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General summary

Fertility is a key component of reproductive success and should be under strong directional
selection. However, not all copulations result in successful fertilisation, and at least some
degree of infertility is virtually universal across the animal kingdom. How fertility rates remain
so consistently variable between individuals and populations is a fundamental question in
evolutionary biology, but also has important implications for commercial breeding and
conservation. In this thesis, | first perform a systematic review of the avian fertility literature,
finding that female fertility is consistently understudied relative to male fertility in birds. |
begin to address this gap by summarising the key physiological factors influencing female
fertility. | identify several important gaps in knowledge including 1) wild and non-commercial
species remain understudied; 2) fertilisation failure is often poorly defined and incorrectly
measured in females; 3) there is a broad lack of understanding of the genetic basis of female
infertility, and (4) there is little data on the variation in and mechanisms of female sperm
storage and selection in birds. The remainder of the thesis focuses on addressing some of
these gaps. | first explore how a Z-linked supergene influences female reproductive traits,
finding that despite having large effects on male sperm traits, the supergene does not affect
female reproductive traits. | then conduct two comparative studies on avian female sperm
storage and selection, firstly taking a largely descriptive approach, followed by a
phylogenetically controlled analysis exploring the dynamic relationships between post-
copulatory sexual selection, vaginal and sperm storage tubule morphology, and sperm traits. |
present evidence that not only is there a large amount of morphological variation in female
sperm storage structures, but that female reproductive tract morphology, specifically vagina
length, is associated with sexual selection intensity across species. These findings suggest that
female post-copulatory reproductive traits may be an important (and underappreciated)
agent of sexual selection in birds. | then collate the key findings from across this thesis into a
unifying discussion, placing them in the context of their wider potential impacts on
conservation science and commercial breeding and suggesting several important areas for
future research. Overall, this thesis presents an important step in directing the future of this
field into a new phase where female factors are taken into greater consideration when

exploring the factors influencing fertility and post-copulatory sexual selection across species.

Vi
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Chapter 1:

Introduction

Female blackbird (Turdus merula)
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1 Background

The innate drive to maximise individual fitness is an evolutionary force common to all
organisms. Since individuals that produce more offspring transmit their traits into future
generations at a higher frequency than their less successful counterparts, we expect there to
be strong selection on traits that maximise reproductive success. Despite this, rates of
reproductive failure are often remarkably high and/or variable within and between species
(Morrow et al., 2002). While some individuals reproduce prolifically, others may fail to ever
reproduce in their lifetime, and some degree of reproductive failure is a universal feature
across the animal kingdom (Clutton-Brock, 1988). Understanding the forces that shape
variation in individual and population reproductive rates is a key challenge in evolutionary and

conservation biology alike.

For individuals, even a single failed mating attempt can be costly. Failed reproductive
attempts are particularly problematic in species where mating opportunities are likely to be
limited, such as threatened populations with a small effective population size, those that
experience few reproductive seasons, or those that only reproduce once in a lifetime (i.e.
semelparity). Gametic wastage is also generally more costly for females, because egg
production requires an energetic investment around three orders of magnitude greater than
ejaculate production across species (Hayward and Gillooly, 2011). This is especially true for

taxa that produce large yolky ova, like birds.

In some critically threatened bird populations, the loss of a single egg can be devastating for
conservation management programmes, and the causes of such failure are often not
identified (or identified correctly), making it challenging to appropriately mitigate the issue
(Assersohn et al., 2021b - Appendix 1; Savage et al., 2022; Marshall et al., 2023). For
conservation management techniques to be as effective as possible, a comprehensive
foundational understanding of the factors affecting reproductive success is needed, but this is
lacking even in some of the most well-studied birds (Assersohn et al., 2021b; Appendix 1). For
example, in domestic turkeys (Meleagris gallopavo), a commercially important species usually
kept under optimal conditions and with strong selection for reproductive success, on average
15% of fertilised eggs fail to hatch, and the causes of such failure remain largely unexplained

(Beaumont et al., 1997).
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The IUCN predicts that 12% (one in eight species) of birds are threatened globally (BirdLife
International, 2017; IUCN, 2023), and with hatching failure rates averaging 17% across all
birds (Marshall et al., 2023), it is essential to improve our knowledge of both the physiological
and genetic factors affecting avian fertility and embryo survival. This is especially true for
female fertility-related traits, which have been historically understudied relative to males in
the fields of reproductive biology and sexual selection (Ah-King, 2022; Assersohn et al.,

2021a; Chapter 2).

2 Sexual selection and the role of females

Whilst in its infancy, sexual selection theory (Darwin, 1871) hadn’t yet acknowledged that
competition could occur post-mating (Ah-King, 2022), and the idea that females of any
species had an active role in most reproductive processes was widely rejected (Tang-
Martinez, 2016). Geoff Parker’s theory of sperm competition, developed in 1970, lead to an
expansion of sexual selection theory, whereby the concept of post-mating male-male
competition was introduced for the first time (Parker, 1970). However, the equivalent female-
centric theory — cryptic female choice — was not developed and widely accepted until years
later (Eberhard, 1996; Thornhill, 1983). Research into sexual selection in males (including
sperm competition) has progressed rapidly in the years since, yet our understanding of sexual

selection in females has lagged consistently behind.

In the second chapter of this thesis, | show that the number of male-focused papers
published to date on avian fertility far outnumber those in females today, and this gap is
widening over time (Assersohn et al., 2021a; Chapter 2). More recently, a similar pattern of
male-bias was found across the entire field of sexual selection research (Ah-King, 2022).
While we cannot attribute with certainty the causes of this imbalance, male reproductive
function is often more conspicuous (e.g., male external sexual characteristics), and more
easily studied (e.g., sperm being often more readily obtained and manipulated than eggs)
(Ah-King, 2022). Birds make a useful system for studying female reproductive function owing
to the fact their large eggs are laid external to the mother’s body, making them more
amenable to experimental examination and manipulation than viviparous taxa like mammals.

However, exploring the function of the female reproductive tract (particularly when
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attempting to disentangle male and female effects) is still challenging owing to its cryptic

nature within the female body (Firman et al., 2017).

Above and beyond the practical advantages of studying male relative to female reproduction,
it is widely acknowledged that social context and the beliefs of wider society often influences
current scientific thinking (Ah-King, 2022; Tang-Martinez, 2016). Darwin published The
Descent of Man and Selection in Relation to Sex at a time where females were widely viewed
as passive and coy participants in reproduction. These biases likely translated into the belief
that sperm were the active participants in fertilisation, with eggs (and the female
reproductive tract) remaining passive (Martin, 1991). These ideas were further supported by
Bateman in 1948, following his seminal experiment in fruit flies and ensuing arguments that

later became known as Bateman’s principles (Bateman, 1948).

Bateman argued that because male reproductive success is limited mainly by the number of
inseminations they can achieve, whereas females are primarily limited by the number of eggs
they can produce, males have the potential to produce a greater number of offspring than
females and thus have more variable reproductive success. He suggested that males should
be indiscriminately promiscuous, while females should be passive and choosy, thereby
cementing Darwin’s intuition that sexual selection should act much more strongly in males
(Bateman, 1948; Tang-Martinez, 2016). Bateman’s ideas were initially largely overlooked until
their revival by Trivers in 1972 (Trivers, 1972), after which point they became a paradigm in
sexual selection theory. Despite receiving widespread criticism for both his original
experimental setup and the analysis and conclusions made thereof (which have also been
found to not be replicable) (Gowaty et al., 2013, 2012; Snyder and Gowaty, 2007; Tang-
Martinez, 2016), Bateman’s conclusions often remain at the forefront of attempts to explain

differences in male and female reproductive behaviour (Tang-Martinez, 2016).

Current thinking is transitioning towards a greater appreciation for the role of female agency
in reproductive processes: females are now known to exhibit often highly promiscuous and
competitive behaviours, and be actively selective both pre- and post- copulation. The rise of
molecular paternity analyses in the 1990s also led to the revelation that extra pair paternity,
even among apparently monogamous species, is common (albeit variable within populations),
and that sexual selection in females may be a ubiquitous phenomenon (Burke, 1989;

Fromonteil et al., 2023; Pizzari and Wedell, 2013; Taylor et al., 2014). Furthermore, in a recent
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meta-analysis of a broad range of taxa, female reproductive success was found to be
positively correlated with mating success, indicating that females gain individual fitness
benefits from multiple mating (Fromonteil et al., 2023). This suggests that polyandry is not
just a consequence of high pressure from males to mate, but a female-driven sexually
selected trait, with important consequences for individual, population, and species level

fitness (Fromonteil et al., 2023; Taylor et al., 2014).

The increasing evidence that polyandrous females may bias fertilisation towards sperm from
some males over others (i.e. cryptic female choice) further emphasises the degree of control
females may have over reproductive outcomes, the processes of sexual selection and the
coevolution of male and female sexual traits (Eberhard, 1996; Firman et al., 2017; Kustra and
Alonzo, 2023). Despite these advances, the deficit of research focusing on females in the
fields of sexual selection and reproductive science is a lingering issue. In Chapter 2 of this
thesis, | identify that within avian reproductive science, we particularly lack knowledge of the
genetic factors affecting female reproductive function, as well as the variation in and
mechanisms of female sperm storage and selection and its relevance to female fertility

(Figure 1) (Assersohn et al., 2021a).

3 The genetic basis of variation in reproductive success
in female birds

The field of avian genomics is dominated by studies in the domestic chicken (Gallus gallus).
Not only is the chicken one of the most valuable agricultural species globally but is a model
for the study of embryology, and disease and immunology (Kraus, 2019). The chicken was the
first avian species (and one of the first vertebrates) to have its genome sequenced
(International Chicken Genome Sequencing Consortium, 2004), swiftly becoming a leading
model for genomics research. Since then, with the advent of new, faster, and more cost-
effective sequencing technologies, there has been a rapid expansion in the number of
completed avian genomes, including at least one representative species from almost all bird
families (Bravo et al., 2021; Feng et al., 2020; Kraus, 2019). Although it currently covers only
5% of total avian diversity (Bravo et al., 2021), the Bird 10,000 Genomes Project (B10K) aims
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to expand coverage to include sequences from every extant bird species (China National
GeneBank, 2016). This will be essential for improving our understanding of the phylogenetic
relationships between modern birds and building the field of avian comparative genomics

(Bravo et al., 2021; Feng et al., 2020).

Mating
: behaviour
Pollution
Stress Age Availat?ility of‘good’
\ / quality males &
unrelated males
Diet Phys‘lc‘:al
condition

i

<—— Poor husbandry or
Disorders, environment

defects & illness

immunological activity

Genetic
factors

Causes of infertility in female birds

Figure 1 Schematic summarising the primary causes of infertility in female birds identified in Assersohn et al.,
(2021a) (Chapter 2). Highlighted in red are fields thought to be particularly poorly understood (the genetic
factors, and female sperm storage and selection), on which Chapters 3, 4 and 5 of this thesis will focus. Drawn in

Adobe lllustrator (version 28.3).

Unsurprisingly, the bulk of our knowledge of the genetic architecture of reproductive traits in
birds currently comes from studies in poultry, which have focused primarily on identifying and
improving traits that act as indicators of laying performance (e.g., egg production, age at first
egg, bodyweight at first egg, laying rate, etc.) (reviewed in Du et al., 2020). Despite these
advances, research remains relatively diffuse, with a lack of a unifying and clear overarching
understanding of reproductive genetics in birds. Furthermore, most research to date has
focused on identifying genes important for reproduction with the practical goal of improving

laying performance in poultry, while little attention has been paid to the ways in which these
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genes might influence infertility and hatching failure in other species, especially those that
suffer from low rates of reproductive success. Even among chickens, a more complete
understanding of the factors affecting egg laying performance first requires the identification

of a greater number of candidate genes (Du et al., 2020).

Reproductive failure is likely a complex polygenic trait, influenced by many genes, each of
small effect, and likely with many linked and interacting genetic components (Du et al., 2020;
Pei et al., 2020; Santure et al., 2013). For example, at least 31 genes have been identified as
having significant associations with egg-laying performance in chickens, with several further
candidate genes having already been identified through GWAS (Genome Wide Association
Studies) (Du et al., 2020). In another GWAS in collared flycatchers, only a few significant QTLs
for clutch size were identified (Husby et al., 2015), and in great tits (Parus major), studies have
found a positive association between chromosome size and genetic variation in clutch size
and egg mass but detected no significant genome-wide quantitative trait loci (QTL),
suggesting these traits are polygenic (Santure et al., 2015, 2013). In addition to
individual/candidate genes (of which there are likely to be many, each of small effect) and
their interactions, variation in reproductive outcomes may also be influenced by other non-
mutually exclusive genetic factors such as selfish genetic elements (Lindholm et al., 2016;
Price and Wedell, 2008), intra-locus sexual antagonism (Pei et al., 2020; Pennell and Morrow,
2013), frequency-dependent selection (Morrow et al., 2002), genetic incompatibilities
(Tregenza and Wedell, 2000; Zeh et al., 1996), inbreeding (Charlesworth and Charlesworth,
1987), chromosomal mutations (such as inversions) (Giraldo-Deck et al., 2022), and gene x

environment interactions (Armbruster and Reed, 2005).

It is currently difficult to draw broad conclusions about what is known or important for other
avian species in terms of the genetic basis of traits involved in reproductive failure. This will
become clearer as the number of species with their genomes sequenced continues to
increase in the coming years, no doubt spurring further research including the identification
of new candidate genes involved in reproductive processes. As is highlighted in Chapter 2, a
more collaborative approach between poultry science and the wider field of evolutionary

biology would aid progress.

In this thesis, | take a targeted approach to exploring the genetic basis of variation in

reproductive success in birds, by building upon an existing body of work in a model songbird,



Chapter |

the zebra finch (Taeniopygia guttata). In this system, it is already known that a suite of linked
genes (known as an inversion polymorphism, or supergene, see Chapter 3) have strong
effects on male fertility, but the effects on females are not well understood. This system
therefore presents an ideal opportunity to expand our knowledge of the genetic basis of
variation in reproductive traits in a non-poultry species, whilst simultaneously addressing the

disparity in knowledge between males and females in this field (Chapter 3).

4 Sperm storage and selection in female birds

In internally fertilising animals, successful fertilisation depends on the precise timing of the
release of the ova with the arrival of sperm at the site of fertilisation. In birds, there is only a
very short window between ovulation and the laying down of the outer perivitelline layer
(approximately 15 minutes in chickens; Wishart and Staines, 1999) — which is impenetrable by
sperm (Bakst et al., 1994; Hemmings and Birkhead, 2015; Wishart, 1997). To guard against
the wastage of gametes, females must ensure sperm are available for fertilisation within that
window at every ovulation. This can be achieved either by precise timing of insemination, or
via the storage of sperm within the reproductive tract (Sasanami, 2017). Sperm storage allows
for the decoupling of mating from fertilisation: sperm are stored and maintained within the
reproductive tract long after insemination, and then released at the precise timing of
ovulation (Bakst et al., 1994; Hemmings et al., 2015; Sasanami, 2017). The reproductive tract
is a highly hostile environment for sperm, and so storage must occur in specialised sperm
storage tubules (SSTs), without which sperm would not survive long enough to participate in
fertilisation (Bakst, 2011; Das et al., 2008). Even with the presence of SSTs, only 1% of
inseminated sperm make it into storage and reach the site of fertilisation (Bakst et al., 1994).
Sperm storage not only guards against a lack of viable sperm for fertilisation, but provides
females with the opportunity to selectively store/release a subset of sperm from preferred
males, thereby providing a mechanism of cryptic female choice (Eberhard, 1996; Firman et

al., 2017).

In birds, SSTs are often defined as ‘simple tubular invaginations’ (Sasanami, 2017), and have
been most well studied in poultry, but rarely in non-commercial or wild species (Shankar et
al., 2022). Even among commercially important species like chickens (Gallus gallus

domesticus) and turkeys (Meleagris gallopavo), we still lack a comprehensive understanding
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of the precise molecular and biochemical events occurring within SSTs during the acceptance,
storage, and release of sperm (Khillare et al., 2018). Chickens and turkeys are also
comparatively quite abnormal in their reproductive physiology (e.g., non-seasonal breeders,
having undergone strong artificial selection for constant high productivity), making them a
non-representative model for reproductive function for many other species. Despite this,
there has been a general assumption that all birds have SSTs that look and function in the
same way as those observed in poultry. There is already evidence that even among
commercial birds, SSTs have large interspecific variation in storage capabilities. For example,
sperm are stored for an average of 5-10 days in Japanese quail (Coturnix japonica), 2-3 weeks
in domestic chickens, and 10-15 weeks in turkeys (Birkhead and Moller, 1990; Sasanami,
2017). The cause of this variation in sperm storage duration is unknown and rarely discussed

in the context of SST diversity in birds.

Given that sperm are the most diverse cell types known (Pitnick et al., 2009), it stands to
reason that the structures that receive and store them may also be diverse (Cramer et al.,
2023). In a comparative study of 20 passerines, Briskie & Montgomerie (1993) found that
sperm length was correlated positively with SST length and negatively with SST number,
suggesting that the large variation in sperm size observed in these species is likely explained
by the co-evolutionary dynamics of post-copulatory sexual selection. Correlations between
sperm morphology and sperm storage organ morphology have been shown in other taxa as
well (primarily invertebrates), with growing evidence that the female reproductive tract can
act as a driver of evolution in sperm form and function (Higginson et al., 2012; Miller and
Pitnick, 2002). We ultimately know little about the degree to which sperm storage tubules
vary or how such variation might influence — or be influenced by — the trajectory of
sperm/ejaculate and/or mating system evolution in birds. An important step in assessing
these relationships more thoroughly — and for understanding the factors affecting female
reproductive function across birds in general — will be to first identify and quantify the
diversity of morphology and function in SSTs across a greater range of avian species, a goal |

aim to begin addressing within this thesis (Chapters 4 & 5).
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5 Thesis outline and aims

During my PhD, | aimed to improve our understanding of female reproductive function in
birds, and the factors that shape variation in reproductive success across avian species. This
thesis begins by summarising the primary physiological factors that can affect female fertility
in birds. Chapter 2 (published) provides a systematic review that collates the extensive and
often under-cited poultry science literature and combines it with our current knowledge
across non-poultry species. | provide evidence that females and non-commercial bird species
are understudied relative to males and commercially important birds, respectively, and
identify several knowledge gaps that would benefit from future research. | identify that the
genetic factors underpinning variation in female fertility, as well as female sperm storage
physiology, remain particularly understudied in the field of avian fertility (Figure 1). The
successive chapters are focused specifically on addressing these gaps, with Chapter 3
(published) focusing on a key knowledge gap in female reproductive genetics, exploring the
effects of a sex-linked supergene on female fertility in a system already well studied in males.
Chapters 4 (in press) and 5 then adopt a physiological perspective, describing and quantifying
the degree of variation in sperm storage tubule structure and number across the Order
Galliformes, and testing functional hypotheses to explain this variation. The findings of all four
data chapters are then unified in a final discussion. In Appendix 1, | also present a review
paper (Assersohn et al., 2021b) that | wrote and published during my PhD candidature, on
which | am joint first author. While the work does not form part of my core PhD research, its
focus on the causes of hatching failure in birds is relevant to the rest of the work presented in

my thesis and has influenced my thinking across all chapters.

6 Study systems
6.1 The zebra finch

The zebra finch (Taeniopygia guttata) is a small estrildid finch with an extensive distribution in
Australia and Indonesia (Zann, 1996). They became known to science in the early 1800s, with
the Australian zebra finch being first formally described in 1837 by the ornithologist John
Gould (Zann, 1996). They quickly became popular cage birds as they took well to captivity and
captive breeding. In addition to their hardy nature, and inexpensive and simple husbandry

requirements, zebra finches have a quick generational turnover and breed opportunistically,

10
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making them ideal for the study of reproductive physiology and behaviour in the lab (Zann,
1996). Furthermore, the zebra finch was the second avian species to have its genome

sequenced (after domestic fowl) (Warren et al., 2010), cementing their place as one of the
most popular animal models for an array of scientific disciplines (Hauber et al., 2021), with
5,831 published papers to date (between 1941 and 2024: from a Web of Knowledge search

with “Taeniopygia guttata” or “zebra finch” in the topic or title).

Zebra finches make particularly good species for exploring the factors affecting reproductive
performance in birds. This is in part due to the wealth of relevant knowledge and resources
available, and the ease with which they are kept and bred in captivity, but also because their
reproductive success is highly variable —and this is true of both captive and wild populations.
In the wild, zebra finch hatching failure rate is reported to be >15%, whilst in the lab estimates
range from 17-75% (Pei et al., 2020). Even in a species as well studied as the zebra finch, the
causes of such high and often variable levels of hatching failure remain largely unexplained

(Griffith et al., 2017).

6.2 Galliformes

The order Galliformes are heavy-bodied ground feeding birds with wide ecological, economic,
and cultural importance (see Chapter 5, Figure 1, for a phylogeny) (Wang et al., 2013). They
consist of around 290 species, many of which are widely domesticated and form an important
commercial food source (e.g., chicken, turkey and quail spp.) (Wang et al., 2013). Many
species have also become important model systems across diverse disciplines, with poultry
science forming an expansive and discrete discipline in and of itself. The red jungle fowl
(Gallus gallus) was also the first avian species to have its genome sequenced (International
Chicken Genome Sequencing Consortium, 2004), making them a model system with a wealth
of well-developed genomics resources. Galliformes are extremely varied in physiology and
breeding ecology, with a wide variety of mating systems (Wang et al., 2013). As such, they are
an ideal system in which to explore the causes of interspecific variation in reproductive ability.
In poultry, hatching rate varies considerably depending on breed, but on average, 15% of eggs
fail to hatch in both chickens and turkeys (Beaumont et al., 1997; “Hatchability,” 2017; Islam
et al., 2002), despite considerable efforts to maximise egg production and fertilisation rates

through intense artificial selection.
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Fertility is fundamental to reproductive success, but not all
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1. Introduction

Fertility is fundamental to reproductive success, and so we should

expect fertility traits to be under strong selection to maximize

reproductive output and minimize the wastage of gamete

investment [1,2]. Despite this, fertility varies remarkably across

individuals, species and populations [3,4], and some degree of

infertility is ubiquitous across taxa. Gametic wastage is likely to be
Electronic supplementary material is available more costly for females than males [4], since they typically invest
online at https://doi.org/10.6084/m9.figshare.c.

5527110. © 2021 The Authors. Published by the Royal Society under the terms of the Creative

Commons Attribution License http:/creativecommons.org/licenses/by/4.0/, which permits
THE ROYAL SOCIETY P ’ ’ P

PUBLISHING unrestricted use, provided the original author and source are credited.



Chapter 2

considerably more in gamete production [5]. These costs are also likely to be greater in taxa that produce large
yolky ova, such as birds. Despite this, females are thought to have received comparatively less attention than
males within avian fertility research [6], especially in poultry research, where attempts to increase fertility
have historically been focused on male performance with far less attention given to females [7,8].

Successful fertilization occurs when a male pronucleus and a female pronucleus fuse to form a zygote
(i.e. syngamy) [9]. We therefore define infertility as the failure of syngamy, and any male or female
process contributing to failed syngamy is a cause of infertility. Confusingly, the term infertility has
been used interchangeably in the literature to describe both fertilization failure and embryo mortality
across taxa, though these two processes often have a very different mechanistic basis [10].
Differentiating between infertility and embryo mortality is often difficult, particularly if the embryo
dies during the very early stages of development [11], but the failure to distinguish between them
presents an important barrier to addressing the underlying causes of reproductive failure.

Birds are well suited to the study of reproductive failure, primarily because—unlike mammals—they
produce large, well-protected eggs which make them easy to examine externally before they degrade [11].
It is also possible to precisely determine whether a bird’s egg failed because it was unfertilized or because
the embryo died very early, using microscopic methods, but many studies still fail to make the distinction
[10,12,13]. Avian reproduction science also benefits from a wealth of knowledge from commercial poultry
research. Despite intensive, long-term selection for consistent and efficient egg production in certain lines of
commercially important species such as the domestic fowl (Gallus gallus domesticus) and turkey (Meleagris
gallopavo), hatching failure is still a pervasive issue in many commercial breeds, and the reasons for this are
not fully understood [11,14]. In the wild, hatching failure is also ubiquitous; on average 10% of eggs never
hatch [2], and in some threatened and bottlenecked species more than 60-70% of eggs fail [15,16]. While
there has been some attention paid to embryo mortality in birds, we still lack a clear understanding of the
incidence of true infertility and the factors that contribute towards it [17]. The incidence of infertility
relative to embryo mortality in wild populations has most likely been overestimated by many studies [11],
while in captive birds, infertility may be more likely [10]. Understanding the mechanisms that cause
infertility could therefore be particularly important for captive breeding programmes.

Here, we provide a thorough review of female-specific physiological factors that lead to infertility in
birds. We have consolidated the most valuable insights from across a broad range of literature,
including behavioural ecology, evolutionary biology and reproductive physiology, integrating these with
key findings from the vast but often under-cited poultry science literature. We reveal that there has been
a deficit of fertility research in wild and non-commercial species, and that female fertility traits are
consistently understudied relative to those of males. We then identify and explore key phases in the
female reproductive cycle where fertility may be compromised, and broadly categorize the physiological
mechanisms of infertility into five key processes: (i) failure to produce fertilizable eggs, (i) failure
during ovulation, (iii) failure to obtain sufficient sperm, (iv) failure to store and transport sperm, and
(v) failure of fertilization. We draw particular attention to the relationships between senescence,
environmental factors and female reproductive function. Our aim is to develop a clearer understanding
of the proximate causes of variation in female fertility and highlight key directions for future research.

2. How much do we know about female fertility traits in birds?

We conducted a systematic search of the avian fertility literature (see electronic supplementary material
for methods), identifying 718 relevant papers on avian fertility traits, of which 42% considered both male
and female fertility, 37% focused on male fertility only and 20% focused on female fertility only. As
expected, the number of avian fertility papers published each year is increasing, but since 1985, the
number of published papers that focus on male fertility have increased at a faster rate than the
number of papers focused on female fertility (figure 1a) (x*=15, d.f.=2, p<0.001). By April 2020,
published papers focusing on male avian fertility outnumbered those on female avian fertility by a
factor of 1.84, indicating that there is a deficit of papers focusing on females (compared with males)
within avian fertility research, a gap that appears to be widening over time. However, studies that
considered fertility traits in both males and females were almost as numerous as those that considered
males only, perhaps indicating that many researchers are taking a more holistic approach. This may
reflect the inherent difficulties involved in disentangling the effects of male and female factors on
fertilization success, since they are likely to be non-independent processes exhibiting complex
interactions [18]. Across all years (from 1921 to 2020), 79% of articles exclusively investigated captive
populations, with only 16% investigating wild populations and 5% investigating both captive and
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Figure 1. (a) The number of papers on avian fertility published between 1985 and 2019 on males only (purple), females only
(orange) and both males and females (green). (b) The number of papers on avian fertility published between 1921 and 2020
(all years) either focusing exclusively on the domestic chicken (Gallus gallus domesticus), other Galliformes, or other (non-
Galliform) bird orders, for both captive (left) and wild (right) populations.

wild populations. Furthermore, of the captive species studied, 80% focused on the order Galliformes,
with 54% focused exclusively on a single species: the domestic chicken (Gallus gallus domesticus). This
indicates that the avian fertility literature has also been heavily dominated by studies on gallinaceous
birds of commercial importance, with far fewer studies investigating non-commercial and wild
species. The greater focus towards male fertility appears to be a consistent pattern across both captive
and wild populations (figure 1b). Within wild populations, only 15% of papers focus on females
relative to 32% that focus on males. Within captive populations, the greater focus on male fertility is
not solely driven by studies in poultry, since it is consistent even when domestic fowl are excluded, in
which case only 14% of studies focus on females relative to 33% that focus on males.

The deficit of female-only avian fertility papers may reflect that, relative to ova, it is more practical to study
sperm traits, partly because it is easier to collect sperm in a way that is non-invasive and repeatable. In birds,
sperm biotechnology has also been developed considerably in poultry over the last century [19], which has
advanced the ways in which sperm can be examined, preserved and manipulated. There may also be a degree
of positive feedback, with ease of collection and study of sperm yielding greater advances in methodology,
which in turn yields further research. Beyond the practical advantages to studying sperm relative to ova,
the over-representation of studies on male fertility may also be a consequence of the historical view that
sperm are the ‘active’ participants in fertilization: seeking, binding to and penetrating the somewhat
‘passive’ egg [20]. Cultural biases have also been suggested to drive a male-orientated research focus
across other taxa including mammals [21]. While this view has been challenged in recent years (especially
with regard to post-copulatory processes such as cryptic female choice [22]), the gap between the number
of male and female fertility papers (both for wild and captive populations) suggests that female fertility
traits in birds are still understudied, and the role of the female in determining reproductive success is
therefore underappreciated. The following sections explore the physiological mechanisms that may
contribute to variation in female fertility in birds, and suggest new hypotheses and future directions that
may help fill the gaps in our current understanding of avian female fertility.

3. What causes infertility in female birds?

3.1 Failure during egg formation

In birds, infertility is typically measured as the number of unfertilized eggs, but this makes the
assumption that a female is already able to produce an ovum that can be fertilized. Female fertility is
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the product of not only fertilization rate, but also the number of eggs produced that are capable of being n
fertilized. The process of egg formation—from follicular development through to release of the ovum
during ovulation—is a metabolically demanding process [23,24] and problems occurring during these
early stages of reproduction are a costly and important cause of infertility. The incidence of infertility
resulting from egg production problems is unknown for most wild bird populations, making it
difficult to determine how important it is as a driver of individual variation in fitness. Regardless,
determining the incidence of egg production dysfunction is a logical step towards establishing the
causes of reproductive failure. Future studies should (where possible) attempt to collect data on failed
breeding attempts (i.e. where copulation was successful, but no eggs were produced), particularly
when the fertility status of the male breeding partner is known. This is likely to be somewhat easier
for captive populations relative to long-term wild study populations, where data are not routinely
collected on non-breeding individuals. Much of the avian fertility literature has a heavy focus on
seasonally breeding species, where photoperiod provides a reliable cue eliciting an annual
reproductive response. Generally, less is known about tropical/a-seasonal species and opportunistic
breeders, where an individual’s ability to respond rapidly to more unpredictable environmental cues
is likely to significantly influence their fertility.

* sosy/jewnof/BuoBuysyigndiaanosjefos

Reproductively active females of most bird species have only one functional oviduct in which there is
usually just one ovary (figure 2). The right oviduct regresses during development, and this is thought to
occur via hormonally controlled apoptosis (caused by the release of anti-Miillerian hormone), while the
left oviduct is protected from regression by elevated concentrations of oestrogen (which inhibits the anti-
Miillerian hormone receptor) [25], although the molecular mechanisms underpinning this process are not
yet fully defined. The mature avian ovary contains multiple maturing follicles each at a different stage of
development [26] (labelled F;-Fs5 in figure 2). Mature follicles consist of a large, protein rich yolky oocyte
and a small germinal disc (which contains the genetic material), surrounded by a granulosa cell layer,
multicellular theca layer and an epithelial layer (figure 3) [27,28]. At the vegetal pole of the follicle,
the epithelial layer becomes thin, forming a region known as the stigma that acts as the point of
follicle rupture during ovulation [28]. During the later stages of follicular growth, a glycoprotein
structure known as the perivitelline layer forms between the granulosa cells and the oocyte (figure 3).
The perivitelline layer functions to bind with sperm during fertilization and initiate the acrosome
reaction [29].

In birds, the mechanisms underpinning follicular development, maintenance and selection have yet
to be well defined, although the implications of these processes are likely to be significant for fertility [30].
Follicular selection (i.e. the selection of one white follicle to rapidly uptake yolk, undergo further
differentiation and eventually ovulate as a mature yellow follicle) is thought to be mediated by cyclic
adenosine monophosphate (cAMP) signalling, which acts through G protein-coupled receptors to
upregulate the expression of multiple genetic factors important for follicular development [25,30-32].
The unselected white follicles are maintained in an undifferentiated/arrested yet viable state within
the ovary until the next follicular selection [28]. This is thought to be regulated in part by the B-
arrestin protein, which desensitizes G protein-coupled receptors (and thus inhibits cAMP signalling),
and depresses granulosa cell differentiation [30]. Understanding the mechanisms governing follicular
recruitment and maintenance is considered a primary challenge in avian reproductive research [28,33].
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3.1.1 Hormonal factors

The proper functioning of the avian endocrine system is vital for egg production. In seasonally breeding
species, photoperiodic cues are received by deep brain photoreceptors that stimulate activity of the
hypothalamic-pituitary-gonadal (HPG) axis. The HPG axis is a tightly regulated system that, among
other things, regulates physiological processes associated with reproduction [28]. Specifically,
following an increase in photoperiod, the mediobasal hypothalamus is stimulated to produce local
thyroid hormone which regulates the release of gonadotrophin releasing hormone. This in turn
stimulates the pituitary to produce gonadotropins that initiate seasonal gonadal growth and activity
[28,34]. Following breeding, the HPG axis is promptly ‘switched off’, resulting in a significant
regression of the gonads [28]. In male Japanese quail (Coturnix japonica), lesions of the mediobasal
hypothalamus can inhibit the photoperiodic response and gonadal growth [35], but whether such
lesions affect seasonal gonad development in females is unclear.

The degree to which endocrine disorders naturally affect wild birds is largely unknown, but disorders
such as cystic hyperplasia, cystic ovaries and hypothyroidism are a clinical issue in captive birds [36—40].
There is also extensive experimental evidence showing that hormonal disruption can significantly 24
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Figure 2. Schematic of the avian oviduct and ovary (not to scale). Note that the avian ovary consists of multiple follicles at different stages
of development. The largest yellow follicles are labelled F;_s where F; is the largest follicle and will be the next to rupture. (a) The germinal
disc of a fertilized ovum (from a zebra finch (Taeniopygia guttata)). Note the clear outer ring and paler center of the germinal disc which
indicates embryonic development. (b) Sperm penetration holes visible on the inner perivitelline layer (IPVL) of an ovum after fertilization
(from a bullfinch (Pyrrhula pyrrhula)). (c) A cross section of the magnum (from a helmeted guineafowl (Numida meleagris)). Sperm is
transported through the magnum prior to fertilization, but this region functions mainly to produce the albumin which is laid down
during egg development. (d) A cross section of the isthmus (from Reeves pheasant (Syrmaticus reevesii)). Sperm is also transported
through the isthmus prior to fertilization, but this region functions mainly to produce and deposit shell membranes during egg
development. (e) The internal tissue lining and folds of the vagina and utero-vaginal junction region (from a bobwhite quail (Colinus
virginianus)). The vagina is considered the primary site of sperm selection in the oviduct, and the utero-vaginal junction functions as
the primary site of sperm storage, containing numerous sperm storage tubules. (f) A single fold of the utero-vaginal junction (from a
zebra finch (Taeniopygia guttata)) stained with Hoechst 33342 dye under a fluorescence microscope. The many small tubular structures
are sperm storage tubules. (g) A single sperm storage tubule (and visible trapped sperm) from a single fold of the utero-vaginal
junction (from a Japanese quail (Coturnix japonica)), stained with Hoechst 33342 dye and viewed under a fluorescence microscope.
Image credits: (a—d) Nicola Hemmings; (e—g) Paul Richards.
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Figure 3. Schematic of a mature avian follicle. (a) An avian follicle prior to ovulation. (b) The ovum and follicle during ovulation,
whereby a mature follicle ruptures at the stigma region, releasing the ovum. Sperm present in the infundibulum will begin to move
towards the ovum in preparation for fertilization, where they will penetrate the IPVL (green). (c) The ovum after fertilization, the
outer perivitelline layer (OPVL) (grey) has been laid down (which blocks further sperm entry). The IPVL (green) has an abundance of
sperm penetration holes around the germinal disc region where sperm have penetrated during fertilization (figure 2b).

influence egg production in captive species. For example, in domestic fowl, administering luteinizing
hormone 8.5 h after ovulation causes follicular degeneration (atresia) of the next follicle within the
follicular hierarchy [41], and in pigeons (Columba livia), administering synthetic gonadotropin-releasing
hormone can reduce luteinizing hormone concentrations, depressing egg production [42]. Treatment
with the inhibin A protein can increase the proliferation of granulosa cells and increase the secretion
of granulosa steroid production, while decreased expression of the inhibin o subunit (which has been
observed in cystic follicles in pigs [43]) is associated with follicle atresia in chickens [32].
Counterintuitively, injections of follicle stimulating hormone can decrease egg production in zebra
finches (Taeniopygia Quttata), possibly because of a negative feedback effect with endogenous secretion
of follicle stimulating hormone [44], although timing of treatment is also likely to be important since
the function of follicle stimulating hormone is known to vary with follicle size under normal
conditions [28]. Inappropriate levels of the anti-Miillerian hormone have been shown to disrupt
normal reproductive development in some species [45,46], and experimentally inhibiting oestrogen
synthesis in chicken embryos increases the expression of the anti-Miillerian hormone receptor,
resulting in masculinization of the reproductive tract [47]. The anti-Miillerian hormone is thought to
play a vital role in follicular development within the ovary, and elevated levels have been associated
with periods of restricted fertility in hens [48]. Elucidating the full significance of the anti-Miillerian
hormone for avian female fertility is an active area of research [33,48].

3.1.2 Disease and immune factors

The proper functioning of the immune system is of great importance in the defence against bacterial,
fungal and viral pathogens within the ovary. Toll-like receptors (TLRs) produced in the follicular
tissue of domestic fowl are known to be involved in the recognition of pathogens, and play a key role
in inducing an innate immune response in the ovary [28]. In particular, TLRs respond to pathogenic
stimuli by producing avian p-defensins (antimicrobial peptides), and proinflammatory cytokines and
chemokines [28,49]. Other cellular members involved in the innate immune response include
macrophages, natural killer cells and antimicrobial peptides [28]. TLR signalling may also cause
disruption to steroidogenesis, and result in apoptosis of undifferentiated granulosa cells, thereby
providing a mechanism to prevent the selection of infected follicles into the preovulatory hierarchy
[50]. The adaptive immune response then involves the migration of certain immunocompetent cells
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into the follicles, including major histocompatibility complex (MHC) antigen-presenting cells, T cells,
B cells and macrophages [28]. The distribution of immunocompetent cells in the oviduct increases
during sexual maturation, but then decreases significantly thereafter with age [51]. In humans, ovarian
autoimmunity has been associated with premature ovarian failure and infertility [52]. Less is known
about the incidence and mechanisms of ovarian autoimmunity in birds (particularly wild
populations), but antibodies that target ovarian tissue have been identified and been associated with a
decline in egg production with age in laying hens [51,53], and autoimmune thyroiditis is a clinical
issue associated with obesity and fertility declines in chickens [40]. The frequency of
immunocompetent cells present in the follicles of the hen ovary also decreases with age, suggesting a
reduction in infection resistance in older hens that could have an associated impact on egg production
[54]. The follicular reserve also depletes as birds age [55], inevitably resulting in changes to the HPG
axis. This may occur via reduced secretion of gonadal steroids and peptides and/or reduced
sensitivity of the hypothalamus to ovarian steroids, either because of diminished steroid stimulation
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or a general pattern of neural senescence [55]. Oestrogen has been associated with the upregulation of
immunocompetent cells into maturing follicles, and so may be involved in the age-related decline of
the immune response in the ovary [28,51,54].

In humans, ovarian disorders such as hormonal dysfunction, ovarian abnormalities (such as
polycystic ovarian disease), premature menopause and genetic defects [56], explain 30% of female
infertility cases. Although less well studied in birds, ovarian disorders are known to reduce or stop
egg production in poultry [57], and cystic ovarian disease is common in other bird species (e.g.
cockatiels (Nymphicus hollandicus), budgerigars (Melopsittacus undulatus) and pheasants (Phasianus
colchicus) [37]) [38]. Microbes present in the intestines and cloaca may be transported to—and
colonize—the ovaries [28]. Inflammation of the oviduct (such as salpingitis or metritis) caused by
bacterial or viral infection can result in oviductal impaction, egg abnormalities and infertility [38].
Little is known about the incidence of such ovarian disorders, or the degree to which they explain
variation in female fertility in wild populations.
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3.1.3. Environmental factors

3.1.3.1 Diet

A wealth of experimental evidence in birds (mostly poultry) shows that diet strongly influences egg
production and fertility. Striking the balance between optimum nutrient uptake (to maximize
production) and nutrient toxicity and/or obesity is of primary concern to the poultry industry [58].
Modern broiler breeder hens are particularly sensitive to overfeeding during the weeks prior to
laying, and even minor overfeeding can result in oviducal inflammation, prolapse and a reduction in
egg production [59]. When broiler breeder hens are fed ad libitum, this can result in obesity and the
onset of erratic oviposition and defective egg syndrome (EODES), which is thought to be caused by
excessive follicle development and the occurrence of multiple follicular hierarchies which disrupts
ovulation [59]. Yolk formation is energetically demanding and requires substantial changes in the
body’s metabolism of lipids [60]. Lipogenesis is responsive to both hormonal control as well as
dietary changes, and overfed hens exhibit symptoms of lypotoxicity including ovarian abnormalities
and follicular atresia [60,61]. Feed restriction is a commonly used method for controlling obesity and
the onset of EODES [59,60]. Over the last few decades, intense selection for greater body mass has
resulted in an increase in food consumption during ad libitum feeding. Consequently, there has been
an increase in the use and intensity of feed restriction regimes in broilers [58,60,61]. It is becoming
increasingly difficult for poultry breeders to achieve a diet sufficient for growth and reproductive
maintenance without overfeeding. Restricted feeding protocols also come with additional welfare
issues, namely an increase in stress and social aggressiveness related to hunger [62].

Nutrients thought to be important for egg production and fertility in birds include: manganese,
selenium, iodine, fluoride, sodium, zinc, copper, vitamin A, vitamin E, vitamin Bj,, protein and
linoleic acid [58,63-68]. An excess or deficiency in any of these can be disruptive. Nutritional
deficiency and toxicity are common in captive birds but thought to be more rare in wild populations
[63], although the dietary requirements and nutrient availability for wild populations are less well
studied and may be impacted by environmental change and/or supplemental feeding. In particular,
the nutritional needs of endangered populations with reduced natural habitat may be restricted,
especially if they have been translocated to habitats with different food sources to those in their native
range (but see Jamieson [63]). 27
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3.1.3.2 Stress

It has long been known that stress also plays a vital role in the productivity of laying hens, and stressors
may include fear (either of humans [69] or of novel social or physical environments [70]), insufficient
space [71] and heat stress [72]. Heat stress reduces egg production by decreasing feed intake and
causing nutritional deficiencies, but also by causing widespread disruption to the hormones important
for ovulation [72]. In birds, temperatures above 30°C can trigger heat stress [73], and Deng et al. [74]
found that when laying hens were exposed to 34°C heat for two weeks, egg production decreased by
28.8%. Increasing environmental temperatures predicted under climate change is expected to have
important repercussions for commercial egg production [73,75]. Evidence for thermally induced
female fertility loss in non-commercial species is lacking [76], although in male zebra finches exposed
to 30°C and 40°C heat there was an increase in the production of abnormal sperm [77]. Regarding
wild populations, it is likely that small, isolated or endemic species are particularly vulnerable to heat
stress-induced reductions in fertility, because lack of gene flow and genetic variation impose
limitations on their ability to adapt to novel environmental stress. Species with limited ranges may
also be at risk if they are unable to shift to cooler climates [76].

Early-life/developmental conditions and stress may also heavily influence individual patterns of
reproductive ageing. For example, rates of reproductive senescence are higher in guillemots that invest
more heavily in early-life reproduction [78]; the effects of early-life stress (in the form of predation
pressure) increases the rate of reproductive senescence in barn swallows (Hirundo rustica) [79]; and
female collared flycatchers (Ficedula ablbicollis) from a low-competition natal environment experience
higher reproductive rates early in life, but with a cost of earlier reproductive senescence [80]. In
seasonally reproducing wild birds, older females with previous breeding experience often (initially)
lay earlier in the season, and lay larger clutches than inexperienced females [81-83]. This has been
attributed to females having prior experience responding to photostimulation, resulting in more robust
photo-induced reproductive development, including having higher circulating levels of reproductive
hormones and greater seasonal increases in follicle size than in photo-naive birds [81,82]. Initial
increases in reproductive output with age are often followed by gradual declines in fertility with age
across species [83]. In the endangered and bottlenecked whooping crane (Grus Americana)—known for
suffering from fertility problems—female age is a key predictor of egg fertility, where younger females
have a greater probability of producing fertile eggs [84]. Fertility senescence can be very variable
across species, however, and while some short-lived species (such as poultry) experience rapid
declines in female fertility with age, many long-lived birds apparently experience little or even no
reproductive decline throughout their lives [83,85]. We do not fully understand the mechanisms of
fertility senescence in birds [79]; more long-term longitudinal studies on age-related changes in
fertility traits are necessary, especially in wild (non-poultry) species and where environmental/
developmental effects are incorporated [78,80,83,86].

3.1.3.3 Pollution

Exposure of wild birds to environmental pollutants has been shown to have a significant impact on
fertility [87]. Over 90000 anthropogenic chemicals are estimated to have been released into the
environment, and several hundred of these pollutants are confirmed to act as endocrine-disrupting
compounds (EDCs; although the majority remain untested for their effects on wildlife) [88,89]. If
passed on to developing embryos, EDCs can disrupt reproductive development and cause sterility
[90]. Negative effects on reproductive success in birds have been observed even when they are
exposed to very low and environmentally relevant concentrations of certain EDCs. For example, small
amounts of crude oil are sufficient to depress egg yolk formation in seabirds [91,92]; exposure to
flame-retardant additives at concentrations typically seen in the environment can depress reproductive
success (including fertility) in American kestrels (Falco sparverius) [93], and in areas polluted with
environmental oestrogens, severe reproductive tract abnormalities have been found in exposed females
[92]. Toxic heavy metals are also known to act as EDCs and disrupt reproduction in exposed birds: a
single dose of cadmium was enough to significantly reduce egg production in Japanese quail [94];
lead is known to accumulate in the ovaries of pheasants [95], Japanese quail [96] and chickens [97]
following exposure (which can reduce egg production and cause histopathological damage and
developmental delays in the ovaries); and exposure to mercury (even at very low concentrations) can
significantly reduce reproductive success in zebra finches [98]. EDCs have also been shown to disrupt
mating behaviour in several seasonally breeding birds [99] and are linked with population declines
[100]. Understanding how EDCs influence reproductive physiology in wild birds is crucial,
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particularly for endangered birds where even small reductions in fertility can jeopardize species survival n
[101]. Relatively few long-term studies of wild birds have monitored the effects of EDCs on avian fertility,
and in particular there is a lack of knowledge on the population-level effects of EDCs on fertility in wild
birds [102,103]. Detecting the varied and often sublethal effects of EDCs is difficult: wild birds are
probably exposed to many different types of EDC at one time [104,105], each with potentially
complex and different effects [103]. The risks of EDC exposure to fertility is also likely to differ
between species and across individual lifetimes [106]. Identifying the mechanisms by which EDCs
affect fertility in wild birds therefore requires a combination of laboratory studies, long-term
monitoring, and continued development of analytical methods [103].

3.2 Failure during ovulation

Ovulation occurs when the largest mature yellow follicle (Iabelled F; in figure 2) ruptures at the stigma
region (figure 3) [28], releasing the ovum which is then captured by the infundibulum—the site of
fertilization. Unlike mammals, the granulosa layer provides the main source of gonadal steroids [32],
and ovulation is initiated by the production of testosterone in the granulosa cells, which stimulates the
release of granulosa cell progesterone. Progesterone then creates a positive feedback response in the
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hypothalamus which stimulates an increase in the secretion of gonadotropin-releasing hormone, and
consequently causes a surge of pituitary luteinizing hormone [31,107,108]. Clock genes expressed
within granulosa cells after follicle selection are thought to provide a degree of circadian control over
the timing of ovulation [31,109]. Proper regression of the post-ovulatory follicle is also thought to be
required for managing the timing of ovulation and egg-laying [25].
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3.2.1 Hormonal factors

As with egg formation, hormones play a critical role in regulating the process of ovulation. [25]. Exposure
to environmental EDCs is likely to disrupt normal ovulation in exposed birds [110], and experimental
hormonal manipulation can significantly influence ovulation (and therefore fertility) in captive species.
For example, an increase in progesterone at the wrong time may induce a spike in luteinizing
hormone, which triggers premature ovulation [38,111]. Inhibition of luteinizing hormone (e.g. via
serotonin injections) [111] can lead to anovulation and disruption of thyroid hormone function [65],
and ovulation can be prevented in domestic fowl when treated with the testosterone antagonist
flutamide, which blocks the production of preovulatory hormones [112].

3.2.2 Disease and immune factors

In captive pet birds, excessive ovulations are one of the most common forms of reproductive
abnormalities [113], the causes of which are not fully understood, but may be improved with
husbandry and dietary measures [114]. Coelomitis is another common clinical problem in domestic
birds, causing inflammation of the ovaries (oophoritis) and ectopic ovulation [37]. Viral infections
such as avian influenza, infectious bronchitus and avian hepatitis can cause the formation of chronic
lesions within the oviduct, that may prevent the successful capture of ova following ovulation
[115,116]. This can result in extensive damage to the oviduct [117], often leading to further bacterial
infection due to the presence of yolk in the coelomic cavity (egg yolk peritonitis) [118]. The
spontaneous development of ovarian cancers is extremely common in the laying hen [28], the
incidence of which increases with age, occurring in 24% of hens aged over 2 years [119], and 30-35%
of hens by 3.5 years [25]. The increase in the incidence of ovarian cancers with age is thought to be, at
least in part, a consequence of the accumulation of ovarian surface and DNA damage caused by
ovulatory events over time [120]. Laying hens may therefore be at particular risk from ovarian cancers
because of the selection for frequent ovulations in commercial breeds [28]. Progesterone can be
effective at reducing the incidence of ovarian cancers, possibly because it limits the number of
ovulations experienced [121]. Increased levels of progesterone have also been implicated in an increase
in the number of apoptotic events in the ovary, which may act to remove damaged cells [122].

In broiler breeder hens which have been selected for rapid growth at the expense of fertility, double-
yolk eggs are fairly common, and occur more frequently during the onset of egg production [25,123].
Double-yolk eggs are associated with a greater incidence of embryo mortality (at all stages of
development) and are also more likely to be infertile [123], possibly because ova are ovulated early
and in an immature state. Ovulation order of double-yolk eggs also affects the likelihood of 29
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fertilization: in duck (Anas platyrhynchos domesticus) eggs, the first yolk captured by the infundibulum has m
a higher probability of being fertilized [124]. This may explain why double-yolk eggs commonly contain
only one fertilized ovum [123]. Age, nutrition (e.g. feed restriction) and changes in photostimulation are
all thought to play a role in the production of double-yolk eggs, the occurrence of which can also be
increased via selection [124], indicating a genetic component.

3.3 Failure to obtain sperm

Even if ova are produced and ovulated normally, sperm must have been obtained and be present in the
infundibulum at the precise time of ovulation. In the majority of bird species (greater than 97%), sperm
are obtained by the female through cloacal contact during copulation, although there are a few examples
of extant bird species that copulate with the use of a true intromittent organ (e.g. in the ratites, many
Tinamiformes, Anseriformes and Cracidae), or a pseudo-phallus (such as in some Galliformes) [125-127].

* sosy/jewnof/BuoBuysyigndiaanosjefos

3.3.1 Copulation

Sperm may be prevented from reaching the site of fertilization in several ways. Mechanical difficulties
during mating resulting from physical injury (e.g. impaired vision or balance [38]) may prevent sperm
from entering the reproductive tract. Access to the cloaca (figure 2) may be physically blocked due to
obesity or clogged feathers (e.g. due to fecal build-up, or heavy cloacal feathering) [39,128,129],
though this may be more likely to occur in captive populations. In captive birds, failed copulation
may also occur due to inappropriate husbandry, for example a lack of proper perching or nesting
sites, aviary disturbances, a lack of flock stimulation or illness [39]. Immaturity and sexual
inexperience may also result in failed mating in young birds [39]. If mating proceeds normally, then
females could theoretically ensure sufficient sperm are available for fertilization by copulating more
frequently. Using an experimental approach that restricted inseminations by males, Torok et al. [130]
showed that multiple copulations were necessary to achieve a normal (unmanipulated) level of egg
fertilization success in wild collared flycatchers, implying copulation frequency is important for
fertility assurance [131]. However, multiple copulations could also reduce fertility if they damage the
female reproductive tract. Copulation provides an opportunity for bacterial transfer [132,133], which
can cause local inflammation in the vaginal wall, impairing sperm transport and reducing fertility
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[134]. When artificial insemination is performed with poor technique, the risk of vaginal infections is
increased [135,136]. In domestic turkey hens, inflammatory effects of repeated artificial insemination
appear to be transient, with quick recovery [137], but the long-term consequences of repeated
infections are unknown. The main defence against microbial infection in the oviduct is provided by
the vaginal mucosa and associated mucin substances, although cilial action within the oviduct may
also play a role in the removal of microbes [28]. Similarly to the ovary, TLRs and avian p-defensins
are also expressed within the rest of the oviduct, as well as macrophages, natural killer cells,
cathelicidin and other antimicrobial defensins such as gallin [28]. There is a high density of T cells
and B cells in the vagina [138], and the expression of proinflammatory cytokines are also increased in
response to oviductal infection [139].

3.3.2 Timing of insemination

If ovulation proceeds normally, the ovum progresses into the infundibulum and a second glycoprotein
layer is formed around it within approximately 15 min, preventing additional sperm from penetrating
(figure 3). This short fertilization window requires precise timing of insemination and/or the release
of sperm from female storage to ensure sufficient sperm are in the infundibulum at ovulation [140]. In
turkeys, sperm storage is more efficient when artificial insemination is performed just prior to (rather
than just after) the onset of egg production [141]. Similarly, in chickens, more sperm reach the
infundibulum when they are inseminated within 1-6 days of ovulation (relative to 6-8 days before
ovulation) [142]. The greater the time delay between insemination and ovulation, the fewer sperm will
be available for fertilization, since sperm are lost passively from storage at a constant rate [143]. The
time interval between ovulation and egg-laying takes approximately 24-28 h in chickens, turkeys and
quail [144]. Inseminations performed immediately before or after egg-laying reduce fertility, possibly
because egg-laying contractions impede the ability of sperm to move through the oviduct and/or the
passage of sperm is blocked by the egg [26,28]. In chickens, sperm storage is up to 40 times more 30
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efficient when insemination occurs more than 4 h after egg-laying [134]. Similar evidence of low sperm m
uptake during and just after egg-laying has also been observed for natural copulations [145].

3.3.3 Vaginal sperm selection

Ensuring sufficient sperm are available for fertilization has clear benefits for the female, but the
mechanisms that might facilitate this are at odds with those facilitating female sperm selection. The
vagina is considered the main sperm selection site in the avian oviduct [146,147], and only 1% of
inseminated sperm make it through to the sperm storage tubules (labelled (f) and (g) in figure 2).
Domestic fowl, for example, eject the sperm of undesirable males following forced copulations [148],
thereby reducing the number of sperm available for fertilization. The vaginal fluid of female barn
swallows has also been shown to reduce sperm performance by varying degrees depending on female
quality [149]. Huang et al. [150] found that vagina mucosal tissue of chickens produces exosomes
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(membrane vesicles enriched in transmembrane proteins) that significantly reduce sperm viability
(possibly because they contain cytotoxic factors) and therefore may play a role in sperm selection.
During egg production, vaginal pH and immunological activity also varies [26,138], and immune-
competent cells are expressed in the vagina [151]. Van Krey et al. [152] found that infertile females
express antibody-producing plasma cells in their reproductive tract, and Higaki et al. [153] showed
that the number of leukocytes present in the vagina increases following copulation. Localized immune
responses are predicted to participate in non-random sperm selection [154], and the likelihood of an
anti-sperm response may depend on male genotype [155]. For example, Lovlie et al. [156] show that
post-copulatory sperm selection in female red junglefowl (Gallus gallus) is biased towards males
dissimilar at the MHC. Sperm are rapidly coated with immunoglobulin cells produced by the vaginal
mucosa, and immunoglobulin IgA and IgG are thought to be at least partially responsible for the
massive reduction in sperm viability during transport through the vagina [26]. Determining how
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female anti-sperm responses vary across individuals is a crucial step towards understanding the
importance of the immune response for avian female fertility. Immune response strength probably
depends on complex phenotypic trade-offs between fertility and infection resistance [157], similar to
the trade-off females face between fertility and sperm quality during sperm selection. If sperm
selection and/or immune response mechanisms are too effective, insufficient sperm may reach the site
of fertilization. Sperm selection and transport in the vagina may therefore be considered a balance
between selecting high-quality sperm, avoiding infection, and ensuring sufficient sperm remain
available for fertilization.

3.4, Failure to maintain and transport sperm

3.4.1 Sperm storage tubule function

Within the female reproductive tract, sperm are stored in blind-ended tubular invaginations known as
sperm storage tubules (SSTs) [147] (labelled (f) and (g) in figure 2) found in the utero-vaginal junction
(UV]). While SSTs are considered the primary sperm storage site, it has been suggested that sperm
may also be stored in the infundibulum. However, evidence for this is equivocal [154]. Once sperm
are in storage, the proper functioning of the SSTs is likely to be crucial to fertility, and a decline in
sperm storage ability has been associated with fertility senescence in birds [158]. The number of
sperm stored is strongly associated with the number that reach the ovum [141], and chickens selected
for high fertility have significantly greater numbers of SSTs [159]. The mechanisms controlling sperm
acceptance, storage and release are assumed to be under fine temporal control based on hormonal
changes [142]. Fertilization failure is therefore likely if hormonal imbalances result in a mismatch
between the timing of ovulation and arrival of sperm in the infundibulum [142,154]. The significant
variation in fertile periods across species has been attributed to differences in SST number and
therefore sperm storage capacity [154], but intra- and inter-specific variation in the structure and
function sperm storage tubules has not yet been quantified.

The mechanisms by which sperm are maintained in a viable state in the SSTs are not fully
understood, but it is thought that numerous compounds are produced to maintain a suitable
environment for long-term sperm survival [154,160]. Recent work provides some experimental
evidence to support this. For example, lactic acid—mow known to be produced in SST cells in
response to hypoxic conditions—can induce a reduction in sperm flagellar movement and so may
contribute to the quiescence of Japanese quail sperm [28,161]. Additionally, Huang et al. [162] 31
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identified a number of fatty acids in the UV] mucosa of domestic fowl, which have also been shown to
depress rooster sperm motility, and in vitro sperm survival was found to be higher in the presence of oleic
and linoleic acid. They also found that SST cells express lipid receptors, which may enable lipid droplets
to accumulate and be used by resident sperm to maintain structural integrity. SST cells in turkeys are also
known to shed microvillus vesicles that interact with sperm, transferring metabolic substrates that may
be capable of temporarily inhibiting fertilizing ability, protecting from oxidative stress and transporting
fluid from the SST cells into the SST lumen [163]. While evidence suggests that these compounds play a
key part in sperm maintenance, there are probably a number of other important compounds expressed
in SSTs that have yet to be discovered [28]. The degree to which individuals and species vary in their
ability to maintain sperm in storage is not clear, but this may play an important role in determining
female fertility.

One factor that is essential for sperm survival in storage is the suppression of the female immune
response, which if triggered can have highly detrimental effects on sperm. In domestic fowl, repeated
artificial inseminations were associated with a complete lack of stored sperm and a 57% decrease in
fertility [164,165]. This has been attributed to an influx of lymphocytes and antigen-presenting cells
into SSTs that probably impair sperm survivability, but also prevent sperm from entering storage
[164]. A significant decrease in the expression of oestrogen receptors in the sperm storage tubules was
also observed following infection, probably impairing the hormonal control of sperm storage tubule
function [165]. Das et al. [166] demonstrated enhanced local expression of transforming growth factor
B(TGFb) within sperm storage tubules, which suppresses the anti-sperm immune response by
depressing the activity of lymphocytes.

3.4.2 Sperm release and transport

As the rate of sperm release from storage increases, the duration of fertility will decline unless more
sperm are inseminated [26]. Older hens tend to release sperm faster, possibly due to a decline in
hormone production needed to regulate ovulation and sperm release [167]. This may partially explain
why older hens have shorter fertile periods [26]. The mechanisms of sperm release are not fully
understood, but SSTs have been shown to possess a constricted ‘gate-like” entrance, that may act as a
physical (and/or selective) barrier preventing sperm from leaving [168]. Constriction is likely to be
hormonally triggered, since progesterone has been shown to induce contractions of the SSTs, and
images taken using electron microscopy show sperm leaving the SSTs after intravenous injection with
progesterone [169]. Furthermore, the specific membrane progestin receptor mPRo has been shown to
be expressed within SSTs of Japanese quail [169]. Additionally, in a comprehensive study, Hiyama
et al. [170] demonstrated that heat shock protein 70 (HSP70)—a widespread and highly conserved
molecular chaperone—is expressed in the utero-vaginal junction and its expression increases prior to
ovulation. They also found that HSP70 binds to sperm and stimulates flagellar movement in vitro, and
injection of an HSP70 antibody significantly reduces fertilization success in vivo. Hiyama et al.
speculate that HSP70 expression in the UV] may be stimulated by progesterone; the progesterone
surge experienced prior to ovulation may therefore function in part to allow sperm to be released
from storage at the right time while also ensuring sperm regain function. Imbalances in circulating
progesterone levels can be triggered by conditions such as nutrient toxicity (e.g. excess fluoride [68])
and heat stress [171], and future work should explore if such imbalances reduce fertility by disrupting
sperm release from storage.

Once released from storage, sperm are thought to travel passively through the uterus, isthmus
(labelled (d) in figure 2) and magnum (labelled (c) in figure 2) [154], as evidenced by the fact that
dead sperm inseminated beyond the utero-vaginal junction reach the infundibulum in as great
numbers as live sperm [172]. Past the utero-vaginal junction the reproductive tract is apparently free
of immunoglobulins, and anti-peristaltic activity is thought to aid in the passive and rapid transport
of sperm to the infundibulum, [173] where they remain until fertilization [154].

3.5. Failure of sperm—egg fusion

Following successful ovulation, the avian ovum is captured by the infundibulum where it encounters
sperm (figures 2 and 3). Successful fertilization involves the initiation of multiple events in sequence:
sperm—egg binding, acrosomal exocytosis, sperm penetration through the perivitelline layer and fusion
of the male and female pronuclei in the germinal disc. The mechanisms of sperm—egg interactions in
birds are not well understood, but the roles of several important molecules have been discovered.

p17207 '8 DS tadg 05y sosyjeunalGioBusygndiiaposiefor [

32



Chapter 2
3.5.1. Sperm—eqq interactions

The inner perivitelline layer (IPVL) (figure 3), which is homologous to the zona pellucida (ZP) in mammals,
is composed of a mesh of fibre that forms a three-dimensional extracellular matrix. Unlike in mammals, the
IPVL of birds does not inhibit polyspermy [29], and in fact a degree of physiological polyspermy is
required for normal development in birds [140]. There are at least six known avian ZP glycoproteins
[6,17] (there has been significant confusion in the literature regarding the nomenclature of ZP proteins
[174], here we provide the common aliases in parentheses), most notably ZP1 (ZPB1), ZP3 (ZPC) and
ZPD which are major components of the IPVL and play a key role in the binding of sperm and
initiation of the acrosome reaction [17,29]. Other minor constituents of the IPVL include ZP2 (ZPA), ZP4
(ZPB or ZPB2) and ZPAX (ZPX1) [28,175], where ZP2 accumulates primarily in the germinal disc
region in chickens [176]. Interestingly, ZP4 (but not ZP2) mRNA was found to be expressed in the
germinal disc region in the turkey [6], suggesting differences in sperm binding mechanisms may occur
across species. Acrosin, located in the sperm plasma membrane, was discovered to be a complementary
molecule that supports the binding of sperm to the ZP proteins in quail PVL [17].

Diagrammatic representations of fertilization often depict the ovum oriented such that the germinal
disc faces towards the reproductive tract (and oncoming sperm). However, we suggest that the animal
pole—where the germinal disc is located—faces towards the ovary during ovulation and fertilization
(figure 3), because the ovum is in that orientation while inside the follicle [28], and to our knowledge
there is no known mechanism by which it would turn to face the opposite direction after ovulation. If
true, the consequence is that sperm would have to travel around the ovum to reach the tiny germinal
disc target. Sperm are known to bind to the germinal disc region in higher concentrations than
elsewhere on the ovum [176], suggesting there must be an underlying mechanism by which sperm
locate and/or preferentially bind to this region. Such a mechanism has yet to be discovered, but the
egg plasma membrane is reported to differ in morphology around the germinal disc region compared
with other regions of the ovum [177]. Specifically, numerous microvilli and cytoplasmic processes of
the plasma membrane have been observed to protrude through the IPVL exclusively at the germinal
disc region [177-179]. In other (non-germinal disc) areas of the ovum, the discontinuous nature of the
ovum plasma membrane has been hypothesized to inhibit sperm from hydrolysis over these regions
[180]. It has also been suggested that sperm may locate the germinal disc region via egg chemo-
attractants [181], and/or by using site-specific egg coat receptors [176]. PVL glycoproteins ZP2 and
ZP4 are promising egg coat receptor candidates, since ZP2 and ZP4 are concentrated primarily in the
germinal disc region of chicken and turkey PVL respectively, but their sperm binding properties have
yet to be investigated [6,17,176]. Recently, a number of new PVL proteins have been identified which
appear to vary across species [182], but their function in fertilization has not yet been determined.

In mammals, a variety of protein coding genes associated with gamete cell surfaces have been
discovered [183-185]. This includes Juno and Izumo—the only known interacting pair of sperm—egg
adhesion proteins. Izumo is a sperm protein [186], and Juno is the more recently discovered egg
Izumo receptor [187]. In mice, Juno and Izumo knockouts result in sterility, and Juno is vital in
preventing polyspermy; its rapid loss from the egg surface membrane following fertilization causes
the blocking of the zona pellucida to further sperm entry [187]. Reproductive proteins are known to
evolve rapidly compared with many other gene classes, and both Juno and Izumo have been found to
be under positive selection in mammals [188]. No such interacting proteins have been discovered in
birds: comparisons of the genomic regions containing Juno (and surrounding loci) in mice and
humans with that of the chicken shows that they are generally syntenic (the gene order is conserved);
however, Juno loci are absent in the chicken [28]. A key step for avian fertility research will be to
identify avian Juno and Izumo equivalents. Also essential for sperm-egg fusion is the ubiquitously
expressed membrane protein CD9: female (but not male) CD9 knockout mice are infertile [185]—CD9
was the first identified gene with female-specific fertility effects [189]. There is one known homologue
of CD9 in the chicken (ID: AB032767) though to our knowledge no studies have explored the
involvement of this (or any other gene) on sperm—egg fusion in birds [28].

In addition to proteins, the consistency and structure of the IPVL differs markedly between species.
For example, Damaziak et al. [182] observed that cockatiels have a more densely and irregularly arranged
IPVL than that of three other species studied (pigeons, grey partridges (Perdix perdix) and pheasants).
They also found that the pigeon PVL is markedly different in structure; its numerous sublayers are
more homogeneous, less porous and unusually loose in arrangement compared with the other
species. Pigeon PVL is also composed of flat sheets rather than the cylindrical fibres which are
observed in the PVL of all the other species. It is unknown how this variation in structure affects the
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integrity of the PVL, its interaction with sperm, or whether this variation corresponds to post-copulatory m
sexual selection intensity and/or sperm traits. Damaziak et al. [182] suggest that interspecific variation in
PVL structure may be related to differences in the function of the PVL during embryo development,
which may vary depending on whether the species is precocial or superaltricial. The germinal disc
region is also known to show subtle intra- and inter-specific variation in terms of morphology, and
also in terms of the location, size and number of sperm penetration holes [190]. It is currently
unknown how variation in PVL structure affects fertility, but fertilization rates are positively correlated
with the number of sperm that penetrate the PVL [191]. There is known to be variation in how
readily sperm can bind to the PVL [146,192], and it seems logical that intra- and inter-specific
differences in PVL structure may affect how easy it is for sperm to bind to and penetrate the PVL. In
turkey lines where females are selected for increased body weight at the expense of fertility, fewer
sperm penetration holes are visible on the IPVL compared with hens selected for high fertility [193].
While fewer IPVL sperm holes could indicate that fewer sperm are reaching the site of fertilization, it
has also been associated with reduced mRNA expression of ZP1 and ZP3 sperm binding proteins on
the IPVL [8]. This not only suggests that individuals may vary in terms of the number of sperm that
are able to penetrate the IPVL, but also that selection for higher expression of sperm binding proteins
may improve fertility in some populations [8,193]. In taxa where polyspermy is lethal to the egg (such
as in mammals), egg ‘fertilizability’ is known to vary according to the risk of polyspermy [194].
Consequently, females and males will be locked in an apparent cycle of coevolutionary conflict where
females are selected for greater ‘egg defensiveness’ (resistance to sperm) and males selected to counter
this with greater fertilizing ability and competitiveness [21]. Currently, egg defensiveness has been
most largely explored in sea urchins and in mice [22,194], with virtually nothing known in birds.
Since polyspermy is a normal and important part of fertilization in birds, this suggests that
mechanisms of polyspermy avoidance are unlikely to be important other than to prevent excessive
sperm penetration that might damage the integrity of the ovum. Theoretically, females might be
expected to evolve mechanisms of resistance to sperm for other reasons, for example, to alleviate the
costs of hybridization, avoid incompatible sperm, or as a mechanism of selection for high-quality
sperm [22,175]. Indeed, evidence suggests that the strength of positive selection on gamete-recognition
genes is similar between birds and mammals, suggesting that in the absence of polyspermy
avoidance, there must be some other adaptive mechanism to explain the rapid evolution of avian
gamete-recognition genes [175]. Recently, Hurley et al. [195] found significant variation in PVL sperm
numbers between breeding pairs of estrildid finches, as well as variation in PVL sperm numbers
across the laying order. It was unclear, however, if this variation was male or female mediated.
Exploring the degree of variation in egg quality, egg defensiveness and sperm selection at the gametic
level is challenging but important for elucidating the full role of the avian ovum for fertility.
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Chromosomal abnormalities, such as whole genome triploidy, can significantly or completely impair
fertility in some affected individuals, and some triploid embryos are non-viable and die after a few days
of incubation [196]. Triploidy is usually (but not always) maternally derived, and is thought to arise from
diploid gametes produced as a result of chromosomal non-disjunction (where homologous chromosomes
fail to separate during meiosis) [197,198]. Reports of triploid birds in the wild are rare (but see [199]),
possibly because of the reduced survival of triploid embryos, although the true rate of incidence in
wild populations is unknown. In addition to chromosomal abnormalities, the presence of multiple
germinal discs on a single yolk has been reported [200], although the cause and incidence of this is
unknown, as well as the implications it might have for fertility and embryo development.

Whether other aspects of ovum quality, such as physiological abnormalities, or the integrity of DNA
in the female pronucleus, influences the likelihood of successful sperm-egg fusion in birds remains
unclear. It seems likely, however, given that in mammals, the accumulation of DNA damage in
oocytes is known to impact fertility [201]. Oocytes may be especially vulnerable to the accumulation
of DNA damage (relative to sperm) given that they remain in an arrested state for an extended period
of time [201]. While oxidative DNA damage is expected to be minimized by various innate protective
mechanisms, the efficacy of these mechanisms is known to decline with age [202]. If a similar process
occurs in birds, this could be a factor that contributes to fertility senescence in captive species.
Increased DNA damage due to oxidative stress has also been associated with exposure to endocrine
disrupting compounds in mammals [203], as well as certain reproductive diseases in humans [204]. In
mammals, heritable mutations of ZP2 and ZP3 are also known to cause infertility [205], and
antibodies raised against ZP proteins can depress ovarian function [6]. Investigating the incidence of
similar ovum abnormalities and immunological activity, and the degree to which they might affect
avian fertility, may be a fruitful avenue for future research. 34
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3.5.2. Syngamy

Once bound with the PVL, the sperm acrosomal contents (including proteases and endopeptidases) are
released during the acrosomal reaction and locally degrade the PVL, forming a hole via which sperm can
penetrate the ovum (figure 3) [17,28]. Sperm penetration holes are visible on the PVL in vitro (labelled (b)
in figure 2) and can be used as a reliable proxy for the number of sperm that reach and penetrate the
ovum [140,195]. Following the acrosomal reaction, the inner acrosomal membrane of sperm becomes
exposed, binds to the ovum and the male pronucleus is released. While multiple sperm can penetrate
the PVL in birds, only one male pronucleus typically fuses with the female pronucleus in the
germinal disc during syngamy. This provides additional potential for the female pronucleus itself to
be selective [206], although the exact mechanisms of avian syngamy remain unknown [28]. In the
comb jelly (Beroe ovata), where fertilization is also polyspermic, the female pronucleus migrates within
the egg cell prior to syngamy, moving between different immobile male pronuclei before finally fusing
with just one [206,207]. Whether sexual selection occurs at the point of syngamy in birds remains to
be seen, but could present an additional opportunity for females to influence the outcome of
fertilization by discriminating between males, for example, based on male genotype, or on the
integrity of the male’s DNA [155,206].

Supernumerary male pronuclei are probably degraded by DNAses in the germinal disc and PVL of
mature oocytes [208], though the precise molecular mechanisms involved have not yet been fully
elucidated [28]. During or immediately after fertilization, a granular continuous layer is laid down
around the ovum, followed by the outer perivitelline layer (OPVL), which blocks further sperm entry
(figure 3) [28]. The OPVL is multi-layered and composed of proteins secreted by the infundibular
mucosa [209]. Macrophages present within the infundibulum are thought to function in the
phagocytosis of superfluous sperm (i.e. those that did not participate in fertilization) [210]. Elucidating
the full molecular mechanisms involved in avian syngamy is challenging [28], but will be an
important step in understanding how fertility can be compromised at the gametic level.

4. Conclusion and future directions

It is clear that females can exert far more control over fertilization than has historically been assumed, but
if and how females influence whether their ova are successfully fertilized is often ignored in favour of
male processes (such as sperm quality and quantity) [6]. Here we have quantitatively demonstrated
that avian fertility research has been dominated by studies on males, with a deficit in research effort
on female fertility. We also show that the vast majority of avian fertility research has concentrated on
captive populations, with a significant taxonomic focus on gallinaceous birds and the domestic
chicken in particular. We have also highlighted key advances and gaps in knowledge on the role of
female physiological processes in determining fertilization success. In particular, we have identified
five key stages in the reproductive cycle during which fertility can be compromised: (i) failure to
produce fertilizable eggs, (ii) failure during ovulation, (iii) failure to obtain sufficient sperm, (iv)
failure to store and transport sperm, and (v) failure of fertilization. We highlight that the field of avian
fertility would benefit from more studies investigating variation in fertility in non-poultry species (i.e.
that have not undergone intense artificial selection for high productivity) and wild populations.
Within wild birds, more attention to a-seasonal/tropical species and opportunistic breeders would
also be valuable. Although we acknowledge that detailed study of variation in female fertility may be
difficult in wild populations, because information about non-breeders is not always easy to collect, we
nonetheless urge that such efforts are made, particularly in non-poultry species and managed and/or
experimental populations where male processes can be controlled for. If studies are unable to monitor
failed breeders (i.e. those that did not produce any eggs following a successful copulation), it would
be useful to acknowledge that infertility may be underestimated. Obtaining a more accurate estimate
of fertility rates across wild populations, and improving our understanding of the mechanisms that
influence fertility, will aid in the management of threatened populations that suffer high levels of
hatching failure, and improve predictions for how fertility will be influenced by a changing climate.
When investigating reproductive failure, the fact that infertility and embryo mortality are
fundamentally distinct processes needs to be explicitly acknowledged. Specifically, that infertility is
used to describe failed fertilization, and any process contributing to failed fertilization is a mechanism
of infertility (rather than embryo mortality). Similarly, if an egg fails to hatch but was fertilized, then
the cause of hatching failure must be referred to as embryo mortality, even if development arrested
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after only a few cell divisions. If fertility status cannot be unequivocally determined using the appropriate m
techniques [13], then the mechanisms of hatching failure cannot be conclusively known. Very early
embryo mortality is likely to be mistaken for infertility when using traditional methods (e.g. candling
or macroscopic examination), which may result in an overestimation of infertility [11]. Moving
forward, a clearer estimation of the incidence of infertility in a given population will require a
combination of both careful monitoring (to identify failed breeders) as well as an accurately
determined fertilization status for unhatched eggs.

The female reproductive tract typically offers a hostile environment for sperm, providing
considerable potential for female processes to influence sperm survival and transport to the ovum.
While the processes of sperm selection, storage, release and transport within the reproductive tract
have received increasing research attention over the past few decades, we still lack fundamental
understanding of the underlying mechanisms, and the degree of intra- and inter-specific variation in
these processes, with the vast majority of work having focused on a very limited number of domestic
species. Many of the female-mediated processes required for high fertility also deteriorate to some
degree with age, making fertility problems more likely in older birds. This may have particularly
important consequences for captive and managed threatened populations, where individuals may
reproduce to an older age than their wild counterparts, due to reduced predation and competition
pressure, and high accessibility of food and other resources. The field of avian reproductive science
will also benefit from better understanding the impact of other factors on female fertility, such as
stress, hormonal and physiological disorders (particularly in wild birds where less is known),
environmental pollutants, intra- and inter-individual variation in egg production, egg quality, sperm
selection and the female immune response within the oviduct (including the ovaries).
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The causes and maintenance of variation in fertility is a key question in evolutionary biology, and one
in which the role of the female is often sidelined. Our hope is that this review challenges the field of avian
reproductive science and evolutionary biology to consider female processes to a greater degree when
investigating the causes of depressed fertility in birds. Using birds as a model system for the study of
female fertility across taxa presents several advantages and will provide insights not only in the field
of reproductive biology, but also for fields such as conservation and commercial animal breeding as well.
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Despite constituting an essential component of fitness, reproductive success
can vary remarkably between individuals and the causes of such variation
are not well understood across taxa. In the zebra finch—a model songbird,
almost all the variation in sperm morphology and swimming speed is main-
tained by a large polymorphic inversion (commonly known as a supergene)
on the Z chromosome. The relationship between this polymorphism and
reproductive success is not fully understood, particularly for females.
Here, we explore the effects of female haplotype, and the combination of
male and female genotype, on several primary reproductive traits in a
captive population of zebra finches. Despite the inversion polymorphism’s
known effects on sperm traits, we find no evidence that inversion haplotype
influences egg production by females or survival of embryos through to
hatching. However, our findings do reinforce existing evidence that the
inversion polymorphism is maintained by a heterozygote advantage for
male fitness. This work provides an important step in understanding the
causes of variation in reproductive success in this model species.

1. Introduction

Reproductive success is a central determinant of evolutionary fitness, so we expect
traits important for reproduction to be under strong directional selection. Despite
this, reproductive output often varies considerably between individuals, and
the genetic basis of this variation is not well understood [1-3]. Chromosomal inver-
sions are widespread across taxa, and inversion polymorphisms are increasingly
recognized as important in the maintenance of genetic variation [4,5]. Estrildidae
finches like the zebra finch (Taeniopygia guttata) are particularly prone to inversions
[6,7], making them useful for studying the relationship between inversions and the
maintenance of reproductive trait variation.

Like all birds, zebra finches have a ZZ/ZW sex chromosome system whereby
females are the heterogametic sex (ZW). The zebra finch Z chromosome houses a
polymorphic inversion consisting of (at least) three segregating haplotypes: A, B
and C (figure 1a,b) [8,9]. Recombination is highly suppressed within the inverted
region in heterozygous males, so mutations that arise on a given genetic back-
ground (i.e. haplotype) cannot recombine onto other haplotypes, but instead
are preserved and inherited together as a single unit [10,11]. When inversions
link multiple loci that act jointly to encode complex phenotypes in a balanced
polymorphism, they are commonly referred to as a ‘supergene’ [8,10,12].

The zebra finch Z inversion polymorphism is large, containing over 600 genes
and spanning 86% of the chromosome [6,13]. The inversion’s molecular evolution
isyet to be fully determined, and while A is likely to be the ancestral haplotype, it is
unclear the order in which B and C arose, and whether they were both generated
from A or sequentially from one another. Each haplotype has accumulated large
genetic differences over time, and all three are maintained at stable frequencies

© 2024 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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Figure 1. (a) Schematic illustrating the formation of the zebra finch Z chromosome inversion polymorphism. A large inversion (i.e. the complete end-to-end reversal of gene
order) occurred on the ancestral Z chromosome ‘A’, generating an alterate Z chromosome haplotype. The ancestral and inverted haplotype were then unable to recombine in
the inverted region (commonly referred to as a ‘supergene’), resulting in a build-up of genetic differences over time. A second inversion independently generated a third
haplotype. The grey region illustrates the inverted non-recombining region. Note that we currently do not know the order in which B and C were generated, whether all
haplotypes were generated from A or sequentially from one another, or whether additional inversions were involved. Chromosome illustrations do not represent accurate
maps. (b) Schematic illustrating all inversion genotypes carried by females and males. Female birds are heterogametic, and so female zebra finches carry a single Z haplotype
(inherited from their father). Males are homogametic and carry one of six possible karyotypes. (¢) Schematic illustrating the effect of Z karyotype for male sperm charac-
teristics (scale is approximate). Differences between Z haplotypes almost entirely explain the variation in sperm morphology and swimming speed in the zebra finch [8]. All
three haplotypes are maintained at stable frequencies in the population, probably because heterokaryotypic males carrying one A haplotype and one alternative haplotype
(i.e. AB or AC males) have the fastest and most successful sperm, which are associated with longer midpieces and relatively long overall length. AA males have intermediate
velocity associated with long tails but short midpieces, whereas BB, BC and (C males have sperm characterized by relatively short tails, short overall length, and the slowest
velocity. Sperm speed categories are based on velocity data from Kim et al. [8].

in both captive and wild populations (frequencies of A, B and C respectively: 0.378, 0.408 and 0.215 in the captive population studied
here; and 0.730, 0.199 and 0.122 in the wild) [8]. Importantly, the male inversion karyotype is known to be responsible for almost all the
variation in sperm morphology and swimming speed in this species (figure 1c), with important consequences for male fertilization
success under sperm competition [8]. Sperm morphology is extremely variable between inversion karyotypes, and heterokaryotypic
males (AB or AC karyotypes) have the fastest and most successful sperm under a competitive scenario (figure 1c). This suggests that
all three haplotypes, including those associated with relatively poorly performing sperm (e.g. BB, BC and CC males), are being
maintained in the population at least in part by a heterozygote advantage for male reproductive success (figure 1c) [8].

Whether the observed overdominance for male reproductive success is the only force maintaining all three inversion haplotypes in
this system remains unknown. Females may also influence the maintenance of the inversion polymorphism, some (non-exhaustive and
non-mutually exclusive) examples include sexually antagonistic selection, variation in male-female compatibility, or through paternity
bias based on male karyotype [4,10]. Females could bias paternity either before copulation via assortative mating; or post-copulation,
for example via selective sperm storage, reduced egg investment, reduced incubation effort, or by modifying brood sex ratio [14-19].
Female zebra finches have been known to modify egg investment in response to partner quality [20,21], and can facultatively adjust
offspring sex ratio depending on female condition [22]. In some other passerines, females have also been shown to adjust clutch sex
ratio depending on mate quality [16,23]. These mechanisms of paternity bias could potentially act to maintain the inversion polymorph-
ism by reinforcing the existing heterozygote advantage, either through propagating the benefits associated with certain male
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karyotypes, or by offsetting the disadvantages associated with other karyotypes, or both. However, while previous work has found
evidence for strong additive effects of Z-chromosome inversion genotype on several morphological traits [6], whether females can
detect and respond to these signals of male inversion karyotype is unknown.

The direct effects of the inversion polymorphism on female fitness have also not yet been fully explored. Sexually antagonistic loci-loci
that contain alleles which benefit one sex at the detriment of the other, are predicted to be particularly prevalent in sex-linked regions,
owing to how the unique pattern(s) of sex chromosome inheritance affect the evolutionary dynamics of sexually antagonistic selection
[24-26]. Whether a Z-linked sexually antagonistic allele will reach fixation is dependent on both the sex in which it benefits, and its dom-
inance coefficient [24-29]. For example, if recessive sexually antagonistic alleles have accumulated within the Z chromosome inversion,
they could potentially act to maintain the polymorphism because haplotypes with alleles that are detrimental to males but beneficial
in females can reach high frequencies (recessive alleles are always expressed in females). Conversely, the higher dose of the Z in males,
coupled with the fact that dosage compensation (the equalization of gene expression between the autosomes and the sex chromosomes
in the heterogametic sex) is incomplete on the avian Z, suggests that fully or partially dominant Z-linked male-beneficial alleles could be
positively selected, even if sexually antagonistic [24,25,27,30-33]. To determine whether sexually antagonistic selection could be contribut-
ing to the maintenance of the Z-chromosome inversion polymorphism, it is necessary to determine whether female reproductive traits also
vary based on inversion haplotype, as well as measure the survival probability of offspring with different combinations of haplotypes.

Here, we use an extensive long-term breeding database with data from 1716 genotyped captive zebra finch individuals to
analyse the effects of both male and female inversion haplotype (individually and in combination) on reproductive traits including
egg production (a female-specific reproductive trait) and survival rates of embryos through to hatching. This work provides an
important step in improving our understanding of the consequences of inversion polymorphisms for reproduction, and more
broadly the causes of variation in reproductive success in birds from both the male and female perspective.

2. Methods

(a) Animals

All zebra finches belonged to a domesticated population maintained at The University of Sheffield between 1985 and 2016. Birds from this popu-
lation were separated physically (but not visually or acoustically) by sex unless breeding, in which case a single pair was housed together
without access to other individuals and with no opportunity to engage in extra pair copulations. Pairs were selected by researchers and no natu-
ral mate choice was permitted. Previously mated females were rested for at least two weeks before re-pairing with a new male to ensure sperm
from the previous male was fully depleted from her sperm storage organs (the maximum duration of sperm storage is 13 days in the zebra finch
[34]). Paternity was therefore known conclusively for every egg, and sperm did not have to compete for fertilization of the ova. All deceased birds
were preserved in —20°C freezers and accessed later for tissue sampling and DNA extraction. All sampled birds were adults.

(b) DNA extraction

Z chromosome inversion karyotype was already known for 197 male birds from a previous study [8]. Tissue samples (brain or toe tissue) were
dissected from an additional 1785 frozen specimens (1071 females and 714 males). Tissue samples were stored at room temperature in 100% ethanol
until extraction. DNA was extracted using a standard (plated) ammonium acetate method [35], and DNA samples were stored in a low TE bulffer
(Tris-HCL (1 M) and EDTA (0.5 M) at —4°C and later quantified using a FLUOStar fluorometer before diluting to a concentration of 5 ng pl™".

(c) Single nucleotide polymorphism typing

Samples were typed for their single nucleotide polymorphism (SNP) genotypes using kompetitive allele specific polymerase chain reac-
tion (KASP)-genotyping chemistry on an LGC SNPLine system [36] in The University of Sheffield’s Molecular Ecology Laboratory. A total
of nine SNPs were chosen from a zebra finch high density 600k SNP chip. These SNPs demonstrated the highest fixed allelic differences
between haplotypes (see Kim et al. [8] for details). Individual assays for each SNP were designed using LGC Genomics Ltd guidelines.
Genotype calling was performed using cluster analysis in the software Kraken [37]. Diagnostic SNP data obtained from Kim et al. [8]
was used to call SNP genotypes for each individual [38], and genotype calling was successful for 98% of samples. Unsuccessful calling
for 2% of samples was most often owing to amplification failure, indicating insufficient DNA present in the sample. A total of 1753 indi-
viduals were typed (1950 including the additional males from the Kim et al., dataset). Owing to some uncertainty in the breeding record
(missing or ambiguous data), 12% of individuals (233) were removed, leaving a total of 1716 individuals, including 792 males (AA: 139;
AB: 229; AC: 111; BB: 168; BC: 115; CC: 30), 924 females (A: 340; B: 376; C: 208) and 1319 unique pairings in the final datasets (see
the electronic supplementary material, table S2 for sample sizes of parental genotype combinations) [38].

(d) Measures of reproductive success

We investigated the effect of female inversion haplotype, male inversion karyotype and the combination of male and female genotype on
five reproductive traits:

() egg production: measured as the number of eggs laid per clutch (all eggs laid including infertile eggs) (n clutches: 3041; n pairs:
1319; n eggs: 12292);

(ii) egg fertility and early embryo development: measured as the proportion of eggs (per pair) that were fertilized and survived past 3 days
of incubation, relative to eggs that were either unfertilized or died within the first 3 days of development (1 pairs: 454). Failed fertiliza-
tion and death during early development were not distinguished from one another because, prior to 2008 (when microscopic techniques
were developed to accurately determine the fertility status of undeveloped eggs [39]), egg fertility was primarily determined by cand-
ling (i.e. shining a light through the eggshell to visualise the contents without opening the egg). Zebra finch embryonic development is
only reliably visible via candling after 3 days of incubation, therefore eggs with no visible sign of development by 3 days could have
either been unfertilized, or fertilized but the embryo died very early. Eggs with visible signs of development by day 3 of incubation
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could be definitively classified as fertilized and had survived the very early stages of development (prior to the formation of blood
vessels). Both fertilization failure and early-stage embryo mortality are more likely to be linked to genetic problems (e.g. sperm-egg
incompatibility, aneuploidy), parental age effects or variation in female receptivity to sperm, compared to later stage mortality [40];

(iii) hatching success of developing eggs: measured as the proportion of eggs (per clutch) that showed obvious signs of development on
candling (i.e. were fertilized and developed to at least day 3 of incubation) and went on to successfully hatch, relative to those in
which the embryos died at a relatively late stage of development (i.e. after day 3 of incubation), resulting in hatching failure (1 pairs:
460; n clutches: 1528). Compared to early-stage embryo mortality, late-stage mortality is more likely owing to environmental conditions
in the nest and/or inadequate parental care during incubation [40]. Any effect of inversion haplotype or parental haplotype combination
on late-stage embryo development is therefore likely to occur through selective parental investment, rather than direct genetic effects;

(iv) offspring sex ratio: measured as the deviation of offspring sex ratio from a 50 : 50 expectation (1 clutches: 1769, 1 offspring: 880). Only off-
spring that survived to 100 days were included in the sex ratio data as sex was assigned based on plumage traits at sexual maturity; and

(v) offspring genotype: measured as the consistency of offspring genotypes with Mendelian expectations. For example, under Mende-
lian expectations, an A female mated to an AB male should produce male offspring that carry either the AA or AB karyotype at a
50:50 ratio, and female offspring that carry the A or B haplotype at a 50: 50 ratio (1 offspring: 683).

(e) Statistical analysis

All statistical analyses were conducted in R (v. 4.2.1) [41]. We adopted a Bayesian framework using the ‘brms’ package [42] for the first
four reproductive measures described above: (i) egg production; (ii) egg fertility and early embryo development; (iii) hatching success of
developing eggs; and (iv) offspring sex ratio.

For each reproductive measure, we fitted two separate multilevel models. The first model functioned to test the effects of female
haplotype and parental haplotype combination on reproduction. This model included female haplotype as a fixed effect, and a second
fixed effect variable termed ‘haplotypes shared’, which refers to the number of inversion haplotypes shared between the male and
female, and therefore the degree of genetic similarity at the inversion. For example, a female with haplotype A shares two haplotypes
with an AA male, one with AB/AC males, and none with BB/BC/CC males. Attempting to include a direct interaction between male
karyotype and female haplotype would be inappropriate owing to the sheer number of possible contrasts and our limited a priori knowl-
edge regarding how specific combinations would perform. However, if parental haplotype combination affects reproductive success, we
would expect this effect to vary based on the number of haplotypes shared between parents. This model also allows us to interpret the
main effect of female haplotype on reproduction, and whether any effect of parental haplotype sharing varies by female haplotype.

The model described above may miss some variation explained by specific male karyotypes. To account for this, we performed a
second model including male karyotype as a separate fixed effect (with female haplotype included as a control). For every model,
male and female age (scaled and mean centred) were also included as fixed effects, and male and female identity (ID) included as hier-
archical groups. Whilst housing conditions were kept relatively consistent across the lifetime of the study population, the large timescales
over which this population was kept meant that certain aspects of husbandry varied over time (such as food, conspecific identity and
keeper identity). To ensure any effects of husbandry/environmental conditions were controlled for, we included a categorical variable
of female birth year as an additional hierarchical group (17 levels, spanning 1997-2013).

Choice of family for Bayesian models was based on a combination of prior knowledge of the data and assessment of model fit using
posterior predictive checks. For the ‘egg fertility and early embryo development’, ‘hatching success of developed eggs’, and ‘sex ratio’
models, a binomial family was chosen. For the ‘egg production’ analysis, all variations of a Poisson distribution, negative binomial
and negative binomial hurdle models fit the data very poorly with an extremely poor recovery of the tail ends of the distribution. A con-
tinuation ratio family (cRatio) (a highly flexible ordinal model) can be considered appropriate when used with data that is bounded and
sequential (the attainment of one level is required for the attainment of the next). cRatio models have been proposed and used in the past
for similar ordinal-like count data [43—45], and make logical sense in our case (see the electronic supplementary material, S5 for details).
The use of a cRatio model also allows us to tease apart the separate probabilities associated with the attainment of each level, providing us
with superior inference over a Poisson or negative binomial model. We present here the results of the cRatio model (see the electronic
supplementary material, SSA-C for a summary of additional modelling attempts using more traditional approaches).

Regularizing zero-centred diffuse priors were chosen for all parameters. Models were run across four chains with 2000 warmup and
1000 post warmup iterations, except for the ‘hatching success of developed eggs’ models which required 5000 warmup and 2500 post
warmup iterations to reach a sufficient effective sample size. Model convergence was assessed visually using trace plots and parameter
R values, none of which exceeded 1.01 indicating good convergence of between- and within-chain estimates. Posterior predictive checks
were used to assess the adequacy of model fit.

We used the probability of direction (PD) to determine effect presence and direction, and the 90% highest density interval (HDI) to deter-
mine the degree of effect uncertainty. We chose a 90% rather than 95% HDI, because 90% has been suggested to be more stable [46]. The PD
describes the proportion of the posterior distribution that is of the median’s sign (i.e. a PD of 100% indicates all iterations were either positive
or negative). The PD therefore provides the probability that a parameter is either positive or negative. As per convention, we consider PD
values greater than 97.5% as substantial evidence of an effect (in combination with an assessment of the 90% HDI), because a PD of 97.5
is highly correlated with a two-sided p-value of 0.05. Effect direction is then evident by the sign of the median. All model checks and PD
plots can be found in the electronic supplementary material. We performed a variance ratio analysis for each model, to calculate the variance
explained by the hierarchical structure of the models (i.e. the ‘random effects’ — mother ID, father ID and mother birth year).

For the final reproductive measure, ‘offspring genotype’, we performed an exact binomial test for each combination of parental gen-
otypes, to determine whether offspring genotype differed significantly from Mendelian expectations. Significance from binomial tests was
determined by p-values of less than 0.05.

3. Results
(a) Egg production

We found no evidence of an effect of either female inversion haplotype, haplotype sharing (the number of haplotypes shared
between the male and female, i.e. their genetic similarity at the inversion) or male karyotype on egg production (figure 2; electronic
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Figure 2. (a) The probability of laying different clutch sizes with respect to female inversion haplotype: A (purple); B (orange) and C (green), and the degree of
parental haplotype sharing: no haplotypes shared (lightest tone), one haplotype shared (medium tone) and two haplotypes shared (darkest tone). Separate prob-
abilities are given for each step-increase in clutch size. (b) Variation in the probability of laying different clutch sizes with respect to male inversion karyotype. Panels
are split by male karyotype: AA (purple); AB (orange); AC (yellow); BB (dark blue); BC (green) and CC (light blue). Bars represent the posterior medians and error
bars are the 90% HDI for the average individual. For a boxplot of the raw data see the electronic supplementary material, figure S1d.

supplementary material, figure Sla—h). The effect of haplotype sharing was not influenced by female haplotype (figure 2a;
electronic supplementary material, figure Slc).

Across all haplotypes, the most probable clutch size was four or five eggs, after which a single-egged clutch was more probable than
any other clutch size. Very few clutches produced more than seven eggs (figure 2a). The high number of single-egged clutches is prob-
ably the result of an age-related decline in clutch size: we found a strong negative effect of female (but not male) age on egg production
(est. =—0.67; 90% HDI: —0.79, —0.52; PD =100%; electronic supplementary material, figure Sle/f). As females aged, there was an
increase in the probability of laying a single-egged clutch, and a strong (but smaller) increase in the probability of laying no eggs,
while the probability of each step-increase in clutch size also declined with age (none of these age effects were dependant on female
inversion haplotype). A summary of the variance decomposition analysis is presented in the electronic supplementary material,
table S1.
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Figure 3. (a) The probability that eggs will survive early development (relative to being either infertile or dying during early development), with respect to female
inversion haplotype: A (purple), B (orange) and C (green), and the degree of parental haplotype sharing: no haplotypes shared (lightest tone), one haplotype shared
(medium tone) and two haplotypes shared (darkest tone). Asterisks indicate that the model observed a substantial difference between connections (PD > 97.5%)
(A females sharing two haplotypes relative to one haplotype, B females sharing one haplotype relative to no haplotypes). (b) The probability that eggs will be
fertilized and survive early development, with respect to male inversion karyotype: AA (maroon), AB (orange), AC (yellow), BB (dark blue), BC (green) and CC (light
blue). Asterisks indicate that the model observed a substantial difference between connections (PD > 97.5%) (AB and AC relative to AA male karyotypes). Points
show the raw observed data, density plots show the posterior distributions (and median and 90% HDI) for the average individual. Points have been jittered to aid
visualization and prevent overlaying points.

(b) Egg fertility and early embryo development

We found no evidence of an effect of female haplotype on the probability of an egg developing past day 3 of incubation (figure 3a;
electronic supplementary material, figure S24,b). Overall, we found no consistent effect of parental haplotype sharing on early
embryo development. There were, however, two exceptions: firstly, a clear but small positive effect for B females that shared
one haplotype with the male, relative to B females that shared no haplotypes with the male (median=0.37; 90% HDI: 0.06,
0.66; PD =97.9%). Specifically, B: AB and B: BC parental combinations produced eggs that were around 40% more likely to be
fertilized and survive early development relative to B: AA, B: CC or B: AC parental combinations (medianqds ratio) = 1.44). Sec-
ondly, we found a clear negative effect for A females that shared two haplotypes with the male, relative to A females that shared
one haplotype with the male (median =—-0.45; 90% HDI: —-0.81, —0.08; PD =97.8%). Specifically, A : AA parental combinations
were around half as likely to produce eggs that were fertilized and survived early development relative to A: AB and A:AC
parental combinations (mediandgs ratioy = 0.63) (figure 3a; electronic supplementary material, figure S2c).
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haplotype: A (purple), B (orange) and C (green), and the degree of parental haplotype sharing: no haplotypes shared (lightest tone), one haplotype shared (medium tone)
and two haplotypes shared (darkest tone). (b) Variation in the probability that a developing egg will survive to hatch, with respect to male inversion karyotype: AA
(maroon), AB (orange), AC (yellow), BB (dark blue), BC (green) and CC (light blue). Points show the raw observed data, density plots show the posterior distribution
(and median and 90% HDI) for the average individual. Points have been jittered to aid visualization and prevent overlaying points.

We found no consistent effect of male karyotype on egg fertility and early embryo development. However, we did find a small
but clear negative effect of AA males relative to AB males (median = —0.38; 90% HDI: —0.66, —0.07; PD =97.8%) and AC males
(median = —0.54; 90% HDI: —0.86, —0.17; PD =99.6%) (figure 3b; electronic supplementary material, figure S2f,¢). Specifically,
eggs from females paired to AA males were around half as likely to be fertilized or survive early development, relative to eggs
from females paired with AB and AC males (medianqgs ratio) = 0.68 and 0.58 respectively). AB and AC carrying males did not
differ substantially from any other male karyotype. There was no clear effect of male or female age on egg fertility and early
embryo development (electronic supplementary material, figure S2d—e). A summary of the variance decomposition analysis is
presented in the electronic supplementary material, table S1.

(c) Hatching success of developing eggs

We found no evidence of an effect of female haplotype, haplotype sharing or male karyotype on the hatching success of
developing eggs (i.e. those that showed evidence of development at day 3 of incubation) (figure 4; electronic supplementary
material, figure S3a—g). The effect of haplotype sharing was also not influenced by female haplotype (figure 4a; electro-
nic supplementary material, figure S3c). We also found no evidence of an effect of male or female age on hatching success
(electronic supplementary material, figure S3d,e). A summary of the variance decomposition analysis is presented in
the electronic supplementary material, table S1.
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Figure 5. (a) Variation in the probability that offspring will be female (relative to male) with respect to female inversion haplotype: A (purple), B (orange) and C
(green), and parental haplotype sharing: no haplotypes shared (lightest tone), one haplotype shared (medium tone) and two haplotypes shared (darkest tone).
(b) Variation in the probability that offspring will be female (relative to male), with respect to male inversion karyotype: AA (maroon), AB (orange), AC (yellow), BB
(dark blue), BC (green) and CC (light blue). Points show the raw observed data, density plots show the posterior distribution (and median and 90% HDI) for the
average individual. Points have been jittered to aid visualization and prevent overlaying points.

(d) Offspring sex ratio

We found no evidence of an effect of female haplotype, the degree of haplotype sharing or male karyotype on the sex ratio of offspring
(figure 5; electronic supplementary material, figure S4a—g). The effect of haplotype sharing was not influenced by female haplotype
(figure 5a; electronic supplementary material, figure S4c), and there was also no evidence of an effect of male or female age (electronic
supplementary material, figure S4d ,e)). A summary of the variance decomposition analysis is presented in the electronic supplemen-
tary material, table S1.

(e) Offspring genotype ratios
There was no evidence of an effect of parent genotypes on expected offspring genotype ratios, with Mendelian expectations being
met for both female and male offspring, and for all combinations of parent genotype (table 1).

4. Discussion

Despite the strong effects of the Z chromosome inversion polymorphism for male fertility in zebra finches, we found no evidence
that inversion haplotypes contain alleles with differential effects on egg production by females or survival of embryos through to
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Table 1. Expected and observed offspring genotype ratios for each combination of parental genotypes. (Also provided are the p-values and 95% confidence [JEI}
intervals (Cl) from binomial exact tests assuming the Mendelian expectation of a 50 : 50 ratio within each combination.)

exact binomial test
for Mendelian

S
gT
parent genotype expectations %
combination offspring expected offspring number of observed proportion of §
(female : male) genotype offspring offspring genotypes 95% dl ‘2
A:AB male AA, AB 29, 21 0.58, 0.42 p=032 0.43-0.72 %
female A B 42,4 0.5, 05 p=1 0.39-0.61 i
wae e AAAC ............... 2120 ............ 051049 o p= soe %
o femk AC B8 0508 p=00 0205
A:BC male AB, AC 13,8 0.62, 0.38 p=038 0.38-0.82 2
o femk  BC 63 om0 p=0y 0x0s O
B:AB male AB, BB 29, 31 0.48, 0.52 p=10.90 0.35-0.62 ;
female A B 28, 38 0.42, 0.58 p=1027 0.30-0.55 N
B:AC male AB, BC 16, 7 0.7, 03 p=20.10 0.47-0.87 o
o fme AC wMo0s05  p=1 0108 O
B: BC male BB, BC %, 13 0.65, 0.35 p =010  0.47-080 2
female B, C 18, 14 0.56, 0.44 p =0.60 0.38-0.74
C:AB male AG, BC 14,11 056,044 p=060  035-076
female A B 22,28 0.44, 0.56 p=10438 0.30-0.59
e e AC « 6 o 033067 o ,p..=.0.2.4. oo
female A C 18, 24 0.43, 0.57 p =044 0.28-0.59
GBC male  BGC 95 064036  p=04  035-087
female B, C 55 0.5, 05 p=1 0.19-0.81

hatching. Our results indicate it is unlikely that sexually antagonistic alleles acting upon egg production (a female-specific repro-
ductive trait) have accumulated within the inversion. Instead, our findings suggest either: (i) the Z chromosome inversion
haplotypes explain little variation in egg production, because any between-haplotype variation results in very similar mean phe-
notypes; (ii) prior sexual antagonism associated with egg production has already been resolved (for example through sex-biased
gene expression [47]); (iii) there are relatively few genes responsible for variation in egg production located in the inversion, but
instead they are located elsewhere on the Z or on the autosomes; (iv) egg production is a highly polygenic trait, and any associated
loci located in the inversion exhibit a small proportion of genetic variation relative to loci elsewhere in the genome; or egg
production may simply exhibit very little genetic variation.

Given the accumulated differences between inversion haplotypes, we analysed whether parental genotype combination is
likely to contribute to variation in reproductive traits. We found no evidence that inversion haplotype sharing has a consistent
effect on reproductive traits. We did, however, find that the probability of offspring surviving early development (relative to
an egg being unfertilized or an embryo dying before 3 days of development), varied depending on the number of haplotypes
shared and female haplotype. Specifically, ‘B’ females sharing one haplotype with the male (B: AB and B:BC combinations)
had a higher likelihood of producing eggs that developed beyond 3 days of incubation, relative to ‘B’ females sharing no haplo-
types with the male (B: AA, B: CC and B: AC combinations). Additionally, ‘A’ females sharing two haplotypes with the male (A :
AA combinations) had a higher chance of eggs failing to develop, relative to ‘A’ females sharing one haplotype with the male (A :
AB and A : AC combinations) (figure 3a). However, if parental haplotype sharing was consistently important, we would accord-
ingly expect to observe a consistent effect associated with each degree of haplotypes shared. Our results do suggest that some
specific combinations of parental genotypes perform better than others, but we suspect this is predominantly driven by the
effect of male karyotype, because we also found that relative to homokaryotypic (AA carrying) males, heterokaryotypic (AB
and AC carrying) males are more likely to produce fertilized eggs that survive beyond 3 days of development (figure 3b). This
is additional to the prior evidence that AB and AC males have the fastest and most successful sperm under sperm competition
[8,9]. Since multiple mating was not permitted in our population, the improved egg survival we observed must be independent
of sperm competition, instead suggesting an additional non-competitive fertilization and/or developmental advantage. Our data
do not allow us to discriminate between fertilization failure and embryo death as the cause of early reproductive failure in unde-
veloped eggs, but our findings do suggest that variation in male fertilization success may underpin the effects of haplotype sharing
on egg development that we observed here. While female inversion haplotype does not appear to affect our measured reproduc-
tive traits, whether it influences other aspects of fitness remains unknown.
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In their original study, despite the strong effects of the male karyotype for sperm traits, Kim et al. [8] found no systematic [ 10 |

evidence of an effect of male inversion karyotype on hatching success, although they were unable to account for the influence
of CC males. Conversely, Knief et al. [6] presented tentative evidence that mortality rates may be slightly higher in the offspring
of heterokaryotypic males. Neither study accounted for the influence of female haplotype, or the interaction between male and
female genotypes. Additionally, in both studies, measures of unhatched eggs represented those that failed at any stage from ferti-
lization to late development. Our study—which does consider the influence of female haplotype, their interaction with male
karyotype, and CC males, as well as partitioning hatching success into two distinct functional categories (representing separate
and mechanistically divergent stages of hatching failure)—finds that aside from the positive effect of AC and AB males relative
to AA males, there is no further evidence that male karyotype has a systematic influence over any other measures of reproductive
success. Our finding that AB and AC males may actually carry an advantage during fertilization and/or early embryo develop-
ment, lends additional support to the evidence put forward by both Kim et al. [8] and Knief et al. [9] that variation between
haplotypes is maintained in the population by a heterozygote advantage for male fitness.

In some systems, females employ post-copulatory reproductive strategies to offset the costs associated with mating with less fit
males [16,20,21] (e.g. those homozygous for the inversion, who have more poorly performing sperm). We explored this here by
analysing whether offspring sex and genotype ratios varied by parental haplotype sharing. For example, we might expect females
to favour producing a female-biased brood when mated to homozygous males that share her haplotype (i.e. in which case all her
male offspring would be less fit). However, we found no evidence that offspring sex ratio was influenced by inversion haplotype,
or the number of haplotypes shared between parents. Similarly, offspring genotype ratios conformed to Mendelian expectations
under all parental combinations. It is therefore unlikely in this system that females employ post-reproductive differential offspring
investment based on the father’s inversion haplotype. Differential investment in offspring sex ratio is predicted to occur where the
costs and benefits of producing offspring differ between sons and daughters [16,48,49]. In the zebra finch, females have previously
been shown to employ facultative offspring sex ratio adjustments based on female condition [22], and differential offspring invest-
ment has also been observed based on partner quality [20]. It is possible that we do not observe differential investment here
because conflict over optimal trait values limits the ability of females to drive such traits to fixation. Alternatively, because
male karyotype has no systematic influence on female reproductive traits or on offspring survival, instead primarily influencing
sperm success under sperm competition, the strength of selection for such a trait will also probably depend on the degree of extra
pair paternity. Finally, if inversion haplotype is linked with genes for phenotypic or behavioural signals associated with attractive-
ness in males (for example male band colour [50]) females may select the more suitable males based on pre-copulation cues,
providing little need to evolve a mechanism for adjusting investment post-mating. Beak length has already been found to be
linked with male Z inversion karyotype in this species, providing one potential mechanism for pre-copulatory female choice
[6]. However, since natural mate choice was not permitted in our study population, we were unable to test this.

Finally, although not related to the inversion polymorphism, we observed a clear decline in egg production with female
age, which is consistent with general trends of reproductive senescence across many (though not all) female birds [51]. We also
observed a marked increase in the number of single-egged clutches with female age (electronic supplementary material,
figure S1f). It may be that for older females, reproductive fitness is maximized by concentrating effort into the formation and
post-laying care of a single egg, rather than spreading limited energy over a larger clutch. Laying larger clutches may be physically
very challenging for older birds that have probably experienced a reduction in their follicular reserve, a decline in normal immuno-
logical and hormonal functioning, and an increase in the energy required for somatic maintenance [52]. This effect became
apparent in our population when female birds reached between 3 and 4 years of age. In the wild, mortality is high, and the
median life expectancy is only approximately four months [53]. It therefore seems unlikely that this phenomenon would be
observed in the wild, but whether it is a specific feature of our population, or a more general pattern observed across captive
birds is also unknown.

Understanding the factors that contribute to variation in reproductive success is a key goal of evolutionary research. Our findings
provide a thorough test of the effects of a sex-linked inversion polymorphism for reproductive traits. We have shown that this inver-
sion polymorphism, or ‘supergene’, despite its important effects for male fertility, does not appear to influence egg production by
females or survival of embryos through to hatching. We have also provided additional evidence that the zebra finch Z inversion is
probably being maintained in a stable polymorphism owing to heterozygote advantage for male fitness, whereby heterokaryotypic
males carrying one copy of the ancestral inversion not only have faster and more successful sperm under sperm competition, but may
also have an increased likelihood of fertilization and/or early embryo survival relative to homokaryotypes.

The data used for this study was collected following approval by the University of Sheffield, UK. All procedures used to collect the data
conformed to the legal requirements for animal research in the UK, and were conducted under a project licence (PPL 40/3481) issued by the
Home Office. All animals were humanely killed under Schedule 1 (Animals (Scientific Procedures) Act 1986).

Data and code are available in the Dryad Digital Repository: https://doi.org/10.5061/dryad.cz8w9gj7w [38]. Electronic supplemen-
tary material is provided online [54].
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Abstract

In internal fertilisers, the precise timing of ovulation with the arrival of sperm at the site of
fertilisation is essential for fertilisation success. In birds, mating is often not synchronised with
ovulation, but instead females utilise specialised sperm storage tubules (SSTs) in the
reproductive tract, which can ensure sperm are always available for fertilisation at the time of
ovulation, whilst simultaneously providing a mechanism of post-copulatory sexual selection.
Despite the clear importance of SSTs for fertilisation success, we know little about the
mechanisms involved in sperm acceptance, storage, and release. Furthermore, most research
has been conducted on only a small number of species, based on which SSTs are usually
assumed to look and function in the same way across all species. Here, we conduct a
comparative exploration of SST morphology across 26 species of Galliformes. We show that
SSTs, and the surrounding tissue, can vary significantly in morphology across species. We
provide observational evidence that Galliformes exhibit at least 5 distinct categories of tubule
types, including distinctive coiled and multi-branched tubules, and describe 2 additional
features of the surrounding tissue. We suggest functional explanations for variation in tubule
morphology and propose next steps for future research. Our findings indicate that SSTs are
likely to be far more variable than has previously been assumed, with potentially important
consequences for our understanding of sperm storage in birds and post-copulatory sexual

selection in general.

Keywords: fertility, sperm selection, post-copulatory sexual selection, cryptic female choice,

uterovaginal junction, reproduction
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1 Introduction

In internal fertilisers, successful fertilisation relies on the arrival of sperm at the site of
fertilisation at the precise time of ovulation. In many species, ensuring sufficient sperm are
available for fertilisation requires insemination to be precisely timed with the release of the
ovum. In others, insemination and ovulation are not synchronised, sometimes occurring many
days or even months apart (Birkhead, 1992; Birkhead and del Nevo, 1987; Hatch, 1983;
Hemmings and Birkhead, 2020; Wanless and Harris, 1986). To compensate for this, females
may store sperm within the reproductive tract, maintaining it in a viable state to be released

at ovulation (Bakst, 2011).

Female sperm storage is a widespread phenomenon, occurring in many invertebrates and all
major vertebrate groups (Holt and Fazeli, 2016; Shankar et al., 2022). In species exhibiting
sperm storage (as opposed to just sperm longevity), females can store sperm for a few hours
to months or even years (Holt and Fazeli, 2016; Levine et al., 2021; Orr and Zuk, 2012). This is
achieved through providing an environment favourable for sperm survival, often in the form
of specialised morphological structures e.g., seminal receptacles, (gastropods and
arthropods), spermathecae (many invertebrates), tubules (birds, reptiles, fish and
amphibians), or a combination of both spermathecae and seminal receptacles (Drosophila
melanogaster) (reviewed in; Holt, 2011 and Orr and Brennan, 2015). Sperm storage
structures not only guard against a lack of sperm at fertilisation, but may also allow females to
preferentially store/release sperm from preferred males, thereby providing a mechanism of
postcopulatory sexual selection (i.e., cryptic female choice) (Bakst, 2011; Eberhard, 1996;
Mendonca et al., 2019; Sasanami, 2017).

Sperm storage has been particularly well-studied in birds, beginning with speculation in the
early-1900s that viable sperm were capable of surviving in the oviduct long after insemination
(Payne, 1914). It wasn’t until the mid-1900s that the first specialised storage sites, then
termed ‘sperm nests’, were identified and suggested to be responsible for sustained fertility in
female birds (Van Drimmelen, 1946). ‘Sperm nests” were initially described as being located
within shallow crypts of the infundibulum (the site of fertilisation), but in a series of
histological studies, sperm storage was later suggested to occur principally at the utero-

vaginal junction (UVJ), a small non-distinct section of the vagina bordering the uterus (Bobr et
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al., 1964a, 1964b; Verma and Cherms, 1964, 1965). Today, these structures are commonly
known as ‘sperm storage tubules’ (SSTs), occurring primarily in the UVJ, with evidence for
infundibular storage sites remaining equivocal (but still widely cited) (Assersohn et al., 2021;

Bakst, 2011; Sasanami, 2017).

Although commonly defined as ‘simple tubular invaginations’, SSTs are increasingly
appreciated as being highly specialised, with an expanding body of evidence to suggest that
the molecular and biochemical processes occurring within SSTs are complex and highly
regulated (Bakst, 2011; Freedman et al., 2001; Hemmings et al., 2015; Holm et al., 2000;
Khillare et al., 2018; Mendonca et al., 2019; Sasanami, 2017). The vagina is typically hostile to
sperm: only 1% of inseminated sperm make it into storage (Bakst, 2011) and it is thought to
be a selective process that probably ensures sperm with atypical morphology and physiology
are inhibited from participating in fertilisation (Bakst, 1994; Bobr et al., 1964a; Khillare et al.,
2018; Ogasawara et al., 1966). Once accepted into SSTs, numerous compounds are produced
that likely act to suppress sperm motility and provide protection from structural damage and
oxidative stress (Bakst and Bauchan, 2015; Freedman et al., 2001; Holm et al., 2000; Huang et
al., 2017, 2016; Khillare et al., 2018; Matsuzaki et al., 2015; Mendonca et al., 2019; Sasanami,
2017). At ovulation, sperm are re-mobilised and released from storage (Hiyama et al., 2014;
lto et al., 2011). In birds, there is a very narrow window of time (around 15 minutes in
domestic fowl; (Bakst, 1994)) between ovum release and the laying down of the outer
perivitelline layer (a matrix of glycoproteins that surrounds the ovum and blocks further
penetration by sperm) (Hemmings and Birkhead, 2015). The timing of acceptance and release
of sperm is therefore highly regulated, probably through fine hormonal and possibly nervous
control (Hemmings et al., 2015). Furthermore, 3D imaging of SSTs in zebra finches
(Taeniopygia guttata) has identified gate-like constricted openings that may act to limit the
ability of sperm swimming below a certain velocity to enter storage, providing an additional
mechanism of selection for high quality sperm (Hiyama et al., 2014; Ito et al., 2011;
Mendonca et al., 2019). Despite these advances, we still lack a comprehensive understanding
of the mechanisms by which SSTs accept, store/maintain and release sperm (Khillare et al.,
2018; Sasanami, 2017; Shankar et al., 2022). We have long known that even among
commercial birds selected for consistent and high fertility, sperm storage duration varies

greatly. For example, sperm are stored for just 5-10 days in Japanese quail (Coturnix japonica)
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but up to 15 weeks in turkeys (Meleagris gallopavo) (Birkhead and Mgller, 1990; Sasanami,
2017). However, the causes of such variation are not known or generally discussed in the

context of SST diversity across avian species.

Perhaps an even more fundamental barrier to our understanding of sperm storage in birds is
our lack of knowledge of inter-specific variation in SST morphology. Sperm are some of the
most diverse cells in the animal kingdom (Pitnick et al., 2009), and so it stands to reason that
the structures that selectively store them might also vary considerably in both structure and
function (Cramer et al., 2023). Sperm length has been found to correlate negatively with SST
number and positively with SST length in passerines (Briskie and Montgomerie, 1993),
suggesting that the co-evolutionary dynamics between male and female post-copulatory
sexual selection may be a driving factor in the evolution of sperm morphology (Kustra and
Alonzo, 2023). Sperm morphology and female sperm storage organ morphology have been
shown to correlate in other taxa as well (mainly invertebrates) (Higginson et al., 2012; Miller
and Pitnick, 2002). Within-population variation in sperm storage organ morphology and
function has also been documented in Drosophila (LUpold et al., 2013). However, the general
assumption in birds is that SSTs always look- and function in- the same way as those observed
in the species in which SSTs have been most well-studied (e.g., domestic chickens (Gallus
gallus domesticus), turkey, Japanese quail, and the zebra finch). In studies that have identified
SSTs, there is also inconsistency in how quantitative variables such as SST number and length
are measured, making cross study comparison difficult. For example, there is no consensus on
whether branched tubules should be considered (and measured as) one tubule with great
total length, or many distinct shorter tubules. An important step in determining the degree of
variation in SST form and function across species, and how this correlates with post-
copulatory processes, will be to develop more consistent and reproducible descriptions and

measures of SST traits.

Here, we report and present the discovery of remarkable variation in morphological structure
of SSTs across species of Galliformes. We also present methods for dissecting and examining
the folds of the utero-vaginal junction in birds, suggest criteria for categorising tubule
morphology based on our observations, and discuss the potential for future research in

Galliformes and across birds in general.
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2 Materials and Methods

2.1 Animals

Galliformes are a very large, diverse, and well-studied bird group in which body size and
mating system vary greatly, and samples are easily accessible, making them ideal for exploring
interspecific variation in SST morphology. We collected the whole oviduct of a single female
from 28 different species of Galliformes. Dead birds were sourced in 2016 from breeders in
the process of disposing of excess stock, and dissections took place on site within 30 minutes
of each bird being killed. Females were included in the study only if they were in breeding
condition (confirmed by the presence of an ovum in the oviduct and/or a hierarchy of
developed ova in the ovary), since the avian oviduct is known to regress in size outside of the
reproductive period. Males and females were housed together, allowed free access to each
other, and all copulations were natural. Females were dissected at most within 1-2 days of
commencing egg-laying, and all females were confirmed to have laid fertile eggs

(demonstrating that they had recently accepted and stored sperm).

The oviduct was removed intact (including the cloaca and ovary), unravelled, stripped of
connective tissue, and briefly cleaned in phosphate buffered saline (PBS). The oviduct was
then pinned out lengthways in a long, shallow wax-based tray, where it was photographed
and measured. The length of each individual section of the oviduct, as well as its entire
length, was measured. We also recorded the wet mass of the oviduct after briefly dabbing off
excess liquid with absorbent tissue. Once all measurements were complete, the oviduct was
transferred into a deeper tray, pinned so that each section was straight, and submerged in
10% formalin solution to fix the tissue. After at least 48 hours in fixative, a segment of the
vagina containing the UVJ was then cut away from the rest of the oviduct (Figure 1; step 1)
(Briskie and Birkhead, 1993). Since the UVJ has previously been reported to be located at the
uterus end of the vagina, the segment was always cut at the beginning of the uterus.
However, due to the use of vaginal tissue for another study, the degree to which the segment
extended along the vagina varied from 19-30% of the total vaginal length. Upon microscopic
examination of each sample, the start of the UVJ segment was designated as the point at
which sperm storage tubules first appeared, and the end of the UVJ segment was where

uterine tissue started. Occasionally, it appeared that the distribution of tubules continued
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slightly further down the vagina than the length of our sample allowed us to visualise,
however this was uncommon (only occurring in 4 species; California quail (Callipepla
californica), European quail (Coturnix coturnix), mountain quail (Oreortyx pictus) and
Temminck’s tragopan (Tragopan temminckii)), and the dissected segments were expected to

contain the majority (if not all) of the SSTs in the sample.

1. Dissect utero-vaginal junction (UVJ)
from main oviduct

2. Expose internal folds of
UVJ & pin open

Ovary

3. Dissect a single
fold along its

Oviduct .
entire length

4. Stain with fluorescent
f dye & mount on slide

) 5. Image along the length of the fold

Entrance

6. Categorise SST
morphology

Stored sperm

Figure 1 Schematic illustrating the avian oviduct and ovary, and the methods of UVJ dissection, fold dissection
and SST categorisation. Within the oviduct, the utero-vaginal junction (UVJ) (purple segment) - the site of primary
sperm storage, was dissected and pinned open to expose the internal folds. A single fold was then dissected
along its length and stained with Hoechst fluorescent dye. The fold was then laid flat and fixed onto a slide before
being imaged along its entire length using fluorescent microscopy. SSTs are typically visible along the centre of

UVJ folds. Schematic drawn in Adobe lllustrator (V.28.4.1)
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2.2 Dissection

Samples were cut longitudinally with micro-dissecting scissors, pinned open with butterfly
specimen pins on Sylgard™ 184 gel (Sigma-Aldrich), and covered with phosphate buffered
saline (PBS), to reveal the internal luminal mucosa and mucosal folds of the vagina (Figure 1;
step 2). For each sample, 2 folds were dissected. Folds were examined under a Leica MZ75
dissecting microscope and dissected by cutting the entire length of one side of the ‘valley’ (as
opposed to the crest) of a single fold along the entire length of the sample (Figure 1; step 3)
(Briskie and Birkhead, 1993). Care was taken to remove only the mucosa, peeling it away from
the underlying connective tissue (the lamina propria), but avoiding cuts to the underlying
tissue. Before cutting along the remaining side, the fold was gently prised open along the
length. Opening the fold out whilst it was still attached to the sample along one side had the
benefit of providing leverage for gently teasing apart the ‘crest’ of the fold. Flattening the
crest was necessary to allow the fold to lie smoothly once mounted, but was much more
difficult to achieve once the fold was fully dissected. If necessary, additional cuts were made
to remove connecting tissue whilst ensuring the integrity of the fold was maintained and the
SSTs were not damaged. The entire length of the remaining attached side was then cut
longitudinally, and the fold gently removed from the underlying tissue. The fold was then
incubated for 5-10 minutes with 10-20ul of Hoechst 33342 dye (the exact volume depended
on how much was needed to fully submerge the fold). Hoechst was used to help visualise
sperm in storage, which aided in identifying SSTs, and had the added benefit of clarifying the
edges of the SSTs against the surrounding tissue. The fold was then placed onto a slide
(lamina propria side down) and gently opened to lie flat. Once flattened along the entire
length, a coverslip was added with Fluoromount-G™ Aqueous Mounting Medium (Sigma-
Aldrich) and left to dry. Dried samples were sealed with transparent nail varnish and kept in

the dark until imaging (Figure 1; step 4).

2.3 Morphological observations from dissection

We observed a remarkable amount of variation in the thickness, texture, integrity, and overall
appearance of vaginal tissue between species. The visual presentation of the folds of the
vagina varied between species, with some species having large and very distinct folds whilst in

others the individual folds were less pronounced. Some species displayed obvious
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pigmentation in the vagina, and in many cases, tubules were visible by eye at this stage
(Figure 1; step 5). There was always an obvious difference between vaginal and uterine tissue,
though in some species this difference was more pronounced than others. Uterine tissue was
always to some degree thicker, darker in appearance and with larger/taller folds relative to

the vagina.

Samples also clearly varied in their response to preservation in formalin: While some samples
remained very well preserved, others had become fragile and difficult to dissect. In the case
of 2 species, Javan peahen (Pavo muticus), and Grey partridge (Perdix perdix), samples were
so fragile they were impossible to dissect. Consequently, we removed these species from the
sample pool, reducing the sample size to 26 species (52 folds). This difference in response to
preservation, ease of dissection and mounting suggests there are some innate differences in
tissue structure between species; however, most samples remained in suitable condition for
dissection, despite there being an approximate 7-year gap between tissue fixation and sample

dissection.

2.4 Imaging

Slides were examined under fluorescent and brightfield light on a Leica DMLB compound
microscope with an LEJ ebq100 fluorescence source. Images were captured with Infinity
Analyze software via a Lumenera Infinity3 USB camera. Images were taken along the entire
length of each fold, following the centre line of the fold (Figure 1; step 5), at 50X
magnification, with one image directly bordering the next with no overlap and no missing
sections. Depending on the individual sample, images were taken either using brightfield,
darkfield or fluorescent illumination, or a combination, in whichever way produced the
highest quality image for that sample. In many cases, images of one field of view were taken
repeatedly through multiple planes to avoid missing hidden structures where possible. Image
scale bars were produced in ImageJ (Schneider et al., 2012) and contrast and brightness were
adjusted in Adobe Photoshop (version 25.5) to aid visualisation where necessary. For some

structures of note, additional images were taken at either 100 or 200X magnification.
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2.5 Tubule categorisation

On microscopic examination of each image, careful notes of visible structures were made that
were subsequently assessed to create distinct categories that could be used to define
consistent features (Figure 1; step 6). An initial criterion for categorising structure type was
then created, which was used to categorise the visible structures within each image across all
samples. A second observer then used the categorisation criteria to categorise a subset of
images: one image per sample (two samples per species; 52 images in total) was chosen for
re-categorisation, at random (using a random number generator), from a pool of images that
only contained visible structures (i.e., excluding images in which no features were observed).
Repeatability of categorisation was then calculated in R (R Core Team, 2023) using the
package rptR (Stoffel et al., 2017). A binary family was used for each model, with tubule
category as the response variable and sample ID as the random effect. For categories with
lower repeatability, adjustments to the categorisation criteria were made to improve
reproducibility. We then used these revised categorisation criteria to create a flow-chart (also
reproduced as a dichotomous key in the supplementary material) that could be used and built
upon by future researchers to categorise the structures they observe in their own samples,
with the aim of encouraging a consistent and definitive use of terminology throughout the
literature. We acknowledge that a greater number of distinct structures are likely to exist
across species and encourage future work to critically examine the structures observed and
consider whether they fit into the existing categories presented here, or whether new

categorisations are necessary.

To aid in categorising tubule location, we considered the samples as being divided into 3
sections, each containing an equal number of images: C (the most distal section, i.e., closest
to the cloaca and bordering the rest of the vagina), M (the central third of the sample), and U
(the most proximal section that borders the uterus) (Briskie, 1996). If the sample contained
an uneven number of images making equal thirds impossible, the M section was expanded to
accommodate the additional images, with the C and U sections always containing the same
number of images and so being proportionally the same size. Note that we always consider
the first image in C to be the start of the UVJ region of the vagina and will contain the first

appearance of tubules.
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3 Results

3.1 Tubule location within the UVJ

Tubule location varied between species, however in the majority of species (20; 76.9% of
species), tubules were found in all three regions of the sample (C, M and U) in at least one of
the sample folds. In 13 species (50% of species), tubules were only found in the C and M (but
not the U) regions in at least one of the sample folds, but of these, 6 species never had
tubules in the U region of either fold: harlequin quail (Coturnix delegorguei), Japanese quail,
mountain quail, Swinhoe’s pheasant (Lophura swinhoii), silver pheasant (Lophura nycthemera)
and wild turkey. There was only 1 species (California quail) in which tubules were seen only in
the C region (and not the M and U), but this was only the case for one fold of the sample.
Taken together, tubules were commonly found across the entire length of the sample, but in
half of all species, at least one fold sample did not have tubules that directly bordered the

uterus.

3.2 Presentation of fold tissue

Variation in the texture of vaginal and uterine tissue between species was apparent upon
microscopic examination: In some cases, tissue was thin, and tubules were clear, and in
others the tissue was thick and layered, with tubules sometimes being embedded making
them more difficult to identify, even when examining through multiple planes of focus. Sperm
was not always observed in storage in every sample, possibly due to lower retention of
sperm, fewer copulations, or fewer sperm being transferred during copulation to begin with.
In samples that contained stored sperm, the distribution of sperm was uneven throughout

the samples, with most tubules being free of sperm.

3.3 Channels

We repeatedly observed ‘channel-like” structures (here-on referred to as channels) that
presented as grooves along a single fold, and often extended along a large portion of the fold
(See Figure 2A where no channels are present, relative to Figure 2B-F where channels can be
seen). Although occasionally shorter and more ‘funnel-like” in appearance (Figure 2E and F,

seen in; black francolin (Francolinus francolinus), grey junglefowl! (Gallus sonneratii), golden
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Figure 2 A: An example of the typical presentation of UVJ tissue that does not contain channels or SSTs, from
European quail (Coturnix coturnix) at 50X magnification. B: Channel-like structures of the UV/J tissue from
helmeted guineafow! (Numidea meleagris) at 50X magnification. C and D: Channel-like structures of the UV/J
tissue in grey francolin (Francolinus pondicerianus) at 50X magnification. Each image crosses 3 fields of view.
Channels are very long and end in a region populated by tubules. In C, you can see a large globular

(agglomerate) branched tubule (ag) and channels that appear to end directly in a tubule with obvious stored
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sperm (sp). D: Particularly clear example of a long channel ending in a forked tubule. E: Slightly different
presentation of channel tissue in mountain quail (Oreortyx pictus) at 100X magnification. Channels are shorter in
length, funnel-like and end directly in tubules. F : Example of channels apparently ending in a highly branched
tubule in mountain quail at 200X magnification. Stored sperm are visible in more than one branch. Arrows point
to representative (but not all) examples of channel walls (cw), tubule entrances (te), stored sperm (lighter/
brighter blue) (sp), and agglomerate tubules (ag) (where relevant). Images are all orientated with the cloaca

closest to the left side and the uterus closest to the right.

pheasant (Chrysolophus pictus), Lady Amherst’s pheasant (Chrysolophus amherstiae),
mountain quail, red legged partridge (Alectoris rufa), roul roul partridge (Rollulus rouloul) and
Temminck’s tragopan), these structures were distinct in presentation from tubules but
contained clear thickened tissue on either side (channel walls) with a ‘lumen-like” depression
along the centre. Channels were sometimes seen beginning at the start of the sample (the C
region) and ending at the presence of tubules (Figure 2C) and they may either extend strictly
in parallel, or merge and split into a series of interconnected pathways. They often (but not
always) traversed more than one field of view (Figure 2C and D). In some cases, channels
appeared further along the sample, and were occasionally seen to end directly in a tubule
(Figure 2C-F). Whilst in many cases channels appear as ‘open-top’ grooves (e.g., Figure 2B, E
and F), it was not always clear from 2D imaging whether in some cases they may be enclosed
tubes (e.g., 2C and D). Ultimately, future work exploring the 3D ultrastructure of channels will

be needed to determine this.

Channels were observed to some degree in most species examined (24 species (92.3% of all
species) and 46 folds (88.5% of fold samples)) (Figure 3). There were only 2 species where
channels were observed in one fold but not the other (black francolin and Madagascar
partridge (Margaroperdix madagarensis), and only 2 species where no channels were
observed in either fold of the sample (European quail and Chinese quail (Excalfactoria
chinensis). The categorisation of channel tissue was significantly repeatable between

observers (Riinkscale = 0.99, Cl = 0.99, 1.00, P < 0.0001).
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T £ £ 3
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Silver pheasant (Lophura nycthemera) X X X X
Swinhoe's pheasant (Lophura swinhoii) X X X X X
White eared pheasant (Crossoptilon crossoptilon) X X X
Cheer pheasant (Catreus wallichii) X X X X X
Lady Amherst’s pheasant (chrysolophus amherstize) X X X X X
Golden pheasant (Chrysolophus pictus) X X X X X
Common pheasant (Phasianus colchicus) X X X X
Reeve’s pheasant (syrmaticus reevesii) X X X X X
Wild turkey (Meleagris gallopavo) X X X X
Temminck’s tragopan (Tragopan temminckii) X X X X
— Grey francolin (Francolinus pondicerianus) X X X X X X
Grey junglefow! (Gallus sonneratii] X X X X X X
Bamboo partridge (Bambusicola thoracicus X X X X X
Red legged partridge (slectoris rufa) X X X X X
Black francolin (Francolinus francalinus) X X X X X X
| Red junglefowl (Gallus galius) X X X X
|_| E European quail {Corturnix coturnix) X X X X
Madagascar partridge (Margaroperdix madagarensis) X X X X X X
Jap quail (Coturix japonica) X X X X
Chinese quail (Excalfactoria chinensis) X X X X
Roul roul partridge (Rollulus reuloul) X X X X X
Harlequin quail (¢oturnix delegorguei) X X X X
California quail (callipepla californica) X X X X
l_: Bobwhite quail (colinus virginianus) X X X X X X
I_ Mountain quail (Oreortyx pictus) X X X X X X X
Helmeted guineafow! (Numidia meleagris) X X X X

o4

60 50 40 30 20 10
Million years before present

Figure 3 Phylogeny for the 26 species examined, and the tubule and tissue types observed within those species.
Cells marked with ‘X’ indicate that this species exhibited this tubule or tissue type to some degree in at least one
fold of the sample. Galliformes phylogeny with time-calibrated branch lengths was obtained from Stein et al.,

2015, which was trimmed using the R package treeplyr (Harmon, 2023).

3.4 Transitional tissue

Across most species, we observed structures that we could neither conclusively define as
tubule tissue, nor vaginal or uterine tissue. These structures always directly preceded the
uterus, and often looked similar in morphology to tubules seen further down the sample, but
in this case were either poorly defined, and/or much smaller and increasing in density until
merging into uterine tissue. We refer to these structures as ‘transitional tissue’, as they
appear transitional between regular tubules and uterine tissue. In many cases, when viewed
at high magnification, very small tubule-like entrances could be seen (see Figure 4 C & D for a
comparison of transitional tissue at low and high magnification). Transitional tissue was not

considered to be tubule tissue as we did not deem it likely to be functioning in sperm storage.
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Figure 4 A: Example of typical (non-transitional) tissue at the uterus end of the vagina in black francolin
(Francolinus francolinus) at 100X magnification. B: Transitional tissue in Japanese quail (Coturnix japonica) at
50X magnification. Tissue appears like poorly defined tubule tissue, much smaller than tubules and in places
difficult to distinguish from surrounding tissue C: Mountain quail (Oreortyx pictus) at 50X magnification. Distinct
clusters of agglomerate-like tissue that is distinct from uterine tissue but with a poorly defined ‘fluffy’
appearance. When viewed under high magnification, looks like smaller less well-defined agglomerate tissue (see
D for an example). D: Transitional tissue from Mountain quail at 200X magnification. E: Transitional tissue from
Harlequin quail (Coturnix delegorguei) at 50X magnification. Tissue appears like extremely densely packed tiny
tubules, distinct from storage tubules in being overall significantly smaller, but with tubule like entrances only
seen when examined under high magnification. F: Transitional tissue in Temminck’s tragopan (Tragopan
temminckii) at 100X magnification, showing a clear transition from tubule-like (but poorly defined) tissue in the

vagina (to the left) to dense uterine tissue (on the right). Arrows point to representative (but not all) examples of
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tubule-like entrances (tle). Images are all orientated with the cloaca closest to the left side and the uterus closest

to the right.

Transitional tissue was never seen to contain stored sperm and was observed to some degree
in 22 species (84.6% of species) and 40 folds (76.9% of fold samples) with only 4 species not
displaying transitional tissue in either fold of the sample (bobwhite quail (Colinus virginianus),
European quail, helmeted guineafow!l (Numidia meleagris) and white eared pheasant
(Crossoptilon crossoptilon)) (Figure 3). The distinction between tubules approaching the U
region of the UVJ and early transitional tissue was sometimes difficult and required a degree
of subjectivity, however the categorisation of transitional tissue was significantly repeatable

between observers (Riinkscale = 0.97, Cl = 0.98, 1.00, P < 0.0001).

3.5 Tubule categorisation

In addition to transitional tissue and channel tissue, we found five distinct categories of

tubules.

1) Straight unbranched tubules — the simplest structure, with a clear single lumen. May
bend but they do not coil or branch. At least some proportion of tubules within every
sample was straight unbranched, making it the most common type of tubule (Figure
3). The categorisation of straight unbranched tubules was highly repeatable between
observers (Riinkscale = 0.80, Cl = 0.40, 0.99, P = < 0.0001). Examples can be seen in
Figures 2, 5, and 6.

2) Straight branched tubules — generally possessing between 1 and 3 long branches
(though occasionally more), without coils or twists. As with straight unbranched
tubules, branches may bend. These are commonly described in the literature and were
present to some degree in 8 species (30.8% of species). For each species that
contained straight branched tubules, they were common and found in both folds of the
sample (Figure 3). The categorisation of straight branched tubules was highly
repeatable between observers (Rinkscale = 0.93, CI = 0.95, 1.00, P = < 0.0001). Examples

can be seenin Figures 2, 5 and 7.

3) Coiled tubules — highly coiled or twisted, in some cases small, ‘blobby’ and

unbranched, whilst in others they appeared longer and branched. Coiled tubules were
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uncommon, appearing in just 3 species (11.5%) (Figure 3). For each species that
contained coiled tubules, they were common and found in both folds of the sample. In
some cases, coiling was so extreme the tubule appeared ‘corkscrewed’ in shape. The
categorisation of coiled tubules was highly repeatable between observers (Riinkscale =

0.79, Cl =0.89, 1.00, P =0.002). Examples can be seen in Figure 5.

Mini-tubules — can be defined as being <30% the size of the largest tubule in the
sample, and despite being very small relative to the longest tubules, often contained
stored sperm. Due to the large number and consistency in length of mini-tubules, we
are confident that we were observing their full length in most cases. Occasionally, mini-
tubules appeared as barely longer than the tubule entrance. Mini-tubules were very
common, appearing to some degree in every species and in 50 folds (96.2% of fold
samples) (Figure 3). Mini-tubules could appear along the entire length of the sample
but were particularly common towards the U region as the length of tubules generally
declined closer to the uterus. Despite being small in length, the lumen and epithelial
wall were similar in thickness to other tubules within the sample, and the tubule
entrance was similar in size to other tubules in the sample. This distinguishes them
from tubule-like transitional tissue which are significantly smaller (e.g. figure 4E). The
categorisation of mini-tubules was highly repeatable between observers (Ruiinkscale =

0.99, CI =0.98, 1.00, P = < 0.0001). Examples can be seen in Figure 5.

Agglomerate tubules — tubules were highly branched and appeared almost globular or
star-like in shape, sometimes appearing as dense clusters of tubules with multiple
entrances. It was often unclear whether these clusters shared a lumen or were in fact
distinct clusters of small agglomerate tubules. Transitional tissue may often appear
agglomerate but has a less distinct form and appears only towards the U region of the
sample (e.g. Figure 2C-D). Agglomerate tubules were found in 9 species (34.6% of
species) and 15 folds (28.8% of fold samples) (Figure 3). There were 3 species in which
agglomerate tubules were found in one fold of the sample but not the other
(Madagascar partridge, mountain quail and red legged partridge). The categorisation of
agglomerate tubules was highly repeatable between observers (Riinkscale = 0.93, Cl =

0.95, 1.00, P =< 0.0001). Examples can be seen in Figures 5 and 7.

71



Chapter 4

100 pm

100 um

G - Min, suU

p A/te
¥
S 3

- &7
100 pry S o . o

Figure 5 A: Example of straight unbranched tubules in bamboo partridge (Bambusicola thoracicus) at 200X

magnification; B: Example of straight unbranched tubules in common pheasant (Phasianus colchicus) at 100X

magnification; C: Example of straight branched tubules in mountain quail (Oreortyx pictus) at 200X
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magnification; D: Example of a branched tubule that is also coiled, in bobwhite quail (Colinus virginianus) at 200X
magnification. It is common for coiled tubules to also be branched, E: An example of a large number of coiled
tubules in bobwhite quail at 100X magnification; F: An example of a branched tubule where one branch is coiled
but not the other, in mountain quail at 200X magnification; G: An example of a mini-tubule and a regular sized
tubule in the same field of view in wild turkey (Meleagris gallopavo) at 100X magnification. The mini-tubule has
visible stored sperm; H: An example of many mini-tubules in close proximity to one another in bobwhite quail at
100X magnification. Some tubules are so short in length they appear as little more than an entrance; I: An
example of agglomerate tubules in black francolin (Francolinus francolinus) at 50X magnification. Tubules are so
highly branched they appear as globular rather than tubular structures; J: An example of agglomerate tubules in
grey junglefowl! (Gallus sonneratii) at 100X magnification. Tubules are so highly branched they form some unique
and interesting shapes. Arrows point to representative (but not all) examples of the tubule lumen (lu), the tubule
epithelium (ep), tubule entrances (te), and stored sperm (lighter/brighter blue) (sp). Images are all orientated
with the cloaca closest to the left side and the uterus closest to the right. Image title abbreviations are as follows:

Straight unbranched — SU; straight branched — SB; coiled — Coi; Mini-tubules — Min; Agglomerate tubules — Agg.

In addition to the 5 categories above, we noticed several samples contained tubules with
interesting features that were not consistent or common enough to be considered separate
categories, but are of note and worth discussing: first, we observed some tubules with

unusually large/wide or ‘expanded’ entrances (Figure 6A) in helmeted guineafowl, Lady

100 pm

Figure 6 A: Example of tubule/s with ‘expanded’ entrances, in helmeted guinea fow! (Numidia meleagris) at 100X

magnification, with tubule/s that appear to have very wide entrances. It is not clear whether this is two
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overlapping tubules or a single tubule with multiple entrances. B: Examples of ‘bulbous’ types in Chinese quail
(Excalfactoria chinensis) at 50X magnification, with 2 tubules that appear engorged relative to the other tubules
in the sample. One tubule has obvious stored sperm. C: Examples of ‘bulbous’ types in Swinhoe’s pheasant
(Lophura swinhoii) at 200X magnification, with a smaller number of stored sperm. D: Examples of ‘bulbous’ types
in Madagascar partridge (Margaroperdix madagarensis) at 50X magnification with clear stored sperm. Arrows
point to representative (but not all) examples of tubule entrances (te), stored sperm (lighter/brighter blue) (sp)
and some non-tissue debris that has picked up the dye (de). Images are all orientated with the cloaca closest to
the left side and the uterus closest to the right. Image title abbreviations are as follows: Bulbous — Bul; expanded

— Exp.

Ambherst’s pheasant and Reeve’s pheasant (Syrmaticus reevesii); and second, we observed
some tubules that were bulbous or inflated along their length (but had normal sized
entrances) compared to the rest of the tubules in the C region of Chinese quail, Madagascar

partridge and Swinhoe’s pheasant samples (Figure 6B-D)(Figure 3).

3.6 Categorisation flow chart

We created a flowchart for categorising tubule type based on our observations across species
(Figure 7; and reproduced as a dichotomous key in the supplementary material). We found
this process appropriate for categorising the tubules found in the species examined here, with
the quality of images produced from our methodology, but recognise that there are likely to
be more categories of tubules across other species/taxa and encourage researchers exploring
tubule diversity to expand on our categories as necessary. Figure 3 provides a summary of the

categories assigned to each species.

4 Discussion

Avian sperm storage tubules (SSTs) are commonly described as ‘simple tubular invaginations’,
located within a small strip of vagina tissue bordering the uterus, known as the UVJ (Bakst,
2011; Sasanami, 2017). They are widely assumed to look- and function in — the same way
across all birds, according to the most frequently examined species: the domestic chicken,
turkey, Japanese quail, and zebra finches. Here, we provide evidence that Galliformes — a
large group of ground-dwelling birds — exhibit striking and surprising variation in SST
morphology across species. We propose the variety of tubules we observed across 26 species

can be partitioned into 5 distinct categories: 1) Straight unbranched tubules; 2) straight
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Are the suspected storage
structures clear and well-defined?
(located in the vagina, distinct and markedly

different from the surrounding tissue)

Arelthey verybsn|1all cimparedltc; the Do they appear towards the uterus

argest tubule in the sample? end of the sample?

(Tubules are <30% the size of the largest tubules in {In the vagina, but between the population of
the sample) ‘normal’ tubules and the uterus)

Do they look like the other tubules in
the sample in all but length?
(Similar sized entrance, epithelium wall and lumen
diameter to ‘normal’ tubules, but just much
. X shorter in length)
Are they simple ‘straight’
tubes?
(structures may be curved, but
If they are coiled/ twisted, globular or agglomerate,
follow N)

Do they appear as densely concentrated,

but very small tubule-like structures?
(Much smaller than mini-tubules, As they become more
dense, they transition into uterus tissue)

Undefined structure
Structures may fall outside this
categorisation key for the following reasons:

Structure is not storage or storage-
related tissue

Image quality is not sufficient to observe
structures

The structure is currently undescribed

Are they ‘channel-like’ in appearance?
(channels may begin at the cloaca end of the vagina, or
further up the UVJ. They may span more than 1 field of
view, and lead into tubule tissue. Some may terminate

directly into a tubule)

Mini-tubules Transitional tissue

Are they branched? Do they appear ‘fluffy’ or ‘cloud-like’?
(structures look like poorly defined agglomerate tubules.
Distinct from uterus tissue. May transition from agglomerate
tubules into uterus tissue)

(tubules have an obvious split into a clear branch, i.e.
not just overlaying tubules, which will have >1 lumen)

Channel tissue

Are they agglomerate?

{tubules are very highly branched, or very dense clusters
of indistinguishable tubules. Structure appears
somewhat globular. Branches may appear from a larger
central ‘body’)

Straight branched Straight un-branched Transitional tissue

Are they twisted/coiled?

(Distinct separate tubules, but they appear coiled/twisted.
Tubules may be branched or unbranched)

Coiled

Agglomerate

Figure 7 Categorisation flowchart for determining tubule type in Galliformes. Images within this flowchart have
been cropped and expanded for easy visualisation, but are taken from the following species: mini-tubules —

bobwhite quail (Colinus virginianus) at 100X magnification; transitional tissue (top) — Harlequin quail (Coturnix
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delegorguei) at 50X magnification,; channel tissue — grey francolin (Francolinus pondicerianus) at 100X
magnification; straight branched — Reeves pheasant (Syrmaticus reevesii) at 100X magnification; straight
unbranched — common pheasant (Phasianus colchicus) at 100X magnification; transitional tissue (bottom) —
black francolin (Francolinus francolinus) at 50X magnification; agglomerate — black francolin at 100X
magnification; coiled — bobwhite quail at 100X magnification. This flowchart has also been provided in a

dichotomous key format in the supplementary material, which may prove useful for practical applications.

branched tubules; 3) coiled tubules; 4) mini-tubules and 5) agglomerate tubules. We also
show that above and beyond the apparent diversity in SST morphology, the surrounding
tissue of the UVJ region appears to vary between species in some respects and includes at
least 2 additional features: 1) channels and 2) transitional tissue, the function (if any) of which
is currently unknown but warrants further investigation. Additionally, whether tubule function
varies by category is unknown, but may have important consequences for our understanding

of sperm storage and post-copulatory sexual selection in general.

In most samples, tubules were found throughout the length of the UVJ. However, in half of all
species, tubules did not always extend to the distal region of the sample that borders the
uterus. The region directly preceding the uterus was often populated by what we refer to
here as ‘transitional tissue’. Transitional tissue could not be defined as tubule tissue,
surrounding vaginal tissue, or uterine tissue. It often appeared to contain smaller or poorly
defined forms of the tubules seen further down the sample (Figure 4). While many of the
structures observed in transitional tissue appeared to have entrances (when viewed under
high magnification), due to their small size and the fact they were never observed to contain
stored sperm, it seems unlikely they function as sperm storage structures. Previous work in
yellow-headed blackbirds has shown that SSTs vary in length and likelihood to store sperm
across regions of the UVJ (Briskie, 1996); it’s possible that the transitional tissue observed
here represents the smaller and less functional tubules found in that study. Another
possibility is that transitional tissue represents a transitional/developmental state between
the surrounding tissue and fully formed and functional storage structures. We currently do
not know the processes of SST ontogeny, or fully understand how tubule morphology changes

in response to the regression and subsequent regrowth of the oviduct in seasonally
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reproducing birds. Further work is needed to elucidate the precise ultrastructure and

functional significance of transitional tissue.

Across the 26 Galliformes species examined here, we observed channel-like depressions
within the surrounding tissue of the UVJ in most samples. Channels varied in appearance
between species, but were generally either very long, extending multiple fields of view, or
were short and funnel-like. Long channels (e.g. Figures 2B-D) often ended in a region
populated by SSTs (e.g. Figure 2C), or in some cases ended directly in a tubule (Figure 2D).
Shorter funnel-like channels (e.g. Figure 2E-F) were most often observed at the start of the

sample (i.e. the C end of the UVJ), and also frequently ended directly in a tubule.

It is difficult to discern the precise orientation of structures from a 2D image, and we cannot
rule out the possibility that in some cases tubules may be stacked directly on top of channels
rather than being connected, however this seems unlikely to account for all observations,
particularly for funnel-like channels that were frequent and consistent in appearance. Further
investigation is certainly warranted to confirm the presence and 3D ultrastructure of
channels, and channel-tubule connections, and to explore their functional significance.
However, it seems likely that these channels are somehow involved in sperm transport or
storage (at least to some degree). One convincing possibility is that channels simply provide a
more direct route to the region of the vagina populated by tubules, or enhance swimming
efficiency (Magdanz et al., 2015). The precise mechanism of sperm transport through the
vagina is not known: in addition to sperm motility (Allen & Grigg 1957), it has been suggested
that some additional mechanisms may exist including ciliary movements of the surface
epithelium of the vagina, contractions of the oviduct (possibly in combination with ciliary
movement), and/or chemotactic guidance (Orr and Brennan, 2015; Sasanami, 2017). It is
possible that in species that have them, channels aid in the rapid passage of sperm, and/or
provide some protection from the environment of the vagina (e.g. the anti-sperm immune
response, vaginal sperm ejection, and mechanical flushes), while shorter funnel-like channels
may simply direct sperm into tubules once they reach the site of storage. Alternatively, close
association with the vaginal mucosal epithelium might increase sperm contact with immune
cells (Yoshimura et al., 1997), providing an opportunity for cryptic female choice to be

intensified.
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Sperm swimming mechanics are known to be strongly influenced by their interaction with
surfaces (Denissenko et al., 2012). In mammals, sperm are thought to travel through micro-
channels in the reproductive tract, whereby motile sperm preferentially swim near the
boundary of channel walls and this may act as a guiding mechanism towards the egg
(Denissenko et al., 2012; Magdanz et al., 2015). Furthermore, there is some evidence that
suggests that boundary-following behaviour may be associated with higher sperm DNA
integrity in humans (Eamer et al.,, 2016), and that channels may elicit intensified competition
between sperm (Zaferani et al., 2019). Whether the channels we observe here are analogous
to the micro-channels of the mammalian female reproductive tract are unclear, but this
possibility has potential implications for our understanding of sperm transport and post-

copulatory sexual selection within the avian vagina and warrants further investigation.

On the other hand, if tubules are directly connected to a channel, then sperm boundary
following behaviour (Denissenko et al., 2012) may make it more difficult for sperm to exit
storage without having to first travel back down towards the channel entrance. This would
also be the case if long channels exist as enclosed tubes rather than open grooves (which is
yet to be determined). This possibility raises the intriguing prospect that SSTs may not always
function to store the fertilising subset of sperm, but instead may act as sperm ‘bins’ that
inhibit—rather than facilitate — sperm participation in fertilisation. Sperm stored in SSTs are
usually assumed to make up the fertilising subset of sperm because past studies in turkeys
have shown that the number of sperm residing in SSTs is strongly correlated with the number
that reach the ovum (Bakst, 2011; Brillard and Bakst, 1990). However, evidence that stored
sperm always form the fertilising subset is lacking for other species, and so it may be worth
revisiting this assumption. There is also evidence from other taxa that females can directly
differentially remove sperm from storage, for example through differential ejection (aka

sperm ‘dumping’), as seen in Drosophila (Snook and Hosken, 2004).

While the vagina is expected to be the major site of sperm selection in birds (Bakst, 2011; Orr
and Brennan, 2015; Steele and Wishart, 1996), sperm storage tubules are now also predicted
to play an important role in sperm selection by way of non-random acceptance or release of
sperm. For example, sperm filling rate into SSTs has been found to be unevenly distributed
across the UVJ (Briskie, 1996; Ito et al., 2011; Sasanami et al., 2015); and in zebra finches,

SSTs have been found to vary widely in diameter, possess constricted entrances that may act
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as a controlled barrier to sperm entry (Mendonca et al., 2019), and differentially store sperm
from different inseminations (Hemmings and Birkhead, 2017). Sperm dumping and selective
sperm displacement in other taxa (Barnett et al., 1995; Gasparini et al., 2018; Lipold et al.,
2012; Snook and Hosken, 2004) also supports the role of storage structures in sperm
selection. In bats, species that store sperm also appear to produce more sperm, and testis
size is correlated with sperm storage duration suggesting that longer sperm storage is
associated with increased sperm competition (Orr and Brennan, 2015; Orr and Zuk, 2013).
The large variation in SST morphology observed in the current study may lend support to the
hypothesis that SSTs exhibit functional differences that could influence the outcome of sperm
competition. In accordance with this, we also observed a non-uniform distribution of stored
sperm among tubules, suggesting individual SSTs may vary in their ability to accept, store and
release sperm. Sperm were also commonly observed distributed along the entire length of
the tubules, rather than being congregated just within the blind-end, however we did not

notice any patterns in sperm distribution across species or SST category.

Theoretically, tubule shape and length may influence the speed or order in which sperm are
released from storage. Briskie (1996) found that in yellow-headed blackbirds, uterine-end
SSTs were smaller and later to mature but released a greater number of sperm during the
egg-laying period, suggesting that smaller tubules may accept sperm later, but release them
more quickly, than longer tubules. Accordingly, sperm stored in the shorter mini-tubules we
observe here (e.g. Figure 4G), may exit storage more quickly than sperm stored at the end of
longer or more highly branched tubules (e.g., Figure 5C). Branch length and distance from the
SST entrance will presumably influence how easily/fast sperm are released, potentially
providing a mechanism of control over the order of sperm release from storage. Variation in
tubule shape within samples may therefore also help to reduce mating order effects, by
creating variation in ‘the playing field’, in which sperm from different males are stored in a
variety of tubules of varying length, branch number, and complexity, and with a varying

advantage/disadvantage over the timing of release (Hemmings and Birkhead, 2017).

We observed that agglomerate tubules are often extremely highly branched, complex, and
diverse in morphology (e.g. Figure 51 and J). How this structural diversity might translate to
variation in SST function is unclear and introduces several questions. For example, do all

branches function in the same way or are there selective features that allow branches to vary
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in their ability to accept sperm? Does mating order influence which branch sperm are
accepted into? Do the number of branches of a tubule influence the ease with which sperm
can exit the tubule upon release? Given the degree of variation in SST structures observed
here, and the highly diverse nature of sperm cells (Pitnick et al., 2009), a logical line of
guestioning would be to assess whether SST morphology and complexity correlate with
sperm morphology, sperm storage duration, and/or sexual selection intensity (which is
typically correlated with mating system) across species. One possibility is that highly branched
or complex tubule structures introduce variation in the ease with which sperm can enter or
reach the most protective regions of the storage tubule. For example, if more vigorous sperm
are better able to reach more distal branches, they may be better protected from further
selective processes such as sperm ejection or the anti-sperm response within the vagina.
Exploring differential storage of sperm of varying quality across a variety of tubule types may

shed light on whether tubule morphology is linked to sperm selection.

In the case of coiled tubules (e.g., Figure 5D-F), the tightness of coils or their length may
provide an even more extreme degree of manipulation over the ability of sperm to enter
storage, or the timing and speed of sperm release. The structure of coiled tubules has some
interesting parallels with the coiled vaginas of some species of waterfowl, where the coiled
shape of the reproductive tract has a sexually antagonistic co-evolutionary relationship with
the coiled penis of the male (which is coiled in the opposite direction to the vagina, making
intromission more difficult) (Brennan et al., 2010). In addition to their spiral structure, the
vaginas of these species also have multiple blind-ended ‘pouches’, in which the penis can be
directed to act as a mechanism of female control over sperm use following forced copulations
(Brennan et al., 2010). Figure 2F presents a striking example of a tubule in which one branch
(notably, the branch closest to the tubule entrance) is coiled whilst the other is not. One
possibility is that coiled tubules function in a similar way to the blind-ended and spiral-shaped
vaginas of ducks, possibly providing a sperm ‘bin’ by which a proportion of sperm are
prevented from being released, or released quickly enough, to participate in sperm

competition.

Another comparison can be drawn with the uterine muscular coiling (UMC) of viperid snakes.
UMC involves a contraction of the innermost layers of the UVJ, which causes the tissue to

form a coiled shape (not dissimilar to the coiled appearance of tubules seen in Figure 5D-F)
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(Muniz-Da-Silva et al., 2020). It is thought that UMC may function as a mechanism of sperm
storage by maintaining the position and viability of sperm. There is evidence that SSTs in
turkeys are innervated, and individual SSTs house F-actin rich terminal webs in the epithelium
that exhibit a coiled appearance, suggesting they are capable of contraction (Freedman et al.,
2001). Nerve fibres have also been observed in close association with SSTs in the alpine
accentor (Prunella collaris) (Chiba and Nakamura, 2001), although contractile elements were
not found in this case. In support of the contractile potential of SSTs, a contraction-like change
to SST morphology was observed in Japanese quail following an injection of progesterone
(which is thought to be one factor that triggers sperm release from tubules) (Ito et al., 2011),
suggesting that individual SSTs are capable of contraction and relaxation under presumably
fine temporal control. It may therefore be possible that tubule coiling is a plastic mechanism
(under neural or hormonal control) for maintaining and protecting sperm in storage.
Interestingly, it is reported that UMC in snakes becomes less visible in tissue preserved in 10%
formalin relative to fresh tissue. It may therefore be worth examining the morphology of SSTs
across birds using fresh, rather than preserved tissue, and across different stages of
reproduction (e.g., before, during and after sperm acceptance and release). Exploring SST
morphology in fresh tissue will also ensure that any features lost as a result of the
preservation process are uncovered. Coiled tubules have in fact been observed at least once
before, in a study examining the morphology of SSTs in the American kestrel (Falco sparverius)
(Bakst and Bird, 1987). Their shape was only alluded to briefly and their significance was not
discussed at the time nor (to our knowledge) since. We believe our images provide the first
evidence for such structures in Galliformes. While we have hypothesised several possible
functional explanations for coiled SSTs, further work is needed to uncover the significance of
these structures for our understanding of SST function and post-copulatory sperm storage

and selection in general.

Finally, we observed two additional features that were uncommon and inconsistent within
samples, suggesting they were not appropriate for inclusion as separate categories. 1)
Expanded entrances- these unusual tubules were observed to have abnormally wide and
funnel-like entrances. SSTs have been shown to have constricted gate-like entrances
(Mendonca et al., 2019), and so it could be that these tubules were simply in the processes of

relaxing following sperm release or prior to sperm acceptance. Future work exploring SST
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morphological changes through time is a challenging but necessary step to understanding the
process of sperm acceptance and release. 2) Bulbous tubules- whether these are typical
structures for these species is unclear, but these tubules were seen containing stored sperm
and are clearly functional. Further work exploring intraspecific variation in tubule morphology
will be needed to explore this. If these structures do appear to be consistent features within
and across species, re-evaluation of their inclusion as a separate tubule category may be

needed.

5 Conclusions

Sperm storage tubules in birds are often described as ‘simple tubular invaginations’. Whilst
that may be true of the tubules typically seen in well studied birds like chickens and turkeys,
we find that across other Galliformes, tubule structure is far more variable, diverse, and
complex than previous assumed. The variation in tubule and surrounding tissue structure we
observe here may have important implications for our understanding of sperm storage tubule
function in general, with broader consequences for our understanding of post-copulatory
sperm selection. Further research is needed to quantify this variation across Galliformes,
explore variation across other species of birds, and determine the functional significance of
the structures we observe here. An obvious first step will be to explore whether storage
tubule types are associated with sperm morphology, sperm storage capacity and sperm
competition intensity. It may also be useful for future work to examine different sperm
storage types using scanning and transmission electron microscopy, including the use of 3D
imaging techniques, which will help confirm their ultrastructure, internal morphology, and
relationships with surrounding tissues. Ultimately, these findings contribute to the growing
body of evidence across taxa that female sperm storage structures can be complex, highly
specialised and variable (Beese and Baur, 2006; Berger et al., 2011; Holt and Fazeli, 2016;
Hopkins et al., 2020; Lupold et al., 2013; Orr and Brennan, 2015; Ward, 2000).
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Abstract

Post-copulatory sexual selection, comprised of sperm competition and cryptic female choice,
is a powerful evolutionary force that can drive the rapid diversification of reproductive traits
across taxa. In birds, the female reproductive tract provides the arena for post-copulatory
processes, but we lack a comprehensive understanding of the female factors influencing
sexually selected traits. Here, we use a comparative approach to exploring the relationships
between female reproductive tract morphology, sperm competition intensity, and sperm
traits across Galliformes. While accounting for phylogenetic and allometric relationships, we
find that species that experience greater sperm competition intensity have relatively longer
vaginas. This finding suggests that important co-evolutionary dynamics exist between male

and female reproductive physiology. Contrary to predictions, we also find no evidence of a

relationship between sperm length and sperm storage tubule morphology across Galliformes.

Overall, our findings suggest that the vagina has a significant influence on the processes of
post-copulatory sexual selection, but the factors driving variation in sperm storage tubule

morphology and capacity remain elusive and require further study.

Keywords: female fertility, sexual selection, sperm competition, sperm morphology, sperm

storage tubule
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1 Introduction

Post-copulatory sexual selection can drive the rapid evolution of reproductive traits including
morphological, physiological and behavioural adaptations (Birkhead and Pizzari, 2002). When
females mate with multiple males, sexual selection can continue to operate after
insemination through both sperm competition - where ejaculates from different males
compete for fertilisation of the ova (Parker, 1970); and cryptic female choice - where females
bias paternity towards sperm from preferred males (Eberhard, 1996). The female
reproductive tract provides the arena for post-copulatory processes, but it is within the
vagina specifically that sperm selection is expected to be strongest (Bakst et al., 1994;
Birkhead and Brillard, 2007; Steele and Wishart, 1992). In birds, sperm selection in the vagina
is so effective, that less than 1% of ejaculated sperm make it through to the next region of
the oviduct (Bakst et al., 1994; Birkhead and Brillard, 2007). This rapid post-copulatory sperm
loss is at least in part owing to the hostile nature of the vagina: mechanical flushes and
muscular contractions can physically eject sperm (Bakst et al., 1994; Matsuzaki et al., 2015;
Pizzari and Birkhead, 2000); numerous compounds within vaginal fluid act to depress sperm
motility and viability (Huang et al., 2016); immunological activity within the vagina increases
in the presence of sperm (Bakst, 2011; Bakst et al., 1994; Higaki et al., 1995; Yoshimura et al.,
1997); and in some species, the vagina is anatomically adapted to make sperm acceptance
and transport more difficult (e.g., blind-ended ‘pouches’ and vaginal coiling, as observed in

waterfowl) (Brennan et al., 2010).

The existence of physiological adaptations to remove, incapacitate or impede sperm presents
a challenging environment in which males/sperm better able to overcome these obstacles
can achieve greater fertilisation success. These selective pressures should manifest in the co-
evolution of male and female adaptations for control over paternity (Birkhead and Pizzari,
2002; Brennan et al., 2007). This relationship has been most well-studied in males. For
example, when sperm competition intensity is high, selection favours males with an
increased investment in testis mass, because larger testes (relative to their body mass) are
associated with an increased rate of sperm production (LUpold et al., 2009; Ramm and
Stockley, 2010). This relationship is so well established that testis mass is commonly used as a
proxy for sexual selection intensity across taxa. In some taxa (e.g., mammals and insects),

there is an increasing body of evidence that post-copulatory selection can result in sexually
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antagonistic co-evolution between male reproductive traits and female reproductive tract
anatomy (Arngvist and Rowe, 2002; Brennan and Prum, 2015; Orr and Brennan, 2015), but

few studies have explored this in birds (but see Brennan et al., 2007).

While females that mate with multiple males are expected to develop mechanisms of sperm
selection within the reproductive tract, they must also balance this against the need for
sufficient availability of sperm at the time of ovulation (Assersohn et al., 2021; Hemmings et
al., 2015). Unlike most mammals — where insemination must be precisely timed with the
release of ova — female birds can utilise sperm from a single copulation to produce fertile
eggs over prolonged periods through the storage of sperm (Das et al., 2008). If sperm
successfully traverse the initial region of the avian vagina, they then encounter the utero-
vaginal junction, a region typically populated by sperm storage tubules (SSTs) (Sasanami et
al., 2013). SSTs are essential for ensuring sufficient sperm are available for every ovulation,
but there is increasing evidence that they may also provide an additional opportunity for
female control over sperm use through selective sperm storage (Firman et al., 2017). For
example, in Japanese quail (Coturnix Japnica), the storage of sperm is unevenly distributed
among SSTs, with individual tubules varying in their sperm filling rate (Ito et al., 2011;
Sasanami et al., 2015); in chickens, (Gallus domesticus), sperm are unable to enter SSTs if
they lack surface membrane proteins (Steele and Wishart, 1996); and perhaps most
compellingly, zebra finch SSTs vary widely in diameter, possess constricted ‘gate-like’ and
innervated entrances (Mendonca et al., 2019), and differentially store sperm from different

inseminations in different tubules (Hemmings and Birkhead, 2017).

While we still do not fully understand the mechanisms by which SSTs are able to accept,
maintain and release sperm, they are increasingly shown to be highly specialised and under
fine temporal and possibly nervous control (Khillare et al., 2018). Recent evidence now also
suggests that SSTs are highly variable in morphology between species, with at least 5 different
SST morphological types having been identified so far including complex coiled, branched,
and agglomerate structures (Assersohn et al., in press; Chapter 4). Sperm are the most
diverse cell types in the animal kingdom (Pitnick et al., 2009), it therefore stands to reason
that SSTs may experience selection for adaptive (or antagonistic) morphological co-evolution
with the sperm cells they store. While there is some evidence that SST length correlates with

sperm length across passerines (Birkhead and Moller, 1990), we generally know little about
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the relationship between SST morphological diversity, sperm traits, and post-copulatory
sexual selection. Since SSTs play an essential role in the fate of sperm post-copulation,
understanding SST function is vital to our understanding of sexual selection in birds.
Additionally, whilst it has been acknowledged that SSTs may provide an opportunity for
cryptic female choice, the relative contribution of SSTs to the total selective potential of the

vagina has rarely been explored.

Here, we conduct a comparative analysis (controlling for both phylogeny and body mass)
across the Galliformes — a diverse group of heavy-bodied land fow! (including chickens,
turkeys and quail), to explore the relationships between sexual selection intensity, vaginal and
SST traits, and sperm morphology. First, since the vagina is known to provide a selective
environment for sperm, we test the hypothesis that sexual selection intensity (measured as
relative testis mass) correlates with relative vagina length. Second, we explore the hypotheses
that interspecific variation in SST traits is associated with (i) sexual selection intensity and (ii)

sperm morphology.

2 Methods

2.1 Oviduct and testis dissections

Oviduct samples used in this study were the same as those described in Chapter 4, and a full
description of how they were sourced, dissected, prepared, and imaged is provided there
(see also Figure 1 therein). As in Chapter 4, the final sample size for female oviduct tissue was

26 species (one individual per female per species).

Testis samples used in this study were from males obtained from the same source, also
collected in 2016. Males were housed with females prior to dissection and copulations were
not restricted. Males were all confirmed to have well developed testes with sperm present in
their seminal glomera at the time of dissection. Testes and seminal glomera were removed
and cleaned in PBS, and total testis wet mass was measured on digital scales. Sperm samples
were obtained by squeezing the distal end of the seminal glomerus. 2ul of sperm were fixed
in 50ul of 5% formalin, and later labelled with fluorescent cell labels (Hoechst 33342 and
MitoTracker FM Green), before being photographed under a Leica DMLB fluorescence

microscope with a darkfield filter. Sperm photos were exported to Image) and measured to
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0.01um. We obtained additional testis mass and sperm length data for the common pheasant
(Phasianus olchicus) and Swinhoe’s pheasant (Lophura swinhoii) from Liao et al., (2019), but
lacked male trait data for 4 species that we had female trait data for: golden pheasant
(Chrysolophus pictus), Reeve’s pheasant (Syrmaticus reevesii), roul roul partridge (Rollulus
rouloul), and white eared pheasant (Crossoptilon crossoptilon). Consequently, these species
were removed from analyses that required testis mass or sperm length data, resulting in a

final sample size of 22 males.

2.2 Sperm storage structure analysis

Folds of vaginal tissue were examined under a fluorescence microscope, and the entire region
containing the SSTs was imaged as described in Chapter 4. In each field of view per sample, 5
SSTs were selected and measured using Image J. Tubules often overlapped meaning we could
not accurately identify every individual tubule, making counts of tubules, and true random
sampling unviable. Consequently, choice of tubules for measurement was made by haphazard
sampling. Where possible (depending on the distribution of tubules), this was done by
splitting the image into quadrants, choosing one tubule in each quadrant, and a tubule from
the centre of the sample. Tubules were only chosen for measurement if the entire length
from entrance to end was clearly discernible. While this may introduce a bias towards smaller
tubules (because longer tubules are more likely to overlap), this was difficult to avoid in
extremely dense samples. If fewer than 5 SSTs were present in the sample, then the total
number of visible SSTs were measured. We considered branched tubules (i.e. tubules with
one entrance but more than one ‘blind end’; see Chapter 4) to be one tubule of greater total
length, rather than multiple shorter tubules. For a branched tubule, total length was

therefore calculated as the sum of all branch lengths.

SST capacity was then calculated for each fold using particle analysis in Imagel. The area of
each tubule was traced using a Wacom pen and tablet (Wacom Co., Ltd.), after which the
image was converted into black and white 8-bit. The image threshold was then adjusted to
leave only the white filled outline of tubules against a black background. Particle analysis
counts the total number of pixels contained within a selection and provides a measure of area
in the given scale. The area of tubule tissue (um?) was then calculated in this way for each

image, providing a total area of tubule tissue coverage for each fold.
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The location of SSTs varied between species, and while we consider every sample to contain
the majority — and certainly the peak region — of SSTs, in some cases (6 samples) it appeared
as if the tail end of the SST population may continue beyond the point of dissection at the
vagina end (see Chapter 4 for further details). Additionally, tubule morphology varied across
the length of the sample (tubule size generally decreases towards the uterus), and sperm was
never observed to be stored towards the uterus end of the fold, suggesting variation in the
functional significance of SST structures along the sample. To account for these factors, we
restricted our analyses of SST tissue area and length to the image within each fold that
contained the highest density of tubule tissue, working under the assumption that the region
of peak SST density is most likely to represent functional storage structures and therefore be

the most comparable region of the UVJ across species.

SST length measurements and area calculations, and SST morphological categorisations, were
repeated by a second observer on one randomly chosen image (from the pool of images
containing SSTs) for each fold sample. SST length measurements were repeated for the same
subset of tubules measured originally, but also for an additional subset, to ensure that the
method of haphazard SST choice was also repeatable. Individual repeatability in SST length
and area was also calculated for the image of highest tubule density across both folds of the
same sample and was found to be highly repeatable (see results). Consequently, we
considered it appropriate to calculate the mean SST length and area across both folds,

providing us with one consolidating mean value for SST length and area per species.

2.3 Tubule morphological categorisations

Tubules were categorised based on their morphological appearance according to the
methods in Chapter 4. The presence or absence (1/0) of a given tubule type was determined
by whether a fold of the sample contained (1) or didn’t contain (0) tubules of that type in any
of the images along the fold. We considered tubules to be one of 3 types: straight
unbranched (simple, may bend but do not coil or branch), straight branched (generally
possess between 1 and 3 long branches), or ‘complex’. Complex tubules may be either
branched, coiled, or agglomerate in appearance, according to the categorisation criteria in

Chapter 4.
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2.4 Statistical analysis

All analyses were runin RV 4.3.1 (R Core Team, 2023). Measurement repeatability, associated
standard error, and 95% confidence intervals were calculated using the R package rptR (Stoffel
et al., 2017). Sample ID was included as a random effect, with a Gaussian family and log link
(SST length and area), or binary family and logit link (SST morphological categorisations), and
1000 parametric bootstraps. Measurements were considered highly repeatable at R > 0.7

with a P-value < 0.05 (Harper, 1994; Nakagawa and Schielzeth, 2010).

The shared evolutionary history of related species introduces non-independence between
observations that must be controlled for in comparative analyses. We accounted for
phylogenetic dependency using phylogenetic generalised least squares regression analyses
(PGLS) and phylogenetic logistic regression (PLR), which incorporates the expected covariance
between taxa using branch length data within a phylogeny. We used phylogenetic
comparative techniques to explore the relationships between female reproductive traits
(vagina length and sperm storage traits including SST area, length, and morphology), sperm
length, and sexual selection intensity. Relative testis mass is widely accepted as a reliable
predictor of sperm competition intensity, but since we find relative vagina length to be highly
correlated with relative testis mass (see results), we used relative vagina length as a more
relevant proxy for sexual selection intensity inside the female reproductive tract and removed

testis mass from subsequent analyses.

We obtained a Galliformes phylogeny with time-calibrated branch lengths from Stein et al.,
(2015), which was trimmed and combined with our data using the R packages treeplyr
(Harmon, 2023) and geiger (Pennell et al., 2014) (Figure 1). PGLS models incorporating
continuous variables were performed using the R package caper (Orme et al., 2023), with the
branch length transformation lambda (A) estimated using maximum likelihood. Pagel’s A
values range from 0-1, with O indicating that trait (primarily the response variable) similarity is

independent of phylogeny, while 1 indicates strong phylogenetic signal.
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Figure 1. Galliformes phylogeny for the 26 species analysed in our dataset, with the estimated ancestral state for
body size (log) incorporated. Ancestral state estimates were generated using the R package phytools (Revell,
2024) with the Brownian motion model. Note that for analyses including either sperm length or testis mass data,
this dataset was reduced to 22 species (i.e., excluding Chrysolophus pictus, Syrmaticus reevesii, Rollulus rouloul

and Crossoptilon crossoptilon, for which we lacked testis mass and sperm length data).

We evaluated models using a combination of diagnostic plot functions in caper, adjusted R?
values and p-values < 0.05. For the analyses incorporating tubule morphological
categorisations, we used the R package phyloIm (Ho and Ane, 2014) to perform a
phylogenetically controlled logistic regression (i.e. for non-Gaussian data) (PLR) using the
function phylogim. For all models, continuous variables were log transformed, and female
body mass (which had a strong phylogenetic signal (A = 0.99, p = < 0.0001)), was included in

every model as a fixed effect to account for allometric relationships (figure 1).
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3 Results

General Observations

Tubules were highly variable in morphology along the length of the fold, and between
species. Sperm were commonly observed stored within tubules towards the cloacal end of
the fold, and generally within the region of highest tubule density, but stored sperm were
unequally distributed among the population of tubules. Tubules usually decreased in size
along the length of the fold towards the uterus end, by which point stored sperm were never
observed, suggesting variation in SST function along the length of the fold. The position of
tubules along the fold varied between species. In some cases, tubules were spread over a
larger area and ended at the boundary of the uterus, whilst others did not approach the

boundary of the uterus.

Repeatability

We found that SST length measurements were highly repeatable both within the same subset
and across a different subset of tubules, indicating that haphazard SST choice was a reliable
indicator of average SST length within an image. Repeatability was also high for SST area
calculations, and the categorisation of straight unbranched tubules, straight branched
tubules, and tubule complexity (Table 1). Both average SST length and average SST area were

repeatable across both folds within an individual (Table 1).

Table 1: Repeatability estimates (R- given on the link scale), with associated standard error (SE), confidence

intervals (Cl) and P-values.

R SE cl P

Measurement repeatability for SST area 0.75 0.07 0.59-0.84 <0.0001
Measurement repeatability for SST length (same subsample) 0.98 0.01 0.97-0.99 <0.0001
Measurement repeatability for SST length (different subsample) 0.81 0.05 0.70-0.89 <0.0001

Categorisation repeatability for straight unbranched tubules 0.80 0.20 0.37-0.99 <0.0001
Categorisation repeatability for straight branched tubules 093 0.15 094-1.00 <0.0001
Categorisation repeatability for tubule complexity 0.95 0.01 0.95-1.00 <0.0001
Within individual repeatability in SST area 0.83 0.07 0.67-0.92 <0.0001
Within individual repeatability in SST length 0.84 0.07 0.66-0.93 <0.0001
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Phylogenetic comparative analyses

Whilst accounting for phylogenetic and allometric relationships, vagina length was highly
positively correlated with testis mass, such that in species where males had relatively larger
testes for their body mass, females also had relatively long vaginas for their body mass (A = 0;
R%q = 0.8, F =44, df = 2,19, P = 0.0036) (Figure 2). Given this, we included vagina length as a

proxy for sexual selection intensity in future models (where relevant).
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Figure 2: The relationship between vagina length and testis mass, across 22 species of Galliformes. Dots are the
raw data points (each representing distinct species), and the solid line gives the predictions from the PGLS
model, which corrects for both phylogeny and body mass. For the sake of plotting, predictions were calculated
on data with body mass held constant at the mean to remove variation as a result of allometric relationships.

Adjusted R? and p-values from the PGLS model are provided.

SST tissue area was positively correlated with SST length, albeit with a moderate amount of
unexplained variation (A = 0, R%4; = 0.51, F = 13.2, df = 2,23, P = 0.0274) (Figure 3). To avoid
issues of multicollinearity, we therefore chose to include only SST length in our models, since

it was the more repeatable measure of the two.
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Figure 3: The relationship between average tubule length and species average tubule tissue (within the region of
highest tubule density), across 26 species of Galliformes. Dots are the raw data points (each representing
distinct species), and the solid line gives the predictions from the PGLS model. The PGLS model corrects for both
phylogeny and body mass, but for the sake of plotting, predictions were calculated on data with body mass held
constant at the mean to remove variation as a result of allometric relationships. Adjusted R? and p-values from

the PGLS model are provided.

Relative vagina length (i.e., sexual selection intensity) was not significantly correlated with
either tubule length (A = 0, R%4; =-0.07, F = 0.26, df = 2, 19, P = 0.999) (figure 4A), the degree
of SST branching (a =0.02, Z=0.001, P = 0.999) (Figure 4B), or tubule complexity (a = 0.06, Z
=-0.814, P = 0.416) (Figure 4C). Similarly, sperm length was not significantly correlated with
either SST length (A = 0, R%,4j=-0.01, F = 0.93, df = 2, 19, P = 0.266) (Figure 5A), the degree of
SST branching (a=0.02, Z=-1.01, P =0.313) (Figure 5B), or tubule complexity (a =0.91, Z =-
1.24, P =0.214) (Figure 5C).
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Figure 4 A: The relationship between vagina length and average tubule length (within the region of highest

tubule density). Dots are the raw data points (each representing distinct species), and the dashed line gives the

(non-significant) predictions from the PGLS model, correcting for phylogeny and body mass. For the sake of

plotting, predictions were calculated on data with body mass held constant at the mean to remove variation as a
result of allometric relationships. P and adjusted R? values from the model are presented; B and C: Variation in
the probability that a species will have branched (B) or complex (C) tubules (across the entire UVJ) in relation to
vagina length. Dots are the raw data points, and the dashed line gives the (non-significant) predictions (logistic

function) from the PLR models, correcting for phylogeny and body mass. For the sake of plotting, predictions

were calculated on data with body mass held constant at the mean. P values from the PLR models are

presented. All points in B and C are jittered slightly to avoid overlaying points and aid visualisation.
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Figure 5 A: The relationship between sperm length and average tubule length (within the region of highest
tubule density). Dots are the raw data points (each represent distinct species), and the dashed line gives the
predictions from the PGLS model, correcting for phylogeny and body mass. For the sake of plotting, predictions
were calculated on data with body mass held constant at the mean to remove variation as a result of allometric
relationships. P and adjusted R? values from the model are presented; B and C: Variation in the probability that a
species will have branched (B) or complex (C) tubules (across the entire UVJ) in relation to vagina length. Dots
are the raw data points, and the dashed line gives the predictions (logistic function) from the PLR models,
correcting for phylogeny and body mass. For the sake of plotting, predictions were calculated on data with body

mass held constant at the mean. P values from the PLR models are presented. All points in B and C are jittered
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4 Discussion

Here, we have conducted a novel exploration of the relationships between sexual selection
intensity, vaginal and SST traits, and sperm morphology. We explored several distinct
hypotheses: relatively long vaginas provide a more selective environment for sperm, so vagina
length should be positively associated with the number of sperm males produce; and SST
morphology will be associated with both sexual selection intensity, and sperm length,
indicating a functional role for SSTs in post-copulatory sperm selection. Overall, we found that
vagina length, but not SST morphology, was an important indicator of sexual selection
intensity across species. We also found no significant relationships between SST traits and
sperm traits. We discuss these findings in more detail below, suggest evolutionary

explanations for our findings, and recommend areas for future research.

After accounting for variation associated with body mass and phylogenetic relationships,
vagina length and testis mass were highly correlated. Relative testis mass is typically strongly
associated with the amount of sperm producing tissue in the testes (Lupold et al., 2009), a
metric which increases when sperm competition intensity is high. Our finding that relative
vagina length increases with increasing relative testis mass implies a similar association exists
between vagina length and sperm competition intensity. The vagina is typically hostile to
sperm, eliciting numerous processes that act to remove or incapacitate sperm or impede
their progress through the vagina. This process is so effective that on average only 1% of
inseminated sperm make it into storage (Bakst et al., 1994; Birkhead and Brillard, 2007). From
the male perspective, increased vagina length generates greater exposure of sperm to such
selective processes. This should, in turn, result in increased selective pressure for sperm traits
that counteract sperm loss, such as higher sperm concentration, speed, or resilience. From
the female perspective, an increase in sperm concentration should select for an enhanced
effectiveness of processes that remove excess sperm, allowing only the highest quality sperm
to reach the site of storage. In both cases, the expected outcome is that relative vagina length
should be positively associated with sperm competition intensity, as we show here. To our
knowledge, this relationship has not been explored in birds before, but in eutherian
mammals, there is evidence that males increase the number of sperm produced when

females have long oviducts for their body mass (Gomendio and Roldan, 1993).
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This finding potentially has several important implications: 1) relative vagina length and
relative testis mass likely co-evolve; 2) sperm selection within the vagina is a powerful
selective force, and since reproductive tract length is related to sperm production in some
mammals as well, this suggests this relationship may be a cross-taxa female adaptation for
enhanced post-copulatory control; 3) relative vagina length can be used as a proxy for sperm
competition intensity (as it has been in this study); and 4) where obtaining testis tissue is
difficult, or the only reason for acquiring male tissue, female reproductive tract traits may be

used as an alternative.

Historically, the coevolutionary dynamics between male and female reproductive structures
have largely been ignored across taxa. Most research of genital evolution has focused on the
large diversity in male genitalia and sperm traits whilst overlooking the diversity in female
reproductive systems (Ah-King et al., 2014). These results support the growing evidence that
female genital tracts can also be variable, complex, and that they may covary with male
genital traits, in both birds and other taxa (e.g., Brennan et al., 2007; Brennan and Prum,
2015; Dallai et al., 2021; Greenwood et al., 2022; Rénn et al., 2007). This further highlights
the importance of considering both male and female reproductive physiology, and their co-
evolutionary dynamics (which are likely to be complex) when exploring factors affecting post-

copulatory sexual selection.

In addition to investigating the relationship between vagina length and sexual selection
intensity, we also considered the potential drivers of variation in female sperm storage traits.
We found that, after accounting for variation associated with body mass and phylogenetic
relationships, neither sperm competition intensity (measured as vagina length) or sperm
length was associated with SST length, the degree of SST branching, or SST morphological
complexity across species. Since SST length and storage capacity (SST tissue area) were
significantly positively correlated across species (which was not surprising given that longer
tubules necessarily contain more tissue per unit?), we assume a lack of an association with

SST area as well.

The lack of a relationship between sperm competition intensity and SST morphology is
surprising but may suggest that if SSTs are involved in sperm selection, they do so in a way
that is unrelated to their size and capacity. For example, there is evidence that SSTs contain

gate-like entrances which are capable of plastic contraction (Freedman et al., 2001;
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Hemmings and Birkhead, 2017; Mendonca et al., 2019). It is unknown whether SST entrances
themselves play a role in the non-random acceptance/storage of sperm, but this could
present a logical explanation for past evidence suggesting SSTs may be selective (Hemmings
and Birkhead, 2017; Ito et al., 2011; Sasanami et al., 2015; Steele and Wishart, 1996). If SSTs
can also contract or relax along their entire length, then SST morphology could theoretically
change through time. This raises the possibility that non-random sperm storage could be a
responsive and plastic trait. The nature of our methods, which only view SSTs at a static point
in time, restrict us from observing any dynamic SST function. However, this could provide one
explanation for the large variation observed in SST morphology between species (Assersohn
et al., in press; Chapter 4). In particular, the coiled and peculiar ‘expanded and bulbous’
tubules observed in Assersohn et al., (2024), lend credence to the theory that SSTs are
capable of contraction and relaxation along their length, but whether this contraction is under
plastic control remains to be seen. In addition to the evidence that SSTs can contract at their
entrances (Mendonca et al., 2019), there is some evidence that individual tubules are
innervated, with nerve fibres having been observed adjacent to SSTs in turkeys (Freedman et
al., 2001). The development of novel methods for observing SST function, particularly in
response to ejaculations from different males, will be important for exploring the role of SSTs

in post-copulatory sexual selection in the future.

Other features of the vagina that could play a role in the non-random selection of sperm
include variation in the structure of the underlying tissue. For example, Assersohn et al., (in
press; Chapter 4) also found that the tissue of the UVJ commonly contained groove-like
‘channels’ that appeared to end at the region populated by SSTs, and in many cases directly
ended in a tubule. These relationships may be explored further if the differential location of
stored sperm (from different males) is examined in relation to SST morphology, the location of

channels, and variation in the structure or function of SST entrances.

Alternatively, the lack of a relationship between SST morphology and sperm competition
intensity may simply indicate that sperm storage is not a key site of sperm selection, contrary
to predictions (Birkhead, 2000; Briskie and Montgomerie, 1993; Eberhard, 1996; Hellriegel
and Ward, 1998). As we have shown here, sperm selection is likely to be strongly influenced
by vagina length, so it is possible that by the time they reach the SSTs, sperm have already

undergone rigorous selection and represent the vast majority of the ‘fertilising set” — a subset
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of the inseminated sperm population of the required ‘quality’ for fertilisation. The idea that
the ejaculated subset of sperm is partitioned into a fertilising and a non-fertilising subset has
been suggested in the past. For example, in rabbits, most ejaculated sperm will bind with
immunoglobulins in the vagina, becoming incapacitated and phagocytosed, leaving behind a
subset of sperm that then go on to fertilise the ovum (Cohen and Tyler, 1980). Experimental
evidence in poultry suggests a similar function in the avian vagina: there is a strong
correlation between the number of sperm stored in SSTs and those that reach the ovum
(Brillard and Bakst, 1990); dead sperm inseminated beyond the vagina reach the site of
fertilisation in as great numbers as living sperm, but will not reach the site of fertilisation if
inseminated into the vagina (Allen and Grigg, 1957); and it is widely accepted that
morphologically abnormal sperm are unlikely to enter SSTs (although it is worth noting that
this assumption is based on fairly limited evidence; Allen and Grigg, 1957; Bakst et al., 1994;
Ogasawara et al., 1966), suggesting they may be prevented from reaching/entering SSTs at

some point in the vagina.

Understanding the mechanisms of sperm selection within the vagina may be further
complicated if vagina length interacts with SST function. Theoretically, selection at the level of
the vagina and selection at the level of SSTs are not mutually exclusive processes. Our findings
here do not rule out the possibility that relatively longer vaginas (i.e., greater sperm
competition intensity) are also associated with SSTs that provide either additional challenges
or enhanced benefits for sperm. For example, even if SSTs do contain the ‘fertilising set’ of
sperm, this does not rule out a role for differential acceptance at the point of sperm entry, or
differential timing of sperm release from storage. These mechanisms could introduce
variation in the order in which sperm reach the ova (therefore introducing a degree of control
over paternity) but wouldn’t necessarily prevent them from reaching the site of fertilisation
entirely. In species with a greater degree of sperm competition (and presumably therefore
with relatively longer vaginas), any potential interactions between sperm quality and SST
function are likely to be intensified. Whether or not differential storage occurs as a
mechanism facilitating the coordinated timing of sperm release based on sperm quality is an
intriguing possibility, and one that will be challenging but nevertheless worthwhile exploring.
Variation in individual tubule acceptance and release rates may also be influenced by SST

morphology, possibly explaining the vast amount of variation in SST morphology previously
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observed in these species (Assersohn et al., in press; Chapter 4), and the variation in storage

among tubules observed here.

In addition to not finding a link between SST traits and vagina length, we also found no
evidence for a relationship between SST morphology and sperm length, which is surprising.
Previous work in passerines found sperm length was positively correlated with SST length, and
negatively correlated with SST numbers across 20 species (Briskie and Montgomerie, 1992).
The authors suggested that there may be a co-evolutionary relationship between sperm
length and SST length, such that protection of sperm by the SST is maximised when sperm ‘fit’
well in the tubule. However, we do not believe this is likely in Galliformes, given that we
observed SSTs to be generally many times larger than sperm, even when tubules were very
small. Furthermore, our results are not entirely comparable with that previous work, since
Briskie and Montgomerie (1992) considered each individual branch of an SST as a separate
tubule, whereas we consider branched tubules as one long tubule of greater total length. We
believe our approach is more functionally appropriate, since while a branched tubule has
multiple blind ends it still only has one entrance, meaning the function (acceptance and
release of sperm) between branches is non-independent. Galliformes also vary significantly in
physiology and body size, possibly introducing a larger proportion of variation in reproductive
structures than exists across passerines. Our contrasting findings may also indicate that birds
differ across groups in the co-evolutionary dynamics of post-copulatory sexual selection.
Future work exploring these relationships across other bird groups will be important for

teasing these findings apart.

One potential driver of variation in SST morphology and tissue area, could be the length of
time sperm are required to reside in storage. Sperm storage duration varies considerably
between species. For example, sperm are stored for 5-10 days in Japanese quail, 14-21 days
in chickens, but up to 15 weeks in turkeys (Birkhead and Moller, 1990; Sasanami, 2017). The
causes of such variation are unknown, but it stands to reason that females that store sperm
for a longer period might require: i) tubules with more protective qualities (such as increased
length or shape complexity) to prevent sperm loss, or ii) greater storage capacity because
passive sperm loss might require a greater number of sperm to begin with. However, there is
some evidence that shorter sperm may have enhanced survival in storage, and that sperm

loss through extended storage may be counteracted by an increase in sperm production by
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the male (Immler et al., 2007; Liao et al., 2019). This is demonstrated by the fact increased
sperm storage duration in pheasants is associated with an increase in sperm production (Liao
et al., 2019), and a decrease in sperm length (Immler et al., 2007; Liao et al., 2019), but with
no trade-off between sperm length and number, and no association between sperm
morphometry and sperm competition risk. If shorter sperm are also associated with greater
sperm storage duration across all Galliformes, then the fact we found that sperm length was
not associated with SST traits indirectly suggests that SST morphology may also not be
associated with sperm storage duration. However, these relationships are complex, and given
the diversity in physiology, sperm storage duration, SST morphology and sperm competition
intensity observed across Galliformes species, it would be worth directly exploring the
relationships between sperm storage duration and SST morphology across a wider number of
species within this group. Particularly given that SST complexity — a trait not previously
incorporated into studies investigating the mechanisms of post-copulatory sexual selection —

is highly variable between species and seems likely to have implications for sperm storage.

One limitation of our approach is that we lack information on intraspecific variation. For some
species (but not all, and not enough for inclusion in analysis), we did have multiple individuals
that we were able to sample. Anecdotally, while there did appear to be some variation in
tubule length and density between samples from different individuals, these differences were
small. While we are unable to quantify intraspecific variation here, it is worth noting that our
current knowledge of intra-specific variation in SST density and morphology is limited across
all species, as it is with inter-specific variation. However, intra-specific variation in sperm
storage traits may play an important role in post-copulatory selection, and this warrants
greater future research effort. It is also worth acknowledging that our limited sample sizes,
particularly for analyses including testis mass and sperm length data (22 species, relative to
26 for the other analyses) can mean individual data points hold more influence over our
results and increase uncertainty. Large datasets in comparative analyses are difficult to obtain,
but it may be worth future work exploring these relationships across a greater number of
species to confirm our findings here and increase our understanding of these complex

relationships.

Overall, our results suggest that firstly, the vagina has a much stronger influence on the co-

evolutionary dynamics of post-copulatory sexual selection than has previously been assumed,
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and that sperm competition intensity appears to be primarily associated with vagina length,
rather than SST length or morphological complexity in Galliformes. Furthermore, we found no
evidence for a co-evolutionary relationship between sperm morphology and SST morphology
in Galliformes. Further comparative analyses, using consistent and comparable methodology,
(particularly for branch length calculations), in addition to the development of novel

methodology for examining SST function in vivo, will be important for teasing apart the

differences across species and groups, and the role of SSTs in post-copulatory sexual selection.

The mechanisms of sperm selection within the female reproductive tract are clearly complex,
and likely driven by a host of possibly interactive processes that are difficult to explore and
examine owing to their cryptic nature within the female reproductive tract. We nevertheless
urge that future work considers female processes and physiology when exploring the
mechanisms of post-copulatory sexual selection. We have suggested several explanations and
alternative theories for our findings, including the possibility that SST morphological
complexity is associated with other mechanisms of post-copulatory sexual selection including
sperm storage duration, and functional variation in sperm acceptance and release from

storage. These represent exciting avenues for further research.
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1 Overview

All organisms are under selection to maximise individual lifetime reproductive success, and
yet rates of infertility often remain remarkably variable. In this thesis, | aimed to uncover and
explore some of the factors that drive variation in fertility, particularly in females, using birds
as a model system. In Chapter 2, | performed a systematic review of the field of avian fertility,
finding that female fertility traits are comparatively understudied relative to males. This
finding influenced my decision to focus primarily on female fertility traits throughout my PhD.
| also identified barriers to increasing knowledge in the field and suggested ways in which
these could be overcome in future research. Since | found broadly that both the genetic
factors and female sperm selection are particularly understudied, Chapters 3 -5

consequently focused on exploring these gaps in greater detail.

Since each chapter presented in this thesis already includes a detailed stand-alone discussion
of the content therein, | will refrain from repeating that content here. Instead, this final
chapter will summarise and discuss the broader primary insights of my PhD work, collating
key knowledge from the collective body of work presented here and then using this to
propose important areas of focus for future research in the field of avian fertility. Finally, | will

set the thesis in context with concluding remarks on the wider impacts of this work.

2 New Insights

2.1 Wild/non-commercial species are understudied

A key finding from Chapter 2 was that nearly 80% of all research (between 1985 and 2019)
within the field of avian fertility has focused on captive populations (relative to wild), the vast
majority of which has exclusively focused on the domestic chicken alone. This finding is not
necessarily surprising; the poultry science literature is expansive, providing important insights
into the reproductive productivity of commercial birds. Poultry provides one of the world’s
most important sources of protein, particularly in developing countries, and understanding
the factors effecting reproduction in poultry has clear benefits for global food security (Vaarst
et al., 2015). However, from the perspective of avian reproductive science, the bias towards

commercial birds has several implications. While captive birds may be more likely to suffer
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from compromised fertility due to poor husbandry, stress, and dietary issues (relative to wild
birds), domestic poultry have been typically exposed to strong and prolonged artificial
selection for high fertility and are generally kept in stable environmental conditions.
Commercial species are also relatively abnormal in terms of reproductive physiology:
domestic hens can produce eggs almost continuously, laying between 250 and 300 eggs a
year, around 10x what might be expected of most wild seasonally breeding birds.
Consequently, we know little of natural rates of infertility across bird species, and the genetic

and environmental factors that contribute towards it.

Despite the expectation that fertility rates in commercial birds should not represent a natural
degree of reproductive trait variation (owing to strong artificial selection for high fertility),
domestic chickens and turkeys still experience rates of hatching failure not dissimilar to the
global average (around 15% in chickens and turkeys (Beaumont et al., 1997), and around 17%
across all birds (Marshall et al., 2023). This suggests that a considerable degree of early
reproductive failure is a pervasive and probably ubiquitous feature of birds. The factors
contributing to this background level of hatching failure are poorly understood, but increasing
our understanding of fertility across a greater diversity of species will be an important step to

improving our knowledge of base-line reproductive issues in birds.

Chapter 4 provides an important perspective on this issue: our previous knowledge of female
storage organs in birds comes predominantly from a small number of model species (i.e.,
primarily chicken, turkey, Japanese quail and zebra finch). Most of the research on female
sperm storage structures in birds has typically assumed all species have SSTs that look and
function as they do in these model species. When looking across a greater diversity of
species, | found that birds exhibit extraordinary interspecific variation in the morphology and
complexity of their sperm storage structures. Clearly, basing our assumptions about avian
fertility on knowledge from model species alone has masked important trait variation, and
this is likely to also be true of other reproductive traits. In this case, it has also masked

potentially important insights into the processes of post-copulatory sexual selection.

2.2 Fertilisation failure of eggs is often poorly defined

In the process of reviewing the literature for Chapter 2, | found it commonplace for studies to

refer to all forms of reproductive failure as infertility. Consequently, it is difficult to interpret
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information from the existing literature on the mechanisms of reproductive failure. True
infertility (which | define in this thesis as the failure to achieve successful syngamy —i.e.,
fertilisation failure) is mechanistically distinct from embryo mortality (where the embryo fails
to develop post-syngamy). Failure of studies to acknowledge this distinction makes it difficult
to calculate accurate estimates of infertility and embryo death, and therefore to determine
the underlying causes of each form of reproductive failure. In a separate review paper,
published during my PhD, we report that the highest incidences of hatching failure occur
during early and late stages of embryo development (Appendix 1; Assersohn et al., 2021).
Early stages of embryo death (occurring within 3 days of development) are not visible by eye,
and so fertility estimates in studies using traditional candling methods are typically
overestimated. Indeed, many eggs initially deemed to be infertile upon macroscopic
examination are re-defined as fertile (but where the embryo died very early) when examined

using microscopic techniques (Hemmings and Evans, 2020).

Generally, the consensus across the existing literature is that infertility is more commonplace
in captive populations, with infertility in wild populations having been traditionally
overestimated. For example, in the endangered whooping crane (Grus americana), fertility
rates in captive populations are extremely low (0.37) (thought to be linked to female age and
inbreeding) but reported to be significantly higher in wild populations (0.73) (Brown et al.,
2019). Higher rates of fertility in wild relative to captive populations have also been observed
in other bird species (Assersohn et al., 2021b). However, the lack of a clear and precise

definition of infertility may mean this conclusion is somewhat premature.

2.3. Egg production rates are an underappreciated variable in female

fertility

In avian reproductive science, infertility is viewed as the failure to produce fertilised eggs, and
measures of infertility in both domestic and wild populations are almost always provided as
such. This view of infertility makes one key assumption: that a female can produce a
fertilisable ovum in the first place. Given this, standard measures of infertility only include
instances where an already ovulated ovum is not fertilised by sperm. The only ways in which
female processes could drive this type of infertility are if a) the ovum has an abnormality or

genetic issue preventing penetration by sperm or syngamy, or b) the female has a
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physiological issue preventing inseminated sperm from traversing the reproductive tract
successfully. Fertilisation failure of an ovulated ovum could also occur due to a problem with
the sperm provided by the male(s), but in wild populations extra-pair copulations are
common, making fertilisation failure resulting from a lack of sperm an unlikely scenario for
most females. Indeed, measures of infertility in wild populations (that do distinguish between
infertility and early embryo mortality) are increasingly finding that infertile laid eggs are rare
(Hemmings et al., 2012; Hemmings and Evans, 2020; Schut et al., 2014), probably because
the above-mentioned issues that can prevent a successfully ovulated ovum from being
fertilised are relatively uncommon in wild populations. Iliness or disease resulting in a failure
to produce eggs or ovulate correctly may also be correlated with a risk of mortality, which
increases the likelihood these types of infertility will remain un-recorded. Relative to wild
populations, infertile egg production is probably more common (and more commonly
recorded) in captive populations, which does seem to be evidenced by the increased
recorded rates of fertilisation failure in captivity (Hemmings et al., 2012). Captive populations
are less likely to offer sufficient suitable options for extra pair copulations and may be
associated with higher degrees of inbreeding and husbandry related issues. They are also
more likely to already be managed in captivity because of an existing fertility issue (Assersohn

et al., 2021a, 2021b (Chapter 2 and Appendix 1)).

From the female perspective, the production of a fertilisable ovum requires a significant
energetic investment. Issues occurring during egg formation or ovulation may be an
important form of infertility but are rarely included in fertility estimates, and so their
prevalence remains largely unknown. In males, the equivalent process of sperm production is
comparatively well studied, and issues occurring during spermatogenesis or ejaculation are
expected to be an important form of male infertility. The lack of broad-scale
acknowledgement and understanding of egg production or ovulatory issues in female birds is
a major barrier to identifying the incidence and causes of female infertility across species and
populations. Ovulation/egg production related infertility can therefore be considered an
invisible fraction in infertility estimates, potentially driving a wide-spread under/mis-
estimation of infertility rates across birds. It may therefore be more accurate to amend my

earlier statement ‘infertility is more commonplace in captive populations’, to: ‘the laying of
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infertile eggs is more commonplace in captive populations’, as this better represents what is

(usually) being measured in fertility estimates.

2.4 There is a disparity in research between males and females

In Chapter 2, | show that around twice as many papers have focused on male relative to
female fertility traits in birds, and this gap appears to be increasing over time. Since the
publication of this finding (Assersohn et al., 2021), more recent work has also uncovered a
similar pattern of male-bias in research effort across the entire field of sexual selection (Ah-
King, 2022). Even though females are known to exert significant control over the outcome of
fertilisation, we know far less about female-mediated processes of post-copulatory sexual
selection compared to those in males. The causes of this imbalance in research effort are
difficult to discern, but one possible factor is the relative ease of study of male compared to
female reproductive traits. In addition, the relative conspicuousness of male sexually selected
traits compared to those of females, and the historic (and often inaccurate) assumption that
males are the more active participants in reproduction, both likely contribute to the male
focus seen across the field of sexual selection. My focus on female reproductive traits
throughout this thesis can be considered in part an attempt to address this disparity in
knowledge between males and females in avian reproductive science. It is important to
recognise, however, that female traits do not exist in isolation, but are instead part of a
dynamic interaction between both male and female factors. Therefore, | acknowledged and

accounted for the interaction between male and female traits where relevant.

2.5 Strong effects in one sex are not always associated with a
correlated response in the other

Many studies that have examined female reproductive traits have done so by incorporating
both male and female traits and targeting their correlated evolutionary responses. This is
because adaptations in one sex are expected to trigger an evolutionary response in the other
(provided there is an inter-sexual genetic correlation), and since male reproductive traits are
often well studied, they provide a tractable basis for gaining insight into female traits. Males
and females share the majority of their genome, and most traits are encoded by the same loci

in both sexes (Bonduriansky and Chenoweth, 2009). Male and female reproductive traits may
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be positively correlated when fitness optima between the sexes are aligned (e.g. genital tract
morphologies that are often adapted for a degree of mechanical confluence) (Greenwood et
al., 2022). Males and females often have divergent evolutionary interests, and this can result
in a genetic ‘tug-of-war’, where alleles experience opposing selection in males and females
that can present as negative intersexual correlations for fitness traits (Brommer et al., 2007;
Chapman et al., 2003). Conflict can occur between different loci (i.e., inter-locus sexual
antagonism), or within the same locus (i.e., intra-locus sexual antagonism) (Ebel and Phillips,
2016). This type of conflict can maintain genetic variation and drive the coevolution in
reproductive traits and behaviours between males and females (Arnqgvist and Rowe, 2002).
For example, in Chapter 5, | found that relative vagina length was strongly positively
correlated with relative testis mass in Galliformes. This type of correlated response may have
evolved through a co-evolutionary arms race over post-copulatory control, whereby the
challenging environment presented within the vagina may have triggered selection for an
increase in sperm production (associated with relatively larger testes), which in turn is likely

to generate selection for females to counteract this with an increase in vagina length.

Conversely, in Chapter 3, | adopted the targeted approach outlined above to explore the
effects of a Z-linked supergene, with known important effects in males, on females (for which
its effects were unknown). Variants of the supergene have strong and quite extreme effects
on male sperm traits: up to 90% of the variation in sperm morphology and swimming speed
was explained by the Z chromosome supergene (Kim et al., 2017). We explored whether the
effects of the inversion have a co-evolutionary effect for females. However we found no
discernible correlated responses across several important reproductive traits including egg
production in females, or for hatching success of eggs. We suggested several possible
explanations for this finding, including resolved prior antagonism, a lack of genes responsible
for egg production within the inversion, and/or that egg production is a relatively conserved
trait exhibiting little genetic variation. Sex-dependent regulation in gene expression is
increasingly found to be common and may be able to recover independent fitness optima
between the sexes. For example, up to 57% of Drosophila melanogaster genes show sex-

biased expression, most of which are involved in reproduction (Ellegren and Parsch, 2007).

Strong selection in one sex need not always correspond to strong selection in the other.

Furthermore, it cannot always be assumed that male traits will have a correlated female
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equivalent, or that shared traits share the same function. The evolution of ornamental traits
in both males and females presents an overt example. Male ornamental traits are almost
always attributed to male-male competition under sexual selection. Contrastingly, while
ornaments in females may have evolved as a correlated response, either due to an artefact of
the shared genetic architecture between the sexes, or because females are under equivalent
selective pressure to males (i.e. female-female competition for access to males) (Dale et al.,,
2015; Tobias et al., 2012), female ornamentation may also evolve under female-specific
selection pressures (Ah-King, 2022; Tobias et al., 2012). For example, reindeer antlers have
evolved in males as a sexually selected trait for competition over females, but are used by
females in competition for access to resources (Ah-King, 2022). Similarly, the extravagant tail
display of the peacock is considered the archetype of a sexually selected trait, and while
peahens also fan their tails, this phenomenon — which is not well studied, is anecdotally
thought to function instead as a defensive display (O’Donnel, 2024). Exploring female traits
through the lens of what is known in males, may be a valid jumping off point for traits
expected to have been selected under correlative evolution, but it is also important to
consider female-specific functions that may not have a male-equivalent process, or may have

been selected for alternative functions.

In Chapter 5, we show that contrary to expectations, sperm morphology is not correlated
with the morphology of female sperm storage organs. SST morphology could be related to
other sperm traits we could not account for, but it may also be worth expanding our
exploration of SST function to include additional female-specific roles not related to their
ability to maintain sperm. For example, SSTs are known to produce numerous compounds
important for sperm survival, but whether they are also involved in the production of other
reproductive fluid including compounds related to immunological activity, and/or are involved
in functions related to the passage of the egg through the vagina, does not appear to have

been explored.

2.6. Female post-copulatory reproductive traits may be an

underappreciated agent of sexual selection

If polyandrous females can bias paternity towards preferred males, then sexual selection may

continue post-copulation in a process known as cryptic female choice (CFC) (Eberhard, 1996;
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Thornhill, 1983). Demonstrating CFC is challenging owing to the complex but subtle nature of
female post-copulatory processes (Birkhead, 2000, 1998; Eberhard, 2000; Kempenaers et al.,
2000; Pitnick and Brown, 2000; Ward, 2000). One predicted mechanism of CFC is the ability
to differentially store sperm within sperm storage tubules (SSTs). There is some limited
evidence for preferential sperm storage: in Drosophila melanogaster, female seminal
receptacles favour males with long sperm (Miller and Pitnick, 2002); SSTs are thought to
probably limit the acceptance of damaged sperm (Allen and Grigg, 1957; Bakst et al., 1994;
Ogasawara et al., 1966); and zebra finches store sperm from different inseminations in
different tubules (Hemmings and Birkhead, 2017). The mechanisms of differential sperm
storage are unknown, although our lack of knowledge of the base-line functions of SSTs (i.e.
how precisely SSTs accept, maintain and release sperm), as well as their basic morphology
across species, is an even more fundamental barrier to our understanding of postcopulatory

selection in birds.

Sperm storage tubules (SSTs) have typically been described in the literature as ‘simple’
structures, taking the form of blind-ended tubular invaginations (Hiyama et al., 2014;
Sasanami et al., 2013). The extent of variation usually ascribed to tubule structure is akin to
‘branched or not’. Despite only observing tubules in a small number of species, with most
studies only focusing on a handful of model birds (i.e. domestic chickens, turkeys, Japanese
quail and zebra finches), it is usually expected that all birds have SSTs and that they will look
and function in the same way according to observations in model species. | believe the
definition of tubules as ‘simple tubular invaginations’ is misleading. These structures, at the
very least, perform very complex functions — for example, the ability to store and maintain
foreign material for many days or even weeks within the reproductive tract (a typically very
hostile and immunologically active region of the body), whilst retaining their viability, only to
release them at precisely the right time, is remarkable. In Chapter 4, | show that the
assumption of a simple morphological structure is also not true for all species. Indeed, | found
that sperm storage tubules are far more morphologically complex than has previously been
assumed, with both tubule structure, and the surrounding tissue, varying remarkably across
Galliformes. | suggested several functional explanations for this variation and developed a

framework for future researchers to explore this variation across other species. This included
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producing a flowchart for categorising SST morphology, which | fully expect will need to be

expanded upon as further variation is discovered across other species.

In Chapter 5, | take this further by quantitatively exploring the functional significance of this
variation. Surprisingly, | found that SST morphology (at least in terms of length, branching and
complexity) was not associated with sperm competition intensity or sperm traits. While this
finding does not rule out a role of SSTs in post-copulatory sexual selection, it does suggest
that other, probably more subtle variation in SST function may be more important. For
example, one possibility is that SST morphology changes through time in response to male
quality, or that selection occurs at the point of SST acceptance i.e. under the control of SST

entrances.

An alternative explanation is that SSTs themselves are not selective, but rather the sperm that
enter storage have already gone through rigorous selection during their journey through the
vagina. In support of this, we found that vagina length was strongly positively correlated with
testis mass, such that species with relatively longer vaginas also had relatively larger testes.
This is in alignment with the evidence that only 1% of inseminated sperm make it through the
vagina and into storage (though it doesn’t discount a role for selection at the point of sperm
acceptance into storage) (Bakst, 2011). | discussed several important implications this finding
has for our understanding of post-copulatory sexual selection in Chapter 5. Importantly, the
fact that vagina length and relative testis mass likely co-evolve suggests that the development
of larger testes in the male is not simply just the result of polyandry. Females drive
competition between sperm by mating with multiple males, which results in selection for an
increase in sperm production. But mating comes with its own risks for females, including an
increase in the likelihood of transmitted infections (Brillard, 2003; Westneat and Rambo,
2000). If sperm concentration becomes high enough to negate the benefits of polyandry for
females, how can females regain post-copulatory control? Increasing the length of time sperm
are exposed to selection within the vagina is one convincing possibility and paints a picture of
a more complex co-evolutionary relationship between genital/reproductive tract morphology,
sperm competition and female selective control. Additionally (or alternatively), since the anti-
sperm environment of the female reproductive tract functions in part as a defensive
mechanism against infection, an increase in vagina length in combination with an increase in

mate number may also act as a mechanism of infection resistance.
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It has been assumed that female genital tract morphology is relatively non-variable and is
consequently not well studied across taxa (Ah-King et al., 2014; Brennan and Prum, 2015).
Comparatively, there is an extensive literature base exploring male genital form variation. The
finding presented in Chapter 5 that vagina length is associated with sperm competition
intensity contributes to the growing body of research revealing the variation in female
reproductive tract forms and their co-evolutionary relationships with male genital forms, both
within and between species (Brennan and Prum, 2015). If the relationship between vagina
length and testis mass | present here holds across all birds, then relative vagina length can be
used as an appropriate proxy for sperm competition intensity, which has the benefit of
reducing the requirement for male tissue in addition to female tissue in studies exploring
female post-copulatory processes. This could be especially useful for studies of threatened

populations where tissue samples are valuable and only acquired from natural deaths.

3 Future directions

3.1 Measuring female fertility

A key issue raised in this thesis has been the lack of accurate reporting of infertility in birds. To
tackle this issue, first and foremost infertility should be defined and used correctly, and
particularly any study exploring reproductive failure in birds should acknowledge the distinct
difference between infertility and embryo mortality. To reiterate, infertility can be defined as
the failure of successful syngamy (the fusion of male and female pronuclei with the ovum).
Therefore, any reproductive attempt that fails to result in the production of an ovum that has
undergone syngamy can be considered as infertility. If syngamy has occurred, any arrested
development prior to hatching is embryo mortality, even if it occurs after just a few cell
divisions. If a researcher cannot distinguish between infertility and embryo mortality by using
the appropriate microscopic methods (see Birkhead et al., 2008)), then this should be stated
clearly in the methodology, and the terms infertility and embryo mortality avoided. This will
aid future attempts to monitor the causes of hatching failure and their incidence across the

literature.

Another issue raised was the widespread failure across the literature to acknowledge failed

egg production as a mechanism of female infertility. To begin to address this gap in our
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measurement of infertility, future work must consider failed breeding attempts. |
acknowledge this will be much more difficult in wild than captive populations. Hormone
monitoring presents one viable method for determining the timing of ovulation events,
although few studies have explored this option, probably because of concerns over stress
caused by routine blood collection, and the labour-intensive nature of such monitoring.
However, non-invasive techniques for monitoring sex hormone concentrations are now a
possibility, with some studies finding that faecal analysis can provide a viable alternative to
blood collection. For example, a recent study in cockatoos (Cacatua alba) found that urofecal
progesterone and estradiol-17p can be monitored through enzyme immunoassays, providing
a reliable indication of follicle growth and ovulation (Kusuda et al., 2023). Additionally, this
study also found that feather moult varied with hormone levels, with moults halting during
periods of high ovarian activity. This suggests that, particularly in species with monitored nest
boxes, regular faecal and feather collections may provide a useful indication of ovarian
activity. Future development of similar techniques, in combination with more regular
recording of mating attempts and subsequent egg production, may provide a useful and non-

invasive option for monitoring the fertility status of female birds in wild populations.

One alternative (or supplement) to this type of behavioural monitoring is to increase the
routine collection of year-on-year census data for non-breeding individuals. Some types of
census data may be relatively easy to collect and could provide quite broad but valuable
insights into the fertility status of females within the population, including: the number of
females of reproductive age that are participating in reproductive attempts (for example, seen
mating at least once, partaking in nest-building behaviour or have laid at least one clutch/egg
within a season); whether these females are successful in their attempts (i.e., whether a
female seen mating or nest-building is also seen laying); and whether these females are
repeating their attempts annually or are more sporadic breeders. These types of data could
be collected through intensive breeding monitoring in small populations or scaled up to larger
populations by incorporating passive integrated transponder (PIT) tag data. Long-term
breeding monitoring is rare, but there are some exceptions, such as the the hihi (Notiomystis
cincta) on Tiritiri Matangi Island (Armstrong and Ewen, 2013), kakapo (Strigops habroptilus)
primarily on Whenua Hou/Codfish Island and Anchor Island (Savage et al., 2022), and the Isle
of May Long-term study (IMLOTS; which monitors UK seabird populations) (Newell, 2022).
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These types of studies may provide a valuable opportunity for insight into the numbers of
non-breeding females within a population and allow us to gain a better understanding of the

factors driving this type of infertility.

It is also important to consider clutch size when determining fertility in female birds. A failure
to produce any eggs is an extreme or even absolute form of infertility, but smaller than
normal clutches (relative to the population or species average) can also be considered a form
of infertility. Failure during follicle development for some but not all the follicular hierarchy
may result in a small clutch. Clutch size is known to decrease with age, and indeed we found
that the probability of producing single egged- clutches increased with age in zebra finches
(Chapter 3). While we acknowledge that the age these effects became apparent in our
population are unlikely to be reached in a natural population, many wild birds do experience a
fertility decline with age (Lemaitre et al., 2015; Morland et al., 2023; Nussey et al., 2013), and

reductions in clutch size may be indicative of fertility problems in younger birds too.

| therefore suggest that future work focus on a combination of the following: i) increasing the
number of long-term population studies that monitor breeding attempts, including the
activity of non-breeding females within the population, which may be done through a
combination of visual observation, camera monitoring and PIT-tagging; ii) for long-term
population studies that already have good population census data, consider performing
analyses of the dynamics of non-breeding females within the population, particularly where
male fertility status can be accounted for, and combine this information with clutch size data,
including (where possible) incidences where mating was known to occur, but no eggs were
laid; iii) developing non-invasive techniques for recording hormone fluctuations as an

indication of ovarian activity in wild populations.

3.2 Generating hypotheses in female-focused avian reproductive
research

By re-examining common lines of thinking that are often driven by what is known in males
and model species, | have been able to identify where the primary gaps in our understanding
lie. | have generated some unique insights and hypotheses regarding these. Chapter 1 was
instrumental in shaping my thinking: | considered every stage during the reproductive cycle

that fertility can be compromised from the perspective of the female and noted several very
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important oversights in doing so. For example, | found that sperm production was a common
(if not the most common) metric examined when investigating male infertility but was
particularly surprised to find that gamete production in females was not typically considered
in most measures of female fertility. Similarly, the process of fertilisation is usually considered
from the perspective of the sperm and their ability to penetrate the ovum, without typically
considering the same process from the perspective of the egg: If sperm vary in their
‘fertilising ability’, might ova also vary in their ability to be fertilised? Similarly, a line of
questioning that sparked the development of Chapters 4 and 5, was that sperm are the most
diverse cell type on Earth, but we do not know how the structures adapted to store them

(i.e., SSTs) vary between species.

It is also important to consider female specific processes separately: Male and female
processes are not always correlated, and a factor that influences male fertility does not
necessarily translate to an effect for females (e.g., Chapter 3; and as discussed above in
section 2.5). For example, female fertility is heavily dependent on the proper functioning of
the endocrine system. Infertility or reduced fertility can therefore be heavily influenced by
exposure to environmental contaminants such as endocrine disrupting compounds (EDCs).
Few long-term studies have monitored the effects of EDCs on reproduction in wild birds, but
experimental evidence suggests that even environmentally relevant doses of certain
compounds can have significant implications for female fertility, including egg production
(Assersohn et al., 2021a, 2021b (Chapter 2 and Appendix 1)). Improving our understanding of
the sensitivity of the female endocrine system to disruption will be vital for developing
interventions, which may be particularly relevant for threatened populations that suffer from
often high and unexplained levels of reproductive failure. Other female-specific factors that
require further investigation include the prevalence and implications of diseases and
disorders affecting female fertility, and the effects of a changing climate on egg production
and the seasonal regrowth and regression of the reproductive tract (Halupka et al., 2023; Lara

and Rostagno, 2013).

Throughout this thesis, | have attempted to critically consider reproduction and sexual
selection from the perspective of females and non-model species and explored both i) how
our current knowledge in males and model species can be applied to these groups and ii)

whether there are specific features of these groups that require separate lines of enquiry.
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Ultimately, it is important for work exploring the factors driving reproductive outcomes to
consider both male and female factors, and their interactions, including developing questions
and hypotheses with a female-specific focus that doesn’t necessarily rely on what we know
already know in males. To further improve our understanding of fertility in female birds, |

encourage future work to develop questions and hypotheses using a similar approach.

3.3 Priority research gaps

Here, | provide a summary of the key research gaps that | have identified throughout this
thesis. | believe these are likely to be the most important barriers to our understanding in this

field and should be a priority for future research.

1. We must focus on improving our understanding of the factors affecting fertility in wild/non-
commercial species, seasonally breeding birds, and opportunistic breeders. This will be
particularly important for conservation breeding programmes. When populations are small
and vulnerable, the loss of every egg poses a risk to species survival, and high rates of
hatching failure must be acted upon swiftly. Implementing interventions based on
inadequate knowledge may hinder, rather than help, conservation efforts (Assersohn et al.,
2021; Appendix 1). This recommendation begins with accurate reporting and measuring of
infertility: Infertility must be defined correctly and distinguished from embryo mortality;
the fertility status of unhatched eggs should ideally be determined through proper
microscopic methods (Birkhead et al., 2008); the activity of non-breeding females must be
more routinely incorporated into long-term study monitoring; and when generating
hypotheses as to the causes of infertility, both male and female processes should be

considered independently and in combination.

2. The genetic basis of variation in female fertility is still poorly understood in birds, however
it seems likely that there is genetic variation in female fertility traits, given that heritable
variation in individual relative fitness (i.e. additive genetic variance) does exist in wild birds
(Bonnet et al., 2022). Despite finding no effects of the Z-linked supergene for reproductive
traits in Chapter 3, it remains the case that the genome is largely shared between the sexes
and a reasonable line of questioning is to explore genetic factors that we already know

influence male fertility and examine their effects in females. However, it will also be
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important to consider the genetic basis of female-specific processes independently of their
known effects in males. One logical place to start would be the W- chromosome, the only
female-specific region of the avian genome. Compared to XY systems, we know far less
about how sex-specific selection has shaped Z and W gene content (Xu and Zhou, 2020).
Empirical data widely supports the idea that, despite many Y chromosomes containing few
functional genes, Y-linked genes are masculinised, and often related to male fertility (Mank,
2012). However, evidence for the equivalent feminisation of the W is currently mixed
(Moghadam et al., 2012; Xu et al., 2020; Xu and Zhou, 2020), and we know far less about
the avian W than the mammalian Y, so further work is needed to gain a better
understanding of the dynamics of female-specific selection on the sex chromosomes. That
said, the likely polygenic nature of female fertility (Santure et al., 2013), combined with the
expectation that the W chromosome will have few functional genes (Mank, 2012), provides
support for the autosomal location of female fertility genes in birds. One alternative
approach to GWAS, is to predict the combined effects of all genes (i.e., breeding values)
influencing female fertility using genomic prediction/selection (Gienapp et al., 2019; Yang
et al., 2021). This method can be helpful for increasing our understanding of the genetic
architecture of highly polygenic traits and predicting how evolutionary forces might affect
them, and can be a useful tool in both captive (VanRaden, 2020) and natural populations

(Gienapp et al., 2019).

3. In Chapter 4, | demonstrated that sperm storage tubules in the female reproductive tract
in birds can be far more variable and morphologically complex than has previously been
appreciated. However, the causes and consequences of this variation are not clear. The
focus of research on a small number of model species has masked important trait variation,
and so a priority for future research will be to examine SST morphological variation across
other species and groups, and to explore the factors that drive this variation. Several
possible starting points include exploring; whether SST morphology is plastic and changes
through time in response to male quality; whether selection occurs at the point of SST
acceptance i.e. under the control of SST entrances; or whether SST morphology is
associated with sperm storage duration. It may also be worth future work exploring the
relationship between SST morphology and sperm competition intensity across a greater

diversity of species. A better understanding of the role of SSTs in post-copulatory sexual
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selection will also require further research into the specific mechanisms by which SSTs
accept, store and release sperm. This may include also exploring the interaction of SSTs

with the surrounding tissue of the vagina (e.g., channels and transitional tissue).

4. In Chapter 5, | found that relative vagina length was positively correlated with relative testis
mass. This finding implies that vagina length and sperm production have co-evolved, and
that vagina length plays an important role in generating, and responding to, post-
copulatory sexual selection. To further understand this finding, and before being able to
generalise across all species, it will first prove useful to examine this relationship across a

greater number of species.

5. Other priority areas that | identified in Chapter 1 and was not able to explore within this
thesis, but nevertheless remain important, include: the effects of pollution and a changing
climate on fertility in females, particularly the impacts of heat stress and EDCs on
reproductive tract function; whether ova vary in their quality and ability to accept sperm
between females; the incidence and importance of hormonal and physiological
reproductive disorders in wild birds; and the role of the female immune response within
the oviduct (including the ovaries) for fertility, particularly the interaction between immune

function and sperm storage.

3.4 Wider impacts

Improving our understanding of the factors that influence variation in fertility has broad
impacts. Firstly, the importance of poultry as a commercial food source means that ensuring
high reproductive productivity in commercial stocks will benefit global food security (Vaarst et
al., 2015). Despite consistent selection for high rates of egg production with high fertility,
hatching failure rates in domestic chickens and turkeys remain similar to the global average
across all bird species and the causes of this baseline level of infertility are not well
understood (Beaumont et al., 1997; Marshall et al., 2023). As the global demand for animal
production is expected to increase in the coming decades, the effects of a changing climate
are simultaneously expected to have significant negative impacts on livestock health and
productivity (Nardone et al., 2010). Poultry is known to be particularly sensitive to heat stress,
with the effects of increasing ambient temperature having a negative effect for most metrics

of reproductive health (Kumar et al., 2021). Improving our understanding of the factors that
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influence fertility in birds will be increasingly important for generating selective breeding
programmes and husbandry management techniques for mitigating the effects of climate

change on livestock performance.

Conservation strategies for threatened species depends upon increasing population growth
through improved survival and productivity (Digby et al., 2023). Reproductive output
represents one of the largest factors limiting conservation success, but management
strategies often require quick action to mitigate egg loss (Comizzoli and Holt, 2019). For
example, in the critically endangered kakapo, conservation efforts have been significantly
hampered by infrequent breeding, and low fertility and hatching success (Clout, 2006).
Recently, a study investigating the causes of infertility in Kakapo identified several important
factors that have led to novel management recommendations (Digby et al., 2023). This
highlights the importance of conducting species and population specific studies on the causes
of reproductive failure. By also improving our general understanding of reproductive function
and the factors that cause variable fertility rates across birds, this may guide species-specific
studies, and trickle down into conservation management for improving survival outcomes in

threatened species (Assersohn et al., 2021; Appendix 1).

4 Concluding remarks

Within the field of avian reproduction, female fertility remains understudied, and this has
limited our knowledge of the incidence and factors driving variation in reproduction in birds.
The focus on commercial and captive species in this field has also heavily skewed our
knowledge towards species that are typically non-representative, and even among studies
that do include wild-populations, fertility is often incorrectly defined or measured, and key
female variables that might influence fertility are commonly ignored. There are, however, an
increasing number of studies that are acknowledging these gaps, and there are several
exciting avenues for future research in this field, which | have illustrated throughout this
thesis. In particular, | have highlighted that the female reproductive tract can be
physiologically variable and complex, and play a pivotal role in the processes of post-
copulatory sexual selection and the co-evolution of male and female reproductive traits. |
expect that future work will continue to uncover the remarkable functions of the avian female

reproductive tract, providing insight into the role of females in sexual selection, and
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generating knowledge of the female factors influencing reproductive outcomes. This
knowledge will be valuable in the coming decades as we increasingly require the
development of novel methods for managing the reproductive productivity of commercial

species, and threatened populations, amidst a changing climate and global biodiversity crisis.
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Abstract

Reproductive failure is ubiquitous. However, research on the mechanisms underpin-
ning reproductive failure is still lacking in most species. This gap in our under-
standing has particularly strong repercussions for threatened species and it hinders
our ability to establish effective interventions to improve survival. In this review,
we focus on why eggs fail to hatch — one of the most critical and understudied
aspects of bird reproduction. We identify the main drivers of hatching failure in
threatened populations of birds and the key mechanisms that cause failure at differ-
ent stages of development inside the egg. We then discuss the importance of man-
agement interventions aimed at reducing hatching failure in species of conservation
concern. Our review highlights the need for a better understanding of the mecha-
nistic basis of hatching failure in non-model bird species and identifies the method-
ological tools necessary to achieve this.
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Introduction

Around 40% of all bird species have declining populations
and 13% are threatened with extinction (BirdLife Interna-
tional, 2020). One of the most common and important prob-
lems for threatened bird species is the failure of eggs to
hatch. Many eggs are lost as a result of consumption, dam-
age, or disturbance by humans and other animals, but even
beyond these losses, some threatened bird populations expe-
rience up to 75% hatching failure as a result of indirect
anthropogenic or other causes (Jamieson & Ryan, 2000; Fer-
reira et al., 2005). High rates of hatching failure not only
influence individual reproductive success but can have strong
repercussions for population growth and species recovery
(e.g. Jamieson & Ryan, 2000; Ferreira et al., 2005; Brekke
et al., 2010; White et al., 2015). However, the drivers of
hatching failure are complex and poorly understood. In this
review, we highlight the key factors associated with high
levels of hatching failure beyond the impacts of predation,
damage, desertion and exploitation. We then explore the

underlying reproductive problems linked to hatching failure
and how these are influenced by ecological and behavioural
factors. We argue that a lack of understanding of the mecha-
nistic basis of hatching failure can lead to flawed conclu-
sions about how and why it occurs, with important
implications for our understanding of avian ecology and con-
servation.

Major drivers of hatching failure in
threatened birds

Inbreeding depression

Threatened bird populations are generally small and isolated,
resulting in high levels of inbreeding and low genetic diver-
sity (Keller & Waller, 2002). Threatened and invasive spe-
cies that have undergone single or multiple bottleneck and
founder events associated with low levels of genetic diversity
and high inbreeding, have significantly higher levels of
hatching failure (Briskie & Mackintosh, 2004; Heber &
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Briskie, 2010). A large number of studies in laboratory sys-
tems and non-threatened species across multiple taxa also
support that inbreeding depresses hatching success (e.g. Mor-
row, Arnqvist, & Pitcher, 2002; Spottiswoode & Mgller,
2004; Slatyer et al., 2012), and a few suggest that genetic
recovery (in populations of common species) can improve
hatching rates (Ortego et al., 2010, Lindsay et al., 2020).
Both parental and embryonic inbreeding depresses hatching
success (Briskie & Mackintosh, 2004; Heber & Briskie,
2010) and egg viability (Brekke er al., 2010; Hemmings,
Slate & Birkhead, 2012), but the effects of parental inbreed-
ing on fertilization and embryo development are poorly
understood. Although most studies show that inbreeding
depresses hatching (e.g. White et al., 2015), some have
found that parental inbreeding has no effect (e.g. Brekke
et al., 2010) or, in a few exceptional circumstances, has a
positive effect on hatching success (e.g. Weiser et al., 2016).
Research on the effects of maternal inbreeding on fertility,
egg traits and egg number in wild threatened populations is
sorely lacking, despite considerable evidence of these effects
in non-threatened species (e.g. Keller, 1998).

Inbreeding depression also varies with the development
stage (Keller & Waller, 2002). Mutations in early acting
genes that are functionally critical are generally thought to
be lethal or at least highly detrimental (Keller & Waller,
2002), so the impact of inbreeding depression due to the
expression of genetic load should be strongest at early stages
of development (Brekke er al., 2010). However, our inability
to correctly measure the impact of inbreeding at early stages
of embryo development in birds (Hemmings, West & Birk-
head, 2012) could have repercussions for the management
and recovery of threatened species, as vital information on
the magnitude and severity of inbreeding depression is unre-
liable (Grueber et al., 2015). This is particularly important in
wild populations, where the effects of inbreeding can be
exacerbated by changing environmental conditions (Keller &
Waller, 2002).

Climate change

Climate change effects on hatching success in small popula-
tions are complex and confounded by other factors, such as
disturbance, habitat degradation, lack of habitat connectivity,
food supply and synchrony in phenology (de Villeremuil
et al., 2019). Environmental stress as a result of climate
change has, however, been shown to influence a number of
different reproductive traits across a wide range of species.
Changes in lay-date as a response to climate change, for
example, seem to be ubiquitous (Dunn, 2019), and such
shifts may have a knock-on influence on hatching success.
However, the evidence for this in threatened species is
unclear. In the New Zealand Hihi (Stitchbird, Notiomystis
cincta), for example, lay-date has not shifted to match
changes in climate, showing little adaptive potential (de
Villeremuil et al., 2019).

Experimental evidence has shown that fertility and egg
viability decline with rising temperatures (Lara & Rostagno,
2013). For example, in the threatened Florida Scrub Jay
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(Aphelocoma coerulescens), females with larger clutches that
experienced longer periods of pre-incubation exposure to
ambient temperature had reduced hatching success (Aldredge,
Leclair, & Bowman, 2012). Increased frequency of extreme
weather events such as drought has also led to increased
hatching failure in the Lesser Prairie Chicken (Tympanuchus
pallidicinctus), as incubating females are unable to maintain
microclimate conditions in the nest, exceeding lethal limits
to embryo development (Grisham et al., 2016).

In species where anthropogenic incubation disturbance is
frequent, the impact of environmental change may also be
compounded. In ground-nesting seabirds that breed in highly
vulnerable coastal regions, like in the critically endangered
Tara iti (Fairy Tern, Sternula nereis) human disturbance and
extreme weather events are the main drivers of hatching fail-
ure (Ferreira et al., 2005; Supplementary Material). Rising
temperatures have also impacted hatching success and popu-
lation sex ratios in megapodes, a family of birds in which
half of species are at risk of extinction (IUCN, 2020). Mega-
podes rely on environmental sources of heat for incubation,
and high incubation temperatures lead to male-biased mortal-
ity in the Australian Brush-turkey (Alectura lathami) (Eiby,
Wilmer, & Booth, 2008).

Pollution

Pollution is known to interfere with reproductive function and
egg viability in birds, and has been associated with wide-
spread adult mortalities, species declines and extinctions
(Giesy et al., 2003). Over 90,000 chemicals have been
released into the environment by humans, and the vast major-
ity of these have not been tested for their effects on humans
or wildlife (Patisaul, Fenton, & Aylor, 2018). Pollutants cur-
rently known to affect bird reproduction include persistent
organic pollutants (particularly chlorinated hydrocarbons such
as DDT, PCBs and BFRs), non-halogenated pesticides (e.g.
organophosphorus) and metal toxins (e.g. lead, mercury, cad-
mium, selenium) (Fry, 1995; Giesy et al., 2003).

Several hundred anthropogenic pollutants are known to be
Endocrine-Disrupting Compounds (EDCs) — substances that
interfere with normal hormone function (Borgeest et al.,
2002; Patisaul, Fenton, & Aylor, 2018). Known EDCs
include many organic pollutants and metal toxins, as well as
phytoestrogens, PAHSs, alkylphenols and phthalate esters
(Borgeest et al., 2002; Giesy et al., 2003). Many EDCs are
highly toxic to birds and can have severe effects on fertility,
embryo viability and mating behaviour (Fry, 1995; Giesy
et al., 2003). Embryonic exposure to pollution can occur
through maternal deposition into the yolk, with significant
implications for egg quality and embryo development (Ottin-
ger et al., 2005). When EDCs are passed on to developing
embryos, they can reduce egg quality (e.g. through eggshell
thinning), disrupt development, cause abnormalities of the
reproductive tract, and result in sterility or even embryo
death (Leighton, 1993; Fry, 1995). The effects of the
organochlorine insecticide DDT and its primary metabolite
DDE is a widely known example. DDTs led to the demise
of many birds of prey in the 20" century, primarily due to
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eggshell thinning and embryo malformations that resulted
from exposure. Despite their ban in the 1980s, DDT (and
similar pesticides such as MXC) still affects wild bird repro-
duction today (Borgeest et al., 2002; Helander et al., 2002,
Burnett et al., 2013, Hernandez et al., 2018, van Oosten,
2019). Understanding the consequences of EDCs on avian
reproductive physiology and fertility is crucial for conserva-
tion efforts; however, the mechanisms underpinning the
effects these chemicals have on birds are not fully under-
stood (Giesy et al., 2003). We also have little to no knowl-
edge of how the majority of anthropogenic pollutants affect
wildlife (Patisaul, Fenton, & Aylor, 2018), and few long-
term studies have monitored the effects of EDCs on fertility
in wild birds (Bernanke & Kohler, 2009).

Emerging environmental contaminants that are likely to
impact avian reproduction and hatching success are those from
human and veterinary health care pharmaceuticals (Espin
et al., 2018). The last two decades have seen a rise in the
effects of veterinary pharmaceuticals on avian scavenger pop-
ulations (Cuthbert ez al., 2014). Avian scavengers frequently
eat medicated dead livestock, either opportunistically or when
it is provided during supplementary feeding for conservation
purposes (Cuthbert et al., 2014; Blanco et al., 2017). Fluoro-
quinolones are one of the most commonly used antimicrobial
veterinary drugs for livestock (Margalida & Bogliani, 2014),
and the ingestion of fluoroquinolones and other pharmaceuti-
cals can influence embryo development and reduce hatching
success (Espin et al., 2016; Hruba ef al., 2019). With livestock
carcasses still being commonly used at supplementary feeding
stations (Blanco er al., 2017), understanding the impact of
pharmaceuticals on hatching success in wild birds remains a
priority.

Mechanisms of hatching failure

Despite ample evidence that environmental change is driving
increased rates of hatching failure in threatened birds, a clear
understanding of the mechanistic drivers of egg failure
remains elusive. The first step towards resolving this issue is
to identify whether hatching failure is due to (1) fertilization
failure, or (2) failure of a fertilized egg to develop into a
hatched chick (i.e. embryo mortality). These two types of
failure can have very different causes, so distinguishing
between them is essential if we are to identify (and act
upon) the ecological and/or behavioural drivers of hatching
failure. Only a handful of studies distinguish between fertil-
ization failure and embryo mortality as causes of reproduc-
tive failure in birds, and confusingly, ornithologists often
universally refer to any undeveloped eggs as ‘infertile’ (e.g.
Wetton & Parkin, 1991; Morrow, Arnqvist & Pitcher, 2002).

Fertilization failure

Fertilization is the process of sperm and egg pronuclei fusing
to form a viable zygote (syngamy). Therefore, an infertile
egg is one where the female pronucleus has not fused with a
male pronucleus. However, infertility is often used inter-
changeably to describe both embryo mortality and
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fertilization failure, possibly due to historic difficulties in dis-
tinguishing between the two. Birkhead er al. (2008)
described a method by which fertilization failure and early
embryo mortality can be unequivocally distinguished in
unhatched bird eggs, by microscopically examining the egg
contents for (1) sperm on the perivitelline layer surrounding
the ovum, (2) penetration points in the perivitelline layer
indicating the entrance of sperm into the egg, and (3) embry-
onic cells/tissue in the germinal disc of the ovum, indicating
the onset of development (Figure 1). This method has been
used on a range of bird species and demonstrated to be rela-
tively robust to egg degradation (Hemmings, West, & Birk-
head, 2012), making it well-suited for use on eggs of
endangered wild birds, which must typically be left in the
nest until after other eggs hatch to eliminate the risk of
removing a viable egg. We have developed step-by-step pro-
tocols and video demonstrations of this method that are
openly available via https://www.zsl.org/practical-resources-
for-identifying-the-causes-of-hatching-failure-in-birds. For
clarity, we define infertility as fertilization failure (i.e. no
syngamy) in this review, and when we talk about the causes
of infertility, we refer to any processes contributing to fertil-
ization failure.

In birds, fertilization failure is commonly assumed to be
the result of a lack of sperm (Hemmings & Birkhead, 2015)
or poor sperm function (Brillard, 1990; Lifjeld et al., 2007),
that is a problem with the male. However, there is little evi-
dence explicitly linking sperm traits with hatching success in
birds. Fertilization failure could also be female-mediated;

(b) Sperm penetration holes

(@) sperm

(c) Embryonic nuclei
s

Figure 1 Microscopic examination of undeveloped eggs allows us
to distinguish between fertilization failure and embryo mortality as
the cause of hatching failure. (a) Zebra Finch (Taeniopygia guttata)
sperm stained with fluorescent dyes and imaged at 200x magnifi-
cation. Sperm can be found on the PVL of unhatched eggs several
weeks after failure. (b) Penetration points left by sperm that have
entered the ovum, imaged with darkfield microscopy at 200x mag-
nification. (c) Embryonic cells after 24 hours incubation, stained
with a fluorescent dye and imaged at 400x magnification. Cell divi-
sion begins approximately 2 hours after fertilization, and by the
time the egg is laid, the germinal disc typically contains thousands
of embryonic cells. Polyspermy (where multiple sperm enter the
ovum) is part of the normal process of fertilization in birds and is
required for normal early embryo development. Diagram not to
scale
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recent research has revealed that females exert far more con-
trol over post-copulatory processes than was previously
assumed (Pizzari & Birkhead, 2000; Hemmings & Birkhead,
2017), and that variation in female reproductive traits may
have a substantial impact on fertilization success. For exam-
ple, the avian vagina is thought to be highly selective, with
only 1% of sperm successfully passing the vagina and enter-
ing storage. Therefore, sperm selection in the female repro-
ductive tract (cryptic female choice) can influence which
sperm are available during fertilization (Sasanami et al.,
2013). Ideally, this process would ensure only good quality
sperm can fertilize the egg, theoretically improving fertiliza-
tion success but also potentially enhancing offspring quality.
It has been found in other taxa, for example, that cryptic
female choice improves both egg fertilization rate and
embryo survival (Rosengrave et al., 2016). The exact mech-
anisms of sperm selection are still unclear in birds, but
some females are known to preferentially eject the sperm of
undesirable males (Pizzari & Birkhead, 2000), and immuno-
logical activity within the vagina can influence sperm viabil-
ity and transport (Bakst, Wishart, & Brillard, 1994). If these
processes are too selective, insufficient sperm may reach the
site of fertilization (Hemmings & Birkhead, 2015). In
domestic birds, fertilization failure has also been shown to
be associated with female age (Bramwell er al., 1996),
female reproductive disorders (Srinivasan et al., 2014),
aspects of the female’s environment (such as diet and stress)
(Lewis, 2004; Walzem & Chen, 2014) and genetic factors
that may influence the receptivity of the oviduct and/or egg
to sperm (Bernier, Spencer, & Swartwood, 1951). Fertiliza-
tion failure may also result from behavioural incompatibili-
ties between males and females that impede successful
courtship and copulation.

Embryo mortality

If an ovum is successfully fertilized, hatching failure may
still occur as a result of embryo mortality. Embryo mortality
can occur at any stage of development (including prior to
oviposition) and for a variety of reasons (Figure 2), although
deaths are more common during the early and late stages
(Romanoff, 1949). Early embryo mortality (within 72 hours
of fertilization) is commonly associated with lethal genetic
factors, such as chromosomal abnormalities (Shook, Stephen-
son, & Biellier, 1971). Genetic perturbations are more likely
in inbred individuals, and accordingly, inbreeding has been
shown to significantly depress early embryo survival (Hem-
mings, Slate, & Birkhead, 2012). However, the mechanisms
by which inbreeding depresses embryo development remain
largely unknown. While most genetic problems manifest
early in development, some result in death at a later stage of
development, typically due to gross morphological abnormal-
ities (Romanoff, 1949).

Although sperm quality is more typically expected to
influence fertilization success, prolonged sperm storage in
the male or female reproductive tract before fertilization has
been shown to increase the incidence of early embryo mor-
tality (Lodge, Fechheimer, & Jaap, 1971). This effect may
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be explained by age-related deterioration of sperm and/or a
reduction in the number of sperm surviving to reach and
penetrate the ovum (Eslick & McDaniel, 1992). Fewer viable
sperm may limit the scope for physiological polyspermy,
which is essential for normal early embryo development in
birds (Hemmings & Birkhead, 2015).

In the early stages of development, embryos are vulnera-
ble to fluctuations in ambient climatic conditions (particularly
elevated temperatures) and trans-shell infections during the
period between oviposition and incubation onset (Meijerhof,
1992). In many species that lay a clutch of eggs, incubation
does not begin until the end of the egg-laying period to
ensure synchronous hatching, so eggs laid earlier in the
clutch have a longer pre-incubation exposure time. Early
embryo mortality also appears to be more common when (1)
females are younger (Fairchild er al., 2002); (2) females
have greater body weight (Coleman & Siegel, 1966) and (3)
eggs are small and/or poor quality (including the eggshell)
(Lerner et al., 1993), which can be the result of poor female
condition or stress/disturbance during egg production (Rey-
nard & Savory, 1999).

Mid-development embryo mortality is relatively infre-
quent, although hyperthermia at this stage can result in
developmental arrest or malformations (Christensen, 2001).
The nature of these malformations depends on the stage at
which the embryo is exposed to high temperatures. For
example, around day 3 of incubation, during early brain for-
mation, elevated temperatures can lead to abnormal brain
and neural tube development (Alsop, 1919), whereas a week
or so into development, high temperatures are more likely to
lead to circulatory system failure, for example heart enlarge-
ment and cardiac arrest. Romanoff (1949) identified a critical
period in the mid-stage development (at 12—14 days of incu-
bation) of Domestic Fowl (Gallus gallus domesticus) when
embryo mortality can peak if the maternal diet during egg
production is deficient in animal protein, vitamins and miner-
als. Towards the end of development, high or low tempera-
tures, as well as insufficient egg turning, can increase the
incidence of embryonic malpositioning, limiting the ease
with which the developed chick can successfully break out
of the egg.

Although it is relatively easy to identify by eye whether a
freshly laid egg is fertilized (Christensen, 2001), the structure
of the blastoderm degenerates rapidly following early devel-
opmental arrest, particularly in the warm conditions of a
nest. Therefore, if an embryo from a wild nest dies within
the first 72 hours of development, and several days or weeks
elapse before it is collected, the egg can be mistaken as
unfertilized upon macroscopic examination (Birkhead et al.,
2008). Using fluorescence microscopy methods, Hemmings
& Evans (2020) found that early embryo deaths were mis-
taken for fertilization failure in 52% of Blue Tit (Cyanistes
caeruleus) and 33% of Great Tit (Parus major) eggs left in
the nest for 2 weeks after hatching. The fact that early
embryo mortality can be so easily mistaken for fertilization
failure in wild populations is of particular concern, given
that the majority of embryo mortalities may happen during
these early stages of development (Christensen, 2001).
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i. Fertilisation failure

Key risk factors:
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for physiological polyspermy)
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Figure 2 Key risk factors associated with egg failure at different stages of egg formation and embryo development. |. Fertilization failure
refers to factors that reduce the likelihood of sperm reaching and penetrating the ovum; Il. Early embryo mortality refers to embryo death
occurring between fertilization and approximately developmental stage 20 (~3 days incubation in Domestic Fowl). Ill. Mid-incubation mortal-

ity refers to embryo death during developmental stages 20-43 (~3-1

7 days incubation in Domestic Fowl); IV. Late incubation mortality refers

to embryo death during developmental stages 44-46 (~18-21 days incubation in Domestic Fowl). Developmental stages and incubation
phases are provided as a guide but vary depending on developmental rate and mode of different species. Embryo death is most common
during the early (<3 days incubation) and late (pre-hatch) stages of development. Diagram not to scale

Hatching failure in wild populations

Despite differences in the mechanisms that cause fertilization
failure versus embryo mortality, the majority of studies of
hatching failure in wild birds consider only whether or not
eggs hatch, without investigating the underlying cause of
failure and/or the stage at which the embryos died (e.g.
Spottiswoode & Mgller, 2004). Of those studies that have
attempted to look at embryo mortality rates in wild birds,
most have assumed undeveloped eggs to be unfertilized and

therefore restricted their analyses to analysing mid- and late-
term embryos (Jamieson & Ryan, 2000; Brekke er al.,
2010). Results from the limited number of studies that have
distinguished between fertilization failure and early embryo
death as causes of hatching failure in wild birds suggest that
early embryo mortality is more common (Hemmings &
Evans, 2020). Hemmings, West, & Birkhead (2012) micro-
scopically examined eggs classed as ‘infertile’ from five
endangered species and found that only 26% of these eggs
were truly unfertilized. If extrapolated to another study such
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as Jamieson & Ryan (2000), which compares infertility rates
in New Zealand endangered species, this suggests that infer-
tility may be strongly overestimated, while the incidence of
early embryo mortality is underestimated (Figure 3).

Recognizing the role of early embryo mortality in the
hatching failure of wild populations can improve conserva-
tion research but is also important for studies in other fields.
For example, a study on a wild population of Eurasian Tree
Sparrows (Passer montanus) — one of the few studies that
has accurately discriminated between unfertilized eggs and
early embryo mortality — found that the female-biased sec-
ondary sex ratio in this population was due to higher mortal-
ity of male embryos, most (62%) of which occurred at the
early embryo stage (Kato ez al., 2017). Previous studies have
attributed skewed sex ratios to temperature-dependent sex-bi-
ased embryo mortality (Eiby, Wilmer, & Booth, 2008) and
biased parental investment (Spelt & Pichegru, 2017), but
failure to consider individuals that die very early in the pop-
ulation creates a potential bias in these studies.

Accurate monitoring of early embryo mortality in wild
populations can also provide important and formerly lacking
data on extra-pair paternity. The role of extra pair paternity
in connection with reproductive success is controversial;
there is some evidence that engaging in extra-pair copula-
tions is a female strategy for directly improving fitness via
decreased hatching failure (Yuta et al., 2018). However,
there is opposing evidence for whether within-pair or extra-
pair offspring have higher fitness themselves (Sardell er al.,
2012; Hsu et al., 2014) and meta-analyses have come to

00| T e— I B s E—

[l surereaEmoryo Horaity
Classified as Tnferte’
B estimated Truly Unfertised

Proportion of Unhatched Eggs

hoiho kakapd kerera n. b. kiwi roroa takahé

Species

Figure 3 The proportion of failed eggs classified as infertile in six
endangered bird species (Northern Brown Kiwi (Apteryx mantell),
Roroa (Great Spotted Kiwi, Apteryx haasti), Kakapo (Strigops
habroptilus), Kereru (Hemiphaga novaeseelandiae), Takahe (Por-
phyrio hochstetteri), and Hoiho (Yellow-eyed Penguin, Megadyptes
antipodes; data from Jamieson & Ryan (2000), Table 1), and esti-
mated proportion of truly infertile eggs based on results of Hem-
mings, West, & Birkhead (2012), who found on average 74% of
undeveloped eggs from endangered species that were classed as
unfertilized by ornithologists actually showed evidence of fertiliza-
tion/development
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contradictory conclusions about the correlation between
extra-pair paternity and hatching success rates across species
(Morrow, Arnqvist, & Pitcher, 2002; Reding, 2015). The
paternity assignment of early embryos, previously assumed
to be unfertilized eggs, provides more accurate data on pater-
nity and reopens lines of enquiry on this issue — not only on
the occurrence of extra-pair paternity, but also the conse-
quences for hatching and survival of extra-pair offspring,
their distribution in the laying order, differential parental
investment and other related questions.

Conservation management
interventions for hatching failure:
benefits and challenges

Birds that are bred in captivity for conservation management
purposes often suffer notably high levels of hatching failure.
However, unlike in the wild, where unhatched eggs tend to
be fertilized but suffer early embryo mortality, fertilization
failure may be a common cause of hatching failure in cap-
tive birds (Hemmings, West, & Birkhead, 2012). While cap-
tive birds benefit from medical care, a stable food supply
and absence of predation (Mason, 2010), captivity can also
be stressful due to frequent human disturbance and handling,
unnatural or inadequate environment (e.g. artificial lighting),
atypical group sizes, and forced mate pairing or separation
(Morgan & Tromborg, 2007; Griffith er al., 2017; Fischer &
Romero, 2019). Such captive stress could lead to fewer
breeding attempts, reduced parental investment/abnormal par-
ental behaviour, and overall, reduced production of success-
ful eggs. For example, in Houbara Bustards (Chlamydotis
[undulata] macqueenii) hatching failure is higher in captivity
than in the wild (Saint Jalme ez al., 1996), and captive (do-
mesticated) Zebra Finches (Taeniopygia guttata) experience
around twice the level of hatching failure reported for their
wild counterparts (Hemmings, Slate, & Birkhead, 2012). Ele-
vated rates of hatching failure impact the effectiveness of
captive-breeding programmes, so it is important that manage-
ment techniques are implemented to counteract these issues
and improve egg hatchability (Supplementary material).

Egg manipulations are commonly used by conservation
programmes of endangered birds to improve hatching suc-
cess and population growth. A common conservation man-
agement practice for both captive and wild populations is
‘egg pulling’ — removal of eggs from nests for artificial incu-
bation and/or fostering. These eggs are then either returned
to the wild at a later stage of incubation or hatched in cap-
tivity, with the chicks being captive-reared and either
retained for breeding programmes or released into the wild
as juveniles or adults. Egg pulling may be employed if there
are ‘surplus’ eggs, for example in the Whooping Crane
(Grus americana) where two eggs are typically laid but only
one chick usually survives (Supplementary Material; Kuyt,
1996). Eggs may also be pulled if they are at risk in the
nest, for example to prevent incubating Peregrine Falcons
(Falco peregrinus) from accidentally smashing eggs that
were thin-shelled due to DDE contamination (e.g. Burnham
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et al., 1988). Alternatively, eggs may be removed to encour-
age the breeding pair to lay a replacement clutch, increasing
the overall number of eggs laid in the population (e.g. Wood
& Collopy, 1993). However, egg fertility, hatchability and
quality have all been shown to decline in replacement
clutches (e.g. Jones et al., 1994) and forced re-clutching
may negatively impact fledgling survival (e.g. Parmley et al.,
2015) and/or future reproductive success of adults (e.g.
Wood & Collopy, 1993). This indicates that egg pulling can
have important costs as well as benefits for breeding man-
agement, and accordingly, some conservation protocols
enforce limitations on the number of replacement clutches
that can be laid in a season.

Although removing eggs for artificial incubation is gener-
ally considered the safest option for conservation managers,
artificially incubated eggs often experience lower hatching
success than eggs left in the wild, and therefore represent an
important source of mortality in captive-breeding pro-
grammes (e.g. Sancha et al., 2004). While many aspects of
the artificial incubation environment can be tightly con-
trolled, what is lacking is the fine-scale control and adjust-
ments that may be provided by parent birds throughout
development as they respond to the developing embryo’s
requirements (Tong et al., 2013). Artificial incubation will
also inevitably lack factors that natural nesting environments
and parental incubation provide such as growth of beneficial
microbes, periodic cooling, natural turning patterns and stim-
ulation provided by parental and sibling vocalizations
(Deeming, 2002). One technique that has been shown to
increase the hatchability of wild eggs in artificial incubation
is delaying the removal of eggs from the nest (e.g. Burnham,
1983), suggesting that allowing a small amount of early
incubation by the parent may be beneficial. However,
delayed egg removal can also increase predation risk and
exposure to adverse climatic conditions and may reduce the
likelihood that parents will lay a replacement egg or clutch,
which is often the primary objective of this intervention.

Artificial incubation is also used for eggs produced by birds
in captive breeding programmes. Hatching success of captive-
laid eggs under artificial incubation is often lower than that of
wild-laid eggs (e.g. Burnham, 1983), but this may reflect
lower rates of fertilization success in captive birds. Indeed,
wild-laid Whooping Crane eggs (Supplementary Material) had
greater hatching success than captive-laid eggs even when
they were both naturally incubated (by foster parents; Kuyt,
1996). Differences between wild and captive-laid eggs may
also be a consequence of the presence or absence of pre-
collection incubation, respectively (see above), and/or health
problems affecting egg/embryo quality in the captive popula-
tion. For example, a sudden increase in late-incubation
embryo deaths in captive Kaki (Black Stilt, Himantopus
novaezelandiae) eggs, but not wild-laid eggs subjected to the
same artificial incubation environment, indicated differences
in egg quality between captive and wild birds. This was subse-
quently shown to be the result of iodine deficiency in the cap-
tive population (Sancha et al., 2004).

A major risk to eggs during the incubation period are
trans-shell microbial infections, which can lead to embryo
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mortality. Parental incubation has been shown to limit bacte-
rial and fungal growth on eggshells relative to unincubated
eggs, reducing the risk of infection and increasing hatching
success (Cook er al., 2005). However, the precise mecha-
nisms underpinning this effect remain unclear. In the absence
of parental incubation, cleaning eggs with alcohol has been
shown to reduce trans-shell infection and increase hatching
success (Cook et al., 2005), and egg-cleaning before artificial
incubation is common practice within some areas of the
poultry industry (Rideout, 2012). However, support for egg-
cleaning is mixed, since resulting damage to the shell cuticle
could potentially reduce natural barriers against microorgan-
isms (Baggott & Graeme-Cook, 2002).

Fostering of eggs is sometimes used in breeding manage-
ment practices in combination with, or as an alternative to,
artificial incubation. A study comparing parentally incubated,
fostered and artificially incubated wild-laid Killdeer (Chara-
drius vociferous) eggs showed that hatching success was
similar after parental incubation and fostering (in this case
by another species, Spotted Sandpipers Actitus macularia)
(Powell & Cuthbert, 1993). Artificial incubation resulted in
significantly higher hatching success than both parental incu-
bation and fostering, but this was primarily because a large
proportion of wild nests were predated rather than due to
failure in artificial incubation. While fostering by both con-
specifics and heterospecific parents has been successful (e.g.
Byrd er al., 1984), fostering by heterospecifics carries the
risk of incorrect imprinting (e.g. Butler & Merton, 1992) and
inter-species disease transfer (e.g. Snyder et al.,, 1985).
Hence, fostering by conspecifics is generally preferred where
possible.

Conditions in captivity may influence reproductive beha-
viour, ultimately resulting in decreased fertilization success
(Saint Jalme et al., 1996; Hemmings, West, & Birkhead,
2012). Captive birds are often kept in pairs or small groups,
limiting the potential for mate choice and extra-pair copula-
tions, and potentially leading to a higher incidence of inces-
tuous and/or same-sex pairings than found in the wild
(Driscoll, 2008). Commonly in captive breeding programmes,
unsuccessful individuals are separated and provided with
alternative mates, a technique which may also be used to
manage genetic diversity. However, multiple studies in both
wild and captive populations have indicated that birds that
retain their mates over multiple seasons have greater repro-
ductive success than those that ‘divorce’ and change mate
(e.g. Yamamoto et al., 1989), and several studies of captive
birds (albeit with small sample sizes) have shown that repro-
ductive success — particularly fertilization success — improves
with increasing time spent as a pair (e.g. Brosset, 1981).
Hence, there is a trade-off in terms of management decisions
between allowing sufficient time for captive pairs or groups
to establish normal socio-sexual behaviour, gain experience
and improve their reproductive success, and avoiding the risk
of wasted mating opportunities. This is particularly important
in seasonal and/or unpredictable breeders.

To address issues with reproductive behaviour and timing,
artificial insemination has been introduced in many captive
populations, and in the special case of the free-living Kakapo
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(Strigops habroptilus) (Supplementary Material). Artificial
insemination can compensate for a lack of copulation, an
absence of extra-pair copulations, and/or unsuitable or unsuc-
cessful pairings. For example, in a captive-bred population
of Houbara Bustard, ‘natural breeding’ scenarios yielded 20-
50% fertility (in this study, fertility refers to eggs that
showed an obvious sign of embryonic development), while
artificial insemination achieved up to 85% fertility (Saint
Jalme et al., 1996). It has been shown that even when fertil-
ity levels are high (80-85%) they can be improved by an
additional 5-10% through artificial insemination, with the
best results being obtained from repeated deep inseminations
of a large volume of semen as soon as possible after collec-
tion (Gee et al., 2004). The application of artificial insemina-
tion can be expanded through the use of frozen semen,
which removes the temporal and spatial constraints imposed
by the decline in sperm function over time post-ejaculation
(Lodge, Fechheimer, & Jaap, 1971). However, the use of
frozen semen results in lower egg fertilization rates (e.g.
Parks & Hardaswick, 1987; Gee et al., 2004) and improve-
ments in cryopreservation methods are essential to make this
a viable management approach. Despite its benefits, artificial
insemination is labour intensive and invasive, hence many
programmes continue to focus on improving fertilization suc-
cess in natural breeding.

Conclusions and guidelines for best
practice

Hatching failure is one of the most crucial factors limiting
the recovery of threatened bird populations. Here we have
highlighted the key drivers of hatching failure and explored
how these might differ between wild and managed/captive
populations. Our overarching conclusion is that a better
understanding of the mechanistic causes of hatching failure
is required in order to ensure conservation management
interventions are appropriately targeted. Distinguishing accu-
rately between infertility and early embryo death and the
rates at which each of these occur will enable bird conserva-
tion managers to adapt their approaches and provide more
tailored solutions to egg failure. We have developed a set of
openly available protocols and video demonstrations to facili-
tate the integration of egg examination techniques into con-
servation management (https://www.zsl.org/practical-resource
s-for-identifying-the-causes-of-hatching-failure-in-birds), and
we advocate the use of these methods for the following rea-
sons. First, these techniques allow us to establish if sufficient
sperm are reaching eggs. The absence of sperm on the periv-
itelline layer of unhatched eggs strongly indicates a male
sperm production or copulation problem, facilitating quick
intervention. In captivity, for example, unsuccessful males
(no sperm reaching eggs) can be removed to allow the
female to form a new pair bond with a male of proven fertil-
ity within the same breeding season. Alternatively, females
could be artificially inseminated with sperm from a proven
male. Either approach would maximize the production of fer-
tilized eggs within a season. Second, the identification of
male fertility status from the presence/absence of sperm on

Appendix |

K. Assersohn et al.

eggs provides crucial information for translocation decisions
— inclusion of an infertile male could potentially threaten the
successful establishment of a small founder population.
Third, if undeveloped eggs are fertilized but suffer early
embryo death, management interventions can shift focus to
incubation conditions and maternal health/nutrition to ensure
optimal conditions for early embryo survival, as well as con-
sidering the genetic compatibility of the parents. Methods for
examining unhatched eggs have so far been used to inform
the management of a small number of captive and managed
bird populations (e.g. Hemmings, West, & Birkhead, 2012;
Croyle, Durrant, & Jensen, 2015). We hope that conservation
practitioners will make use of the open resources now avail-
able  (https://www.zsl.org/practical-resources-for-identifying-
the-causes-of-hatching-failure-in-birds), and that examinations
of unhatched eggs will be widely adopted in the future to
maximize our understanding of avian reproductive failure.
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Supplementary material for Chapter 2: ‘Physiological
factors influencing female fertility in birds’

Assersohn, K., Brekke, P, Hemmings, N. 2021 Physiological factors influencing female fertility
in birds. R. Soc. Open Sci. 8: 202274. https://doi.org/10.1098/rs05.202274

This supplementary material can also be found published alongside the manuscript, and is

included here in it’s published form.
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Supporting material for “Physiological factors influencing female

fertility in birds”

Appendix S1: Specific methods and results for a systematic search of the avian fertility
literature, undertaken to assess whether there has been more research effort towards either
males or females, and whether the research effort in avian fertility has been dominated by
studies on certain taxa, and on wild/captive populations.

Figure S1: Prisma diagram showing the process used during the literature search and
categorisation in appendix S1.

Table S1: Specific details of the criteria that were used to categorise papers within appendix
S1.

Appendix S1: Methods and results for the Web of Science literature analysis

in “Physiological factors influencing female fertility in birds”

Methods

Articles investigating avian fertility were collected by performing a literature search in the Web
of Science database (April 20" 2020). The search included the Web of Science Core Collection
for all years (1900 — 2020), and with document type limited to articles. Search terms included
“bird” OR “avian” in topic, AND “fertility” OR “infertility” in topic. Initial results yielded
1097 articles, and these were imported into the reference manager software Mendeley.
Duplicates and meta-analyses were removed (leaving a total of 1093 studies) and articles were
then categorised as: (i) focused on male fertility only (“male”); (ii) focused on female fertility
only (“female”); (iii) focused on both male and female fertility (“both”); (iv) unrelated to avian
fertility (“unrelated”) (Figure 1). Criteria used to determine article category is given in Table
S1. It is relevant to note that often an article’s title did not reflect the methodology used, and
further examination of the methods was often required to deduct whether the treatment was
experienced by both sexes, and whether the physiological processes being investigated can be
influenced by the other sex (for example if only egg production was investigated this would be

categorised as a “female” paper).

To ensure that categorisations were reproducible, 10% of articles were chosen at random and,

for this subset, category assigning was repeated by one of the co-authors, who was given the
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categorisation criteria but did not know how their sample of papers had been originally
categorised. The two authors consistently categorised 80% of the subsampled papers. The
majority of disagreements occurred for papers that had been categorised as either “both” or
“unrelated”, suggesting that it was straightforward to distinguish between “male only” and
“female only” categories, and to distinguish these from the “both” category. After a thorough
examination of the categorisation disagreements, the criteria were amended to improve
reproducibility for “both” and “unrelated” categories. The total list of articles was subsequently

reviewed again for any discrepancies in light of the finalised criteria.

Statistical analysis was conducted in R (R Core Team, 2018). To assess the evidence that
research effort in avian fertility is dominated by studies in males relative to females, we used
a generalised linear model (with a Poisson distribution and logit link function, and p-values
obtained from a likelihood ratio test), to investigate whether the number of avian fertility papers
over time (1985-2020) is dependent on the study focal sex (i.e., category ‘male’, category
‘female’ or category ‘both’). Only years between 1985 and 2020 were included in this analysis
because prior to 1985 there were very few papers produced which introduced a large number
of zeros into the data. To assess the evidence that the avian fertility research effort is dominated
by studies in certain taxa, we then categorised all the papers (across all years) by the focal taxon

and whether the study focused on captive or wild populations.

Results

After removing unrelated papers, the total number of papers published on avian fertility
between September 1921 (the first published article appearing in this literature search) and
April 2020 (the date of the literature search) was 718. Of these, 42% investigated both males
and females (n = 304), 37% investigated males only (n = 268), and 20% investigated females
only (n = 146). Overall, the number of papers on avian fertility by year is significantly affected
by focal sex (x? = 15, df = 2, p<0.001), and the total number of papers published on avian
fertility in males was 1.84 times that for females by April 2020 (Figure 1A in main text). Of
all the articles (between 1921 and 2020), 79% investigated only captive populations only, of
which 80% focused on Galliformes, and 54% looked exclusively at the domestic chicken

(Gallus gallus domesticus) (Figure 1B in main text).
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Figure S1: PRISMA diagram showing the literature search and categorisation process.
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Table S1: Criteria used to categorise papers as studying: (i) "male" fertility only; (ii) "female"

fertility only; (iii) "both™ male and female fertility; or (iv) "unrelated" to male or female fertility

in birds.

Avrticle category

Criteria for categorisation

(i) Male only

Measured effects of a given treatment or experimental manipulation in
males only i.e. study design prevented female effects from influencing
the outcome of the treatment, or if female effects were controlled for.
Investigated male fertility traits only e.g. male reproductive physiology,
sperm traits, male mating behaviour.

Assessed an intervention that influences an aspect of male fertility only.

For example, sperm cryopreservation.

(ii) Female only

Measured effects of a given treatment or experimental manipulation in
females only i.e. study design prevented male effects from influencing
the outcome of the treatment, or if male effects were controlled for.
Investigated female fertility traits only e.g. female reproductive
physiology, egg production, female mating behaviour.

Assessed an intervention that influences an aspect of female fertility

only. For example, egg cryopreservation.

(iiii) Both

Investigated avian fertility traits in both males and females e.g.
female/male reproductive physiology, egg/sperm traits, female/male
mating behaviour.

Investigated avian fertility but did not differentiate between male or
female effects e.g. If while investigating the effect of a particular
treatment on egg fertility (such as diet) the treatment was experienced
by both sexes.

Investigated interventions that influence aspects of both male and
female fertility in the same paper. For example, sperm cryopreservation

and egg cryopreservation.

(iv) Unrelated

A number of articles extracted in the original search did not actually
investigate fertility and/or birds. In some cases, the article looked at
birds but was not related to fertility (including articles related to egg

properties that influence embryo development but not fertility).
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Appendix 3:

Supplementary material for ‘A sex-linked supergene
with large effects on sperm traits has little impact on
reproductive traits in female zebra finches’
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Supplementary material

Supplementary material for ‘A sex-linked supergene with large effects on sperm traits has
little impact on reproductive traits in female zebra finches’
(https://doi.org/10.1098/rspb.2023.2796), including a summary of the process of model
interpretation: posterior predictive model checks, and probability of direction (PD) plots.
Included is also: a summary of the initial attempted glmm models using a frequentist

framework, a summary of the variance decomposition analysis, and samples sizes for

parental genotype combinations in each analysis.

Contents
SI1) EZE PrOAUCEION ...ttt e et e e e e e e e et ee e e e e e e ee ettt e e e eeeaaban e eaans 3
S1A - F) Model investigating the effects of female haplotype and haplotype sharing on egg
o]0 o ¥ Lo o] o VAU 3
1G- H) Model investigating the effect of male karyotype on egg production. ..........ccceeeeeeerevvinnnnnn.. 11
S2) Fertility and early embryo development..................oooviiiiiiiiiiiiiiiiccee e, 13

S2A - E) Model investigating the effects of female haplotype and haplotype sharing on the
probability of eggs developing past 3 days of incubation...........cccoeeeeiiiiiiiiiiii e, 13

S2F - G) Modelinvestigating the effect of male karyotype on the probability of eggs developing past
3.days Of INCUDATION......oee ettt e e e et e e e et e e e e et e e sataeeeeatanaaaens 21

S3) Late development..............cooooeiiiiiiii i, 23
S3A - E) Model investigating the effects of female haplotype and haplotype sharing on the
probability of eggs surviving both early and late development (i.e. hatched), relative to eggs that

survive early but not late development (i.e. embryo visible at 3 days of development, but failed to

S3F - G) Modelinvestigating the effects of male haplotype and haplotype sharing on the probability
of eggs surviving both early and late development (i.e. hatched), relative to eggs that survive early

but not late development (i.e. embryo visible at 3 days of development, but failed to hatch).......... 31

SA) OFfSPIING SEX FATIO ....oovviiiiiiii ittt e e e e e e e e e e e e e e eea e e eeeseerarannnes 33
S4A - E) Modelinvestigating the effects of female haplotype and haplotype sharing on offspring sex

=) o T PP UOPPR PPN 33
SAF - G) Model investigating the effect of male karyotype on offspring sex ratio ...........cccceeeeeeennns 40
S5) Previous modelling attempts and the cRatio family................ccccooooiiiii i, 42
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S5A - C) Examples of the posterior predictive checks for prior failed attempts to model the egg

production analysis using traditional approaches. Examples included here: Poisson, negative

binomial, and hurdle negative binomial models............coouuiiiiiiiiii e, 43
$6) Variance decomposition analysis (Table S1)................c.ccco i, 46
S$7) Summary of genotype sample sizes (Table S2) .............ccooeiiiiiiiiiiiii e, 47
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S1) Egg production

S1A - F) Model investigating the effects of female haplotype and haplotype sharing on egg

production.
A B
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Figure S1A: Posterior predictive model checks for model investigating variation in the
probability of laying different clutch sizes with respect to female inversion haplotypes and
the number of parental haplotypes shared. A (top left): A density overlay plot, comparing
the distributions of y (observed data) and y,.,, (posterior predictions). B (top right): A
check of central tendency, comparing the mean of the observed data to the distribution of
posterior means. C (bottom left): Compares the counts (egg number) of observed data with
the distribution of posterior estimated counts. D (bottom right): A test of residual
normality, comparing the randomized quantile residuals of the posterior data with a

theoretical normal distribution of residuals.
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Figure S1B: Probability of direction (PD) plot for model investigating variation in the
probability of laying different clutch sizes with respect to female inversion haplotype, where

PD values are given to the left (if the median is negative) or right (if the median is positive)
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of each probability distribution. Medians are represented (black circles) along side 90%
highest density intervals (90% HDI) (black lines). A: Contrasts (from the interaction term
between female haplotype and haplotype sharing) between the A haplotype relative to the B
haplotype (E.g., AO — B0O). Separate comparisons are made for each number of haplotypes
shared (0, 1 and 2). Negative effects would indicate that the A haplotype is associated with a
decrease in clutch size relative to the B haplotype (and vice versa for positive effects). B:
Contrasts (from the interaction term between female haplotype and haplotype sharing)
between the A haplotype relative to the C haplotype (E.g., AO — CO). Separate comparisons
are made for each number of haplotypes shared (0, 1 and 2). Negative effects would
indicate that the A haplotype is associated with a decrease in clutch size relative to the C
haplotype (and vice versa for positive effects). C: Contrasts (from the interaction term
between female haplotype and haplotype sharing) between the B haplotype relative to the
C haplotype (E.g., BO — C0O). Separate comparisons are made for each number of haplotypes
shared (0, 1 and 2). Negative effects would indicate that the B haplotype is associated with a

decrease in clutch size relative to the C haplotype (and vice versa for positive effects).

165



Appendix 3

Page 6 of 48

A - contrasts between: 1 haplotype relative to 0 haplotypes shared (1 - 0)
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Figure S1C: Probability of direction (PD) plot for model investigating variation in the

probability of laying different clutch sizes with respect to the number of parental haplotype

sharing, where PD values are given to the left (if the median is negative) or right (if the
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median is positive) of each probability distribution. Medians are represented (black circles)
along side 90% highest density intervals (90% HDI) (black lines). A: Contrasts (from the
interaction term between female haplotype and haplotype sharing) between 1 haplotype
shared relative to no haplotypes shared (E.g., A1 — AO). Separate comparisons are made for
each female haplotype (A, B and C). Negative effects would indicate that a male sharing 1
haplotype with the female is associated with a decrease in clutch size relative to sharing no
haplotypes (and vice versa for positive effects). B: Contrasts (from the interaction term
between female haplotype and haplotype sharing) between 2 haplotypes shared relative to
no haplotypes shared (E.g., A2 — AO). Separate comparisons are made for each female
haplotype (A, B and C). Negative effects would indicate that a male sharing both haplotypes
with the female is associated with a decrease in clutch size relative to sharing no haplotypes
(and vice versa for positive effects). C: Contrasts (from the interaction term between female
haplotype and haplotype sharing) between 2 haplotypes shared relative to 1 haplotype
shared (E.g., A2 — Al). Separate comparisons are made for each female haplotype (A, B and
C). Negative effects would indicate that a male sharing both haplotypes with the female is
associated with a decrease in clutch size relative to sharing 1 haplotype (and vice versa for

positive effects).
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Figure S1D: A) The effect of mother haplotype and the number of haplotypes shared on egg
production. B) The effect of father karyotype on egg production. Boxplots represent the

interquartile range and the median of the raw data. Whiskers extend to the highest (Q3 +

1.5*IQR) and lowest values (Q1 — 1.5*IQR) and dots represent outliers.
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Figure S1E: Probability of direction (PD) plot showing the effect of male and female age on
egg production, where PD values are given to the left (if the median is negative) or right (if
the median is positive) of each probability distribution. Medians are represented (black
circles) along side 90% highest density intervals (90% HDI) (black lines). A negative effect
would indicate that an increase in age is associated with a decrease in clutch size (and vice

versa for positive effects).
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Figure S1F: The effect of female age (top, PD = 100) and male age (bottom, PD = 89.23) on
the probability of laying a particular number of eggs per clutch. Each panel represents
separate probabilities for each clutch size. Lines are the posterior medians and coloured

ribbons represent the 90% highest density intervals (HDIs) for the average individual.
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1G- H) Model investigating the effect of male karyotype on egg production.
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Figure S1G: Posterior predictive model checks for model investigating the effects of male

karyotype on egg production. A (top left): A density overlay plot, comparing the distributions

of y (observed data) and y,,, (posterior predictions). B (top right): A check of central

tendency, comparing the mean of the observed data to the distribution of posterior means.

C (bottom left): Compares the counts (egg number) of observed data with the distribution of

posterior estimated counts. D (bottom right): A test of residual normality, comparing the

randomized quantile residuals of the posterior data with a theoretical normal distribution of

residuals.
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Figure S1H: Probability of direction (PD) plot showing the effect of male karyotype on egg

production. The Y axis shows contrasts between male karyotypes, where, for example, AA —

AB represents the effect of the AA karyotype relative to the AB karyotype on clutch size. A

negative effect would indicate that AA karyotpes are associated with a decrease in clutch

size relative to AB karyotypes (and vice versa for positive effects). PD values are given to the

left (if the median is negative) or right (if the median is positive) of each probability

distribution. Medians are represented (black circles) along side 90% highest density intervals

(90% HDI) (black lines).
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S2) Fertility and early embryo development

S2A - E) Model investigating the effects of female haplotype and haplotype sharing on the
probability of eggs developing past 3 days of incubation.
l.e., the probability that eggs were fertilised and survived early development relative to eggs

that had failed before 3 days of incubation (and so failed due to either infertility or early

embryo mortality).
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Figure S2A: Posterior predictive model checks for model investigating the effects of female

haplotype on the probability of eggs developing past 3 days of incubation. A (top): A check
of central tendency within groups of female haplotype, comparing the mean of y (observed
data) to the distribution of Vrep (posterior predictions). B (middle): A check of central

tendency within groups of haplotypes shared, comparing the mean of the observed data to
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the distribution of posterior means. C (bottom left): A density overlay plot, comparing the
distributions of the observed data to the distribution of posterior data. D (bottom right): A
check of overall central tendency, comparing the mean of the observed data to the

distribution of posterior means.
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A - contrasts between: A haplotype relative to B haplotype (A - B)
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Figure S2B: Probability of direction (PD) plot showing the effect of female haplotype on the

probability of eggs developing past 3 days of incubation, where PD values are given to the
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left (if the median is negative) or right (if the median is positive) of each probability
distribution. Medians are represented (black circles) along side 90% highest density intervals
(90% HDI) (black lines). A: Contrasts between the A haplotype relative to the B haplotype
(E.g., AO — BO). Separate comparisons are made for each number of haplotypes shared (0, 1
and 2). Negative effects would indicate that the A haplotype is associated with an increase
in the probability that eggs will fail to develop past 3 days of incubation (and so be
infertile/suffer early embryo mortality) relative to the B haplotype (and vice versa for
positive effects). B: Contrasts between the A haplotype relative to the C haplotype (E.g., AO
— C0). Separate comparisons are made for each number of haplotypes shared (0, 1 and 2).
Negative effects would indicate that the A haplotype is associated with an increase in the
probability that eggs will fail to develop past 3 days of incubation (and so be infertile/suffer
early embryo mortality) relative to the C haplotype (and vice versa for positive effects). C:
Contrasts between the B haplotype relative to the C haplotype (E.g., BO — CO). Separate
comparisons are made for each number of haplotypes shared (0, 1 and 2). Negative effects
would indicate that the B haplotype is associated with an increase in the probability that
eggs will fail to develop past 3 days of incubation (and so be infertile/suffer early embryo

mortality) relative to the C haplotype (and vice versa for positive effects).

176



Appendix 3

A - contrasts between: 1 haplotype relative to 0 haplotypes shared (1 - 0)
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Figure S2C: Probability of direction (PD) plot showing the effect of haplotype sharing

between males and females on the probability of eggs developing past 3 days of incubation,

where PD values are given to the left (if the median is negative) or right (if the median is
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positive) of each probability distribution. Medians are represented (black circles) along side
90% highest density intervals (90% HDI) (black lines). A: Contrasts (from the interaction term
between female haplotype and haplotype sharing) between 1 haplotype shared relative to
no haplotypes shared (E.g., A1 — AQ). Separate comparisons are made for each female
haplotype (A, B and C). Negative effects would indicate that that a male sharing 1 haplotype
with the female is associated with anincrease in the probability that eggs will fail to develop
past 3 days of incubation (and so be infertile/suffer early embryo mortality) relative to
sharing no haplotypes (and vice versa for positive effects). B: Contrasts (from the interaction
term between female haplotype and haplotype sharing) between 2 haplotypes shared
relative to no haplotypes shared (E.g., A2 — AO). Separate comparisons are made for each
female haplotype (A, B and C). Negative effects would indicate that that a male sharing 2
haplotypes with the female is associated with an increase in the probability that eggs will
fail to develop past 3 days of incubation (and so be infertile/suffer early embryo mortality)
relative to sharing no haplotypes (and vice versa for positive effects). C: Contrasts (from the
interaction term between female haplotype and haplotype sharing) between 2 haplotypes
shared relative to 1 haplotype shared (E.g., A2 — Al). Separate comparisons are made for
each female haplotype (A, B and C). Negative effects would indicate that that a male sharing
2 haplotypes with the female is associated with an increase in the probability that eggs will
fail to develop past 3 days of incubation (and so be infertile/suffer early embryo mortality)

relative to sharing 1 haplotype (and vice versa for positive effects).
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Figure S2D: Probability of direction (PD) plot showing the effect of male and female age on
on the probability of eggs developing past 3 days of incubation, where PD values are given
to the left (if the median is negative) or right (if the median is positive) of each probability
distribution. Medians are represented (black circles) along side 90% highest density intervals

(90% HDI) (black lines).
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Figure S2E: The effect of female age (A, PD = 79.15) and male age (B, PD = 80.1) on the
probability of eggs developing past 3 days of incubation. Lines are the posterior medians
and coloured ribbons represent the 90% highest density intervals (HDIs) for the average
individual. Points show the raw observed data and have been jittered to aid visualisation

and prevent overlaying points.
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S2F - G) Model investigating the effect of male karyotype on the probability of eggs
developing past 3 days of incubation.

l.e., the probability that eggs were fertilised and survived early development relative to eggs
that had failed before 3 days of incubation (and so failed due to either infertility or early

embryo mortality).
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Figure S2F: Posterior predictive model checks for model investigating the effects of male
karyotype on the probability of eggs developing past 3 days of incubation. A (top): A check
of central tendency within groups of male karyotype, comparing the mean of y (observed
data) to the distribution of y,., (posterior predictions). B (bottom left): A density overlay
plot, comparing the distributions of the observed data to the distribution of posterior data.
C (bottom right): A check of overall central tendency, comparing the mean of the observed

data to the distribution of posterior means.
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Figure S2G: Probability of direction (PD) plot showing the effect of male karyotype on the
probability of eggs developing past 3 days of incubation. The Y axis shows contrasts

between male karyotypes, where, for example, AA — AB represents the effect of the AA
karyotype relative to the AB karyotype on the probability of eggs developing past 3 days of
incubation. A negative effect would indicate that AA karyotpes are associated with an
increase in the probability that eggs will fail to develop past 3 days of incubation (and so be
infertile/suffer early embryo mortality) relative to AB karyotypes (and vice versa for positive
effects). PD values are given to the left (if the median is negative) or right (if the median is
positive) of each probability distribution. Medians are represented (black circles) along side

90% highest density intervals (90% HDI) (black lines).
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S3) Late development

S3A - E) Model investigating the effects of female haplotype and haplotype sharing on the
probability of eggs surviving both early and late development (i.e. hatched), relative to eggs
that survive early but not late development (i.e. embryo visible at 3 days of development, but

failed to hatch).
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Figure S3A: Posterior predictive model checks for model investigating the effects of female
haplotype on the probability of eggs surviving both early and late development. A (top): A
check of central tendency within groups of female haplotype, comparing the mean of y

(observed data) to the distribution of Vrep (posterior predictions). B (middle): A check of
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central tendency within groups of haplotypes shared, comparing the mean of the observed
data to the distribution of posterior means. C (bottom left): A density overlay plot,
comparing the distributions of the observed data to the distribution of posterior data. D
(bottom right): A check of overall central tendency, comparing the mean of the observed

data to the distribution of posterior means.
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A - contrasts between: A haplotype relative to B haplotype (A - B)
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Figure S3B: Probability of direction (PD) plot showing the effect of female haplotype on the
probability of eggs surviving both early and late development, where PD values are given to
the left (if the median is negative) or right (if the median is positive) of each probability

distribution. Medians are represented (black circles) along side 90% highest density intervals
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(90% HDI) (black lines). A: Contrasts between the A haplotype relative to the B haplotype
(E.g., AO — B0O). Separate comparisons are made for each number of haplotypes shared (0, 1
and 2) Negative effects would indicate that the A haplotype is associated with an increase in
the probability that eggs will not survive late development relative to the B haplotype (and
vice versa for positive effects). B: Contrasts between the A haplotype relative to the C
haplotype (E.g., AO — CO). Separate comparisons are made for each number of haplotypes
shared (0, 1 and 2) Negative effects would indicate that the A haplotype is associated with
an increase in the probability that eggs will not survive late development relative to the C
haplotype (and vice versa for positive effects). C: Contrasts between the B haplotype
relative to the C haplotype (E.g., BO — CO). Separate comparisons are made for each number
of haplotypes shared (0, 1 and 2). Negative effects would indicate that the B haplotype is
associated with an increase in the probability that eggs will not survive late development

relative to the C haplotype (and vice versa for positive effects).
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A - contrasts between: 1 haplotype relative to 0 haplotypes shared (1 - 0)
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Figure S3C: Probability of direction (PD) plot showing the effect of haplotype sharing
between males and females on the probability of eggs surviving both early and late

development, where PD values are given to the left (if the medianis negative) or right (if the
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median is positive) of each probability distribution. Medians are represented (black circles)
along side 90% highest density intervals (90% HDI) (black lines). A: Contrasts (from the
interaction term between female haplotype and haplotype sharing) between 1 haplotype
shared relative to no haplotypes shared (E.g., A1 — AO). Separate comparisons are made for
each female haplotype (A, B and C). Negative effects would indicate that a male sharing 1
haplotype with the female is associated with an increase in the probability that eggs will not
survive late development, relative to sharing no haplotypes (and vice versa for positive
effects). B: Contrasts (from the interaction term between female haplotype and haplotype
sharing) between 2 haplotypes shared relative to no haplotypes shared (E.g., A2 — AO).
Separate comparisons are made for each female haplotype (A, B and C). Negative effects
would indicate that a male sharing 2 haplotypes with the female is associated with an
increase in the probability that eggs will not survive late development, relative to sharing no
haplotypes (and vice versa for positive effects). C: Contrasts (from the interaction term
between female haplotype and haplotype sharing) between 2 haplotypes shared relative to
1 haplotype shared (E.g., A2 — Al). Separate comparisons are made for each female
haplotype (A, B and C). Negative effects would indicate that a male sharing 2 haplotypes
with the female is associated with an increase in the probability that eggs will not survive

late development, relative to sharing 1 haplotype (and vice versa for positive effects).

188



Appendix 3

Page 29 of 48

81.21

Mother

Age effect
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Figure S3D: Probability of direction (PD) plot showing the effect of male and female age on
on the probability of eggs of eggs surviving both early and late development, where PD
values are given to the left (if the median is negative) or right (if the median is positive) of
each probability distribution. Medians are represented (black circles) along side 90% highest

density intervals (90% HDI) (black lines).

189



Appendix 3

Page 30 of 48

1.00
c
[¢})
0 g_ 0.75
e
Qo9
- =
o9
©
2 @ 0.50
2w©
o —
g
oL
o E 0.25 ., o
°
> © ® ®
w ® °®
o9 °
0.00
0 2 4
Female age (Years)
B 1.00
(]
Q
= o «4
g 48 XS i - o
w075 e - = % —
o e ? e Td a” 9 [
g% - ® o oo
— = 0, ® e® ° °
oQ °e o e o °
© ° @8 °
é‘ Q 0.50 e - [ 1]
23 ¥ ;s
g c.’ .. .. ..: L] °
J= . d
E 0.25 . .
> 4 ®
) ®
[} [ ] (]
0.00
0 2 4

Male age (Years)

Figure S3E: The effect of female age (A, PD = 81.21) and male age (B, PD = 65.81) on the
probability of eggs surviving late development. Lines are the posterior medians and
coloured ribbons represent the 90% highest density intervals (HDIs) for the average
individual. Points show the raw observed data and have been jittered to aid visualisation

and prevent overlaying points.
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S3F - G) Model investigating the effects of male haplotype and haplotype sharing on the

probability of eggs surviving both early and late development (i.e. hatched), relative to eggs
that survive early but not late development (i.e. embryo visible at 3 days of development, but
failed to hatch).
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Figure S3F: Posterior predictive model checks for model investigating the effects of male

karyotype on the probability of eggs of eggs surviving both early and late development. A

(top I): A check of central tendency within groups of male karyotype, comparing the mean

of y (observed data) to the distribution of y,.., (posterior predictions). B (bottom left): A

density overlay plot, comparing the distributions of the observed data to the distribution of

posterior data. C (bottom right): A check of overall central tendency, comparing the mean

of the observed data to the distribution of posterior means.
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Figure S3G: Pobability of direction (PD) plot showing the effect of male karyotype on the

probability of eggs surviving both early and late development. The Y axis shows contrasts

between male karyotypes, where, for example, AA — AB represents the effect of the AA

karyotype relative to the AB karyotype on the probability of eggs developing past 3 days of

incubation. A negative effect would indicate that AA karyotpes are associated with an

increase in the probability that eggs will not survive late development relative to AB

karyotypes (and vice versa for positive effects). PD values are given to the left (if the median

is negative) or right (if the median is positive) of each probability distribution. Medians are

represented (black circles) along side 90% highest density intervals (90% HDI) (black lines).
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S4) Offspring sex ratio

S4A - E) Model investigating the effects of female haplotype and haplotype sharing on

offspring sex ratio
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Figure S4A: Posterior predictive model checks for model investigating the effects of female
haplotype on offspring sex ratio. A (top): A check of central tendency within groups of
female haplotype, comparing the mean of y (observed data) to the distribution of Vrep
(posterior predictions). B (middle): A check of central tendency within groups of haplotypes
shared, comparing the mean of the observed data to the distribution of posterior means. C
(bottom left): A density overlay plot, comparing the distributions of the observed data to
the distribution of posterior data. D (bottom right): A check of overall central tendency,

comparing the mean of the observed data to the distribution of posterior means.
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Figure S4B: Probability of direction (PD) plot showing the effect of female haplotype on the
probability of offspring being female (relative to male), where PD values are given to the left

(if the median is negative) or right (if the median is positive) of each probability distribution.
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Medians are represented (black circles) along side 90% highest density intervals (90% HDI)
(black lines). A: Contrasts between the A haplotype relative to the B haplotype (E.g., AO —
BO). Separate comparisons are made for each number of haplotypes shared (0, 1 and 2).
Negative effects would indicate that the A haplotype is associated with an increase in the
probability that eggs will be male relative to the B haplotype (and vice versa for positive
effects). B: Contrasts between the A haplotype relative to the C haplotype (E.g., A0 — CO).
Separate comparisons are made for each number of haplotypes shared (0, 1 and 2).
Negative effects would indicate that the A haplotype is associated with an increase in the
probability that eggs will be male relative to the C haplotype (and vice versa for positive
effects). C: Contrasts between the B haplotype relative to the C haplotype (E.g., BO — CO).
Separate comparisons are made for each number of haplotypes shared (0, 1 and 2).
Negative effects would indicate that the B haplotype is associated with an increase in the
probability that eggs will be male relative to the C haplotype (and vice versa for positive

effects).

195



Appendix 3

Page 36 of 48

A - contrasts between: 1 haplotype relative to 0 haplotypes shared (1 - 0)

Proportion of offspring Proportion of offspring
that are female decreasesI that are female increases

C

56.62

|

|

! 79
A —l———

B - contrasts between: 2 haplotypes relative to 0 haplotypes shared (2 - 0)

@

% Proportion of offspring Proportion of offspring
"5 that are female deu:reasesI that are female increases
a :

© 88 ‘
L ¢ ,

[0)) I

— |

© 51.73

E = ———

T |

38.4 !
A ———

C - contrasts between: 2 haplotypes relative to 1 haplotype shared (2- 1)

Proportion of offspring Proportion of offspring
that are female decreases that are female increases

94.12 - !
o]

I
I
1
! 56.7
B  ———

97.38
A ———

)
1
1
1
|
I
|
0

-2 1

Possible parameter values

1 2

Figure S4C: Probability of direction (PD) plot showing the effect of haplotype sharing
between males and females on the probability of offspring being female, where PD values

are given to the left (if the median is negative) or right (if the median is positive) of each
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probability distribution. Medians are represented (black circles) along side 90% highest
density intervals (90% HDI) (black lines). A: Contrasts (from the interaction term between
female haplotype and haplotype sharing) between 1 haplotype shared relative to no
haplotypes shared (E.g., A1 — AO). Separate comparisons are made for each female
haplotype (A, B and C). Negative effects would indicate that a male sharing 1 haplotype with
the female is associated with an increase in the probability that eggs will be male, relative to
sharing no haplotypes (and vice versa for positive effects). B: Contrasts (from the interaction
term between female haplotype and haplotype sharing) between 2 haplotypes shared
relative to no haplotypes shared (E.g., A2 — AO). Separate comparisons are made for each
female haplotype (A, B and C). Negative effects would indicate that a male sharing 2
haplotypes with the female is associated with an increase in the probability that eggs will be
male, relative to sharing no haplotypes (and vice versa for positive effects). C: Contrasts
(from the interaction term between female haplotype and haplotype sharing) between 2
haplotypes shared relative to 1 haplotype shared (E.g., A2 — Al). Separate comparisons are
made for each female haplotype (A, B and C). Negative effects would indicate that a male
sharing both haplotypes with the female is associated with an increase in the probability

that eggs will be male, relative to sharing 1 haplotype (and vice versa for positive effects).
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Figure S4D: Probability of direction (PD) plot showing the effect of male and female age on
offspring sex ratio, where PD values are given to the left (if the median is negative) or right
(if the median is positive) of each probability distribution. Medians are represented (black

circles) along side 90% highest density intervals (90% HDI) (black lines).
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Figure S4E: The effect of female age (A, PD = 84) and male age (B, PD = 58.15) on the
probability of offspring being female (relative to male). Lines are the posterior medians and
coloured ribbons represent the 90% highest density intervals (HDIs) for the average

individual. Points show the raw observed data and have been jittered to aid visualisation

and prevent overlaying points.
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S4F - G) Model investigating the effect of male karyotype on offspring sex ratio
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Figure S4F: Posterior predictive model checks for model investigating the effects of male

karyotype on offspring sex ratio. A (top): A check of central tendency within groups of male

karyotype, comparing the mean of y (observed data) to the distribution of y,.,, (posterior

predictions). B (bottom left): A density overlay plot, comparing the distributions of the

observed data to the distribution of posterior data. C (bottom right): A check of overall

central tendency, comparing the mean of the observed data to the distribution of posterior

means.
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Figure S3G: Pobability of direction (PD) plot showing the effect of male karyotype on the

probability of offspring being female. The Y axis shows contrasts between male karyotypes,

where, for example, AA — AB represents the effect of the AA karyotype relative to the AB

karyotype on the probability of eggs being female. A negative effect would indicate that AA

karyotpes are associated with an increase in the probability that eggs will be male relative to

AB karyotypes (and vice versa for positive effects). PD values are given to the left (if the

median is negative) or right (if the median is positive) of each probability distribution.

Medians are represented (black circles) along side 90% highest density intervals (90% HDI)

(black lines).
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S5) Previous modelling attempts and the cRatio family

Prior to the adoption of a Bayesian framework, modelling was attempted using the
generalised linear mixed model framework using the “Ime4” package. Attempts to model
egg production data initially included: a Poisson distribution (abandoned due to singular fit,
and under dispersion); a Conway-Maxwell Poisson (abandoned due to under-dispersion and
convergence failure); a Generalised Poisson (also abandoned due to under-dispersion and
convergence failure); modelling egg production as a binary variable (abandoned due to
convergence failure, one-inflation, and under-dispersion). Attempts to model hatching
success proved difficult as well, with a proportional model using a binomial family resulting

in within-group deviations from uniformity and one-inflation.

After moving on to a Bayesian framework, we still had trouble modelling egg production
(Figure S5A). This was due largely to one-inflation, but also given the peak at around 5 eggs
and the bounded nature of the data. The fit was not improved by using more flexible
modelling approaches such as negative binomial (Figure S5B) or hurdle models (Figure S5C).
A negative binomial hurdle model was the least poorly fitting of these attempts but was still

deemed inappropriate.

Consequently, we approached the modelling of egg production using a continuation ratio
family (cRatio), which had superior model fit (Figure S1A). This model considers the
response (egg count) as an ordinal variable, and can be parametrised as the result of a
sequential process where higher counts of eggs are only realised after the preceding counts
have been laid. This model assumes that for every count of eggs n there is a latent
continuous variable Y, that determines the transition between the n'" and the n + 1t"
category. Yn represents all the factors contributing to the probability of an additional egg
being laid beyond count n and could be broadly interpreted as an unobserved variable
describing laying potential. Consecutive egg counts are separated by thresholds t,,. If"Yn is
greater than the threshold t,,, the sequential process (egg laying) continues otherwise it

stops at count n.
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S5A - C) Examples of the posterior predictive checks for prior failed attempts to model the
egg production analysis using traditional approaches. Examples included here: Poisson,

negative binomial, and hurdle negative binomial models.
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Figure S5A: Posterior predictive checks for a Poisson model investigating the effect of
female haplotype and haplotype sharing on egg production. We deemed this model a poor
fit. A (top left): A density overlay plot, comparing the distributions of y (observed data) to
the distribution of y,.,, (posterior predictions). B (top right): Compares the counts (egg
number) of observed data with the distribution of posterior estimated counts. C (bottom
left): A check of overall central tendency, comparing the mean of the observed data to the
distribution of posterior means.D (bottom right): A check of the overall distribution of

residual draws.
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Figure S5B: Posterior predictive checks for a negative binomial model investigating the
effect of female haplotype and haplotype sharing on egg production. We still deemed this
model a poor fit. A (top left): A density overlay plot, comparing the distributions of y
(observed data) to the distribution of y,.,, (posterior predictions). B (top right): Compares
the counts (egg number) of observed data with the distribution of posterior estimated
counts. C (bottom left): A check of overall central tendency, comparing the mean of the
observed data to the distribution of posterior means.D (bottom right): A check of the

overall distribution of residual draws.
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Figure S5C: Posterior predictive checks for a hurdle negative binomial model investigating

the effect of female haplotype and haplotype sharing on egg production. This model was

not an improvement and still deemed a poor fit. A (top left): A density overlay plot,

comparing the distributions of y (observed data) to the distribution of Vrep (posterior

predictions). B (top right): Compares the counts (egg number) of observed data with the

distribution of posterior estimated counts. C (bottom left): A check of overall central

tendency, comparing the mean of the observed data to the distribution of posterior

means.D (bottom right): A check of the overall distribution of residual draws.
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S6) Variance decomposition analysis (Table S1)

A variance decomposition analysis allowed us to determine the relative contribution of the
component structures of our models to the total variance associated with each reproductive trait.
For the sex ratio analysis, almost all the variance was explained by the fixed effect structure. For the
other measures; egg production, fertility and early development; and late development, the fixed
effects still recovered most of the variance, but individual and (to a lesser extent) temporal
differences had a larger role in determining reproductive outcomes (Table S1). This suggests that
individual differences — specifically those not explained by differences in inversion genotype (or any

other measure we were able to account for) - are important in generating variance in these traits.

Table S1. Summary of variance decomposition analyses to determine the relative
contribution of the component structures of each model to the total variance associated
with each reproductive trait. Variance was conditioned on the fixed effects (mother and
father genotype and Z-scored age), the random effects (mother and father ID and mother

birth year), and the fixed effects and individual ID.

Variance conditionedon Variance conditioned on Variance conditioned on

fixed effects only random effects only fixed effects + individual
ID

Variance 90% ClI Variance 90% ClI Variance 90% ClI
Egg production 0.55 0.49-0.61 045 0.39-0.51 0.84 0.75-0.93
Egg fertility &
embryo
development 0.87 0.77-0.97 0.13 0.03-0.23 0.97 0.89-1.05
Hatching success
of developing
eggs 0.9 0.8-0.99 0.1 -0.01-0.2 099 0.90-1.07
Offspring sex
ratio 0.98 0.9-1.06 0.02 -0.06-0.09 1.00 0.92-1.07
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Table S2 Number of individuals genotyped for each parental combination, given for each

analysis: 1 - Egg production, 2 - egg fertility and early embryo development, 3 - hatching

success of developing eggs, and 4 - offspring sex ratio.

1 Egg Production

A B C Total
AA 96 89 59 244
AB 150 157 88 395
AC 82 63 65 210
BB 75 134 36 245
BC 70 75 29 174
cC 15 21 15 51
Total 488 539 292 1319
2 Egg fertility and early embryo development

A B C Total
AA 30 35 15 80
AB 49 56 21 126
AC 27 17 27 71
BB 25 53 12 90
BC 21 30 14 65
cC 6 10 6 22
Total 158 201 95 454
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3 Hatching success of developing eggs

A B C Total
AA 32 30 14 76
AB 51 56 27 134
AC 27 27 28 82
BB 31 48 14 93
BC 21 26 14 61
cc 5 5 4 14
Total 167 192 101 460
4 Offspring sex ratio

A B C Total
AA 55 61 39 155
AB 100 102 63 265
AC 54 51 49 154
BB 45 85 25 155
BC 46 46 21 113
cC 12 15 11 38
Total 312 360 208 880

Page 48 of 48
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Appendix 4:

Supplementary material for ‘The surprising complexity

and diversity of sperm storage structures across
Galliformes’
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Dichotomous key for determining sperm storage tubule morphology

according to the categories presented in ‘The surprising complexity

and diversity of sperm storage structures across Galliformes’
(Assersohn et al., 2024).

1a The storage structures are clear and well-defined (located in the vagina, distinct and

markedly different from the surrounding tissue) Go to step 2

1b The storage structures are not clear or well-defined (structures are not markedly different

from the surrounding tissue) Go to step 3

2a Structures are very small compared to the largest tubule in the sample (tubules are <30%

the size of the largest tubules in the sample) Go to step 4

2b Structures are not very small compared to the largest tubule in the sample (tubules are at

least 30% the size of the largest tubules in the sample) Go to step 6

3a Structures appear towards the uterus end of the sample (in the vagina, but between the

population of ‘normal’ tubules and the uterus) Go to step 5

3b Structures do not appear in the uterus end of the vagina — UNDEFINED STRUCTURE.

Structures may fall outside of this categorisation key for the following reasons:

Structure is not storage or storage-related tissue
Image quality is not sufficient to observe structures

The structure is currently undescribed

4a Structures look like the other tubules in the sample in all but length. They have similar
sized entrances, epithelium wall and lumen diameter to ‘normal’ tubules, but are just much

shorter in length - MINI-TUBULES

4b Structures differ from the other tubules, they are much shorter in length but also have

different sized entrances, epithelium walls, and lumen diameter. Go to step 3
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5a Structures appear as densely concentrated, but very small tubule-like structures. They are
much smaller than mini-tubules, and as they become denser, they transition into uterus

tissue — TRANSITIONAL TISSUE

5b Structures do not appear like densely concentrated, but very small tubule-like structures.
They are not smaller than mini-tubules and do not appear to transition into uterus tissue. Go

to step 7

6a Tubules are simple ‘straight’ tubes. They may be curved, but not coiled/twisted, globular

or agglomerate. Go to step 8

6b Tubules are not simple ‘straight’ tubes. They may be coiled/twisted, globular or

agglomerate. Go to step 9

7a Structures appear ‘“fluffy’ or ‘cloud-like’. They look like poorly defined agglomerate tubules,
but are distinct from uterus tissue. They may transition from agglomerate tubules into uterus

tissue — TRANSITIONAL TISSUE

7b Structures do not appear “fluffy” or ‘cloud-like’ — UNDEFINED STRUCTURE

Structures may fall outside of this categorisation key for the following reasons:

Structure is not storage or storage-related tissue
Image quality is not sufficient to observe structures

The structure is currently undescribed

8a Structures are ‘channel-like” in appearance. They may begin at the cloaca-end of the
vagina, or further up the UVJ. They may span more than 1 field of view, and lead into tubule

tissue. Some may terminate directly into a tubule — CHANNEL TISSUE

8b Structures are not ‘channel-like” in appearance. Go to step 10
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9a Structures are agglomerate in appearance — they are highly branched or very dense
clusters of indistinguishable tubules. Structure appears somewhat globular. Branches may

appear from a larger central ‘body’. —AGGLOMERATE

9b Structures are not agglomerate in appearance. They do not appear as highly branched or

very dense clusters of indistinguishable tubules. Go to step 11

10a Structures are branched. They are clear tubules with an obvious split into a clear branch

i.e., they are not just overlaying tubules, which will have >1 lumen. — STRAIGHT BRANCHED

10b Structures are not branched. They are clear, single branched blind-ended tubes with no

splits and only one lumen. —STRAIGHT UNBRANCHED

11a Structures are twisted/coiled. They are distinct separate tubules, but they appear coiled

or twister. They may be branched or unbranched - COILED

11b Structures are not coiled or twisted. — UNDEFINED STRUCTURE

Structures may fall outside of this categorisation key for the following reasons:

Structure is not storage or storage-related tissue
Image quality is not sufficient to observe structures

The structure is currently undescribed
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