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Abstract

Species reintroductions are becoming increasingly used as a conservation strategy to
preserves threatened species and restore natural ecosystems. While species
reintroductions can have significant positive impacts for threatened species and
ecosystems, a large portion fail, despite our growing understanding of how they
should be carried out. A potential contributor to this high rate of failure is offspring
sex ratios in wild populations following release. A number of studies have reported
unexpected biases in offspring sex ratios of reintroduced animals, and this pattern may
be even more prominent than the literature suggests. Skewed sex ratios can slow the
growth and recovery of reintroduced populations and subsequently limit the

establishment of a viable wild population.

Understanding the mechanisms and drivers of these unexpected sex ratios is an
important first step in mitigating the damage they can do to reintroduction
programmes. Here I explore the effect that a mismatch between pre- and postnatal
environments has on sex allocation in reintroduced animals. Developmental
experience in a captive environment can have lifelong effects on an individual’s
physiology, such that they are unable to mount appropriate physiological responses
to the current local conditions once reintroduced into the wild. As sex allocation acts
through physiological mechanisms, this may impose constraints on their ability to

adjust offspring sex ratios adaptively.

I examined offspring sex ratios in captive and reintroduced populations of three
species: Arabian oryx, California condor, and red wolf. Offspring sex ratios of
individuals with matched pre- and postnatal environments were compared to those of
individuals with mismatched pre- and postnatal environments (i.e., individuals that
had been either captured or reintroduced). I then explored the relationships between
several predictors of sex allocation (sire (father) and dam (mother) age, sire and dam
parity, rainfall around the time of conception, and temperature around the time of
conception) and offspring sex ratios, and examined how those relationship were

affected by a mismatch between pre- and postnatal environments.

Offspring sex ratios of mismatched Arabian oryx and red wolves did not differ from
offspring sex ratios of matched individuals. However, captive born California condors
that reproduced in the wild (mismatched environments) produced significantly more
male offspring that those born in and reproducing in the wild (matched). A mismatch
between pre- and postnatal environments affected the relationships that sex allocation
had with rainfall, parental parity, and dam age (only in wild populations) in Arabian
oryx. In California condors, the relationships that offspring sex ratios had with
parental age, parental parity and temperature were all affected by a mismatch between
pre- and postnatal environments. Finally, in red wolves, mismatched environments

affected the relationships that offspring sex ratios had with sire age and temperature.



These results support the hypothesis that the mismatched environments associated
with reintroduction can impose physiological constraints on the ability of released
animals to adjust offspring sex ratios adaptively. This may explain some of the
unexpected sex ratio biases observed in reintroduced populations, and indicate that

such constraints could be important in the success or failure of species reintroductions.



1 Introduction

1.1 Species Reintroductions

There is a crisis in the current rate of extinctions and number of species under threat
of extinction (Stork 2010; Burkhead 2012; Alroy 2015; Thomas and Morris 1994; Loehle
and Eschenbach 2012), with human activities accepted as the main cause (Ceballos, et
al. 2015; Pimm, et al. 2006; Brashares, et al. 2001). Some reports suggest we are amidst
the sixth mass extinction the Earth has seen (Ceballos, et al. 2010; Wake and
Vredenburg 2008; Barnosky, et al. 2011). The latest International Union for
Conservation of Nature (IUCN) data reports that approximately 26.8% of all species
assessed are threatened, ranging from critically endangered to vulnerable, with most
species remaining data deficient and therefore unassessed (IUCN 2020). In response to
this crisis, new and bold conservation strategies have emerged, including the use of

species translocations and reintroductions (Seddon, et al. 2007; Reading, et al. 2002).

Species reintroductions attempt to re-establish wild populations to parts of their
former range from which they have become locally extinct (Gusset 2012), while
translocations are the movement of species from one area to another with the goal of
restocking populations (Bullock, et al. 1996; Seddon, et al. 1999). These strategies are
often coupled with captive breeding populations when species are globally threatened
(Snyder, et al. 1996). While captive breeding can save the species from total extinction,
the capacity for captive population growth is limited. Without the release and re-
establishment of a viable wild population, the species will remain functionally extinct
(Balmford, et al. 1996). For some time now, reintroductions and translocations have
been used as conservation strategies to protect threatened species from extinction and
help them recover in the wild (Seddon, et al. 2007).

Species reintroduction programmes take animals from captive facilities and release
them into part of their native historic range (Kleiman, et al. 1994). They generally
involve multiple releases, and the specific goals vary, from purely to re-establish a wild
population of a threatened species once its habitat has been restored (i.e., removal of
the threats that drove the population decline in the first place), to providing an
ecological function which has been lost, and therefore helping to restore an entire
ecosystem (Gibbs, et al. 2008; Griffith, et al. 1989). Wild populations are then
intensively monitored and managed to help them grow to a point where they can

become stable and independently viable (Seddon, et al. 1999).

1.1.1 The science of reintroduction biology

When species reintroductions were first carried out, they were structured around the
management of the species, with little thought given to research (Seddon, et al. 2007).
However, during the 1990s this changed, with more focus being put on monitoring

and the use of research objectives. This brought about the recognisable field of



reintroduction biology (Seddon, et al. 2007). The establishment of this field has
highlighted the value of learning from past projects, with specific goals to improve our
understanding of how to carry out successful reintroductions (Armstrong and Seddon
2008; Armstrong, et al. 2015).

Despite the establishment of reintroduction biology as a distinct scientific field, it has
remained a challenge to define the criteria for success in species reintroductions, and
no broadly accepted definition has been found (Seddon 1999). Robert et al. (2015)
suggested that, to be successful, a reintroduction programme should produce a self-
sufficient, viable population. They then assessed the reliability of using the same
criteria as would be used to evaluate a remnant population, such as the [IUCN Red List
criteria. The IUCN system uses five criteria based around four measures: decline rate,
range area, population size, and extinction risk. Species are ranked according to the
single criteria that indicated the highest extinction risk level (IUCN 2019). Robert et al.
(2015) concluded that, while reintroduced populations could be assessed using the
same criteria as remnant populations, rescaling of those criteria is required. This is
because, reliable assessment of the success of reintroduction requires that the
population has gone through the establishment and growth phases and has reached
the regulation phase. Alternatively, Jule et al. (2008) reported that a combination of the
following criteria are often agreed upon to indicate success: (1) breeding success in the
wild born population, (2) recruitment rates exceeding mortality rates over three years
in the wild breeding population, (3) a self-sustaining wild population with at least 500,
and (4) establishment of an unsupported and viable wild population.

Despite the difficulty of defining success, species reintroductions have clearly resulted
in positive outcomes for threatened species and ecosystems as a whole (Haskins 2015;
Smith and Bangs 2009; Kierulff, et al. 2012). A few successful high-profile vertebrates
were reintroduced in the 70s and 80s (reintroduction of the Arabian oryx and golden
lion tamarin to the Arabian Peninsula and Brazil, respectively; Spalton, et al. 1999;
Kleiman et al. 1986), which helped to popularise species reintroductions as a viable
conservation strategy (Gusset 2012). Since then, successful reintroductions have been
carried out on a range of species from across the globe. In 2008 the IUCN published
Global reintroduction perspectives: reintroduction case studies from around the globe.
In this they reported on 62 reintroduction case studies from around the world,
highlighting the goals, difficulties, lessons learned, and success of the projects. They
have since released a further 5 versions, each reporting on new case studies (IUCN
2008; 2010; 2011; 2013; 2016; 2018). There are now 349 case studies presented. Success
was ranked as highly successful, successful, partially successful, or failure. Over the
years the success rates have been maintained at a fairly high level (21% highly
successful, 37% successful, and only 4% fail). However, in the 2011 version, Reading
highlighted that past surveys have found that most translocation efforts do fail (IUCN
2011). In 1989, Kleiman (1989) reported that only approximately half of bird



reintroductions were successful, and fewer still for mammal reintroductions. Since
then, our understanding of how to successfully manage a species reintroduction
programme has grown substantially. However, more recent reviews have also
presented lower success rates than those presented by the IUCN (Fischer and
Lindenmayer 2000; Jule, et al. 2008; Sutton and Lopez 2014). Reading (IUCN 2011)
suggests that “people are reluctant to share their failures”, which may contribute to
the disproportionately high success rates in the IUCN reports. Nevertheless, these
reports do highlight a vast number of successful species reintroduction programmes.

In the latest IUCN report, 23 of the 59 cases were ranked as highly successful. These
included reintroductions of plants, mammals, birds, reptiles, amphibians, fish, and
invertebrates across the globe (IUCN 2018). Some examples of reintroductions that
were reported to be highly successful are: reintroduction of Telfair’s skink to Gunner’s
Quoin Island in Mauritius; the North Island kaka reintroduction to a mainland
sanctuary in Wellington; the reintroduction of African lions to Akagera National Park
in Rwanda; and the reintroduction of the Western barred bandicoot to mainland
Australia. It is clear from looking at these reports that reintroductions have had, and
will continue to have, a great impact on the protection and recovery of threatened
species, across a range of geographic locations and species types (Summarised in;
IUCN 2018).

Over the years there have also been a number of unsuccessful reintroduction attempts.
In 2009 the brown treecreeper (Climacteris picumnus) was reintroduced to part of its
former range in New South Wales, Australia. However, due to low survival rates over
the first year, the reintroduction failed to meet predetermined criteria for success
(Bennett, et al. 2013). Similarly, the reintroduction of captive-bred oribi (Ourebia ourebi)
in South Africa was deemed unsuccessful; only after 10 years of releases did post-
release monitoring begin, which showed that the reintroduced populations were
surviving poorly (Grey-Ross, et al. 2009). Captive-bred populations of red wolves were
released to two sites, the first in North Carolina and the second in Tennessee (Phillips,
et al. 2003; Hedrick and Fredrickson 2008). The Tennessee population struggled and
were subsequently transferred back into captivity or to the North Carolina site. While
the North Carolina population has fared better, recent reports suggest that if current
population trends continue the risk of extinction will be severe (Simonis, et al. 2017).

Over the years, as the field of reintroduction biology has grown, our understanding
and practices have improved. As a result, reintroductions have become increasingly
successful (Reading, et al. 2013). Nonetheless, a relatively large proportion remain
unsuccessful despite our ever-increasing understanding of reintroduction processes
(Sutton and Lopez 2014). It is not always obvious what is different between successful

and unsuccessful reintroductions. Identifying factors that lead to failed



reintroductions can be challenging but is an essential step in increasing success for the
future (Armstrong and Seddon 2008).

1.1.2 Why do Reintroductions Fail?

Species reintroductions programmes often incur a large economic cost (Dyar and
Wagner 2003; Hayward, et al. 2007). Failed reintroductions are therefore a waste of
time and resources, as well as a loss of individuals from threatened species with
already limited numbers (Deredec and Courchamp 2007; Macdonald 2009). It is vital
that we learn from past failures and identify causal factors that limit success (Cochran-
Biederman, et al. 2015). A range of factors may contribute to the success or failure of a
reintroduction  programme. These include both biological factors, and
management/organisational factors (Deredec and Courchamp 2007). Different
reintroduction programmes may vary in which aspects prove significant depending
on species types, location/country, and the specific goals of the programme (Cochran-
Biederman, et al. 2015).

Broadly speaking, reintroduced populations fail when recruitment does not
sufficiently exceed loss, limiting growth and preventing the establishment of a viable,
self-sustaining population. Several factors have been linked to some of these failures.
Habitat quality may play a key role in the success or failure of species reintroduction,
as release sites with lower food availability or fewer refuge areas have been linked with
reduced survival (Moorhouse, et al. 2009; Bennett et al. 2013). Release sites in which
predation is high may also result in failed reintroductions (Hardman, et al. 2016;
Moseby, et al. 2015; Moseby, et al. 2011). Wild populations of other species may carry
diseases that captive-bred or translocated individuals have little immune resistance to.
In such cases, diseases can significantly limit the success of species reintroductions
(Viggers, et al. 1993; Ballou 1993). Hunting and poaching is the cause for decline in
many threatened species, and in some cases this continues following reintroduction,
resulting in the loss of many individuals and leading to programme failure (Spalton et
al. 1999; Grey-Ross et al. 2009). These factors, among others, such as inbreeding
(Jamieson 2011; Jamieson, et al. 2007), crossbreeding (Hedrick and Fredrickson 2008),
and the Allee effect (inverse density dependence; Deredec and Courchamp 2007), can
all lead to failures in species reintroduction programmes. Grey-Ross et al. (2009)
highlighted the importance of post-release monitoring, which historically has been
minimal, to identify factors limiting success and mitigate them going forward. The
structure and demography of reintroduced populations can also have an effect on the
success of species reintroductions, resulting in more subtle failures in a species ability
to persist in the new environment. For example, skewed sex ratios or unnatural age
structures in reintroduced populations can limit reproductive output and influence
intraspecific interactions to harmful effect (Wedekind 2012; Le Galliard, et al. 2005).



When populations are captive-bred, reintroductions tend to fail more often than when
wild-born animals are re-released (Sjoasen 1996; Bremner-Harrison, et al. 2004; Vickery
and Mason 2003). This is partially because of the negative impacts of a number of these
factors can be more significant. Captive-bred individuals are more susceptible to
starvation, predation, and disease in the wild (Jule, et al. 2008). Additionally, when
captive-born animals are reintroduced, birth sex ratios in the population are often
skewed unfavourably following release. This pattern may be more prevalent than the
literature suggests. For example, in the reintroduced population of Arabian oryx in
Oman, the first generation of offspring following release had a male-biased sex ratio
(Price 1989). However, this skew has not been published in any scientific journal.
Skewed sex ratios following the release of reintroduced animals is rarely considered

but can have significant impacts on population recovery.

Sex ratio biases in either direction can reduce the genetically effective population size
(population size of an ideal population that loses genetic variability at the observed
rate; Caballero 1994) even if the number of individuals is increasing. This can lead to
losses of genetic variability and increase the chance of inbreeding depression
(Wedekind 2012). Female biased sex ratios may limit the reproductive output in small
populations. When few reproductively viable males are present in a population, sperm
limitations can greatly reduce female fecundity and drive population collapse
(Ginsberg and Milner-Gulland 1994; Seether, et al. 2003). In many species however,
oocyte availability limits population growth. Therefore, male biased sex ratios may be
even more harmful in small populations (Wedekind 2002). Male biased sex ratios limit
the effective population size (the number of individuals in a population that are able
to breed) and reduce population growth (Robertson, et al. 2006; Lens, et al. 1998;
Lambertucci, et al. 2013). Male biased sex ratios also increase mate competition and
harassment of females. This causes sexual conflict, which can result in injury,
mortality, and reduced fecundity in females (Ewen, et al. 2010; Le Galliard, et al. 2005).
In species where population growth is limited by oocyte availability, female biased sex
ratios may actually be beneficial in order to maximise reproductive output (Wedekind
2002; Wedekind 2012).

Population recovery can be limited by undesirable sex ratios, which in reintroduced
populations may make the difference between success and failure.

1.1.3 Sex Ratio Biases in Reintroduced Populations

Skewed sex ratios have been reported in a number of reintroduced species following
release (Table 1.1). As reintroduced populations tend to be small and vulnerable to the
negative effects associated with sex ratio biases (Wedekind 2012), this could hamper
the success of the programme. In some cases, skewed sex ratios are a key factor limiting
the growth of reintroduced populations (Milton and Hopkins 2006; Saltz and
Rubenstein 1995).



Table 1.1: Skewed sex ratios observed in reintroduced populations following release.

Reintr ion
eintroductio Observed
Species Location Years Sex Ratio Explanation

Geoffroy's spider | Barro Colorado 1959 - 1966 Male biased in | Insufficient number of

monkey (Ateles | Island, Panama the first reproducing females for

geoffroyi) decade of sex ratios to be
breeding? adaptively adjusted

based on dominance
hierarchy

Asiatic wild ass | Negev Desert, 1982 - 1987 Initially male Age structure of the

(Equus hemionus) | Israel biased before | reintroduced population
shifting to
female bias?

Pere David’s deer | Beijing Milu Park 1985 - 1986 Female NA

(Elaphurus and Dafeng Milu biased?

davidianus) Natural Reserve,

China

Black rhinoceros | Sam Knott Kudu 1986 - 1997 Female NA

(Diceros bicornis | Reserve, South biased*

minor) Africa

Mountain Hawtah Reserve, 1991 - 1995 Initially female | NA

gazelle (Gazella | Saudi Arabia biased before

gazelle) shifting to
male bias®

Hihi (Notiomystis | Tiritiri Matangi, 1995 Male biased® Sex ratio was density

cincta) New Zealand dependent

I Milton and Hopkins 2006
2 Saltz and Rubenstein 1995; Saltz 2001

3 Jiang, et al. 2000
4Law, et al. 2014
5 Dunham 2001

6 Ewen, et al. 2010



The sex ratios skews in these reintroduced populations were generally unusual and
unexpected. In some of the above cases, attempts have been made to explain what
caused these skews (Table 1.1). In the reintroduced population of spider monkeys, little
explanation was given to the male biased sex ratio in the first generation after release.
However, Milton and Hopkins (2006) suggested that the birth sex ratio returning to its
expected state was due to the fact that there were finally enough reproductively active
females for regular dominance hierarchies to exist. Such dominance hierarchies are
thought to be an important driver of sex allocation in this species and their absence
may explain the initial unexpected skew (Milton and Hopkins 2006).

Saltz and Rubenstein (1995) suggested that Asiatic wild ass would operate under age-
dependent sex allocation, with females in prime reproductive age producing more
sons. The observed male biased sex ratios following release was linked to the age
structure of the reintroduced population, which had a high proportion of females in
the “male-producing age” during this time (Saltz and Rubenstein 1995). However,
Saltz has been criticised for overemphasising the importance of maternal age in sex
allocation of ungulates (Hewison, et al. 2002), and other studies suggest age has a

minimal effect (Cameron 2004).

In the reintroduced population of hihi, Ewen et al. (2010) suggested that birth sex ratios
were density dependant. Sex ratios became increasingly male biased when population
density increased. However, they did not provide an explanation for that relationship
(Ewen, et al. 2010). No explanation was given to explain the skewed sex ratios observed
in the other species. For the rhino population, Law et al. (2014) examined the unusual
birth sex ratio in relation to birth sequence, maternal identity, year of conception,
rainfall, population size, maternal age, and adult sex ratio. They found no significant
relationship between birth sex ratio and any of their measured variables (Law, et al.
2014).

Theoretical explanations for sex allocation generally assume equal ability to adaptively
adjust offspring sex ratios between individuals. What is rarely considered is that
physiological variations between individuals may impose constraint on their ability to
adjust offspring sex ratios adaptively (Edwards, et al. 2016a). Variable physiological
characteristics, such as stress responsiveness, which are largely determined during
development, play a key role in sex allocation (Edwards et al. 2016a). Importantly,
when a significant environmental change occurs, such as that experience by
reintroduced animals when they are released, their developmental experience and
subsequent physiology may limit their ability to respond to environmental influences.
This may result in constraints on their ability to adjust sex ratios and explain the

unusual sex ratios observed in reintroduced populations (Edwards, et al. 2019).



1.2 Sex Allocation

Sex allocation is the ability of organisms to variably invest in the production of male
and female offspring (West 2009). When sex-specific fitness returns vary in response
to an external variable, such as current local conditions or ability to invest resources
and energy in the production of offspring (Clark 1978; Trivers and Willard 1973), it
becomes adaptively beneficial to adjust investment in the sexes accordingly. Sex
allocation allows for such a partitioning of resources and helps to maximise fitness

returns on investment in offspring (West 2009).

Variation in sex ratios has long been recognised in evolutionary biology. As far back
as the 19t century, Darwin explored the evolution of sex allocation, although he did
not provide a direct explanation and suggested that the solution should be left for the
future (Frank 1990). Since then our understanding has grown considerably, but there
is still much to uncover about why and how sex allocation occurs. Empirical support
for the theories of sex allocation has been notoriously inconsistent, as observed sex
ratios still regularly fail to match predictions (West and Sheldon 2002; Packer, et al.
2000). This is often true in reintroduced populations, where unexpected and

unexplained sex ratios have been observed (Saltz 2001; Linklater 2007).

There are several prominent theories of sex allocation and of the physiological
mechanisms through which they act. Through developmental limitations to these
physiological mechanisms, sex allocation may be constrained (Edwards, et al. 2016a).
This may explain some of the unpredicted sex ratios that have been observed; in

particular, those in reintroduced populations (Edwards, et al. 2016b; 2019).

1.2.1 Fisher’s Principle

Fisher (1930) suggested that variability in fitness returns between investments in the
two sexes would lead to variable sex ratios. He explained why this resulted in the sexes
usually being produced in equal numbers (or that investment in producing offspring
of each sex be equal). If births of males became less common, a newborn male would
have more success finding a mate than a newborn female. A genetic disposition to
producing more males would be selected for until a sex ratio of 1:1 is reached, at which
point the advantage of having males would be lost. The same holds true if the sexes
are reversed. Sex ratios on a population level should therefore be maintained at a ratio

of 1:1. This process is termed Fisher’s Principle.

Fisher’s Principle operates under a number of assumptions, which, although Fisher
himself did not state explicitly, have been presented in reconstructions of his model
(Bull and Charnov 1988). One of these is that variations in factors such as body
condition, resource availability, or environmental conditions, affect the fitness of both
sexes equally. The breaking of this assumption has led to the development of more

recent and detailed explanations for the evolution of adaptive sex allocation (Hardy
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1997). Factors such as local environmental conditions and parental ability to invest can
differentially affect the fitness returns of producing sons and daughters (Hamilton
1967; Triver and Willard 1973; Clark 1978; Silk 1983). In such cases, it is beneficial to be
able to selectively invest in offspring of the sex that is expected to be more successful
in passing on its genes, thereby yielding a greater fitness return. This provides the basis
for a number of the theoretical explanations for the evolution of sex allocation that
have been proposed (Review; Hardy 1997) (Table 1.2).

The most prominent theoretical models have linked to differential investment returns
in the presence of sex-biased dispersal patterns (Hamilton 1967; Clark 1978; Gowaty
and Lennartz 1985) or differential variability in offspring fitness between the sexes,
which varies by reproductive system (Trivers and Willard 1973) (Table 1.2). This can
lead to variable sex allocation in response to group structure or local resource
availability, and environmental conditions or parental ability to invest in offspring

development, respectively.

Table 1.2: Prominent sex allocation hypotheses.

Hypothesis Predictor Expected Sex Ratios Source
Fisharian Sex Sex-specific Birth sex ratios should Fisher, 1930
Allocation population density | favour the sex that is less
common in the population
Local Mate Local male density | As the number of males Hamilton,
Competition relative to number | per female increases, sex 1967
of reproductively ratios of offspring should
active females become increasingly
female biased
Local Resource | Resource As competition intensity Clark, 1978
Competition competition within | increases, sex ratios should
the local area increasingly favour the
more dispersing sex
Local Resource | Sex-specific Sex ratios favour sex that Gowaty and
Enhancement | cooperative will provide assistance with | Lennartz,
behaviour future reproductive efforts | 1985
Trivers-Willard | Parental ability to Increased ability to invest Trivers and
Hypothesis invest in offspring in offspring results in sex Willard,
ratios favouring offspring 1973
of the sex that will receive
greater fitness benefits
from increased condition
as adults (usually male)
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1.2.2 Local resource competition (LRC), including Local mate competition
(LMO)

The term Local Resource Competition (LRC) was first coined by Clark (1978) to explain
sex ratio skews in the primate species Galago crassicaudatus. LRC is generally used to
refer to competition for resources such as food or nesting sites. In this discussion, the
term is used to include Local Mate Competition (LMC), which was theorized by
Hamilton (1967) prior to Clark.

Hamilton (1967) explored a case in which the assumption of Fisher that competition
for mates is population-wide is broken. Instead he considered mate competition to be
localised. His model was constructed under the following parameters: populations
consist of isolated patches; offspring born into a particular patch would mate at
random within that patch; once inseminated females disperse between patches (Taylor
and Bulmer 1980). Males compete for mates amongst themselves within a patch. As a
result, the fitness return from producing males depends on the number of males in the
patch and the number of females producing offspring. The fitness returns from
producing females, however, do not. When more males are expected to be in the
population, sex ratios should be female biased (Hardy 1997). LMC can be put plainly
as; if competition for mates is likely to be more intensive for one sex than the other,
parents should produce more offspring of the less competing sex in order to maximize
fitness returns (Clutton-Brock and Iason 1986). LMC is often used to explain female
biased sex ratios in invertebrates. Evidence for its influence in vertebrates has been

limited and controversial (Hardy 1997).

LRC for environmental resources has been much more prominent in vertebrate species
(Silk and Brown 2008; Mari, et al. 2008; Leturque and Rousset 2004). Clark (1987) first
suggested it with regards to sex ratios in the primate species Galago crassicaudatus, in
response to limited local food resources. Males, being more mobile, are less affected
by, and do not add to, local competition Thus, fitness returns are diminished by
competition when producing females, whereas the fitness returns from producing
males are not. When resources are limited and competition is high, mothers should
invest more in the production of male offspring. This is reflected by the male biased
sex ratios observed for this species, both in the field and in captivity (Clark 1987). LRC
may also drive sex allocation when other factors, such as sexual dimorphism, result in

differential competition between the sexes (Uller 2006).

While Clark consistently observed a male bias, LRC predicts that sex ratios are variable
in response to the availability of a limited resource, and therefore competition intensity
(Johnson, et al. 2001). Additionally, the particular resource that drives LRC can vary
and may not be initially obvious. Johnson et al. (2001) demonstrated both these points
in a study examining sex ratios of the common brushtail possum. In this species female

offspring are philopatric (non-dispersing), while male offspring are dispersing. They
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found a correlation between food availability and offspring sex ratio, not directly, but
indirectly through the effects of food availability on population density and per-capita
den site availability. Food rich areas led to high population density, which in turn
limited availability of dens. Mothers producing female offspring would increase
competition with themselves and other daughters, limiting fitness returns. Producing
the dispersing male offspring would not. Therefore, when competition was high (low
per-capita availability of den sites) offspring sex ratios tended to be male biased. This
pattern was variable between different populations depending the availability of den
sites. LRC can be driven by a number of limiting resources, including food, territory,
nest/den sites, and mating opportunities (Schwanz and Robert 2014; Hjernquist, et al.
2009), and has been shown as the most likely driver of sex ratio skews in a number of
species (Gowaty 1993; Hewison and Gaillard 1996; Silk and Brown 2008).

Sex allocation is generally considered to be how a mother (or father) adjusts the sex
ratio of her own offspring. With regards to LRC, Silk (1983) highlighted that biased sex
ratios may be achieved by interacting with other individuals to reduce the probability
that they will rear offspring of a particular sex. This may be achieved by harassment
and limiting the resources of non-related females. In doing this, local competition can

be reduced for themselves and their relatives.

1.2.3 Local Resource Enhancement (LRE)

Local Resource Enhancement (LRE) theory is in many ways similar to LRC. However,
instead of the level of competition varying between the two sexes, the level of
assistance/help given to siblings or parents varies between the sexes (Gowaty and
Lennartz 1985; Wild 2006). In some species, one sex of offspring is likely to assist with
parental care of subsequent broods or litters (Clutton-Brock and Ianson, 1986).
Producing offspring of the helpful sex would then improve future reproductive
success and increase fitness return on investment. These conditions are expected to
lead to a skewed sex ratio in favour of the helpful sex (Gowaty and Lennartz 1985). A
number of cases in which sexually divergent cooperation behaviours correlate with
biased sex ratios in favour of the cooperative sex have been presented in the literature
(McNutt and Silk 2008; Silk & Brown 2008). Levels of cooperation may be variable in
response to environmental conditions, making the effects of LRE variable across
populations, similar to LRC (Griffin, et al. 2005).

1.2.4 The Trivers-Willard Hypothesis

The Trivers and Willard hypothesis states that if one sex of offspring is
disproportionately advantaged by condition, a mother will benefit from adjusting sex
ratios in response to the expected condition of her offspring once they reach maturity
(Trivers and Willard 1973). In their original paper, Trivers and Willard gave three
criteria that should be met for variable offspring sex ratio to be adaptively beneficial

under their model: 1) Condition of offspring should be correlated with condition of
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mother, 2) Condition of offspring once matured should be correlated with condition at
the end of parental investment period, and 3) The two sexes should gain differentiating
fitness benefits from improved condition. In short, if offspring condition at maturity is
dependent on maternal condition, and one sex exhibits more variability in fitness in
response to condition, then the mother should selectively adjust her offspring sex ratio

based on her own condition.

Trivers and Willard (1973) presented a hypothetical population of ungulates to
demonstrate a case where their theory should hold true. In this population, they stated
that condition of adults was variable and could be measured. Mothers in good
condition would be able to produce offspring that would, at the end of the period of
parental investment, be healthier, stronger, and larger than offspring produced by
mothers of poor condition. The condition of an individual at the end of the period of
parental investment would to some degree be maintained once sexual maturity is
reached. In this population, males compete for mating opportunities with females, and
strong, dominant males exclude males in poor condition from mating. As females are
the limited resource in reproduction, females gain the same mating opportunities
regardless of condition. The reproductive success would be highly variable in response
to condition for males, but not for females. In this population, a mother in good
condition would gain more fitness return on investment in offspring (more
grandchildren) by producing sons than daughters. A mother in poor condition,
however, would gain more return on investment by producing daughters. This means
there is an adaptive benefit to an adult female producing offspring to adjusting

offspring sex ratios in accordance with her own condition.

In the original paper (Trivers and Willard 1973), maternal condition is presented as a
proxy for the ability of a mother to invest in offspring development. Condition was
considered as physical condition, and weight was given as an example of its measure.
Ability to invest may however be affected by a number of factors and empirical studies
have used a range of indicators to measure condition (Cameron 2004; Sheldon and
West 2004).

Maternal physical condition has commonly been used as an indicator of ability to
invest in offspring (Trivers and Willard 1973). Females in better physical condition are
expected to be able to invest more heavily in offspring. Therefore, they should skew
sex ratios of offspring in favour of males. Empirical tests on a number of species have
found support for this relationship (Bradbury and Blakey 1998; Kojola and Eloranta
1989; Pike and Petrie 2005; Pike 2005; Kohlmann 1999; Review; Cameron 2004).
However, support for this has not been unanimous. Sheldon and West (2004)
suggested that physical condition might be a poor index for ability to invest because it
does not necessarily correlate with future access to resources, which may be more

significant in determining ability to invest over the course of offspring development.
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In a more recent study, change in condition around the time of conception was found
to be a better predictor for sex ratios than condition itself, as change in condition is

more likely to represent future ability to invest (Cameron and Linklater 2007).

An alternative indicator of maternal ability to invest is maternal dominance (Grant
1996). High-ranking or dominant females are expected to have more access to
resources, and therefore more ability to invest in offspring. In several studies, high-
ranking females were found to produce more sons than low- or mid-ranking females
(Clutton-Brock, et al. 1984; Meikle, et al. 1993; Review; Grant 1996). In a meta-analysis
conducted by Sheldon & West (2004), when behavioural measures of condition, such
as dominance, were used, support for the Trivers-Willard hypothesis was stronger

than when physical measures were used.

Maternal age may also influence ability to invest in offspring, leading to sex ratio
skews in accordance with the Trivers-Willard hypothesis (Saltz and Kotler 2003). Once
females have reached prime age, body condition declines, as they get older. This
decline is likely to be accompanied by reduced ability to invest in offspring, therefore,
producing fewer sons (Clutton-Brock and Iason 1986). Alternatively, reproductive
effort may increase with age as reproductive value (number of future offspring)
decreases (Coté and Festa-Bianchet 2001). Therefore, older females are expected to
invest more in any single reproduction event leading to the production of more sons.
This has been observed in a number of species (Cote and Festa-Bianchet 2001; Weladjj,
et al. 2003; Blank and Nolan 1983; Thomas, et al. 1989). Despite this support, the
relationship between maternal age and sex ratio has come under critique, particularly
in mammals (Hewison, et al. 2002). In a meta-analysis, Cameron (2004) found that
when age was used as a measure of ability to invest, support for the Trivers-Willard
hypothesis was weak.

These are just some of the indicators of ability to invest in offspring development that
are prominent in the literature. A number of others have been used, such as maternal
parity (Clutton-Brock and Iason 1986) and climate or environmental conditions (Roche,
et al. 2006; Berkeley and Linklater 2010), with varying levels of support from empirical
studies (Cameron 2004).

1.3 Limitations to Empirical Testing

Sex allocation hypotheses are logically appealing, and strong theoretical reasoning
backs the underlying principles. However, empirical testing has produced inconsistent
results (Cameron 2004; Sheldon and West 2004). As a result, the hypotheses have been
heavily criticised and some authors have suggested that there is no consistent pattern
(Frank 1990; Festa-Bianchet 1996; Hewison and Gaillard 1999; Packer, et al. 2000; Kojola
1998). Observed sex ratios often fail to match predictions. Sex ratio skews tend to be
smaller than expected (West and Sheldon 2002). Alternatively, altogether unpredicted
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sex ratios have been observed (Saltz and Rubenstein 1995; Jiang et al. 2000; Ewen et al.
2010).

Some of these inconsistencies can be explained by methodological variations between
studies. For example, in empirical studies testing the Trivers-Willard Hypothesis, the
type of measure used to indicate ability to invest in offspring, and the timing of
measurement significantly affected the likelihood of providing support for the
hypothesis. This was shown in two meta-analysis papers (Cameron 2004; Sheldon and
West 2004), both of which confirmed the significant inconsistency in results, but found
overall support for the Trivers-Willard hypothesis when the appropriate type and
timing of measure for ability to invest was used. While the two studies were consistent
in their finding that measures of condition should be taken before or close to the time
of conception, they found that different measures of ability to invest provided the
strongest support for the Trivers-Willard Hypothesis. Sheldon and West (2004), whose
study looked at ungulates, found that measures of behavioural dominance were better
indicators of ability to invest in offspring than morphological or physiological
measures. Cameron (2004), who looked at non-human mammals, found the opposite.
This highlights that one universal measure for condition is not the optimal strategy for
testing the hypotheses of sex allocation, and that detailed understanding of the focus

species is needed to select the best measure in such tests (Douhard 2017).

Another source of inconsistency in empirical support for the hypotheses of sex
allocation may be the interaction of multiple drivers, either in support of, or in
opposition to, one another. One of the challenges involved in finding empirical
evidence to support sex allocation theories is identifying which processes may be
involved for any particular species (Cockburn, et al. 2002). By no means are the
different drivers of skew incompatible or mutually exclusive from one another. Failure
to identify and consider the effects of multiple drivers can lead to predicted sex ratios

that do not match observed sex ratios (Moore, et al. 2015).

In primates, Silk and Brown (2008) found that, in accordance with the LRC model,
offspring sex ratios could be predicted by the dispersal pattern of that species. That is,
when males were the primary disperser, sex ratios would be biased in favour of males
to reduce competition for local resources. The reverse was true when females were
more likely to disperse. However, in cooperative breeding species, for which males
tend to be more active and effective helpers (Emlen, et al. 1986), sex ratios would tend
to be biased in favour of males, in accordance with the LRE model. In a species where
females disperse and males help in cooperative breeding, LRC would predict female
bias while LRE would predict male bias (Silk and Brown 2008). The effects of either

process may be dampened as they are acting in opposition to one another.

Similarly, according to the Trivers and Willard hypothesis, good maternal condition

should lead to the production of more sons (Trivers and Willard 1973). However, if
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this is coupled with high maternal rank, which can be inherited in daughters,
producing daughters may be advantageous (Sheldon and West 2004).

The strength and direction of offspring sex ratio is dependent on many factors. Making
accurate predictions is therefore a difficult task. This requires a full understanding of
life-history traits of any subject species. Hence, only a few well- studied species have
provided empirical data that can truly support or dispute these hypotheses (Sheldon
and West 2004).

A number of papers have highlighted the interactions of these alternative hypotheses
and suggested that this may be contributing to the inconsistency or lack of strong
empirical evidence (Hiraiwa-Hasegawa 1993; Cockburn, et al. 2002; van Schaik and
Hrdy 1991; Moore et al. 2015). Untangling the effect of multiple drivers of sex ratio
skews is one of the key challenges that will help us more clearly understand sex

allocation.

Another more recently considered explanation for the inconsistency seen in empirical
studies is that physiological constraints limit the ability for females to adjust offspring
sex ratio adaptively (Edwards, et al. 2016a). The mechanisms of sex allocation act
through physiological characteristics that can vary between individuals. This variation
can result in different individuals mounting a different physiological response to the

current local conditions, and therefore altering offspring sex ratios differently.

1.4 Mechanisms for Adjustment of Offspring Sex Ratio

There are multiple acting mechanisms by which sex allocation is achieved (Navara
2018a; 2018b) (Figure 1.1). Each mechanism may operate independently, or the
different mechanisms may be interacting to have additive or opposing effects
(Linklater 2007). Adaptive sex allocation mechanisms should allow for external
conditions (for example, local resource availability or ability to invest) to be translated
into a physiological response, which in turn leads to deviations from 50:50 in the
production of males and females. This allows parents to maximise fitness returns based
on their own condition and the environmental conditions (Merkling, et al. 2018). Three
main physiological mechanisms have been identified for maternal adjustment of
offspring sex ratios. These are maternal glucose levels (Cameron 2004), maternal stress

levels (Navara 2010), and maternal testosterone levels (Grant 2007).

1.4.1 Developmental sexual dimorphism

A key element in the adjustment of offspring sex ratios is that the mechanisms behind
it must be able to distinguish between male and female offspring (Cameron, et al.
2017). To reduce cost to the parents, this should occur as early as possible. Sexual
dimorphism has previously been thought to come about after the development of
gonads (Arnold 2012). However, recent research has shown that sexual dimorphisms

are present in sperm and preimplantation conceptuses (review: Cameron, et al. 2017).
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Figure 1.1: Taken, with permission, from Edwards et al. (2016a). “The mechanisms and
constraints imposed on maternal sex allocation. Stress, testosterone and glucose levels are
hypothesized to influence the offspring sex ratio at different stages from mating to birth
through selection or selective-loss of either sex. Dashed boxes show the external constraints
acting on maternal sex allocation, and dashed arrows indicate the time during gestation, or the

mechanism that these constraints are acting upon.”

These differences arise from the differences in sex chromosomes between males and
females. In mammals, the Y chromosome is associated with a number of male-specific
genes, and the female X chromosome inactivation is not absolute, and does not occur
until the blastocyst stage, allowing the expression of both X chromosomes (Berletch, et
al. 2011). Therefore, there are a number of differences between males and females
during early development that are detectable and sufficient for the mechanisms of sex

allocation to act on.

1.4.2 Maternal Glucose

Cameron (2004) proposed that maternal glucose level around the time of conception is
a mechanism for sex allocation. This came off the back of some developments in our
understanding of the characteristics of conceptuses. Firstly, blastocysts, which develop
into embryos, are sexually dimorphic and differentially signal their presence to their
mother (Larson, et al. 2001). This may allow for facultative adjustment of sex ratios
(Cameron 2004; Larson, et al. 2001). Secondly, glucose influences the development of
blastocysts differently for males and females. Increased glucose circulation inhibits
female development while enhancing male development (Larson et al. 2001; Gutiérrez-
Adan, et al. 2001). In the early stages of development (pre-implantation to early post-
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implantation) both X chromosomes are active in females (Heard, et al. 1997). This leads
to sexual differences in the metabolism of glucose. X-linked proteins facilitate the
pentose phosphate pathway for metabolising glucose (Gardner, et al. 2010). This
pathway is expressed more in females and is highly efficient, but results in toxic by-
products (Edwards, et al. 2016a). When glucose levels are high, the toxic by-products
result in lower female survival. However, when glucose levels are low, female survival

is enhanced in comparison to male survival (Edwards, et al. 2016a).

This mechanism has been supported through experimental research, and has been
extended to suggest that it is the change in glucose levels around the time of conception
that has the greatest impact on sex ratio (Cameron and Linklater 2007; Cameron, et al.
2008). Experiments on mice were conducted by supplying dexamethasone, a steroid
that inhibits glucose transport and reduces glucose levels in plasma (Burén, et al. 2002),
to females around the time of conception. Sex ratios of litters were then measured and
compared to control groups. They found the two groups differed significantly in
offspring sex ratio, with the sex ratio of the treatment group skewed towards females.
More so than maternal glucose levels itself, a change in maternal glucose levels around
the time of conception is a stronger predictor of sex ratio (Cameron, et al. 2008).
Changes in glucose levels are expected to correlate with changes in condition, which
may more accurately indicate the ability to invest in offspring in the future, during

pregnancy and beyond (Cameron and Linklater 2007).

Adjustment of offspring sex ratios through maternal glucose levels occurs early on in
development (Cameron 2004). This is consistent with both the prediction that sex
allocation should occur as early as possible in order to minimise energy and resource
waste (Trivers and Willard 1973), and the findings from meta-analyses that suggest
measures of condition should be taken around the time of conception (Cameron 2004;
Sheldon and West 2004).

1.4.3 Maternal stress levels

A number of studies have shown a strong link between maternal stress levels during
the reproductive period and skewed sex ratios. Glucocorticoid levels or environmental
stressors have been linked with offspring sex ratios in a range of species, including
golden hamsters (Pratt and Lisk 1989), humans (Navara 2010), bridled nailtail
wallabies (Moore, et al. 2015), black howler monkeys (Rangel-Negrin, et al. 2018), and
white-crowned sparrows (Bonier, et al. 2007). This relationship has been found in both

directions depending on the species.

The mechanisms of sex allocation should be most beneficial if active during the early
stages of embryonic development, as parental investment in the sex that will provide
reduced fitness returns can be minimised (Trivers and Willard 1973). Glucocorticoid
measures taken around the time of conception have often been strongly linked with
sex ratios. During the early stages of development, gene expression differs between
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the sexes as X-linked genes are overexpressed in females. This leads to differences in
embryonic mortality between the sexes (Rangel-Negrin, et al. 2018).

In humans, males tend to be more susceptible to adverse conditions (Kraemer 2000),
including oxidative stress and other changes to the uterine environment associated
with maternal stress (Edwards, et al. 2016a). This is consistent with the general
observation that environmental stressors lead to a female biased sex ratio in humans
(Navara 2010). Similarly, in golden hamsters, social stress during pregnancy resulted
in female biased sex ratios (Pratt and Lisk 1989). To explain this, it was suggested that
males required more parental investment to survive and have reproductive success as
adults. Therefore, male offspring would be more vulnerable to maternal stress during
pregnancy if such stress limited ability to invest (Pratt and Lisk 1989). This response is
consistent with the Trivers-Willard Hypothesis.

In black howler monkeys, however, increases in glucocorticoids lead to male biased
sex ratios. In this species males disperse while females remained in their natal groups
(Rangel-Negrin, et al. 2018). Maternal glucocorticoid levels were elevated in
fragmented forests with anthropogenic pressures, and high food and reproductive
competition. In accordance with the LRC hypothesis, females would benefit from
producing a higher proportion of male offspring, as was observed (Rangel-Negrin, et
al. 2018).

Although it is not clear if adjustment of offspring sex ratio occurs in direct response to
glucocorticoid levels or indirectly through another mechanism (Edwards, et al. 2016b),
glucocorticoids can act as an indicator of environmental conditions, which sex
allocation can then respond to (Rangel-Negrin, et al. 2018). As glucocorticoids tend to
be elevated by environmental stressors, such as high food or mating competition, or
natural disasters, they act as a useful physiological indicator of environmental
conditions (Navara 2010; Rangel-Negrin, et al. 2018). Therefore, they are well suited as
a physiological mechanism by which sex ratio can be adjusted in accordance with those

conditions.

1.4.4 Maternal Testosterone

Maternal testosterone levels are the third suggested mechanism that provides a link
between environmental and parental conditions, and physiological adjustment of
offspring sex ratios (Grant 2007). This mechanism is similar to maternal stress as it falls
under the umbrella of the endocrine system, specifically steroid hormones (Navara
2013a; Merkling, et al. 2018). A number of studies have shown a link between maternal
testosterone levels and offspring sex ratios, with higher testosterone levels generally
leading to the production of more sons. Both experimental manipulation of
testosterone levels and studies monitoring natural variations in maternal testosterone
have demonstrated this relationship in a range of vertebrate species (Merkling, et al.
2018; Navara 2013a), including chickens (Pinson, et al. 2011), zebra finches (Rutkowska
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and Cichon 2006), spotless starling (Veiga, et al. 2004), Japanese quail (Correa, et al.
2011), field voles (Helle, et al. 2008), ibexes (Shargal, et al. 2008), and Barbary macaques
(Grant, et al. 2011).

Adjusting sex ratios through the maternal testosterone mechanism is generally
considered to be in line with the maternal dominance hypothesis, which can be
considered a subset of the Trivers-Willard hypothesis (Sheldon and West 2004).
Testosterone levels have been linked to dominance, in that elevated testosterone levels
lead to increased dominance behaviours and higher standings in dominance
hierarchies (Grant 2007). Increased dominance allows for priority access to resources,
and therefore good body condition and high ability to invest in offspring (Ficken, et al.
1990). Therefore, high testosterone levels provide a pathway for ability to invest to be
translated into a physiological response that sex ratios can be adjusted in accordance
with. Additionally, female testosterone levels vary with changes to cortisol levels
(Cumming, et al. 1983; Daly, et al. 2005; Silverin 1998), allowing for variation in sex

allocation in response to environmental factors other than dominance levels.

Unlike the other mechanisms, testosterone is expected to occur pre-conception, by
altering the accessibility for X- or Y- bearing spermatozoa to the ovum (Grant 2007).
This process would allow for testosterone levels to influence offspring sex ratios at the
earliest point out of the three mechanisms described. As highlighted by Trives and
Willard (1973), such early adjustment should be favoured as it minimises waste of
resources invested in offspring. Follicular testosterone levels, which can be highly
variable both within and between individuals, can alter the susceptibility of an oocyte
to fertilisation by an X or Y bearing spermatozoa (Grant, et al. 2011). This was first
observed when examining the follicular testosterone levels and subsequent sex of
offspring in a bovine species (Grant and Irwin 2005; Grant, et al. 2008). When follicular
fluids contained high levels of testosterone, male embryos were more likely to be
produced after fertilisation. As testosterone fluctuates in response to dominance,
environmental conditions, and stress, it may act as a pathway for mothers to adjust

offspring sex ratios in order to maximise fitness returns (Muehlenbein, et al. 2004).

1.5 Maternal Effects and Mismatched Developmental
Experience

A number of physiological processes are involved in the mechanisms (glucose levels,
testosterone levels, stress) by which females adjust sex ratios of offspring (Navara
2018a; 2018b). Metabolic rates, glucose resistance, insulin resistance, hypothalamic-
pituitary-adrenal (HPA) axis function, hormonal regulation, and stress responsiveness
are all physiological characteristics that vary between individuals and can influence
glucose levels, testosterone levels, and glucocorticoid levels (Edwards, et al. 2016a).

These components of maternal physiology may therefore play a key role in sex
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allocation, as they vary with the environment, but are also influenced by genetic and

developmental factors.

Offspring phenotypes are the product of genotypes and the environment experienced,
particularly during development (Bernardo 1996). During gestation (incubation for
birds and reptiles), foetuses undergo significant physiological development, including
the development of metabolic and hormonal regulation (Edwards, et al. 2016a;
Brunton 2010). Therefore, the environment experienced during gestation can influence

development and have lifelong effects on offspring physiology.

One way in which gestational experience can vary is through maternal effects.
Maternal effects are defined as the effects that a mother’s phenotype has on the
development of offspring (Edwards, et al. 2019; Mousseau and Fox 1998). Through
these maternal effects, the environmental experience of a pregnant female is translated
into the gestational environment for her offspring (Gorman and Nager 2004). As a
result, an offspring’s physiological characteristics are affected by the current local
conditions experienced by the mother. Importantly, maternal effects can affect aspects
of offspring physiology that directly relate to the proposed mechanisms of sex
allocation (Edwards, et al. 2016a) (Figure 1.2).

Environmental factors that affect diet, stress levels, testosterone levels, or general
health of a pregnant female can lead to changes to the uterine environment of her
offspring, thereby influencing offspring physiology (Gorman and Nager 2004).
Maternal hormones are able to cross the placenta in mammals, thereby influencing the
environmental conditions in utero (Roussel, et al. 2005). In birds, maternal hormones
are deposited in the egg, similarly influencing the environmental conditions for
developing offspring (Groothuis, et al. 2005). Therefore, when maternal glucocorticoid
or testosterone levels are elevated or depressed, the foetus is exposed to these
hormonal changes. Similarly, maternal diet or conditions, such as obesity, can affect
offspring development as they lead to suboptimal nutrition in utero (Desai, et al. 2015).
These environmental changes during gestation are linked to the development of
physiological characteristics, including those relevant to sex allocation (Edwards, et al.
2016a).
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Developmental Experience Physiological Response Sex Allocation Mechanism

Insulin Resistance

>
[ Prenatal Nutrient Conditions Maternal Glucose Levels I

Glucose Metabaolism

[ Prenatal Testosterone Exposure Maternal Testosterone Levels I

Androgen Regulation

[ Prenatal Stress Exposure - Maternal Stress Levels I
Stress Responsiveness

Figure 1.2: Prenatal conditions influence the physiological development of key traits that can
affect the mechanisms of sex allocation.

1.5.1 Prenatal Nutrient Conditions

Maternal diet and related conditions such as obesity and emaciation have been linked
to a number of changes in offspring physiology (Zambrano, et al. 2006; Obregon 2010;
Ravelli, et al. 1999). This includes a suite of metabolic processes, which can influence
glucose regulation throughout life. For example, obesity and emaciation have been
linked to: glucose intolerance, high cholesterol, insulin resistance, and increased risk
of obesity and diabetes (Obregon 2010; Desai, et al. 2015; Lane, et al. 2014a). A number
of these responses are maladaptive adaptations the fetus makes under poor nutritional
conditions in utero, and in some cases, have shown a direct correlation to maternal diet
(Lane, et al. 2014a; Gluckman and Hanson 2004; Shiell, et al. 2000).

These metabolic changes can have lifelong effects on glucose regulation, which may
influence sex allocation (Edwards, et al. 2016a). For example, insulin resistance can
influence glucose homeostasis and metabolism. Insulin facilitates the absorption of
glucose into cells, reducing blood glucose (Wilcox 2005). In states of insulin resistance,
the effect of insulin in the body is dampened, which can result in increased levels of
glucose circulating in the blood (Wilcox 2005). As glucose levels can play a key role in
the physiological mechanisms underpinning sex allocation, insulin resistance may
impose constraints on maternal sex allocation. This is consistent with findings that
high fructose diets, which are associated with insulin resistance (Saad, et al. 2016;
Tappy and Lé 2010), increases the proportion of male offspring born (Gray, et al. 2013).
Several other physiological characteristics that are influenced by nutrient conditions
during development have also been linked to glucose regulation. Therefore, prenatal
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nutrient conditions may impose glucose mediated sex allocation (Edwards, et al.
2016a).

1.5.2 Prenatal Testosterone Exposure

The development of a number of physiological characteristics have been linked to
prenatal testosterone exposure. Birth weight, infant growth, insulin secretion and
resistance, and androgen regulation and sensitivity have all been linked to in utero
testosterone exposure (Pfannkuche, et al. 2011; Voegtline, et al. 2013; Eisner, et al. 2000;
Bruns, et al. 2004). The metabolic and hormonal changes are associated with the effect
that prenatal exposure to excess testosterone has on the development of insulin and
androgen receptors in offspring (Eisner, et al. 2000). Importantly, insulin and androgen
regulation can influence the mechanisms by which sex allocation is thought to act
(glucose and testosterone mechanisms) (Wilcox 2005; Pfannkuche, et al. 2011). These
changes can effect circulating glucose concentrations and testosterone levels, and may
therefore alter or limit sex allocation. For example, in sheep, a high level of testosterone
exposure reduces insulin sensitivity. This results in changes to glucose regulation, and
subsequently may constrain maternal sex allocation (Padmanabhan, et al. 2010;
Recabarren, et al. 2005). The effects of elevated levels of testosterone exposure during
gestation may also affect sex allocation through its influence on testosterone
regulation. Male gerbils exposed to high levels of testosterone in utero retain a high
level of plasma testosterone throughout life (Clark, et al. 1992). In female rats, exposure
to elevated testosterone in utero leads to increased testosterone sensitivity as adults
(Ryan and Vandenbergh 2002). These changes can directly influence testosterone
mediated sex allocation. Through its effect on both glucose regulation and testosterone
regulation in adult offspring, maternal testosterone levels during pregnancy may

impose constraints on maternal sex allocation.

1.5.3 Prenatal Stress Exposure

Maternal stress during gestation alters the concentration of glucocorticoids that
developing offspring are exposed to, which can lead to a number of physiological
changes, including factors associated with sex allocation (Roussel, et al. 2005). The
exposure to glucocorticoids prenatally, influences the development of hormone
receptors and plays a key role in the development of the HPA axis, an effect that is
generally carried into adulthood (Entringer, et al. 2009). For example, prenatal
exposure to high levels of stress can lead to the development of an overly sensitive
HPA axis and elevated baseline glucocorticoids concentrations in offspring (Brunton
2010; Takahashi and Kalin 1991; Sheriff, et al. 2010). This response is not consistent
across all species and studies. However, there is consistency in that prenatal exposure
to stress does alter stress responsiveness, probably through its effect on the
development of receptors and binding sites of hormones that can either inhibit or

increase stress response (Brunton 2010).
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The HPA axis mediates stress response and glucocorticoid concentrations, affecting
the way in which an individual will respond to local conditions (Smith and Vale 2006).
Hence, offspring that develop under different levels of maternal stress during
pregnancy may have different stress responses to the same environmental stimuli. As
stress is a key factor in the mechanisms of maternal sex allocation, the result may be
that some females are constrained in their ability to adaptively adjust offspring sex
ratios (Edwards, et al. 2019). Prenatal stress exposure also alters baseline testosterone
levels and glucose and insulin metabolism in adults, again, potentially constraining
sex allocation (Kaiser and Sachser 2009; Osadchuk, et al. 2000; Seckl 2004; Moss, et al.
2001).

1.5.4 Mechanistic interactions

The three key physiological traits associated with the mechanisms of sex allocation
(glucose levels, testosterone levels, and stress) all interact with one another. A change
in glucocorticoid levels, for example, can induce changes to both glucose and
testosterone levels (Kuo, et al. 2015; Sapolsky 1985). Therefore, if maternal effects affect
stress regulation, sex allocation could be constrained by, not only through the stress

mechanism, but also through the glucose and testosterone mechanisms.

1.6 Anticipatory Maternal Effects Under Mismatched Prenatal
and Postnatal Environments

Maternal effects, particularly under extreme conditions, can often have harmful
repercussions on developing offspring. Exposure to poor nutrient conditions or
elevated stress and testosterone levels has been linked to a number of physiological
disorders in both humans and animals (Entringer, et al. 2011; James 2008, Veiga-Lopez,
et al. 2011; Osadchuk, et al 2000; Obregon 2010). However, there is evidence that
maternal effects can be an adaptive mechanism by which the physiology of offspring
can be ‘programmed’ to optimise survival and reproduction in the current local
environment, most notably with regards to maternal stress (Kaiser and Sachser 2009;
Mousseau and Fox 1998). Maternal effects that maximise offspring fitness based on the
local conditions have been termed anticipatory maternal effects as they anticipate the
environment the offspring will be born into (Marshall and Uller 2007). For example, in
an environment with high predator density, maternal stress levels are likely to be
elevated. Under these conditions during pregnancy, the increased exposure to stress
during development can lead to a heightened stress response in offspring. This
increases vigilance, a trait that may improve predator avoidance and survival (Meaney
2001; Sheriff, et al. 2009).

Anticipatory maternal effects during development can be beneficial for survival and
reproductive success when environmental conditions do not vary between generations

(Mousseau and Fox 1998). However, this is not always the case. Environmental
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conditions do vary, often most severely in response to anthropogenic activities.
Maternal effects lead to changes to important physiological and behavioural
characteristics that persist throughout life (Gorman and Nager 2004). Therefore, if the
environmental conditions during development do not match future environmental
conditions, physiological ‘programming’ may leave offspring with physiological
characteristics unsuited to their environment, which can then have detrimental effects
(Edwards, et al. 2019).

As an example, Sheriff et al. (2010) found that transgenerational maternal effects
resulted in a delay to population recovery following a decline in predator abundance.
While these maternal effects allowed for the production of offspring suited to the
environment during time of high predation, maternally inherited stress responses
hampered the recovery of reproductive rates once predation risk fell. Similarly,
artificial stressors acting on pregnant females may result in offspring developing with
overly sensitive HPA axes, which can be deleterious in low stress environments
(Brunton 2010).

When captive-bred animals are released into the wild during species reintroductions,
significant environmental changes can result in physiological development not suited
to future environmental conditions (Edwards, et al. 2019). For example, in captive
breeding facilities environmental stress may be unnaturally low (or high) (Edwards, et
al. 2016a). In such cases, insufficient exposure to stress in utero can result in the
development of offspring that are unable to respond to natural stressors in the wild
(Brunton 2010). As highlighted earlier, stress response, and its interaction with glucose
and testosterone levels are important factors in the mechanisms of sex allocation. If
captive-bred animals are unable to respond appropriately to current local conditions
in the wild, it may impose constraints on their ability to adjust offspring sex ratios
(Edwards, et al. 2016a).

There is already evidence that maternal effects and gestational experience can
influence sex allocation in the following generation. In both gerbils and mice, females
that develop in close proximity to male siblings are exposed to elevated levels of
testosterone (sibling effect). These females produce significantly more male offspring
than females gestated adjacent only to other female siblings (Clark and Galef 1995;
Vandenbergh and Huggett 1994; Hirlemann, et al. 1990). Similarly, female guinea pigs
exposed to synthetic glucocorticoids during gestational development (which alters
HPA axis function and has lifelong effects on stress regulation) produced a higher
proportion of female offspring (Dunn, et al. 2010). The same effect was observed in
laboratory mice. Females that experienced lowered stress environments in utero,
through treatment with synthetic glucocorticoids, had female biased offspring sex
ratios (Edwards, et al. 2016b). This effect was attributed to altered glucocorticoid

concentrations, which subsequently altered glucose levels in treatment females.
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Increases in glucocorticoid levels are associated with an induced increase in glucose
levels (Goldstein, et al. 1993). In utero treatment with synthetic glucocorticoids
resulted in reduced cortisol concentrations during a key phase of the reproductive
cycle (luteal phase). The associated decrease in glucose levels during this phase may
therefore explain the female biased sex ratios observed (Edwards, et al. 2016b),
consistent with findings from a number of studies that high glucose levels lead to male
biased sex ratios (Edwards, et al. 2016b; Cameron 2004; Helle, et al. 2008; Larson, et al.
2001).

With regards to changing environments, a mismatch between prenatal and postnatal
environments may result in females that are unable to respond to the current local
conditions and impose constraints on maternal sex allocation (Edwards, et al. 2019).
Edwards et al. (2019) examined this by manipulating pre- and postnatal environments
of laboratory mice using treatments with synthetic glucocorticoids. They found that
when the in utero environment matched the environment during reproduction later in
life, litter sex ratios were dependant on maternal condition, in line with the Trivers-
Willard hypothesis. However, when the environment during reproduction did not
match the prenatal environment the effect of maternal condition was obscured.
Females whose pre and postnatal environments were mismatched were unable to
adjust offspring sex ratios in accordance with maternal condition. This supports the
hypothesis that under changing environments, maternal effects impose physiological

constrains that inhibit maternal sex allocation (Edwards, et al. 2019).

During species reintroductions, animals born in captivity are released to reproduce in
the wild (Gusset 2012). This imposes a significant environmental mismatch between
development and reproduction as adults. In captivity, social groups are managed, food
and water are readily available, and threats and external stressors are minimised
(Sterling, et al. 1994; Bassett and Buchanan-Smith 2007; Price and Stoinski 2007).
Release into the wild is likely to be accompanied by changes to diet and nutrition,
stress levels, and testosterone levels (Sterling, et al. 1994; Price and Stoinsky 2007;
Morgan and Tromborg 2007; Van der Weyde, et al. 2016; Dierenfeld 1997). Through
maternal effects, the environmental conditions are experienced in utero by developing
offspring (Gorman and Nager 2004). This experience can affect the physiological
development of captive born animals. As a result, lifelong physiological characteristics
may then inhibit their ability to respond to current local conditions in the wild
(Edwards, et al. 2016a). Physiological differences between captive-bred and wild
animals have previously been reported (Cabezas, et al. 2013; Champagnon, et al. 2012).
Hormonal regulation and metabolic function of captive born animals are expected to
be unsuited to the environment following release, resulting in changes to glucose
levels, testosterone levels, and glucocorticoid concentrations (Edwards, et al. 2016a).
These factors all have key roles in the physiological mechanisms of maternal sex

allocation (Navara 2018a; 2018b). As a result, sex allocation may be constrained, as the
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interaction between the physiological mechanisms and the factors that influence the
sex-specific fitness of offspring (for example, maternal condition or local resource
availability) is inhibited. If the animals released in species reintroductions are
constrained in their ability to adjust offspring sex ratio due to physiological
‘programming’ in a mismatched environment, it may explain some of the unexpected

sex ratio biases observed in reintroduced populations (Saltz 2001; Linklater 2007).
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2 Methods

My thesis is made up of three studies (Chapters 3-5), each of which examines the effect
of mismatched pre- and postnatal environments on sex ratios in a different
reintroduced population. The first looks at the Arabian oryx and its reintroduction to
the Middle East, the second is on the reintroduction of the California condor to the
United States and Mexico, and the third is on the reintroduction of red wolves in the
United States. Each chapter has been written in manuscript style and can be read
independently. As a result, there is some necessary repetition. This section presents

details of the general methods and data used across the three studies.

2.1 Experimental Design

In my research, I am examining the effect that a mismatch between the prenatal
environment (experienced during development) and the postnatal environment
(experienced while reproducing) has on offspring sex ratios. Specifically, in species
reintroductions, where the significant change in environment experienced by released
animals creates such a mismatch. Similar to previous studies that have looked at this
effect experimentally by manipulating the gestational environment in laboratory mice
(Edwards, et al. 2016b; Edwards, et al. 2019), I compare offspring sex ratios of

individuals from two treatment groups. My two treatment groups are:

1. Individuals with that developed under prenatal conditions that matched the
postnatal conditions in which they reporduce (matched group.) This group
includes individuals that have been conceived and born in the same environment
type that they reproduce in (i.e., both captive or both wild).

2. Individuals with a mismatch between the prenatal environment in which
they developed and the postnatal environment in which the reproduced
(mismatched group). This group includes animals that have been conceived and
born in a captive environment and then are transferred to the wild where they
reproduce. There was also a mismatch when the reverse of this action occurs (i.e.,

born in the wild then taken into captivity).

I then examine how sex ratios respond to various other predictors to see if that

response is affected by mismatch.

2.1.1 Focus Species

To conduct this study, I needed to identify focus species that met a set of requirements.
Firstly, each species must have been the subject of a significant reintroduction project,
with a sufficient number of births that fall into each treatment type for statistical
analysis. This means there must be a number of individuals born in both captivity and
the wild, and transferred between the two location types before reproducing. The

second requirement was that the species must have a historic studbook, or equivalent
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data set, that outlines birth location, date of birth, dam (mother), sire (father), and any

transfers between locations for each individual.

Many of the cases in which sex ratios following reintroduction have been observed to
skew in an unpredictable way have been in mammals (Milton and Hopkins 2006; Saltz
and Rubenstein 1995; Jiang, et al. 2000; Law, et al. 2014; Dunham 2001). Previous
research in which mismatched gestational experience was found to influence sex
allocation had also looked at mammals (Edwards, et al. 2016b; 2019). Mammals were
therefore to be included as at least one of the focus species. I was also interested in
seeing whether any observed effect would be consistent across different species types,
with different mating systems (in which sex allocation is expected to operate
differently; Sidorovich, et al. 2007) and differences in sex determination strategies. This
meant the inclusion of at least one bird species, as females are the heterogametic sex
and therefore are the sole determinants of offspring sex ratios through chromosone
and hormonal influences (Smith 2007; Navara 2013b), and at least one monogamous
species. Despite the difference in sex determination between mammals and birds, sex
allocation mechanisms in both groups are closely linked to physiological
characteristics that are influenced by maternal effects and environmental conditions

during development (Navara 2013a), making the theory behind this research relevant.

I identified 15 potential focus species (11 mammals and 4 birds) in which captive bred
populations were reintroduced to the wild. A number of these were ruled out for
various reasons (unable to access data sets, incomplete data, reintroductions did not
involve enough individuals released to fully wild locations). I was then left with three
species: Arabian oryx (Oryx leucoryx), California condor (Gymnogyps californianus), and
the red wolf (Canis rufus).

2.2 Reintroductions

2.2.1 Arabian Oryx

The Arabian oryx historically ranged across much of the Arabian Peninsula (Islam, et
al. 2011). By 1900, wild populations had significantly declined, and throughout most
of the 20t century, the hunting and capture of wild oryx continued to drive this decline
until 1972 when the last wild herd was eliminated (Ostrowski, et al. 1998). Fortunately,
there were still a number of animals kept in captivity, some of which had been
captured specifically to establish captive breeding populations. Over the late 60s and
70s captive breeding of Arabian oryx was highly successful in a number of locations
across the world and, in 1982, the first reintroduction took place in Oman (Price 1989).
With additional releases, this population initially grew well. However, drought and
continued poaching led to the decline of the population and, in 1998, the remaining
individuals were rescued back into captivity (Spalton, Lawerence et al. 1999). Despite

this set back, Arabian oryx were subsequently reintroduced to a number of sites across

30



the Middle East, and there are now an estimated 1220 Arabian oryx living in the wild
(IUCN SSC Antelope Specialist Group 2017).

2.2.2 California Condor

The historic range of the California condor covered a vast area of North America
(BirdLife International 2018). However, even before anthropogenic impacts, their
range had shrunk to just parts of the American Southwest and Baja California, Mexico.
Following European settlement, the remaining populations experienced further
dramatic declines (BirdLife International 2018). This was caused by hunting, habitat
degradation, and most significantly, lead poisoning from ingesting fragments of lead
bullets in carcases (Finkelstein, et al. 2012). By 1982 there were only 22 California
condors remaining. In an effort to save the species, all wild condors were captured to
establish a captive breeding population. The captive population grew and, in 1992,
they were reintroduced back into their former range in California (Walters, et al. 2010).
This new wild population has performed well and subsequent reintroductions to
Arizona, Utah, and Baja California have followed (Walters, et al. 2010). There are now

approximately 310 California condors living in the wild (BirdLife International 2018).

2.2.3 Red Wolf

The red wolf historically ranged throughout eastern USA (Phillips 2018). Wild
populations experienced dramatic declines as a result of hunting, habitat loss, and
crossbreeding with coyotes (Phillips 2018). In 1973, a programme was launched to
capture the remaining wild red wolves and establish a captive breeding population.
Four hundred animals were captured from 1973 to 1980, after which they were
declared to be extinct in the wild. Of those 400, only 17 were purebred red wolves,
three of which were unable to breed. This left just 14 individuals to make up the entire
breeding population (Hedrick and Fredrickson 2008). Despite this small number,
captive breeding was successful and in 1986 they were released to North Carolina. This
was followed by releases to a number of coastal islands in Florida, Mississippi, and
South Carolina, as well as a release to a national park in Tennessee (Simonis, et al.
2017). The North Carolina reintroduction has shown the greatest success. However,
recent reports suggest that if current population trends continue the risk of extinction
will be severe (Simonis, et al. 2017). The Tennessee population was unable to establish
and has since been removed. Wild populations of red wolves continue to struggle as
hunting pressures, and competition and crossbreeding with coyotes continues to limit
recovery (Phillips 2018).

2.3 Studbooks and Data Processing

For each species, data was taken from the relevant historic studbook, which recorded
details on all known individuals in the species over the time of the reintroduction. The

details included are animal ID, sex, date of birth, location of birth, sire, dam, and the
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date and location of any transfers for each individual. Using Microsoft Excel and R.
Studio, with the packages ‘tidyverse” (Wickham 2019), ‘gdata” (Warnes, et al. 2017),
‘lubridate” (Spinu, et al. 2020), ‘dplyr” (Frangois, et al. 2020), and ‘measurements’ (Birk
2019), the data from these studbooks was converted from PDF to data tables and

organised into a workable format.

2.3.1 Treatment Groups

For each species, the individuals were divided into two treatment groups: ‘matched’
and ‘mismatched’. The matched group consisted of individuals that reproduced in the
same environment type as the one they were concieved and developed in (i.e., wild
and wild, or captive and captive). The mismatched group was of individuals that
reproduced in a different location type to the one they were conceived and developed
in (i.e., wild and captive, or vice versa). As a number of dams were transferred while
pregnant, birth location could not be used in place of conception location. Conception
date was calculated by subtracting the average gestation or incubation time for each
species (Arabian oryx — 240 days, California condor — 57 days, red wolf — 60 days) from
the date of birth. Conception location was then worked out as the location of an

individual’s dam at the time of conception according to transfer records.

Using the location glossaries presented in the studbooks, each location was identified
and classified as captive or wild. Captive locations included zoos, safari parks, animal
sanctuaries, wildlife reserves, breeding centres, pre-release facilities, and private
collections. In these location types, space was limited, food and water was readily
available, shelter was provided, and herd structure, reproduction, and movements
were controlled (Peng, et al. 2007; Sterling, et al. 1994; Boue, et al. 2000; Asa, et al. 2010;
Morgan and Tromborg 2007). As these species are highly vulnerable, even fully wild
populations are closely monitored and their threats managed (Sankar, et al. 2010;
Sutherland, et al. 2010; Miller, et al. 2013). However, there are clear and significant
differences between the environmental condition in captivity and the wild. Each
individual was assigned the appropriate location type for his or her conception
location. They could then be grouped as either matched or mismatched according to
the location type they were conceived in and the location type their offspring were

conceived in.

2.3.2 Other factors related to sex ratio

A number of variables that may directly influence sex allocation, or that are likely to
be an indicator for another factor that influences sex allocation, were identified. These
were limited to what could be calculated using the data available in the studbooks and
a few other sources. While it would have been better to have, for example, a direct
measure of body condition for each dam (Pike and Petrie 2005), that data was simply
not available. These variables are all in relation to the experience of an individual’s sire

and dam around the time of conception. They are as follows: sire age, dam age, sire’s
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parity, dam’s parity, rainfall around the time of conception, and average temperature

around the time of conception.

2.3.3 Parental Age

Parental age has been linked to sex ratio skews in a number of species (C6té and Festa-
Bianchet 2001; Ferrer, et al. 2009; Huck, et al. 1988; Saino, et al. 2002). In some species
of mammals, females begin breeding before reaching full adult body weight. After a
period of peak condition, body condition then declines as they reach the later stages of
life (Clutton-Brock and Iason 1986). In such species, offspring sex ratios may change
with maternal age, decreasing (fewer males) with either young or old mothers.
However, this pattern is not consistent across all species. In some, body condition can
be at its peak for the first reproductive event, or increased breeding experience and
subsequent decline in reproductive value (the potential number of future female
offspring) can encourage increased investment in offspring for older mothers (Clutton-
Brock and Iason 1986).

Parental age has also been linked with offspring sex ratios in birds. In Spanish imperial
eagles, if either member in a breeding pair had non-adult plumage, offspring sex ratios
were significantly male biased (Ferrer, et al. 2009). Similarly, yearling males produced
a higher proportion of male offspring than adult males in a population of red-capped
robins, despite being in poorer condition (Dowling and Mulder 2006). While it was not
exactly clear how parental age might influence sex ratios in the focus species of this
study, it seems likely that a relationship may exist. Therefore, parental age was
included as one of the factors to examine. Here the effect of parental age on offspring
sex ratio was examined for the two treatment groups, individuals with matched or
mismatched pre- and postnatal environments. Parental age was measured as the
difference, in years, between the conception date of an individual and the birth date of

their sire and dam.

2.3.4 Parental Parity

Trivers and Willard (1973) argued that increased parity (the number of previous
offspring had by a parent) would lead to a decline in the investment ability of parents,
thereby affecting offspring sex ratio. However, as highlighted in reviews by Clutton-
Brock and Iason (1986) and Cameron (2004), evidence to support this is limited when
lifetime parity is considered. When this relationship was examined, not as lifetime
parity, but parity in just the previous year, significant variations in sex ratios have been
observed (Clutton-Brock and Iason 1986; Rutberg 1986). Here, parental reproduction
success in the year preceding conception was examined for its effect on offspring sex
ratio and how that effect varied when pre- and postnatal environments are
mismatched. Reproductive success was measured as either having produced offspring
in the previous year or not. This was determined using conception dates, and sire and

dam ID from the historic studbook of each species.
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2.3.5 Environmental Conditions

The third variable that sex ratio is likely to vary in response to, was
environmental/climatic conditions around the time of conception. Here I used the
average daily temperature (°C) around the time of conception and average rainfall

(mm) around the time of conception.

Temperature and rainfall can influence sex ratios in mammals and birds, most likely
via indirect pathways. Roche et al. (2006) found that both average air temperature and
evaporation rates around the time of conception influenced secondary sex ratios (sex
ratio at birth) in dairy cows. They stated that the physiological mechanisms
underpinning this effect were unclear. However, as the feed supply of these cattle was
highly dependent on climate conditions, they suggested that the effect on sex ratio
might be caused by the change in food availability, which has previously been shown
to affect sex ratios (Cameron 2004; Roche et al. 2006). Similarly, Catalano et al. (2007)
found that in humans born in Scandinavia, sex ratio varied in response to ambient
temperature during gestation. Pregnancies during colder months yielded fewer male
offspring. In their study area, cold temperatures induced stress in pregnant women via
a number of mechanisms, which in turn led to disproportionate rates of abortion of
male fetuses (Catalano et al. 2007).

Sex ratio has also been found to vary in response rainfall around the time of
conception. Berkeley and Linklater (2010) showed that in a South African population
of black rhinoceros, conceptions during times of high rainfall led to an increased
offspring sex ratio (more males). They stated that rainfall strongly influenced range
condition and resource availability for the population, which was attributed as the
cause of sex ratio variation. In arid environments, such as the African savannas that
are home to this rhino population, rainfall is expected to affect sex ratios as found by
Berkeley and Linklater (2010). However, when resource availability is less dependent
on rainfall, the pattern may vary. Kruuk et al. (1999) found that increased rainfall led
to a reduced proportion of males born in a population of red deer. Increased rainfall
was associated with harsh winter conditions and stress on pregnant females, which
led to the loss of a disproportionate number of male fetuses.

Rainfall and temperature around the time of conception was measured as the average
daily temperature in degrees Celsius, and the average monthly rainfall in millimetres,
for the country and month of conception. Data was downloaded from historic climate
datasets available online. The locations presented in the studbook were grouped by
country. For each country included in the studbooks (other than the USA), monthly
rainfall and temperature was accessed from the World Bank Group historic climate

dataset (https://climateknowledgeportal.worldbank.org/). The USA was deemed too

large of an area with too much climate variation between locations to use data at the

country level. Therefore, each USA location was additionally grouped by state.
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Climate data for each USA state was gathered using climate reports provided by the

Iowa State University (https://mesonet.agron.iastate.edu/climodat/). For each state,
monthly rainfall and temperature details were taken as the average from ten randomly

selected climate stations within that state.

Each individual animal from the studbooks was then matched up with monthly
rainfall and temperature details by the month, year, and country or state of its

conception.

2.4 Statistical Analysis

Data were analysed using the program R. Studio. The packages ‘Ime4” (Bates, et al.
2020) and ‘dfoptim’ (Varadhan and Borchers 2018) were used for analysis, and the
packages ‘ggplot2’ (Wickham, et al. 2020), ‘ggefects’ (Liidecke and Aust 2020), and
‘jtools” (Long 2020) were used for graphing. All results are interpreted using either 90%

or 95% confidence intervals.

The effect of mismatched gestational experience on sex ratio itself was explored using
generalized linear mixed effect models with binomial error. Models with a number of
different biologically relevant fixed and random effects were compared using Akaike
information criterion (AIC) to find the best-fit model. The variables included as fixed
and random effects were dam ID, sire ID, dam age, sire age, dam parity in the previous
year, sire parity in the previous year, conception location, conception location type
(captive or wild), rainfall around the time of conception, and temperature around the

time of conception.

The effect that the various other factors (parent age, parental parity, and climate
conditions) had on sex ratio was examined similarly, using generalised linear mixed
effect models. Again, a number of biologically relevant fixed and random effects were
included, and the model was gradually simplified until the most parsimonious
combination, based on the AIC, was identified. Each factor was examined, first for all
individuals in each species, then independently for mismatched individuals and
matched individuals. An additional model was used to examine the effect of each of
the selected factors and mismatch simultaneously, including their interactive effect.

Specific details for each model are presented in the relevant species manuscripts.
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3 Arabian oryx

3.1 Introduction

Sex allocation theory predicts that offspring sex ratios should be variable in order to
maximise transgenerational fitness when benefits of parental investment have
different effects on male and female offspring (West 2009). Offspring fitness varies in
response to a number of environmental factors, and this variation is often sex specific
(Clark 1978; Trivers and Willard 1973). As a result, reproductive efforts should favour
the production of offspring of the sex that will yield the greatest fitness returns
depending on current local conditions. A number of hypotheses have been presented
to explain the adaptive significance of variation in sex ratios. Some of the most
prominent and well-established hypotheses include: the local resource competition
hypothesis (Clark 1978), the local resource enhancement hypothesis (Gowaty and
Lennartz 1985), and the Trivers-Willard hypothesis (Trivers and Willard 1973). Factors
like local resource availability and parental ability to invest in offspring development
(Trivers-Willard hypothesis) are expected to affect the fitness of male and female
offspring differently in certain species. Parents should therefore adjust offspring sex

ratios in accordance with such factors (West 2009).

The most prominent theories of adaptive sex allocation are logically appealing and
have been supported by numerous empirical studies (Review; Clutton-Brock and
Iason 1986). However, support has been plagued with inconsistencies (Cameron 2004),
and observations have often failed to match predictions. Observed sex ratio biases tend
to be weaker than theoretically predicted (West and Sheldon 2002). Alternatively,
altogether unpredicted sex ratio biases have also been observed (Weatherhead, et al.
1998; Doutrelant, et al. 2004). This is often the case in species reintroductions. In a
number of species, reintroduced populations have exhibited unexpected sex ratio
biases, which have been explained either poorly or not at all, and may have limited the
success of these reintroduction programmes (Milton and Hopkins 2006; Saltz and
Rubenstein 1995; Jiang, et al. 2000; Law, et al. 2014; Dunham 2001; Ewen, et al. 2010).

Several aspects of sex allocation may explain some of the inconsistencies in results.
Methodological inconsistencies between studies have almost certainly caused some of
the variation in support for sex allocation (Cameron 2004; Sheldon and West 2004). The
interaction of multiple drivers of sex allocation may also have contributed to the
inconsistency of empirical support. Observed sex ratios are unlikely to match
predictions that are based on a single hypothesis when sex allocation is being driven
by multiple factors (Hiraiwa-Hasegawa 1993; Cockburn, et al. 2002; van Schaik and
Hrdy 1991; Moore, et al. 2015). However, there is still a significant amount of
inconsistency in results from studies testing the hypotheses of sex allocation, both
between and within species (Edwards, et al 2016b; West 2009).
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More recently, physiological constraints have been considered as a source of
inconsistency in support for adaptive sex allocation hypotheses (Hiraiwa-Hasegawa
1993; Cockburn, et al. 2002; van Schaik and Hrdy 1991; Moore et al. 2015). Sex
allocation, whatever the adaptive significance, must be implemented by physiological
mechanisms that translate current local conditions into sex-biased investment in
offspring (Krackow 1995). As physiology is variable between individuals, some
individuals may respond to environmental conditions differently to others, and
therefore adjust offspring sex ratios differently (Edwards, et al. 2016a). Three well
established physiological mechanisms for maternal sex allocation in mammals have
been proposed (Chapter 1). They are, maternal glucose levels (Cameron 2004),

maternal stress levels (Navara 2010), and maternal testosterone levels (Grant 2007).

Each of these mechanisms is mediated by physiological characteristics that can vary
between individuals within a species. It is generally considered that all individuals
should have an equal aptitude for sex allocation (Edwards, et al. 2016a). However,
physiological characteristics can alter the way an individual responds to its current
local conditions, potentially constraining sex allocation. (Edwards, et al. 2016a)
Hypothalamic—pituitary—-adrenal (HPA) axis function, glucose and insulin
metabolism/resistance, and baseline testosterone levels are all variable between
individuals (Mousseau and Fox 1998). At the same time, they all affect the interaction
between current local conditions and the physiological responses in glucose levels,
testosterone levels, and/or glucocorticoid levels, which mediate sex allocation
(Edwards, et al. 2016a).

Offspring phenotypes are the product of both its genotype and its environment
(Bernardo 1996; Edwards, et al. 2016). One of the greatest sources of non-genetic
physiological variation is the environment experienced in utero, while metabolic and
hormonal regulation is developing (Bernardo 1996; Lane, et al. 2014b). In utero
conditions are largely controlled by maternal effects, through which the environmental
experience of a pregnant female is expressed in the prenatal environment (Gorman
and Nager 2004). Maternal effects can have significant lifelong effects on offspring
physiology (Edwards, et al. 2016a). The evolutionary basis for this is to allow offspring
to develop in an environment that matches the expected postnatal environment so that
physiological characteristics can be “programmed’ accordingly (Mousseau and Fox
1998). However, when there is a mismatch between pre- and postnatal environments,
they may develop physiological characteristics that leave them unsuited to respond to
current local conditions as adults (Innes-Gold, et al. 2019). This may impose constraints
on their ability to adjust offspring sex ratios adaptively and in accordance with sex
allocation hypotheses (Edwards, et al. 2016a). There is already evidence that prenatal
environment can affect sex ratios in the following generation (Clark and Galef 1995;

Edwards, et al. 2016b), including support for pre- and postnatal mismatch constraining
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sex allocation in response to factors that are predicted to drive sex ratios (Edwards, et
al. 2019).

Species reintroductions inadvertently create these conditions, where pre- and
postnatal environment is mismatched. Captive born animals develop in an
environment which may have low stress, high quality nutritional diets, and unnatural
social groups (Peng, et al. 2007; Sterling, et al. 1994; Boue, et al. 2000; Asa, et al. 2010;
Morgan and Tromborg 2007). During species reintroductions, such captive born
animals are released into the wild. Their physiological characteristics may
subsequently be unsuited to the environmental conditions in the wild (Edwards, et al.
2019). For example, in captivity, pregnant females may be exposed to unnaturally low
levels of stress, altering the prenatal environment for her offspring (Edwards, et al.
2016a; Brunton 2010). Without prenatal exposure to stress, offspring can develop with
low stress responsiveness (Takahashi and Kalin 1991; Sheriff, et al. 2010). Animals born
in captivity then released into the wild during species reintroduction may therefore be
unable to respond appropriately to natural stressors (Edwards, et al. 2016a). In
reintroduced species that adjust offspring sex ratios in response to stress, sex allocation
would then be constrained by physiological limitations. This may explain some of the
unexpected sex ratio biases that have been observed in reintroduced populations
(Edwards, et al. 2019).

Here I examine the effects of mismatched pre- and postnatal environments on sex
allocation in the reintroduced populations of Arabian oryx (Oryx leucoryx). Mismatch
occurs when captive born animals are released and successfully reproduce in the wild,
and also when wild born animals are captured and reproduce in captivity. Sex
allocation theories suggest that sex ratios should vary in response to a number of
factors. I test the relationship between sex ratios and three additional variables
(rainfall, parental age, and parental parity in the previous year) that may influence sex
allocation (Berkeley and Linklater 2010; Clutton-Brock and Iason 1986; Rutberg 1986;
Ferrer, et al. 2009; Dowling and Mulder 2006), and explore the interaction between
these variables and environmental mismatch in Arabian oryx. I predict a mismatch
between pre- and postnatal environments will impose constraints on maternal ability
to adjust offspring sex ratios. However, it is difficult to predict whether it would lead
to the production of more sons or daughters. Additionally, I do not have details of

population sex ratios for Arabian oryx. Therefore, my proposed hypotheses are:

1. Mismatch between pre- and postnatal environments in reintroduced
animals will result in offspring sex ratios that differ, not from parity (i.e., a 1:1
male to female sex ratio), but from offspring sex ratios of animals whose pre- and

postnatal environment is matched.
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2. Offspring sex ratios will vary in response to climate, parental age, and
parental parity in the previous year, but this effect will be obscured when pre-

and postnatal environments are mismatched.

In captive populations, the predictors of sex allocation I have used (parent age, parent
parity, and rainfall) may have a dampened effect on offspring sex ratios. As food and
resources are provided for the animals, rainfall, for example, is less likely to influence
ability to invest in offspring, and subsequently sex ratios. Additionally, mismatch in
opposite directions (i.e., captive to wild, and wild to captive) may have an inverse
effect on sex allocation, obscuring overall results. Therefore, as well as conducting my
analysis on the full Arabian oryx dataset, I also repeated it, looking at just wild
populations. Wild populations are made up of individuals born in the wild (matched
environments), as well as individuals born in captivity that have been released to the
wild (mismatched environments). In this group, there is no anthropogenic control of
the environment, which may dampen sex allocation, and mismatch is only the release

of captive born animals into the wild.

3.2 Methods
3.2.1 Study species

The Arabian oryx (Oryx leucoryx) is a medium-sized antelope from the family bovidae
(Price 1989). They live in social herds of, on average, about 10 individuals. These herds
establish straightforward dominance hierarchies that involve all adults of both sexes
(Price 1989). Sexual dimorphisms between male and female exist in Arabian oryx but
are very slight. Males are on average larger than females (Price 1989). They are
polygynous breeders, as dominant males mate with multiple females in a single
breeding season. Historically, they ranged across much of the Arabian Peninsula
(Islam, et al. 2011), but over the 19t and 20t centuries, wild populations significantly
declined. In 1972 they became extinct in the wild, and only captive individuals in zoos,
captive breeding facilities, and private collections, sustained the species (Ostrowski, et
al. 1998).

Following their extinction in the wild, captive populations have grown and Arabian
oryx have since been reintroduced to several locations across the Middle East IUCN
SSC Antelope Specialist Group 2017). The first reintroduction was in 1982 with the
release of 10 animals to the Arabian Oryx Sanctuary in Oman (Price 1989), and most
recently, 22 animals were released to the Wadi Rum Protected Area in Jordan in 2009.
The various reintroduced populations have had mixed success but, overall, the species
has grown well. There are now approximately 1220 Arabian oryx living in the wild
across the Arabian Peninsula (IUCN SSC Antelope Specialist Group 2017).
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3.2.2 Data

The data sets used for this study were taken from the historic listings section of the
International Studbook for Arabian Oryx, published by Marwell Wildlife (Goodwin
2013). In this, animal ID, gender, date of birth, birth location, dam, sire, and transfers
were recorded for each known individual in captivity and in closely monitored wild
populations. Using this, I was able to identify individuals that had a mismatched pre-
and postnatal environment, and the sex ratios of their offspring. I also determined the
age of sires and dams at the time they conceived offspring, whether they had
reproduced in the year prior to conception, and rainfall during the months leading up
to conception. Rainfall was recorded as monthly precipitation levels (mm) at the
conception location. For individuals conceived in the USA, this was measured at the
state level and data was taken from Iowa State University climate reports

(https://mesonet.agron.iastate.edu/climodat/). For individuals born in all other

countries, it was measured at the country level, using rainfall data was taken from the
historic climate datasets of the World Bank Group
(https://climateknowledgeportal. worldbank.org/).

3.3 Statistical Analysis

All statistical analysis was done in R.Studio Version 1.1.463. The packages used are

outlined in chapter x. Results are presented using 90% confidence intervals.

3.3.1 Offspring Sex Ratios in Environmentally Matched and Mismatched
Arabian Oryx

Generalised linear mixed effect models with binomial error were used to determine
whether offspring sex ratios of individuals with mismatched pre- and postnatal
environments differed from those with matched environments. A number of different
models with biologically relevant fixed and random effects were compared on the
Akaike information criterion (AIC) to find the model of best fit. The most complex
model included dam age, sire age, and rainfall around the time of conception as fixed
effects, and dam ID, sire ID, conception location, conception location type, dam
reproductive productivity in the year prior to conception, and sire reproductive
productivity in the year prior to conception as random effects. The model was
gradually simplified, and the most parsimonious model was identified, which

included just the effect of mismatch and sire ID as a random effect.

3.3.2 Parental Age

In ungulates, parental age, particularly maternal age, has been linked to offspring sex
ratios (Saltz and Kotler 2003; Coté and Festa-Bianchet 2001). Briefly, young and old
females are often in poorer reproductive condition and are less able to invest in
offspring than females in prime age. As a result, young and old females produce

female biased offspring sex ratios, while mid-aged females produce male biased
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offspring sex ratios (Clutton-Brock and Iason 1986). Therefore, Arabian oryx may be
expected to adjust offspring sex ratios in accordance with parental age around the time
of conception. In testing this, I used generalised linear models with binomial error, first
to assess the effects of dam age and sire age on offspring sex ratios for all Arabian oryx,
regardless of mismatch. I then examined the effect of these variables on each treatment
group, Arabian oryx with matched and mismatched environments, individually.
Finally, I used generalised linear mixed effect models to investigate the effects of
parental age and treatment group together. The most parsimonious model included
just parental age (either dam age or sire age), treatment, their interactive effect, and

sire ID as a random effect.

3.3.3 Parental Parity

Parental parity is taken as reproductive productivity in the year prior to conception.
Previous studies on the effects of parental parity on offspring sex ratios have found
that parity is most likely to have a significant effect when measured in this way
(Clutton-Brock and Iason 1986; Rutberg 1986). The effect of parental parity was
analysed in the same way as parental age, using generalised linear models and
generalised linear mixed effect models with binomial error. The effect of parity was
tirst examined on the population as a whole, then on each treatment group (matched
and mismatched environments) individually. Finally, using mixed effect models, the
effects were examined simultaneously, including the interaction between the variables

and sire ID as a random effect.

3.3.4 Climate Conditions

In the arid environments of the Arabian Peninsula, vegetation growth is likely to be
limited by water availability. Therefore, rainfall should directly affect vegetation
growth, and subsequently resource availability and ability to invest in offspring for
Arabian oryx (Berkeley and Linklater 2010). Hence, it is likely that rainfall around the
time of conception has an effect on offspring sex ratios. However, as the effects of
rainfall act through vegetation growth, there may be a lag before changes in the

amount of rainfall result in changes in ability to invest in offspring.

Prior to my analysis, I had no indication as to what the extent of this lag would be.
Consequently, when examining the effect of rainfall on offspring sex ratio, I considered
arange of time frames. I used generalised linear models with binomial error to examine

how offspring sex ratios respond to the level of rainfall as:

the average rainfall during the month of conception
the average rainfall in the two months leading up to conception
the average rainfall in the three months leading up to conception

L NS

the average rainfall in the six months leading up to conception.
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The most significant effect was found when using the average rainfall in the three
months leading up to conception, and this value is therefore used in the following
models and will henceforth be referred to as rainfall.

Generalised linear models with binomial distribution were then used to investigate the
effects of rainfall on offspring sex ratios in mismatched and matched treatment groups
individually. As for the other variables, I then used generalised linear mixed effect
models with binomial distribution to examine the effects of rainfall and treatment

together, along with their interactive effect and sire ID as a random effect.

3.3.5 Wild Populations

The factors used here (parental age, parental parity, and climate) are all linked to sex
allocation through their expected effect on ability to invest in offspring. In captivity,
resources such as food and water are provided for the animals. As a result, ability to
invest in offspring should be less dependent on these variables, as access to surplus
resources may mask their effect. To combat this, I have repeated the analysis above,
examining just the wild populations of Arabian oryx. In this, mismatch between pre-
and postnatal environments is created only when captive born individuals are released

into the wild, and not when wild born animals are captured.

3.4 Results
3.4.1 Full data set

The results of the statistical analysis on the effects of the various predictors on offspring
sex ratios in both wild and captive populations combined are presented in Table 3.1.

Offspring sex ratios of environmentally mismatched Arabian oryx did not differ from
offspring sex ratios of environmentally matched Arabian oryx. Both matched and
mismatched treatment groups had offspring sex ratios that were close to parity (0.506

and 0.507 respectively).
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Table 3.1: Model outputs for the effects of environmental mismatch, sire age, dam age, sire
parity, dam parity, rainfall, and their interaction effects on offspring sex ratios in all
populations of Arabian oryx.

Model/Test Estimate Std. error | z value p- value
Mismatch vs Match -0.016 0.129 -0.123 | NSt

Sire Age -0.005 0.011 -0.500 | NS

Sire Age Matched Environments -0.004 0.011 -0.323 | NS

Sire Age Mismatched Environments 0.065 0.074 0.870 | NS

Sire Age Mismatch Interaction 0.062 0.077 0.807 | NS

Dam Age -0.018 0.010 -1.730 0.084.
Dam Age Matched Environments -0.012 0.011 -1.137 | NS

Dam Age Mismatched Environments -0.040 0.036 -1.093 | NS

Dam Age Mismatch Interaction -0.028 0.045 -0.626 | NS

Sire Parity -0.039 0.070 -0.562 | NS

Sire Parity Matched Environments -0.037 0.075 -0.494 | NS

Sire Parity Mismatched Environments 0.142 0.242 0.586 | NS

Sire Parity Mismatch Interaction 0.184 0.258 0.714 | NS

Dam Parity 0.034 0.065 0.522 | NS

Dam Parity Matched Environments 0.066 0.068 0.965 | NS

Dam Parity Mismatched Environments -0.112 0.229 -0.490 | NS

Dam Parity Mismatch Interaction -0.191 0.270 -0.709 | NS

Rainfall 0.002 0.001 2.622 0.009 *
Rainfall Matched Environments 0.002 0.001 2.619 0.009 *
Rainfall Mismatched Environments -0.002 0.004 -0.422 | NS

Rainfall Mismatch Interaction -0.004 0.004 -0.915 | NS

I Not Significant
. Significant to the 90% confidence interval (p < 0.1)
* Significant to the 95% confidence interval (p < 0.05)
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Sire age did not affect sex ratio in the population as a whole, nor in either of the
treatment groups. There was also no interaction effect between sire age and treatment.
However, when viewing the interaction between sire age and mismatch graphically,
there appears to be a slight trend when environments are mismatched, with increased
sire age resulting in a higher proportion of male offspring, but not when environments
are matched (Figure 3.1). Dam age had a slight effect on sex ratio in Arabian oryx, with
older females producing fewer male offspring. This effect was not observed when
either treatment group was examined individually, and there was no interaction effect

between treatment group and dam age on sex ratios (Figure 3.1).
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Figure 3.1: The effect of parental age at time of conception on offspring sex ratios in matched
and mismatched pre- and postnatal environments. A) Sire age in captive and wild
populations. B) Sire age in just wild populations. C) Dam age in captive and wild
populations. D) Dam age in just wild populations.
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Neither sire nor dam parity had any effect on offspring sex ratio in any of the examined
groups and there was no interaction effect. However, there was a greater disparity
between the sex ratios of offspring born to Arabian oryx that had reproduced in the
previous year and those that had not when environments were mismatched
(Figure 3.2). This was true for both sire parity and dam parity, but the direction of the
effect was opposite. When dams had reproduced in the previous year, sex ratios were
lower (fewer males were produced), and when sires had reproduced in the previous

year, sex ratios were higher (more males were produced).
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Figure 3.2: The effect of parental parity on offspring sex ratios in matched and mismatched pre-
and postnatal environments. A) Sire parity in captive and wild populations. B) Sire parity
in just wild populations. C) Dam parity in captive and wild populations. D) Dam parity in
just wild populations. Parity — True means parents had reproductive success in the year
prior to conception.

Rainfall leading up to conception had a significant effect on sex ratio when looking at
populations as a whole. As rainfall increased, sex ratios became increasingly male
biased. The same effect was observed in the matched treatment group. However, in
the mismatched group, rainfall had no effect on sex ratio. Although there was no
significant relationship between rainfall and sex ratio when environments were
mismatched, there was a slight trend in the opposite direction to the relationship when
environments were matched (Figure 3.3). Despite this, there was no significant

interaction effect between treatment and rainfall.
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Figure 3.3: Effect of average monthly rainfall (mm) over three months leading up to conception
on offspring sex ratios of Arabian oryx with matched and mismatched pre- and postnatal
environments, in A) captive and wild populations together, and B) just wild populations.

3.4.2 Wild Populations

The results of the statistical analysis on the effects of the various predictors on offspring
sex ratios in wild populations alone are presented in Table 3.2.

Similar to the full data set, mismatch treatment had no effect on offspring sex ratios in
just wild populations. Individuals that experienced a mismatch between pre- and
postnatal environments did not produce offspring sex ratios that differ from those of

individuals with matched environments (0.493 and 0.504 respectively).

Also in line with analysis for the full data set, in wild populations, sire age had no
effect on offspring sex ratios, regardless of treatment. Dam age, however, did affect
offspring sex ratio in wild populations, but only in the mismatched treatment group.
Following environmental mismatch, sex ratios become increasingly female biased as
dam age increases (Figure 3.1). This effect was not observed in either the matched
group, or the full wild population. There was also a slight interaction effect between
treatment group and dam age on sex ratios.
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Table 3.2: Model outputs for the effects of environmental mismatch, sire age, dam age, sire
parity, dam parity, rainfall, and their interaction effects on offspring sex ratios in wild
populations of Arabian oryx.

Model/Test Estimate Std. error z value p- value
Mismatch vs Match 0.123 0.320 0.385 | NSt

Sire Age 0.002 0.078 0.026 | NS

Sire Age Matched Environments -0.041 0.105 -0.389 | NS

Sire Age Mismatched Environments 0.061 0.119 0.510 | NS

Sire Age Mismatch Interaction 0.120 0.167 0.719 | NS

Dam Age -0.073 0.046 -1.588 | NS

Dam Age Matched Environments 0.039 0.080 0.496 | NS

Dam Age Mismatched Environments -0.163 0.071 -2.303 0.021 *
Dam Age Mismatch Interaction -0.242 0.133 -1.827 0.068 .
Sire Parity 0.277 0.321 0.865 | NS

Sire Parity Matched Environments 0.409 0.465 0.880 | NS

Sire Parity Mismatched Environments 0.174 0.446 0.391 | NS

Sire Parity Mismatch Interaction -0.308 0.681 -0.452 | NS

Dam Parity -0.226 0.269 -0.842 | NS

Dam Parity Matched Environments 0.223 0.353 0.631 | NS

Dam Parity Mismatched Environments -0.874 0.455 -1.923 0.055.
Dam Parity Mismatch Interaction -1.075 0.705 -1.524 | NS

Rainfall 0.010 0.013 0.803 | NS

Rainfall Matched Environments -0.002 0.017 -0.103 | NS

Rainfall Mismatched Environments 0.028 0.020 1.417 | NS

Rainfall Mismatch Interaction 0.030 0.026 1.142 | NS

I Not Significant
. Significant to the 90% confidence interval (p < 0.1)
* Significant to the 95% confidence interval (p < 0.05)
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Similar to sire age, sire parity had no effect on offspring sex ratios in any treatment
group within wild populations. Dam parity also had no effect on sex ratios in when
looking at the entire pool of wild Arabian oryx, nor in the matched treatment group.
However, when environments were mismatched, there was a slight correlation
between dam parity and offspring sex ratio with females that had not reproduced in
the previous year giving birth to a higher proportion of male offspring than females
that had done so (Figure 3.2). Despite different effects between the two treatment

groups, there was no interaction effect.

In wild populations of Arabian oryx there was no effect of rainfall on offspring sex
ratios. This was consistent between treatment groups, as well as when they were
combined, and there was no interaction between treatment and rainfall. However,
rainfall around the time of conception had a visible effect on offspring sex ratios when
pre- and postnatal environments were mismatched. This effect was obscured when

pre- and postnatal environments were matched (Figure 3.3).

3.5 Discussion

With the transfer of Arabian oryx between captivity and the wild in order to establish
captive breeding populations and reintroduce them to their former native range, the
prenatal environment experienced during development is mismatched from their
postnatal environment when reproducing as adults. This mismatch, however, did not
result in population wide offspring sex ratios that differ from those with matched
environments. Mismatches created by transfers in opposite directions (captive to wild,
and wild to captive) may have had an opposite effect on offspring sex ratios. These
opposing effects may have masked the overall relationship when analysed together.
However, analysis on just wild populations of Arabian oryx accounts for this, as
mismatch occurs only when captive born individuals are released into the wild. In the
wild populations individuals that had experienced a mismatch between pre- and
postnatal environments did not have an offspring sex ratio that differed from those
with matched environments. This supports the rejection of hypothesis 1, which states
that offspring sex ratio should differ between the groups.

Mismatched environments did influence the relationship between offspring sex ratios
and several factors that were expected to influence sex allocation in this species. While
this study only provided weak statistical support for this effect, mismatched
environments do appear to affect sex allocation in Arabian oryx in response to parental
parity and rainfall in the months leading up to conception. This suggests that the
lifelong physiological development controlled by maternal effects may constrain sex
allocation in this reintroduced population when pre- and postnatal environments are

mismatched.
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There is no evidence that maternal effects when pre- and postnatal environments were
mismatched imposed constraints on sex allocation in response to parental age when
captive and wild populations were analysed together. Sire age did not have a
statistically significant effect on offspring sex ratios in Arabian oryx. This was the case,
regardless of mismatch. However, this was not unexpected, as unlike dam age, sire age
has not been liked with offspring sex ratios in ungulates (Saltz and Kotler 2003). While
there was no observable relationship between sire age and offspring sex ratio when
environments were matched, when environments were mismatched, there appeared
to be a slight, non-significant trend (Figure 3.1). Despite this, there was not sufficient
evidence to suggest that the effect of sire age of offspring sex ratio was constrained by

mismatched pre- and postnatal environments.

Dam age was a significant predictor of offspring sex ratio when both matched and
mismatched treatment groups were combined. However, neither group on its own
showed this relationship. As dam age increased, offspring sex ratios tended towards
female bias (Figure 3.1). Body condition and ability to invest in offspring are expected
to decline with age, predicting a female biased sex ratio, as was observed (Clutton-
Brock and lason 1986; Saltz and Kotler 2003). While this relationship was not
significant in either treatment group, it appeared to be slightly stronger when
environment was mismatched. However, there was no evidence to suggest that
mismatched environments altered the way in which Arabian oryx adjust offspring sex

ration in response to dam age.

In the combined captive and wild populations, when environments were mismatched,
there appeared to be a relationship (although not statistically significant) between dam
parity (reproductive success in the prior year) and offspring sex ratio, which was not
present when environments were matched (Figure 3.2). Reproduction is costly and
females that have recently reproduced may have less resources and energy available
to invest in offspring development (Clutton-Brock and Iason 1986). Therefore, when
females reproduce in consecutive years, the sex of the later offspring is more likely to
be female, in accordance with the Trivers-Willard Hypothesis (Martin and Festa-
Bianchet 2011). This was the observed pattern when environments were mismatched.
It is not clear why this relationship was detectable when environments were
mismatched but not when they were matched. It may be that a consequence of
maternal effect on physiology left females overly sensitive to the effects of parity when
postnatal environment was mismatched, such that it was expressed more strongly than
is adaptively beneficial.

Sire parity expressed a similar pattern to dam parity, in that a slight relationship was
observable when environments were mismatched, but not when they were matched.
However, the effect of sire parity on sex ratios was opposite to the expected

relationship (Figure 3.2). Males that had successfully reproduced in the previous year
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were more likely to have male offspring. Although this result was unexpected, it is not
entirely surprising. Reproducing in the previous year is less likely to have an impact
on ability to invest in new offspring for male Arabian oryx, as they invet less in each
reproduction. Past reproductive success has even been linked with an increase to
offspring sex ratio in favour of males in some mammal species (Douhard, et al. 2016).
Again, it is unclear why this pattern would be expressed more when pre- and postnatal

environments are mismatched.

In the combined captive and wild populations when pre- and postnatal environments
were matched, rainfall over the three months leading up to conception was a
significant predictor of offspring sex ratios in Arabian oryx. As vegetation growth is
dependent on rainfall, higher levels of rainfall over this time should be coupled with
increased resource availability for investment in offspring (Berkeley and Linklater
2010). Therefore, in accordance with the Trivers-Willard hypothesis, offspring sex
ratios are expected to favour the production of males as rainfall increases (Trivers and
Willard 1973). This was the observed relationship when pre- and postnatal
environments were matched. However, when environments were mismatched, this
relationship was obscured, and no significant effect was present. The general trend,
visible in Figure 3.3, was in fact the reverse of the predicted outcome. The interaction
between rainfall leading up to conception and mismatched environments provides the
most compelling evidence that sex allocation may be constrained by maternal effects
when environments change. Under these conditions, reintroduced Arabian oryx failed
to adjust offspring sex ratios in an adaptive manner in response to changes in rainfall
(Berkeley and Linklater 2010).

A number of the results from analysis of just wild populations did not match results
from captive and wild populations together. However, they did provided support for
the hypothesis that a mismatch between pre- and postnatal environments can
influence the relationships between predictors of sex allocation and offspring sex
ratios. In the wild populations, rainfall did not affect offspring sex ratios when pre-
and postnatal environments matched. When environments were mismatched, there
was a non-significant, but observable trend, with increased rainfall leading to the
production of more sons (Figure 3.3). This was the expected response in accordance
with the Trivers-Willard hypothesis (Berkeley and Linklater 2010). Similarly,
mismatch between pre- and postnatal environments in wild populations affected the
relationship of sire age, dam age, and dam parity with offspring sex ratio (Figures 3.1
& 3.2). The prenatal experience of captive born oryx may have resulted in the
development of physiological traits not suited to the wild environment. As a result,
rainfall, parental age, and dam parity affect the mechanisms of sex allocation

differently to individuals born in the wild, thereby constraining sex allocation.
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It is not clear why these patterns emerged, or why analysis on wild populations did
not match analysis on captive and wild populations together. The purpose of this study
is not to explain how different variables affect offspring sex ratios in Arabian oryx, but
to examine how those relationships are influenced by a mismatch between pre- and
postnatal environments. The results presented here suggest that maternal effects in an
environment mismatched from the environment experienced as adults may impose
physiological constraints on the ability to adjust sex ratio in reintroduced populations
of Arabian oryx. However, they do not provide strong empirical evidence that this is
the case. This may be partially due to the structure of this research. As the factors
included here were merely indicators of ability to invest in offspring based on the
proxy data that was available to me, results were never likely to yield strong support.
Parental parity and parental age, while both can predict offspring sex ratios in some

species, are not the always the best indicators of ability to invest (Cameron 2004).

Rainfall around the time of conception showed the strongest relationship with sex
allocation. However, this was also not the most accurate measure of ability to invest in
offspring (Cameron 2004). I was only able to measure rainfall at the countywide scale,
which is relatively low resolution. This measure fails to detect variations within a
group or population of Arabian oryx, which may be considerable. Despite these
shortcomings, results presented here do suggest that sex allocation in reintroduced
populations of Arabian oryx may be constrained by the lifelong physiological impacts
of maternal effects in a mismatched environment. I recommend that this study act as
a stepping-stone for future research, which takes an experimental approach and uses
a direct indicator for ability to invest at the individual level within a reintroduced
population.
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4 California Condor

4,1 Introduction

Sex allocation is the selective investment in offspring of one sex over the other in order
to maximise fitness returns (West 2009). When sex-specific fitness returns vary in
response to the current local conditions (e.g., local resources or ability to invest in
offspring; Clark 1978; Trivers and Willard 1973), parents will gain a differing fitness
return on investment in sons verses daughters (West 2009). Offspring sex can be one
of the most important phenotypes in predicting fitness (Navara 2018c). Sex allocation
has been reported in a wide range of species types (Clutton-Brock and Iason 1986),
including birds (Komdeur and Pen 2002). Prominent theoretical explanations for sex
allocation in birds include the local resource competition model (Gowaty 1993), local
resource enhancement model (Gowaty and Lennartz 1985), and the Trivers-Willard
hypothesis (Trivers and Willard 1973). These hypotheses are logically appealing and
have been supported with empirical evidence (Review; Clutton-Brock and Iason 1986).
However, results from empirical studies have also been inconsistent and compelling
evidence is scarce (Komdeur and Pen 2002; Navara 2018d). Additionally, the vast
diversity of life histories between different bird species creates the need to examine sex

allocation at the species level (Navara 2018d).

When considering the complexity of sex allocation in birds, it is not surprising that
observed sex ratios at times fail to match predictions (Navara 2018d). This is often the
case in reintroduced populations of both mammals and birds, where unexpected sex
ratios have been reported following release (Milton and Hopkins 2006; Saltz and
Rubenstein 1995; Ewen et al. 2010). In species reintroductions, animals are released
into part of their former native range in order to re-establish a wild population (Gusset
2012). Species reintroductions have resulted in some great successes in the
management of threatened species (IUCN 2018). However, a large portion of attempts
still fail (Fischer and Lindenmayer 2000; Jule, et al. 2008; Sutton and Lopez 2014).
Skewed sex ratios following release can damage and slow the growth of reintroduced
populations (Wedekind 2012; Ginsberg and Milner-Gulland 1994; Seether, et al. 2003),
and may contribute to the low success rate for these programmes. However, in most
reports of skewed sex ratios in reintroduced populations, little or no explanation is
provided (Jiang, et al. 2000; Law, et al. 2014; Dunham 2001; Ewen, et al. 2010 Chapter
1.1). It may be that the mismatch between the two environments (captive and wild)
experienced by reintroduced animals, imposes physiological constraints on their

ability to adjust offspring sex ratios (Edwards, et al. 2019).

Significant physiological development occurs in utero. The environmental conditions
experienced during this time can impact that development and may be one of the

greatest sources of non-genetic physiological variation (Bernardo 1996; Lane, et al.
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2014b). This environment is largely controlled by maternal effects, through which the
conditions experienced by a pregnant female are expressed to the fetus (Gorman and
Nager 2004). In birds, the window in which maternal effects can directly influence
physiological development is limited, as the egg is separated after oviposition
(Groothuis and Schwabl 2007). However, maternal deposition of hormones in the yolk
will continue to have an effect up until hatching (Navara 2013a). Anticipatory maternal
effects allow offspring to develop in an environment that matches the expected
postnatal environment so that physiological characteristics can be ‘programmed’
accordingly (Mousseau and Fox 1998). Maternal effects can have significant and
lifelong impacts on several physiological characteristics, including those used in sex
allocation (Edwards, et al. 2016a).

Sex allocation is carried out through physiological mechanisms (Navara 2013b). As
physiology is variable between individuals (Edwards, et al. 2016a), some individuals
may respond to environmental conditions differently to others, and therefore adjust
offspring sex ratios differently. In birds, maternal hormones are the most likely
physiological mechanism by which sex allocation occurs (Navara 2013b). Maternal
steroid hormones vary in response to environmental and maternal conditions, which
have been linked to offspring sex ratios (Goerlich-Jansson, et al. 2013). Increased
testosterone levels lead to male biased sex ratios, while increased corticosterone lead
to female biased sex ratios (Navara 2013a; 2013b; Goerlic-Jansson, et al. 2013). While it
remains unclear if these steroid hormones represent direct mediators of sex allocation,
it is certainly likely that they are involved (Navara 2013b). Both testosterone and
glucocorticoid concentration are mediated by physiological characteristics that are
dependent on prenatal experience (Edwards, et al. 2016a). When there is a mismatch
between pre- and postnatal environments, as occurs when captive-bred populations
are reintroduced into the wild, animals may develop physiological characteristics that
are unsuited to respond to current local conditions as adults (Edwards, et al. 2016a).
This may impose constraints on their ability to adjust offspring sex ratios adaptively
and in accordance with theoretical hypotheses of sex allocation (Edwards, et al. 2019).
There is already evidence that prenatal environment can effect sex ratios in the
following generation (Clark and Galef 1995; Edwards, et al. 2016b), including support
for pre- and postnatal mismatch constraining sex allocation in response to factors that
are predicted to drive sex ratios (Edwards, et al. 2019).

Here I examine the effects of mismatched pre- and postnatal environments on sex
allocation in the reintroduced populations of California condor (Gymnogyps
californianus). Mismatch occurs when captive-born animals are released and
successfully reproduce in the wild, and also when wild-born animals are captured and
reproduce in captivity. Theoretical explanations suggest that sex ratios should vary in
response to a number of factors. I test the relationship between sex ratios and four

additional variables (parental age, parental parity in the previous year, rainfall, and
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temperature) that may influence sex allocation (Berkeley and Linklater 2010; Clutton-
Brock and Iason 1986; Rutberg 1986; Ferrer, et al. 2009; Dowling and Mulder 2006), and
explore the interaction between these variables and environmental mismatch in
California condors. I predict a mismatch between pre- and postnatal environments will
impose constraints on maternal ability to adjust offspring sex ratios. However, it is
difficult to predict whether it would lead to the production of more sons or daughters.
Additionally, I do not have details of population sex ratios for California condors.

Therefore, my proposed hypotheses are:

1. Mismatch between pre- and postnatal environments in reintroduced
animals will result in offspring sex ratios that differ, not from parity (i.e., a 1:1
male to female sex ratio), but from offspring sex ratios of animals whose pre- and
postnatal environment is matched.

2. Offspring sex ratios will vary in response to climate, parental age, and
parental parity in the previous year, but this effect will be obscured when pre-

and postnatal environment is mismatched.

The effect of the four factors measured here that I expect to influence sex allocation
(parental age, parental parity, rainfall, and temperature), may be masked by
supplementary resources and control of the environment in captivity. Additionally,
mismatch in opposite directions (i.e., captive to wild, and wild to captive) may have
an inverse effect on sex allocation, obscuring overall results. Therefore, as well as
conducting my analysis on the full California condor dataset, I also repeated it, looking
at just wild individuals. In this group, there is no anthropogenic control of the
environment, which may dampen sex allocation, and mismatch is only the release of

captive born animals into the wild.

4.2 Methods
421 Study Species

The California condor (Gymnogyps californianus) is a large land bird native to North
America, from the family Cathartidae (Synder and Synder 2000). California condors
are monogamous breeders and have slight sexual dimorphism between the sexes, with
males being on average slightly larger than females (Synder and Synder 2000). They
reach sexual maturity around the age of 5 or 6 years, at which point they mate for life
in a single pair. Breeding pairs produce just one offspring per clutch and provide an
extensive amount of parental care (Synder and Synder 2000).

The historic range of the California condor covered a vast area of North America
(BirdLife International 2018). Even before anthropogenic impacts, however, their range
had shrunk to just parts of the American Southwest and Baja California, Mexico.
Following European settlement, the remaining populations experienced further

dramatic declines (BirdLife International 2018). By 1987, all remaining California
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condors had been captured to establish a captive breeding population. The captive
population grew and, in 1992, they were reintroduced back into their former range in
California (Walters, et al. 2010). This new wild population has performed well, and
subsequent reintroductions to Arizona, Utah, and Baja California have followed. There
are now approximately 310 California condors living in the wild (BirdLife
International 2018).

4.2.2 Data

Data on California condor reintroductions was taken from the historic listings section
of the California Condor North American Studbook, published by San Diego Zoo
Global (Mace 2014). In this, animal ID, gender, date of birth, birth location, dam, sire,
and transfers were recorded for each known individual in captivity and in closely
monitored wild populations. Using this, I was able to identify individuals that had a
mismatched pre- and postnatal environment, and the sex ratios of their offspring. I
also determined the age of sires and dams at the time they conceived offspring,
whether they had reproduced in the year prior to conception, and climate details
around the time of conception. Climate details included the average monthly rainfall
around the time of conception (mm), and the average daily temperature in the month
of conception. For individuals conceived in the USA, this was measured at the state
level and data was taken from Iowa State University climate reports

(https://mesonet.agron.iastate.edu/climodat/). For individuals born outside the United

States (Mexico), rainfall was measured at the country level and data was taken from
the historic climate datasets of the World Bank Group
(https://climateknowledgeportal.worldbank.org/).

4.3 Statistical Analysis

All statistical analysis was done in R.Studio Version 1.1.463. The packages used have
been outlined in Chapter 2. Results are presented using 90% confidence intervals.

4.3.1 Offspring Sex Ratios in Environmentally Matched and Mismatched
California Condor

Generalised linear mixed effect models with binomial error were used to determine
whether offspring sex ratios of individuals with mismatched pre- and postnatal
environments differed from those with matched environments. A number of different
models with biologically relevant fixed and random effects were compared on the
Akaike information criterion (AIC) to find the model of best fit. The most complex
model included dam age, sire age, rainfall around the time of conception, and
temperature around the time of conception as fixed effects, and dam ID, sire ID,
conception location, conception location type, dam reproductive productivity in the
year prior to conception, and sire reproductive productivity in the year prior to
conception as random effects The model was gradually simplified and the most
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parsimonious model was identified, which included no random effects. Therefore, a
generalised linear model with binomial distribution but no mixed effects was used.

The final model included just the effect of mismatch and sire age as a fixed effect.

4.3.2 Parental age

Offspring sex ratios have been linked to parental age and ability to invest, which may
be expected to vary with parental age in monogamous birds (Magrath, et al. 2002;
Addison and Kitaysky 2008; Ferrer, et al. 2009). Both maternal and paternal age can
influence offspring sex ratios. Therefore, parental age may be related to offspring sex
ratios in California condors. I used generalised linear models with binomial error to
independently assess the effects of dam age and sire age on offspring sex ratios in
California condor. This was first done for all individuals regardless of mismatch. I then
examined the effect these variables had in each treatment group, matched and
mismatched, individually. Finally, I examined the effects of parental age and treatment
group together using models that included parental age (either dam age or sire age),

treatment, and their interactive effect.

4.3.3 Parental Parity

In this study, parental parity is taken as reproductive productivity in the year prior to
conception. Similar to parental age, ability to invest in offspring development may be
affected by parity (Clutton-Brock & Iason 1986; Rutberg 1986). Pairs that successfully
reproduced in the prior year would have less capacity to invest in offspring due to the
costly nature of their extensive parental care (Synder and Synder 2000). As such,
parental parity (both maternal and paternal) may influence offspring sex ratio in
California condors. The same methods were used to analyse the effect of parental
parity as parental age. Generalised linear models with binomial error were used to
assess the effects of maternal and paternal parity on offspring sex ratios. This was first
done for the full dataset of California condors, regardless of mismatch. Matched and
mismatched treatment groups were then tested independently. Finally, the effects of
environmental mismatch and parental parity were tested simultaneously to assess the

interaction effect between the two variables.

4.3.4 Climate Conditions

Climate factors can affect offspring sex ratios in a number of ways. Both temperature
and rainfall can influence resource availability and, subsequently, ability to invest in
offspring (Roche, et al. 2006; Berkeley and Linklater 2010). Extreme climate conditions
can also induce stress in breeding animals, thereby potentially affecting sex allocation
(Catalano, et al. 2007; Kruuk, et al. 1999). In this study, rainfall (mm) around the time
of conception and temperature (°C) around the time of conception were included as
factors that may influence sex allocation in California condors. I examined the effects
of these two variables on offspring sex ratios using generalised linear models with

binomial error. As for the previous variables, the effect of temperature and rainfall was
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tirst examined for all California condor individuals, then for each treatment group
independently. Finally, the effects of environmental mismatch and climate variables
were examined together using models that included either temperature or rainfall,

along with mismatch treatment and the interactive effect of the two factors.

4.3.5 Wild Populations

The effects of climate and parental age and parity may be somewhat masked in captive
populations. As the environment is controlled and resources are readily available,
these variables are not likely to affect ability to invest in offspring as heavily as they
would in the wild. To combat this, I have repeated the analysis above, examining just
the wild populations of California condor. Wild populations are made up of
individuals born in the wild (matched environments), as well as individuals born in
captivity that have been released to the wild (mismatched environments) In this,
mismatched pre- and postnatal environments are created only when captive-born

individuals are released into the wild, and not when wild-born animals are captured.

4.4 Results
44.1 Full data set

The results of the statistical analysis on the effects of the various predictors on offspring

sex ratios in both wild and captive populations combined are presented in Table 4.1.

California condors that experienced a mismatch between pre- and postnatal
environment did not produce offspring sex ratios that differ from those of individuals
with matched environments (Figure 4.1 “A”).

A) B)
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Pre- and Postnatal Environments Pre- and Postnatal Environments

Figure 4.1: The effect of mismatch between pre- and postnatal environments on offspring sex
ratios. When both captive and wild populations were analysed together (A), mismatched
environments had no effect on offspring sex ratios. However, in the wild populations alone
(B), California condors that had experienced a mismatch between pre- and postnatal
environment produced a higher proportion of sons than those that had not experienced a
mismatch.
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Table 4.1: Model outputs for the effects of environmental mismatch, sire age, dam age, sire

parity, dam parity, rainfall, temperature and their interaction effects on offspring sex ratios
in captive and wild populations of California condors.

Model/Test Estimate | Std. error | zvalue p- value
Mismatch vs Match -0.011 0.158 -0.067 | NS*

Sire Age -0.009 0.010 -0.856 | NS

Sire Age Matched Environments 0.011 0.015 0.732 | NS

Sire Age Mismatched Environments -0.026 0.014 -1.841 0.066 .
Sire Age Mismatch Interaction -0.037 0.020 -1.799 0.072.
Dam Age -0.003 0.014 -0.203 | NS

Dam Age Matched Environments 0.034 0.026 1.292 | NS

Dam Age Mismatched Environments -0.018 0.017 -1.060 | NS

Dam Age Mismatch Interaction -0.052 0.031 -1.661 0.097.
Sire Parity -0.138 0.173 -0.795 | NS

Sire Parity Matched Environments -0.148 0.247 -0.598 | NS

Sire Parity Mismatched Environments -0.136 0.244 -0.559 | NS

Sire Parity Mismatch Interaction 0.011 0.347 0.033 | NS

Dam Parity -0.134 0.172 -0.777 | NS

Dam Parity Matched Environments -0.229 0.244 -0.940 | NS

Dam Parity Mismatched Environments -0.046 0.243 -0.191 | NS

Dam Parity Mismatch Interaction 0.183 0.344 0.532 | NS
Rainfall -0.001 0.001 -0.509 | NS
Rainfall Matched Environments -0.001 0.002 -0.761 | NS
Rainfall Mismatched Environments 0.000 0.001 -0.051 | NS
Rainfall Mismatch Interaction 0.001 0.002 0.604 | NS
Temperature -0.015 0.017 -0.882 | NS
Temperature Matched Environments -0.032 0.022 -1.416 | NS
Temperature Mismatched Environments 0.012 0.029 0.434 | NS
Temperature Mismatch Interaction 0.044 0.036 1.216 | NS

1 Not Significant

. Significant to the 90% confidence interval (p < 0.1)
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Sire age had no effect on offspring sex ratios in either the full dataset, or the matched
group. However, when pre- and postnatal environment was mismatched sire age had
a significant effect on sex ratios with older males producing a higher proportion of
female offspring. There was also a slightly significant interaction effect between sire

age and environmental mismatch (Figure 4.2).

Dam age also had no effect on sex ratios for the population as a whole, and this
relationship was consistent for each of the treatment groups, matched and
mismatched, when tested independently. There was, however, a significant interactive
effect between dam age and mismatch. When pre- and postnatal environments were
matched, as dam age increased offspring sex ratio tended towards a male bias. When

environments were mismatched, the trend was reversed (Figure 4.2).
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Figure 4.2: The effect of parental age at time of conception on offspring sex ratios in matched
and mismatched pre- and postnatal environments. A) Sire age in captive and wild
populations. B) Sire age in just wild populations. C) Dam age in captive and wild
populations. D) Dam age in just wild populations.
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Neither sire nor dam parity had any effect on offspring sex ratio regardless of

treatment group and there was no interaction effect.

The same was found for both rainfall and temperature, with neither variable effecting
sex ratios in any treatment group and no significant interaction effect. While no
significant relationship was present, when graphing the effect of temperature on sex
ratios in the matched and mismatched groups, there was an observable trend. As
temperature increased, offspring sex ratios favoured females when environments were

matched, but males when environments were mismatched (Figure 4.3).
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Figure 4.3: Effects of temperature (°C) at the time of conception on offspring sex ratios under
matched and mismatched pre- and postnatal environments, in A) captive and wild
populations together, and B) just wild populations.
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4.4.2 Wild Populations

The results of the statistical analysis on the effects of the various predictors on offspring

sex ratios in wild populations alone are presented in Table 4.2.

Table 4.2: Model outputs for the effects of environmental mismatch, sire age, dam age, sire

parity, dam parity, rainfall, temperature, and their interaction effects on offspring sex ratios

in wild populations of California condors.

Model/Test Estimate | Std. error | zvalue p- value
Mismatch vs Match 1.492 0.601 2.483 0.013 *
Sire Age -0.021 0.051 -0.401 | NS*
Sire Age Matched Environments -0.505 0.350 -1.443 | NS
Sire Age Mismatched Environments -0.077 0.062 -1.253 | NS
Sire Age Mismatch Interaction 0.428 0.355 1.203 | NS
Dam Age 0.024 0.071 0.342 | NS
Dam Age Matched Environments -0.188 0.301 -0.624 | NS
Dam Age Mismatched Environments -0.038 0.083 -0.458 | NS
Dam Age Mismatch Interaction 0.150 0.312 0.480 | NS
Sire Parity -1.642 0.523 -3.138 | 0.002 *
Sire Parity Matched Environments -2.485 1.041 -2.387 0.017 *
Sire Parity Mismatched Environments -1.022 0.644 -1.586 | NS
Sire Parity Mismatch Interaction 1.463 1.224 1.195 | NS
Dam Parity -1.692 0.538 -3.145 | 0.002 *
Dam Parity Matched Environments -2.485 1.041 -2.387 0.017 *
Dam Parity Mismatched Environments -1.030 0.677 -1.521 | NS
Dam Parity Mismatch Interaction 1.455 1.242 1.172 | NS
Rainfall 0.002 0.003 0.734 | NS
Rainfall Matched Environments 0.002 0.004 0.377 | NS
Rainfall Mismatched Environments 0.006 0.006 0.989 | NS
Rainfall Mismatch Interaction 0.004 0.007 0.584 | NS
Temperature -0.066 0.089 -0.743 | NS
Temperature Matched Environments -0.288 0.228 -1.263 | NS
Temperature Mismatched Environments -0.025 0.100 -0.251 | NS
Temperature Mismatch Interaction 0.263 0.249 1.056 | NS

1 Not Significant

* Significant to the 95% confidence interval (p < 0.05)
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Unlike in the full dataset, when examining just wild populations, mismatched
environments had a significant effect on offspring sex ratios. Individuals born in
captivity and released during reintroduction, thereby experiencing a mismatch
between pre- and postnatal environments produced a higher proportion of males

when reproducing in the wild (Figure 4.1).

In wild populations parental age, both dam and sire, had no effect on offspring sex
ratio in any of the groups tested. There was also no interaction effect between parental
age and treatment. However, parent age had a noticeable effect on offspring sex ratios
when the relationship was graphed. This effect was dampened when pre- and

postnatal environments were mismatched (Figure 4.2)

Sire parity affected the offspring sex ratios in wild populations when looking at both
treatment groups together, with fathers that had successfully reproduced in the year
prior to conception producing a smaller proportion of male offspring. This effect was
consistent in the matched environment group. However, when environment was
mismatched, there was no significant effect (Figure 4.4). Despite sire parity having a
different effect on sex ratio between the groups, there was no significant interaction

effect of sire parity and treatment. The same results were true for dam parity.

| Environments
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Figure 4.4: The effect of parental parity on offspring sex ratios in matched and mismatched pre-
and postnatal environments. A) Sire parity in just wild populations. B) Dam parity in just
wild populations. Parents were more likely to produce female offspring if they had
successfully reproduced in the previous year, especially when pre- and postnatal
environments were matched.

Similar to the full dataset, rainfall and temperature had no effect on offspring sex ratios
in any treatment group, and there was no significant interaction effect between climate
details and treatment. However, temperature around the time of conception had a
visible effect on offspring sex ratios when the relationship was graphed. This effect
was obscured when pre- and postnatal environments were mismatched (Figure 4.3).
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4,5 Discussion

The establishment of a captive population and re-establishment of wild populations
involved in the reintroduction of California condor has involved the transfer of many
animals between two highly different environments, captive, and wild. When
individuals were conceived and born in one environment type, then transferred to the
other, a mismatch between pre- and postnatal conditions occurs. However, when
mismatches created by transfers in both directions (i.e. captive to wild, and wild to
captive) were examined together, their effect did not result in offspring sex ratios
different from those of individuals with matched environments (Figure 4.1). Because
release and capture are associated with opposite changes in environments, their effect
on offspring sex ratios may also be opposite. Therefore, the overall effect when

examining both transfer types together may be obscured.

The effect of mismatch on sex ratios in just wild populations supports this. In just wild
populations, mismatch only occurs when captive born animals are released to the wild.
I found that, in wild populations, California condors that had experienced a mismatch
in pre- and postnatal environments produced a higher proportion of male offspring
than those with matched environments (Figure 4.1). This result provides support for
hypothesis 1, that the change in environment created by reintroduction can affect

offspring sex ratios in California condor.

Of the predictors tested against sex ratios here, only rainfall around the time of
conception had no significant effect, and no visible trend throughout the analysis.
There was a significant interaction effect between mismatched environments and both
sire age and dam age on offspring sex ratios. Additionally, while there were no
significant relationships between parental age and sex ratios in the wild populations,
there are some visible trends, which were affected by mismatch (Figure 4.2). Both sire
and dam parity had a significant effect on offspring sex ratios in the wild populations
(Figure 4.4), but not when the wild and captive populations were analysed together.
Temperature around the time of conception also had no significant effect on sex ratios.
However, there was a visible trend when graphing this relationship, and that trend

was influenced by environmental mismatch (Figure 4.3).

Dam and sire age are closely linked in California condors as pairs mate for life in a
monogamous pair (Synder and Synder 2000). Therefore, it is not surprising that the
relationship between sire and sex ratios, and the relationship between dam age and
sex ratios were similar. If sex ratios change in response to dam age, the same trend
would be observed with sire age, as a pair ages together. As females are the
heterogametic sex in birds, it is likely that dam age is the causal effect and sire age just
correlates (Smith 2007; Navara 2013b). However, there is some evidence that sire age
affects offspring sex ratios in birds (Ferrer, et al. 2009; Dowling and Mulder 2006), as
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well as that females adjust offspring sex ratios in response to mate condition (Ellegren,

et al. 1996). Therefore, the effect of sire age being causal cannot be ruled out.

Here I found no significant effect of parent age on offspring sex ratios when the
matched and mismatched groups were together. However, when individuals had a
mismatch between pre- and postnatal environments, a significant relationship was
present. There was also a significant interaction effect between parental age and
mismatched environments on offspring sex ratios. When environments were matched,
as parental age increased, sex allocation favoured the production of sons. When
environments were mismatched, the reverse was true (Figure 4.2). In the wild
populations alone, no interaction effect between parental age and mismatch on
offspring sex ratios was present. However, when these relationships were graphed,
both sire and dam age appeared to affect offspring sex ratios more when environments

were matched than when they were mismatched (Figure 4.2).

Previous studies have reported a relationship between parental age and offspring sex
ratios (Ferrer, et al. 2009; Dowling and Mulder 2006), but an explanation for this pattern
is not clear. What is important here is that when environments were mismatched, the
relationship between offspring sex ratios and parental age changed. This suggests that
development under different environmental conditions from those in which animals
reproduces, may influence the interaction between parental age and the mechanisms

of sex allocation, thereby constraining sex allocation.

As for parental age, the mating system of California condors creates a strong link
between sire parity and dam parity. As a result, their effects here were again similar.
When captive and wild populations were put together in the species wide analysis,
parent parity did not affect offspring sex ratios. However, in the wild populations
alone there was an effect present. In captivity, animals are supplied with an abundance
of resources, potentially limiting the effect of past reproductive efforts on ability to
invest in offspring. Additionally, in captivity, egg removal was carried out to
encourage extra breeding (Synder and Synder 2000). Therefore, a number of the cases
where parents had reproduced in consecutive years may not have involved the
extensive parental care that is seen in the wild. As a result, ability to invest in future

offspring would not have been affected.

In the wild population, successful reproduction in the year prior to conception resulted
in a smaller proportion of offspring being male. As reproductive efforts and parental
care incur a large energetic cost, ability to invest in future offspring may be limited for
some time. (Clutton-Brock and Iason 1986) Therefore, this result is consistent with the
Trivers-Willard hypothesis (Martin and Festa-Bianchet 2011). However, California
condors do not meet the assumptions of the Trivers-Willard model, as they are
monogamous breeders and the Trivers-Willard hypothesis operates in polygynous

species (Trivers and Willard 1973). A definitive explanation for this relationship is
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therefore unclear. When pre- and postnatal environments were mismatched by release
from captivity into the wild, the effect of parent parity on offspring sex ratios was
dampened. This suggests that the effects of anticipatory maternal effects on
physiological development in a mismatched environment imposes constraint on the
ability of wild California condors to adjust offspring sex ratios in accordance with sire

and dam parity in the previous year.

Temperature around the time of conception had no significant effect on offspring sex
ratios in California condors, regardless of mismatch treatment. This was consistent
across both the analysis of captive and wild populations together, and the analysis of
wild populations alone. However, temperature appears to have a slight effect on
offspring sex ratios when pre- and postnatal environments are matched, with fewer
male offspring being born as temperatures increase (Figure 4.3). Individuals with
physiological traits that are not suited to their current environments as a result of
anticipatory maternal effects under mismatched conditions may fail to mount natural
responses to changes in temperature, which in turn alter the way they adjust offspring

sex ratios and resulting in the trends observed here.

These results provide support for hypothesis 2, that a mismatch between pre- and
postnatal environments imposes physiological constraints to the ability of California
condors to adjust offspring sex ratios. Mismatched environments created by the
capture and release of California condors altered the relationship of offspring sex ratios
with parental age, parental parity, and temperature around the time of conception.
While the results presented here do support this hypothesis, they do not provide
conclusive empirical evidence and many of the observed effects had only weak
statistical support. This is possibly due to the structure of this study and the limited

data available to me from past species reintroductions.

Cameron (2004) highlighted the flaw in analysing sex allocation retrospectively with
datasets collected for alternative purposes. The predictors of sex allocation used were
restricted to the available data, and may not be the most important factors for sex
allocation in California condor. Additionally, the climate conditions used here were
measured at relatively low resolution (state-wide). Variation that occurs within and

between populations in a single state would not be detected.

Repeating this study with an ongoing species reintroduction and using well-
established predictors of sex allocation at the individual level may yield more
conclusive results. An understanding of the specific differences between captive and
wild locations involved in that reintroduction programme would also be beneficial for

predicting and explaining observations.

Despite the shortcomings of this study, it does provide evidence that sex allocation is
constrained by physiological development in a mismatched environment. Verifying

this relationship could have significant implications for conservation. This could be
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taken into consideration in future reintroduction programmes, and efforts can be made
to mitigate its effect. Preventing sex ratio skews in reintroduced populations may
improve the success rate of these programmes and may aid in the preservation of

threatened species.

66



5 Red Wolf

5.1 Introduction
In the current global extinction crisis (Stork 2010; Burkhead 2012; Alroy 2015), bold

conservation strategies have been used in order to preserve threatened species in the
environment. One such strategy is the use of species reintroductions and translocations
(Seddon, et al. 2007; Reading, et al. 2002). Species reintroductions are used to re-
establish wild populations of threatened species to part of their former native range
from which they have been lost (Gusset 2012). While there have been many great
successes in the management of threatened species by using this strategy,
reintroductions still often fail (Fischer and Lindenmayer 2000; Jule, et al. 2008; Sutton
and Lopez 2014; Chapter 1.1). One such failure is the reintroduction of red wolves
(Canis rufus) in North America, which has been deemed largely unsuccessful
(Simonis, et al. 2017). Success rates are particularly low when reintroduced
populations are made up of captive born individuals (Sjodsen 1996; Bremner-Harrison,
et al. 2004; Vickery and Mason 2003). In the wild, captive-born animals are more
susceptible to starvation, predation, and diseases than wild born animals (Jule, et al.
2008). Another factor that may contribute to the low success rate in reintroductions of
captive-born animals is the offspring sex ratio in first generation following release
(Capter 1.1). Sex ratio biases have been reported in a number of reintroduced
populations following release (Milton and Hopkins 2006; Saltz and Rubenstein 1995;
Jiang, et al. 2000; Law, et al. 2014; Dunham 2001; Ewen, et al. 2010), and this pattern
may be even more prominent than the literature suggests (Chapter 1.1). Such sex ratio
biases can have a number of harmful effects that can damage and slow the growth of
the population (Wedekind 2012; Ginsberg and Milner-Gulland 1994; Seether, et al.

2003), potentially resulting in failure of the programme.

Many species have demonstrated the ability to adjust offspring sex ratios in order to
maximise fitness returns on reproductive investment (Clutton-Brock and Iason 1986).
This process is termed sex allocation and is adaptively beneficial when sex-specific
offspring fitness is variable (West 2009). Several sex allocation hypotheses are
prominent in the literature, which predict adjustment of offspring sex ratios in
response to a particular variable (Clark 1978; Trivers and Willard 1973; Gowaty and
Lennartz 1985). For example, The Trivers-Willard hypothesis predicts that in
polygynous species, mothers in good condition (high level of ability to invest in
offspring) will produce offspring in good condition, and males will gain a greater
fitness boost from being in good condition than females. Therefore, when mothers
themselves are in good condition, they should favour the production of sons (Trivers
and Willard 1973). Red wolves are monogamous breeder and therefore may not fit the
parameters of this model (Sparkman, et al. 2017). However, sex allocation also occurs
in monogamous species (Sidorovich, et al. 2007) and may still be affected by
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physiological constraints derived from anticipatory maternal effects. Other hypotheses
relate to various factors that may influence the fitness returns on investment in the two
sexes unequally, including: resource competition (Silk 1983), sex-specific dispersal
patterns (Clark 1978), sex-specific cooperative behaviours (Gowaty and Lennartz
1985), and different cost associated with the production of sons and daughter (Pratt
and Lisk 1989).

While these sex allocation hypotheses are logically appealing, empirical evidence to
support them has been notoriously inconsistent, particularly in mammals (Cameron
2004; Sheldon and West 2004). Methodological inconsistencies between studies
(Cameron 2004; Sheldon and West 2004) and interacting drivers of sex allocation
(Hiraiwa-Hasegawa 1993; Cockburn, et al. 2002; van Schaik and Hrdy 1991; Moore, et
al. 2015) have been highlighted as sources of some of this inconsistency. However, a
relatively large degree of variability still exists between results of different studies
(Edwards, et al 2016b, West 2009), and observed sex ratios fail to match predictions.
This is generally the case when reintroduced populations exhibit skewed sex ratios
following release (Milton and Hopkins 2006; Saltz and Rubenstein 1995; Jiang, et al.
2000; Law, et al. 2014; Dunham 2001; Ewen, et al. 2010). Many of these skews are either
poorly explained or not explained at all (Chapter 1.1). As sex allocation must act
through physiological mechanisms (Edwards, et al. 2016a), abnormalities in certain
physiological characteristics for some individuals can influence or constrain sex
allocation and may explain some of the inconsistencies in results and unexpected sex
ratio skews that have been observed (Edwards, et al. 2016a). Importantly, in
reintroduced populations, the transfer of captive born individuals to breed in the wild
is a potential source for such physiological abnormalities to come about (Edwards, et
al. 2019).

When captive-born animals are released into the wild during species reintroductions,
there is a mismatch between the prenatal environment, in which a significant portion
of physiological development occurs (Bernardo 1996; Lane, et al. 2014b), and postnatal
environment after release. Through anticipatory maternal effects, captive-born
animals may develop permanent physiological characteristics that are suited to that
environment (Edwards, et al.2016a). For example, in captivity, animals may be
exposed to unnaturally low environmental stress. When a pregnant female experiences
this, maternal effects express that experience to the developing fetus (Edwards, et al.
2016a; Brunton 2010). As a result, the fetus will develop in a prenatal environment with
unnaturally low glucocorticoid concentrations. This prenatal experience can have a
number of effects on physiological characteristics (Edwards, et al. 2016a), one of which
may be the development of a dampened stress response (Takahashi and Kalin 1991;
Sheriff, et al. 2010). A dampened stress response may be appropriate in the captive
environment, as environmental stressors are unnaturally low. However, when the

postnatal environment does not match the prenatal environment, as would occur in
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species reintroductions, it may leave animals unable to mount an appropriate stress
response in the wild (Edwards, et al. 2016a). Maternal effects can influence a number
of physiological characteristics, such that when pre- and postnatal environments are
mismatched, animals are unable to respond appropriately to the current local
conditions (Edwards, et al. 2016a). These include changes to glucose metabolism and
regulation, androgen regulation, and stress responsiveness (Lane, et al. 2014a;
Gluckman and Hanson 2004; Shiell, et al. 2000; Pfannkuche, et al. 2011; Voegtline, et
al. 2013; Brunton 2010; Takahashi and Kalin 1991), all of which are key processes in the
proposed physiological mechanisms used in mammalian sex allocation (Cameron
2004; Navara 2010; Grant 2007).

To summarise, when pre- and postnatal environments are mismatched (as occurs in
species reintroductions), animals develop in conditions that lead to physiological
characteristics that are unsuited to their postnatal environment. This may change the
way in which glucose and testosterone is regulated, and effect stress responsiveness.
As these factors are key to the physiological mechanisms used in sex allocation, it may
alter the way in which animals adjust offspring sex ratios. Therefore, the
reintroduction of captive-born animals and the associated mismatch between pre- and
postnatal environments may impose physiological constraints on an individuals
ability to adaptively adjust offspring sex ratios, and may explain the unexpected skews

observed in reintroduced populations.

Sex ratios are difficult to predict in monogamous species as they often fail to match the
assumptions of sex allocation hypotheses (Sidorovich, et al. 2007). However,
physiological mechanisms may still be present, allowing for anticipatory maternal
effects in a mismatched environment to influence offspring sex ratios. Testing this
effect in a monogamous species such as the red wolf allows for assessment of the range
of species types that should be considered when attempting to minimise unexpected

sex ratio skews in reintroduced populations.

Here I examine the effects of mismatched pre- and postnatal environments on sex
allocation in the reintroduced populations of red wolves (Canis rufus). Mismatch
occurs when captive born animals are released and successfully reproduce in the wild,
and also when wild born animals are captured and reproduce in captivity. Theoretical
hypotheses suggest that sex ratios should vary in response to a number of factors. I test
the relationship between sex ratios and three additional variables (parental age,
rainfall, and temperature) that may influence sex allocation (Berkeley and Linklater
2010; Clutton-Brock and Iason 1986; Rutberg 1986; Ferrer, et al. 2009; Dowling and
Mulder 2006), and explore the interaction between these variables and environmental
mismatch. I predict a mismatch between pre- and postnatal environments will impose
constraints on maternal ability to adjust offspring sex ratios. However, it is difficult to

predict whether it would lead to the production of more sons or daughters, especially
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in monogamous species such as the red wolf. Additionally, I do not have details on
natural population sex ratios in red wolves. Therefore, my proposed hypotheses are:

1. Mismatch between pre- and postnatal environments in reintroduced
animals will result in offspring sex ratios that differ, not from parity (i.e., a 1:1
male to female sex ratio), but from offspring sex ratios of animals whose pre- and
postnatal environment is matched, and,

2. Offspring sex ratios will vary in response to climate, parental age, and
parental parity in the previous year, but this effect will be obscured when pre-

and postnatal environments are mismatched.

The four predictors of sex allocation (sire age, dam age, rainfall, and temperature), may
have a dampened effect on offspring sex ratios in captivity as supplementary resources
and food is provided to the animals. Additionally, mismatch in opposite directions
(i.e., captive to wild, and wild to captive) may have an inverse effect on sex allocation,
obscuring overall results. Therefore, as well as conducting my analysis on the full red
wolf dataset, I also repeated it, looking at just wild populations of red wolves. In this
group, there is no anthropogenic control of the environment, which may dampen
effects on sex allocation, and mismatch only occurs when captive born animals are

released into the wild

5.2 Methods
5.2.1 Study Species

The red wolf (Canis rufus) is a critically endangered canine species, native to North
America (Phillips 2018). They are social animals, forming packs around a single
monogamous breeding pair and their offspring from a number of years (Sparkman, et
al. 2011). Breeding occurs once a year between January and March, and both males and
females participate in parental care, often with the assistance of older offspring in the
pack (Sparkman, et al. 2011). Males and females are sexually dimorphic in that males
are slightly larger than females (Waddell, 2014).

The red wolf is one of the most endangered wolf species in the world (Phillips 2018).
Historically, they ranged throughout the south-eastern USA, but wild populations
experienced dramatic declines due to hunting, habitat loss, and crossbreeding with
coyotes (Phillips 2018). During the 1970s the remaining wild red wolves were
captured, leaving the species extinct in the wild. Fourteen individuals became the
source of a captive breeding population. Despite this small number the population
grew and in 1986 they were reintroduced to North Carolina (Hedrick and Fredrickson
2008). This was followed by releases to a number of coastal islands in Florida,
Mississippi, and South Carolina, as well as a release to a national park in Tennessee.
The Tennessee population, however, was unable to establish and has since been

removed (Simonis, et al. 2017). Wild populations of red wolves continue to struggle as
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hunting pressures, and competition and crossbreeding with coyotes continues to limit
recovery (Phillips 2018).

5.2.2 Data

Data on red wolf reintroductions was taken from the historic listings section of the Red
Wolf International Studbook, published by Point Defiance Zoo & Aquarium (Waddell
2014). In this, animal ID, gender, date of birth, birth location, dam, sire, and transfers
were recorded for each known individual in captivity and in closely monitored wild
populations. Using this, I was able to identify individuals that had a mismatch between
their pre- and postnatal environments, and the sex ratios of their offspring. I also
determined the age of sires and dams at the time they conceived offspring, and climate
details around the time of conception. Climate details included the average monthly
rainfall around the time of conception (mm), and the average daily temperature in the
month of conception. This was measured at the state level and data was taken from

Iowa State University climate reports (https://mesonet.agron.iastate.edu/climodat/).

5.3 Statistical Analysis

All statistical analysis was done in R.Studio Version 1.1.463. (packages used listed in

the methods chapter). Results are presented using 95% confidence intervals.

5.3.1 Offspring Sex Ratios in Environmentally Matched and Mismatched
Red Wolves

Generalised linear mixed effect models with binomial error were used to determine
whether offspring sex ratios of individuals with mismatched pre- and postnatal
environments differed from those with matched environments. A number of different
models with biologically relevant fixed and random effects were compared on the
Akaike information criterion (AIC) to find the model of best fit. The most complex
model included dam age, sire age, rainfall around the time of conception, and
temperature around the time of conception as fixed effects, and dam ID, sire ID,
conception location, and conception location type as random effects. The model was
gradually simplified and the most parsimonious model was identified, which included
no random effect. Therefore, a generalised linear model with binomial distribution but
no mixed effect was used. The final model included just the effect of mismatch, and

sire and dam age as fixed effects.

5.3.2 Parental age

In a number of mammalian species, parental age has been linked to offspring sex ratios
(Coté and Festa-Bianchet 2001; Clutton-Brock and Iason 1986). Ability or disposition
to invest in offspring can vary with age (Clutton-Brock and Iason 1986). As a result,
offspring sex ratios may vary accordingly. Without species-specific insight, it is not

clear exactly how sex ratios should respond to different parental ages in red wolves.
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However, it is likely that an effect is present. Therefore, I examined the effect of dam
and sire age on offspring sex ratios independently using generalised linear models
with binomial error. I first tested this relationship across the entire red wolf dataset,
regardless of environmental mismatch. I then separated the matched and mismatched
treatment groups and examined this relationship in each independently. Finally, I
examined the effects of parental age and treatment group together using models that
included parental age (either dam age or sire age), treatment, and their interactive
effect.

5.3.3 Climate Conditions

Climate factors can affect offspring sex ratios in a number of ways. Both temperature
and rainfall can influence resource availability, and subsequently, ability to invest in
offspring (Roche, et al. 2006; Berkeley and Linklater 2010). Additionally, extreme
climate conditions can also induce stress in breeding animals, thereby potentially
affecting sex allocation (Catalano, et al. 2007; Kruuk, et al. 1999). In this study, rainfall
(mm) around the time of conception and temperature (°C) around the time of
conception were included as factors that may influence sex allocation in red wolves. I
examined the effects of these two variables on offspring sex ratios using generalised
linear models with binomial error. As for parental age, the effect of temperature and
rainfall was first examined for all red wolf individuals, then for each treatment group
independently. Finally, the effects of environmental mismatch and climate variables
were examined together using models that included either temperature or rainfall,
along with mismatch treatment and the interactive effect of the two factors.

5.3.4 Wild Populations

The effects of parental age and climate may be somewhat masked in captive
populations. As the environment is controlled and resources are readily available,
these variables are not likely to effect ability to invest in offspring as heavily as they
would in the wild. To combat this, I have repeated the analysis above, examining just
the wild populations of red wolves. Wild populations are made up of individuals born
in the wild (matched environments), as well as individuals born in captivity that have
been released to the wild (mismatched environments). In this, mismatched pre- and
postnatal environments are created only when captive born individuals are released

into the wild, and not when wild born animals are captured.
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5.4 Results
5.4.1 Full data set

The results of the statistical analysis on the effects of the various predictors on offspring

sex ratios in both wild and captive populations combined are presented in Table 5.1.

Table 5.1: Model outputs for the effects of environmental mismatch, sire age, dam age, rainfall,

temperature and their interaction effects on offspring sex ratios in captive and wild

populations of red wolves.

Model/Test Estimate | Std. error | z value p- value
Mismatch vs Match -0.082 0.162 -0.507 | NS!

Sire Age -0.036 0.021 -1.747 0.081.
Sire Age Matched Environments -0.042 0.022 -1.897 0.058.
Sire Age Mismatched Environments -0.004 0.060 -0.069 | NS

Sire Age Mismatch Interaction 0.038 0.064 0.594 | NS

Dam Age -0.028 0.024 -1.154 | NS

Dam Age Matched Environments -0.027 0.025 -1.067 | NS

Dam Age Mismatched Environments -0.009 0.083 -0.105 | NS

Dam Age Mismatch Interaction 0.018 0.087 0.207 | NS

Rainfall -0.001 0.001 -1.211 | NS

Rainfall Matched Environments -0.001 0.001 -1.047 | NS

Rainfall Mismatched Environments -0.002 0.004 -0.483 | NS

Rainfall Mismatch Interaction -0.001 0.004 -0.164 | NS
Temperature 0.022 0.013 1.730 0.084 .
Temperature Matched Environments 0.015 0.014 1.122 | NS
Temperature Mismatched Environments 0.081 0.040 2.024 0.043 *
Temperature Mismatch Interaction 0.065 0.042 1.545 | NS

1 Not Significant
. Significant to the 90% confidence interval (p < 0.1)
* Significant to the 95% confidence interval (p < 0.05)
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Red wolves that experienced a mismatch between pre- and postnatal environment did
not produce offspring sex ratios that differ from those of individuals with matched

environments.

When examining the effects of sire age, I found a slight relationship with offspring sex
ratio. This effect was consistent within the matched environments group. In these, as
sire age increased, sex ratios tended towards female bias. However, when environment
was mismatched there was no effect (Figure 5.1). Despite this, there was no significant

interaction effect between sire age and mismatch.
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Figure 5.1: Effects of sire age (years) at time of conception on offspring sex ratios under matched
and mismatched pre- and postnatal environments, in A) all populations together, and B)
just wild populations.

Unlike sire age, dam age had no effect on offspring sex ratio regardless of treatment

group and there was no interaction between dam age and treatment.

When considering the effects of climate factors, I found that rainfall had no effect on
offspring sex ratio in any of the treatment groups. However, there was a significant
relationship between temperature and sex ratios. This relationship was also present
for the environmental mismatch treatment group, with higher temperatures around
the time of conception yielding a higher proportion of male offspring. When pre- and
postnatal environments were matched, temperature did not affect offspring sex ratios
(Figure 5.2). There was, however, no significant interaction effect between temperature
and mismatch.
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Figure 5.2: Effects of temperature (°C) at the time of conception on offspring sex ratios under

matched and mismatched pre- and postnatal environments, in A) all populations together,

and B) just wild populations.

5.4.2 Wild Populations

The results of the statistical analysis on the effects of the various predictors on offspring

sex ratios in wild populations alone are presented in Table 5.2.

Table 5.2: Model outputs for the effects of environmental mismatch, sire age, dam age, rainfall,

temperature and their interaction effects on offspring sex ratios in just wild populations of

red wolves.

Model/Test Estimate | Std. error | z value p- value
Mismatch vs Match -0.132 0.192 -0.689 | NS!

Sire Age -0.045 0.036 -1.261 | NS

Sire Age Matched Environments -0.054 0.044 -1.214 | NS

Sire Age Mismatched Environments -0.011 0.074 -0.145 | NS

Sire Age Mismatch Interaction 0.043 0.086 0.499 | NS

Dam Age 0.004 0.037 0.119 | NS

Dam Age Matched Environments 0.003 0.041 0.073 | NS

Dam Age Mismatched Environments 0.043 0.093 0.469 | NS

Dam Age Mismatch Interaction 0.040 0.101 0.398 | NS

Rainfall 0.001 0.002 0.569 | NS

Rainfall Matched Environments 0.001 0.002 0.452 | NS

Rainfall Mismatched Environments 0.001 0.005 0.124 | NS

Rainfall Mismatch Interaction 0.000 0.005 -0.058 | NS
Temperature 0.055 0.024 2.247 0.025 *
Temperature Matched Environments 0.050 0.032 1.555 | NS
Temperature Mismatched Environments 0.105 0.049 2.164 0.030 *
Temperature Mismatch Interaction 0.055 0.058 0.949 | NS

I Not Significant

* Significant to the 95% confidence interval (p < 0.05)
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Similar to the full data set, mismatch treatment had no effect on offspring sex ratios in
just wild populations. Individuals that experienced a mismatch between pre- and
postnatal environments did not produce offspring sex ratios that differ from those of

individuals with matched environments.

In wild populations, neither sire nor dam age had a significant effect on offspring sex
ratios regardless of treatment group, and there was no interactive effect between
parent age and treatment. However, when graphed, a trend was visible in the
interaction between mismatch and sire age (Figure 5.1). Similar to results when both
wild and captive populations were considered, when environments were matched,
increased sire age resulted in a greater proportion of female offspring. This trend was

not present when environments were mismatched.

As for the captive and wild populations combined analysis, rainfall had no effect on

offspring sex ratios in wild red wolves.

When pre- and postnatal environments were mismatched, sex ratios responded to
temperature, becoming male biased when temperature increases. This relationship
was also seen when examining the effect of temperature on both treatment groups
combined in wild populations (Figure 5.2). However, when there was no

environmental mismatch, temperature did not affect offspring sex ratio (Figure 5.2).

5.5 Discussion

The transfer of red wolves between captive and wild environments involved in captive
breeding and reintroduction creates a mismatch between prenatal condition, under
which animals develop physiologically, and postnatal conditions, under which they
reproduce. This mismatch may impose constraints on their ability to respond to the
current local conditions and to adjust offspring sex ratios accordingly. These
constraints could explain some of the unexpected sex ratios observed in reintroduced

populations following release.

In the captive and reintroduced populations of red wolves, environmentally
mismatched individuals did not produce offspring with sex ratios different from those
with matched pre- and postnatal environments. When captive and wild populations
are examined together, both release and capture create a mismatch. These two transfer
types lead to mismatches in opposite directions. In other words, the environmental
changes experienced by a captured individual, are opposite to those experienced by a
released individual. These opposite mismatches may have had opposite effects on
offspring sex ratios, resulting in the overall effect being obscured. However, this does
not appear to be the case here. I conducted the same analysis for just wild populations
of red wolves. In this, mismatched environments occurred only when captive born
individuals were released to the wild. In just wild populations, mismatch between pre-
and postnatal environments did not alter offspring sex ratios. This result leads to the
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rejection of hypothesis 1.

While mismatched pre- and postnatal environments did not affect population sex
ratios as a whole, it did appear to influence the relationship between some predictors
of sex ratios and sex ratios. Maternal age had no effect on offspring sex ratios in these
populations of red wolves. Similarly, rainfall around the time of conception had no
effect. However, both sire age and temperature around the time of conception
influenced offspring sex ratios, and this relationship was altered by a mismatch

between pre- and postnatal environments.

When all populations of red wolves (captive and wild) were analysed together, sire
age had a significant effect on offspring sex ratios (Table 5.1). As sire age increased,
offspring sex ratios tended towards female bias (Figure 5.1). It may be that as males
age, their condition declines. As wolves live in packs led by an alpha male and female,
a decline in condition to the alpha male may be coupled with a pack wide decline in
resource availability and condition. This would result in decreased ability to invest in
offspring and, in accordance with the Trivers-Willard hypothesis (Trivers and Willard
1973), a female biased offspring sex ratio. However, as red wolves are monogamous
breeders their life history traits do not match the assumptions of the Trivers-Willard
model (Sidorovich, et al. 2007). Additionally, previous studies on offspring sex ratios
in wolves do not support this relationship (Mech 1975; Packard and Mech 19880).

Therefore, the explanation for this relationship is still unclear.

In this study, the effect of environmental mismatch on the relationship between sire
age and sex ratio is of more important than the relationship itself. When pre- and
postnatal environments were matched, sire age had a significant effect on offspring sex
ratio. However, when environments were mismatched, this relationship was not
present (Figure 5.1). This result is in line with hypothesis 2. In just wild populations,
the relationship between sire age and sex ratios was not significant. However, when
graphed, the relationship, and the effect of mismatched environments on this
relationship appears the same as when captive and wild populations were analysed

together (Figure 5.1).

Development in an environment that does not match the environment experienced as
reproducing adults may have resulted in physiological traits that are unsuited to
respond to local conditions. Therefore, mismatched individuals translate the effects of
sire age to the mechanisms of sex allocation differently to matched individuals. As a
result, they are unable to adjust offspring sex ratio in response to sire age.

Temperature around the time of conception also had a significant effect on offspring
sex ratios (Tables 5.2). As temperature increased, offspring sex ratios tended towards
male bias. Again, this relationship is difficult to explain. Extreme cold temperatures
may create a stressful environment, and resource availability may increase as

temperature increases. If so, this relationship would be in line with the Trivers-Willard

77



hypothesis. However, as red wolves do not fit the assumption of this model
(Sidorovich, et al. 2007), and previous research has suggested that wolf offspring sex
ratios skew towards males under stress (McGinley 1984), the explanation for this

relationship remains unclear.

When pre- and postnatal environments were mismatched, the same relationship
between temperature and sex ratio was observed (Figure 5.2). However, when
environments were matched, temperature did not have a significant effect on offspring
sex ratio. This was consistent for the analysis of captive and wild populations together,
and just wild population. This result is not in line with hypothesis 2, as the relationship
was present in mismatched individuals but not matched individuals. However, it does
support the theory that mismatch between pre- and postnatal environments can alter
the way in which animals adjust offspring sex ratios in response to predictors. The
prenatal conditions experienced by mismatched individuals may have resulted in the
development of physiological traits that led to an exaggerated relationship between

temperature and sex ratios following transfer between captivity and the wild.

The adaptive significance of the relationship between sex ratios and sire age and
temperature was not clear. However, the purpose of this study was not to explain these
effects, but to examine the effect of mismatched environments on those relationships.
Results presented here support the hypothesis that mismatch between pre- and
postnatal environments associated with species reintroductions can alter the
relationship between sex ratios and their predictors. This may be through
physiological constraints to the mechanisms of sex allocation, imposed by anticipatory
maternal effects under changing environmental conditions (Edwards, et al. 2016a).
While the results presented here support this hypothesis, they do not provide
conclusive empirical evidence. The predictors of sex allocation used were restricted to
the available data, and may not be the most important factors for sex allocation in red
wolves. Cameron (2004) highlighted the flaw in analysing sex allocation
retrospectively with datasets collected for alternative purposes. Additionally, the
climate conditions used here were measured at relatively low resolution (state-wide).
This nullifies variations that may occur between and within populations in a single
state. It would be beneficial to repeat this study using well-established predictors of

sex ratio, measured at the individual level.

Despite the shortcomings of this study, it does provide evidence that sex allocation is
constrained by physiological development in a mismatched environment. Verifying
this relationship could have significant implications for conservation. This could be
taken into consideration in future reintroduction programmes, and efforts can be made
to mitigate its effect. Preventing sex ratio skews in reintroduced populations may
improve the success rate of these programmes and may aid in the preservation of

threatened species.
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6 General Conclusions, Conservation Implications and
Future Research

6.1 General Conclusions

Species reintroductions are becoming increasingly used as a conservation strategy to
preserves threatened species and restore natural ecosystems (Seddon, et al. 2007).
However, despite our growing understanding of how to carry out these programmes,
a large portion still fail, and often for unknown reasons (Fischer and Lindenmayer
2000; Jule, et al. 2008; Sutton and Lopez 2014). A common trend following release is
that reintroduced populations produce offspring with unexpected sex ratios (Milton
and Hopkins 2006; Saltz and Rubenstein 1995; Jiang, et al. 2000; Law, et al. 2014;
Dunham 2001; Ewen, et al. 2010). Skewed sex ratios can limit population growth and
recovery (Wedekind 2012; Ginsberg and Milner-Gulland 1994; Szether, et al. 2003), and
may contribute to the high rate of failure in these programmes. This study provides
the first step in testing, and supporting, the hypothesis that the mismatch between
prenatal and postnatal environments experienced by reintroduced animals imposes
physiological constraints that limit their ability to adjust offspring sex ratios

adaptively.

Sex allocation operates through physiological mechanisms that translate current local
conditions into the selective production of sons or daughters (Cameron 2004; Navara
2010; Grant 2007). However, as physiology is variable, some individuals may respond
to the local condition differently to others, and subsequently adjust offspring sex ratio
differently (Edwards, et al. 2016a). One of the greatest non-genetic sources of this
variation is the environmental condition experienced during development,
particularly in utero (Bernardo 1996; Lane, et al. 2014b). When animals develop under
conditions that differ from their environment as adults, their developmental
experience can influence physiological characteristics (Edwards, et al. 2016a). This can
result in an inability to mount appropriate physiological responses to the current local
conditions, which can in turn influence the mechanisms of sex allocation, thereby

limiting their ability to adjust offspring sex ratios adaptively (Edwards, et al. 2016a).

In this study, I show that the mismatch between pre- and postnatal environments
experienced when captive born animals are reintroduced to the wild alters the
relationship between offspring sex ratios and several predictors of sex allocation in
three species, the Arabian oryx (Chapter 3), the California condor (Chapter 4), and the
red wolf (Chapter 5). In Arabian oryx and red wolves, offspring sex ratios did not differ
between individuals with mismatched environments and those with matched
environments. However, in California condors, captive born individuals that
reproduced in the wild (mismatched environments) produced a significantly greater

proportion of male offspring than wild born individuals (matched environments).
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Additionally, in each species, a mismatch between pre- and postnatal environments
changed the relationship between offspring sex ratios and at least one other predictor
of sex allocation, despite these predictors being relatively loose proxies for more well-
established predictors like body condition or ability to invest (Trivers and Willard
1973).

In Arabian oryx, the relationships that offspring sex ratios had with rainfall, parental
parity in the previous year, and dam age (only in wild populations) were affected by
mismatch. In California condors, the relationships that offspring sex ratios had with
temperature around the time of conception, parental parity and parental age were all
affected by mismatch. In red wolves, mismatch had an effect on the relationships that
offspring sex ratios had with temperature around the time of conception, and sire age.
Which variable would interact with mismatched environments was not predictable.
However, in each species, the predicted response that some factors would interact with
mismatch in their effect on offspring sex ratios was observed. These results suggest
that the developmental experience of mismatched individuals resulted in
physiological differences that altered the way in which they respond to local

conditions, thereby constraining sex allocation.

Each of these species has unique life history traits that showcase the diversity of species
types that may be constrained in their abiliity to adjust offspring sex ratios by
anticipatory maternal effects in a mismatched environment (Price 1989; Synder and
Synder 2000; Sparkman, et al. 2011). Arabian oryx are polygynous ungulates, which
are expected to carry out condition-dependent sex allocation. California condors and
red wolves on the other hand, are monogamous breeders and are less likely to conform
to the hypotheses of sex allocation. Additionally, in California condors, females are the
heterogametic sex and therefore are the sole determinants of offspring sex ratios
through chromosomes, as well as through hormonal influences (Smith 2007; Navara
2013b). Despite these differences, mismatched pre- and postnatal environments in all
three species influenced the relationship between sex ratios and various predictors.
However, in each species, different predictors interacted with mismatched
environments in their effect on offspring sex ratios. This highlights the importance in

understanding species-specific details about sex allocation processes and mechanisms.

6.2 Conservation Implications

In order to minimise the occurrence and impacts of skewed sex ratios in reintroduced
populations, we first need to understand the mechanisms driving these trends. This
study provides the first step to understanding how the mismatch between pre- and
postnatal environments experienced by reintroduced animals can contribute to the
unexpected sex ratio skews that have been observed. While further research is

required, these results can aid in making predictions of, and controlling offspring sex
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ratios in, reintroduced populations. In doing so, management of populations and

mitigation of undesirable sex ratios can be achieved more easily.

Species reintroductions generally involve multiple releases of captive-born animals to
the wild. If, in the initial releases, offspring sex ratios are unexpectedly skewed, actions
can be taken to correct that trend in the future. Captive breeding facilities could take
greater measures to recreate conditions that match the wild environment. Releases
could take a more gradual approach to the transition from captivity to the wild.
Alternatively, sex ratios of future release groups could be adjusted to account for

future skews that are expected to occur.

As well as conservation implications, this study could have implications for future
research testing the hypotheses of sex allocation (Edwards, et al 2019). It is generally
assumed that all individuals within a species have an equal aptitude for adjustment of
offspring sex ratios (Edwards, et al. 2016a). However, I show here that, when
physiological development occurs under mismatched conditions, sex allocation can be
constrained. This is consistent with findings from Edwards et al. (2019). Physiological
constraints caused by mismatched environments may have contributed to the
inconsistency in support for the hypotheses of sex allocation, and should be considered

before making conclusions in the future.

6.3 Future Research Directions

While this work does provide support for the hypothesis that mismatched
environments impose physiological constraints on sex allocation in reintroduced
populations, further research is required to fully understand this effect and the extent
to which it operates. This study examined past reintroduction events, and therefore it
was limited by the availability of data. As a result, more relevant and, perhaps, precise
predictors of sex allocation were unobtainable (for example, body score index or
dominance rank; Pike and Petrie 2005; Grant 1996). Future work should be conducted
on an ongoing species reintroduction programme. Ideally, sex allocation would be well
understood in the focus species, with recognised and supported predictors available.
This study could then be repeated, looking at the effect of mismatched environments
on the relationship between sex allocation and a more direct predictor of offspring sex
ratios, measured at the individual level. Additionally, a more detailed understanding
of the specific differences in environmental conditions between captivity and the wild

could help the management of sex ratios in future reintroduced populations.
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