are more or less
equal in size, and reproductive success is considered to have an equal distribution between the two
sexes. When both sexes are equal in cost for the mother, and monogamous pairs are formed, the
Trivers - Willard hypothesis of the maternal condition suggests a non-distorted SR. Nevertheless,
compared to other great apes, observational fieldwork on gibbons is a lot harder. They don’t make
nests, so have to be located again every morning. Therefore, wild gibbon behavior hasn’t been fully
understood yet. Recent fieldwork shows that they may have a more flexible society pattern than
previously thought (Table 5).
Table 5. Exceptions to monogamy observed in gibbons (Huang et al., 2013).
Multi male groups
H. lar, S. syndactylus, Hoolock hoolock
Temporary multi-female groups
H. lar, H. pileatus, H. hoolock
Long-term polygynous groups
Nomascus nasutus, Nomascus hainanus
Both monogynous and polygynous groups
Nomascus concolor
Replacement of adults among neighbouring H. lar, N. concolor
groups
Extra-pair copulation
H. lar, N. leucogenys, S. syndactylus
When flexible social behaviour, such as extra pair copulations and polygyny or polyandry, is more
frequent in gibbons than generally assumed, the Trivers-Willard hypothesis may be plausible.
However, according to Chivers (2009), these remain exceptions, rather than evidence for adjustment
of their originally assigned social system. He warns that those exceptions that are now more
frequently encountered, seem to be clearly related to isolated, disturbed, or fragmented habitats. The
flexibility observed is then often a result of overcrowding or distorted SRs (Chivers, 2009).

5.3 Local resource competition
According to this hypothesis, gibbon species that show the male-biased SR, should have females being
the philopatric sex in the wild. These females either disperse less far away than the males, or they
tend to stay longer in their natal group before dispersing. Another assumption would be that the
gibbons then perceive their zoo enclosure as deficient in resources. This assumption doesn’t appear
to hold, taking into consideration the constant and balanced supply of food in zoos. However, similar
to the howler monkeys (Dias, 2019), this perception of low resource availability could be triggered by
anthropogenic disturbance.
About dispersal in gibbons, Susan Margulis et al. (2012) writes the following:
‘Brockelman et al. [1998] found that both sexes disperse in his study population of H. lar, and
parents were known to display tolerance of mature young on their territories, suggesting that
delayed dispersal may be common. A study of agile gibbons (Hylobates agilis) by Mitani [1990]
found that approximately equal numbers of subadult males and females disappeared from
their natal groups after becoming peripheralized, indicating that both sexes disperse and that
tolerance of maturing offspring may be more limited in this species. Recent findings by Lappan
[2007] suggest that siamang females may disperse further from their natal groups than do
males, and as a result may suffer higher mortality during this vulnerable dispersal period. H.
lar appears to exhibit a higher level of social tolerance of maturing young than is seen in other
species studied to date.’
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Silk and Brown (2008) included seven gibbon species (Appendix 1, Table 6) in their analysis on the
predictive value of local resource competition on birth SRs in primates. However, they did not include
details on how the sex-specific dispersal of the species was determined, and the SRs for the gibbons
were based on studbooks and not on wild populations.
In most gibbon species, both sexes disperse (Brockelman et al., 1998) and in siamangs, the females
are the ones that disperse the furthest, which would not match the male-biased SR when considering
the local resource competition hypothesis. For siamangs, a possible theory for their sex-based
difference in dispersal is that the males need the support of their family to establish a new territory in
the surroundings of their natal area. Much as with the maternal condition hypothesis, a lack of
knowledge on wild behavior could mean that there are some aspects to offspring dispersal that we
don’t know of but could explain the local resources competition hypothesis. To further investigate
this, we could look at whether captive gibbons show a difference in tolerance towards male or female
offspring. Perhaps, male offspring are tolerated for a shorter amount of time, which could indicate
that in the wild the males disperse earlier than females.

5.4 Fragile male hypothesis
No sex-specific difference in juvenile mortality was found within any of the gibbon species managed
by EAZA and AZA (Table 3). However, Margulis et al. (2012) reported that infant and subadult mortality
in American Zoos tend to be higher for male N. leucogenys, and subadult male mortality is significantly
higher for H. Lar. Different results may be obtained due to our dataset being larger than that of
Margulis et al. (2012) since our data also contains the births from 2011 to 2021. The lack of sex-specific
difference in juvenile mortality was expected as gibbons are not dimorphic. However, the juvenile
mortality in zoo environments may not reflect the situation in the wild. And since this hypothesis
assumes evolutionary adaptation, only juvenile mortality under wild conditions can provide strict
evidence (Fedigan and Zohar, 1997).

5.5 Terminal investment theory
No effect of maternal age on SR was found in any of the genera. Thus, no evidence was found for the
terminal investment theory. Research that has been done on gibbon’s SR (Margulis et al., 2012) found
a maternal age effect. They analyzed the ratios of males and females born among young mothers (12
years of age and under), ‘prime age’ mothers (13-20 years of age) and old mothers (21 years of age
and older). Among N. leucogenys they found significantly more males born to ‘prime age’ mothers,
while at young and old age the SR was approximately equal. There was a trend for old H. lar to produce
more males, and young S. syndactylus produced significantly more female offspring (Margulis et al.,
2012). These findings could provide evidence for the terminal investment theory that says that
mothers at the end of their life should invest the last time in male offspring. However, Margulis et al.
used a separate binomial test per age class. Instead, we preferred to use chi-square testing to
investigate the overall dependency between the age class and SR.
In addition, in case an age effect was found, this may have been the result of measuring something
that is related to age. Age can be a proxy for experience, physical condition, number of breeding
seasons, fecundity, susceptibility to disease, parasite load, sperm quality etc. Furthermore, Bayfield
and Young (2002) demonstrated in golden lion tamarins (Leontopithecus rosalia, monogamous and
both sexes disperse in the wild), that as the age of the sire increases relative to the dam, more male
offspring are born. Therefore, our results cannot provide evidence for age-based breeding
recommendations.
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5.6 Physiological limitations
In the physiological limitations hypothesis, we argue that biasing SR is not facultative but merely a
result of an environmental factor that affects an embryo’s survival differently according to their sex.
One argument in favor of this hypothesis is the EAZA population of S. symphalangus showins an SR
that is significantly higher than 0.5 (SR = 0.5752, p-value = 0.009), while the AZA population does not
(SR = 0.4758, p-value = 0.4090) (Table 2). This shows how zoo conditions may affect the SR differently.
The EAZA population of N. leucogenys shows an SR that is significantly higher than 0.5 (SR = 0.6538,
p-value = 0.0002). However, the AZA population doesn’t show a significant bias, but a possible trend
towards such significant bias (SR = 0.5723, p-value = 0.0809). For this species, we then assume a similar
physiological limitation to affect the SR in both EAZA and AZA populations.
From literature, we identified stress and diet as two possible factors. We lacked data on cortisol levels
in captive populations of gibbons to further investigate this hypothesis. In the future, such data could
be obtained by collecting stool samples. However, we foresee logistic limitations as many different
zoos will have to participate in a standardized collection method. Additionally, this research will be
limited by the few births per year per species and the requirement of a very detailed profile of cortisol
levels before, during and after both conception and gestation. Since literature does suggest a
correlation between stress levels and a biased SR, improving welfare conditions in zoos may be a
passive attempt to balance the offspring’s SR of certain species. The space allocated to gibbons can
influence the level of glucocorticoid hormones, which impacts the reproduction success, the immune
system and natural behaviours (Cameron 1997; Brown et al. 1993; Dobson and Smith 2000).
There was no data available that allowed for investigation of the effects of diet on the SR. Fieldwork
studies on diet have been conducted for H. lar, H. agilis and siamang (Palombit, 1997). Little is known
for other species’ diets in the wild. Generally, gibbons are frugivorous and folivorous primates.
Variation between species is known, for example siamang and Nomascus ssp. are thought to be more
folivorous than other species (Palombit, 1997). In zoos, the animals are usually fed with a minimal
quantity of fruits, as commercial fruits contain higher amounts of sugar, and lower amounts of fiber
than the fruits they would eat in the wild. Remarkable is that the best practice guidelines of EAZA’s
TAG (unpublished) for gibbons mentions that currently the more folivorous nature of Nomascus and
Symphalangus are not taken into account as most gibbon species are fed a similar diet based on the
frugivorous nature of Hylobatus. Since Nomascus and Symphalangus are the genera showing the SR
bias, it seems worth investigating this difference in diet. Via consultation with the managers of the
gibbon TAG via email, we were informed that diabetes and obesity are of no concern in EAZA’s
populations. In 76 EAZA institutions, within the 12 past years, only 2 cases of diabetes have been
reported.

5.7 Contraception
The EAZA reproductive management group was not aware of any cases in which contraception
influences the SR. Hélène Birot, the curator assistant at Mulhouse zoo, indicated that contraception
in captive gibbons has only been used recently (the first female was implanted in 2015) and that there
is not enough feedback yet to measure the effects on fertility (H. Birot, personal communication,
2021). EAZA avoids using contraception on females that have not bred yet. At the moment, they have
only two male N. gabriellae under hormonal contraception. According to Susan Margulis, former
gibbon coordinator for AZA, the H. lar population in American zoos was assigned to fade out, so many
of the individuals were put on contraception (S. Margulis, personal communication, 2021). Now, AZA
started breeding with them again. They could therefore provide a test population for this hypothesis.
Susan Margulis argued that it is possible that contraception has an influence, but that it is probably
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not the defining mechanism for the whole zoo population, as the distorted SR is also observed in
individuals that haven’t had contraception (such as most of the European population).

5.8 Founder effect
We deem a founder effect unlikely because of 1. the expected polygenic nature of the SR trait. Since
SR is related to reproduction, it is most likely determined by many different genes. The more
polygenic, the lower the chances that a founder effect can increase the frequency of the alleles of all
related genes. 2. The founder’s SR differs from the current population’s SR. For example, for the EAZA
population of N. gabriellae, the founder’s SR is 0.65 (retrieved from PMx), while the SR from 1980 to
2021 is 0.58 (Table 2). PMx calculates the contribution of each founder to the current population. For
N. gabriellae, these are distributed quite equally, so also no founder-specific bias is expected.

5.9 genetic analysis
The additive genetic variation and narrow-sense heritability were estimated to be relatively low (Table
4). The samples used were too small to estimate significant values, as can be seen by the higher
standard errors. The results vary between species, genera and associations. Overall, we would expect
the heritability of the SR to be similar within genera and between species over different associations.
The fact that this is not the case is likely a result of the limited size of the data sets and few births per
individual. Generally, we conclude low genetic variance and low heritability. A low heritability means
that the phenotypic variation is mostly explained by the environment and random chance, rather than
by genetic variation. Low levels of genetic variation could be expected from breeding experiments on
domesticated mammals aiming at selection for SR. These attempts have generally been very
unsuccessful (Charnov, 1982). One successful attempt was by King (1918), who achieved shifts in SR
of about 10% in either direction within three generations of selection in brother–sister inbred (seven
generations) strains of rats. However, continuing selection for more than ten generations did not yield
any further selection response. The unlikeliness of a high heritability of SR is explained by the theory
of evolutionary stable strategy (Rickard, 2008). A certain allele that would be linked to producing
offspring of one sex, would be disadvantaged over time in comparison to an allele that is linked to the
production of a stable SR. In a certain population, an allele that predisposes the production of the rare
sex might be beneficial in the beginning when the SR is disturbed due to circumstances. However,
since the reproductive value of this allele increases, this will ultimately lead to the over-abundance of
the initial rarer sex (Rickard, 2008).
For some gibbon species, h2 is not zero, meaning that there is some genetic variation present that
determines the phenotypic variation. Even small levels of genetic variation allow for selection, though
it will take more generations to observe genetic gain. However, selection is not recommended in the
zoo environment, as it will cause loss of genetic variation. In zoos, the maintenance of genetic diversity
should be prioritized for the sake of conservation.

5.10 Moving forward
Overall, none of the hypotheses could be supported by our studbook analysis. Those hypotheses that
aim to explain the SR bias in an evolutionary way (4.1.2 Maternal condition, 4.1.3 Local resource
competition, 4.1.4 Fragile male and 4.1.5 Terminal investment theory), are generally difficult to test,
due to their speculative nature. Research on these topics is therefore often limited to finding
correlations, while these don’t necessarily imply causation. Literature on SR biases in mammals is
extensive but seems to be characterized by inconsistent empirical findings. However, more and more
research is focussing on the physiological mechanisms underlying SR adjustment. As described in
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chapter 2.2, both maternal and paternal mechanisms seem to be possible, and testosterone,
glucocorticoid and glucose have been linked to influencing the SR at birth (James, 2017; Douhard,
2017). The developmental asynchrony hypothesis aims at bridging the physiological and evolutionary
mechanisms. It argues that when uterine responsiveness is synchronized with male blastocyst
development, a male-biased SR at birth can result (Krackow, 1995). Testosterone, glucocorticoids, and
glucose may influence uterine responsiveness (James, 2017). The evolutionary hypotheses can then
be used to explain how selection in favor of this SR adjusting mechanism was possible. However, many
knowledge gaps remain about the physiological mechanisms, let alone about their link to evolutionary
mechanisms.
Gibbons are rare, both in the wild and in zoos, and are monogamous, long-living, and slow-breeding
animals. These characteristics limit research on their observed SR biases mainly to deduction from
literature. In addition, zoo conditions do not represent the wild conditions in which mechanisms to
adjust SR have possibly evolved. Even knowledge of these wild conditions is limited since they are the
least researched family within the apes. Support in favor of the evolutionary hypotheses is therefore
limited.
We propose the physiological hypothesis as the most plausible because 1. It does not assume an
evolutionary mechanism. The zoo environment may merely pose sex-specific limitations to embryonic
development; 2. Testosterone, stress and diet have been shown to influence the SR (Douhard, 2017);
3. It can explain why populations of the same species do not show similar SR’s within EAZA and AZA
(Table 2); 4. The genera showing a bias (Nomascus and Symhalangus), are both expected to be more
folivorous while they are often fed a more frugivorous diet.
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5 Conclusion
We confirmed the existence of an SR bias in certain captive populations of gibbons within the species
N. gabriellae, N. leucogenys and S. symphalangus (Table 2). Eight possible hypotheses were identified
and considered. First, the ‘SR bias due to sampling effect’ hypothesis was rejected due to observing a
significant SR bias in multiple related populations and across multiple years. Second, the popular
maternal condition hypothesis proposed by Trivers and Willard was not deemed likely, because it had
assumptions that are not met by gibbons, due to their monogamous lifestyle and lack of dimorphism.
In addition, data on maternal age could not confirm the effect of prime-age on the SR. Third, the local
resource competition hypothesis, another evolutionary explanatory hypothesis that has been
extensively researched, didn’t seem to apply to gibbons since there is no clear sex-specific difference
in dispersal. Fourth, the fragile male hypothesis was rejected when based on our results on a sexspecific difference in juvenile mortality. However, the juvenile mortality of captive populations likely
fails to represent the wild situation. Fifth, the terminal investment theory was also rejected due to our
results showing no significant dependency between maternal age and SR. Sixth, we proposed the
physiological limitations hypothesis that points in the direction of possible effects of stress and diet.
However, more detailed data was necessary to test this hypothesis. Seventh, the contraception
hypothesis was rejected as contraception is not commonly used in captive populations of gibbons.
Eighth, the founder effect was rejected due to the likely polygenic nature of the SR.
Analysis of studbook data showed no sex-specific difference in juvenile mortality among any of the
captive populations (Table 3). In addition, maternal age was shown to have no effect on the SR (Table
4). Both results were in contrast with previous research on AZA populations done by Margulis et al.,
2011. A comparison of the EAZA and AZA populations showed that the EAZA population of S.
symphalangus had an SR that is significantly higher than 0.5 (SR = 0.5752, p-value = 0.009), while the
AZA population did not (SR = 0.4758, p-value = 0.4090) (Table 2). In contrast, the EAZA population of
N. leucogenys had an SR that is significantly higher than 0.5 (SR = 0.6538, p-value = 0.0002). However,
the AZA population didn’t show such a significant bias, but a possible trend towards such significant
bias (SR = 0.5723, p-value = 0.0809). Last, we estimated the underlying genetic variation and narrowsense heritability for the binary trait SR. The population sizes were too small for accurate analysis of
these two estimates. Overall, both genetic variation and heritability were estimated to be low. These
results are in line with literature and what can be expected from fertility-related traits. However, due
to large standard errors as a likely result of the small populations and a small number of births per
individual, the estimates are expected to lack accuracy.
Overall, we conclude that the search for factors influencing the SR of captive gibbons, will be
dependent on the ongoing research on physiological mechanisms. None of the commonly proposed
evolutionary hypotheses seemed to fit what is currently known about gibbon behaviour. However,
more research on wild gibbons is needed in order to completely reject these type of hypotheses.
Current knowledge gaps related to the SR bias that zoos can contribute to, are the stress levels and
diet requirements. We propose the physiological hypothesis as most plausible because 1. It does not
assume an evolutionary mechanism. The zoo environment may merely pose sex specific limitations to
embryonic development; 2. Testosterone, stress and diet have been shown to influence the SR
(Douhard, 2017); 3. It can explain why populations of the same species do not show similar SR’s within
EAZA and AZA (Table 2); 4. The genera showing a bias (Nomascus and Symhalangus), are both
expected to be more folivorous while they are often fed a more frugivorous diet.
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Appendix 1 Additional figures and tables

Figure 7. Results of brainstorm workshop with experts on 10/09/2021.
Table 6. Gibbon species used in research by Silk and Brown (2008) on predictive value of local resource
competition on birth SRs in primates. ** = p<0.01
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