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Abstract

With up to 18,000 extant representatives and many more extinct, archosaurs are hugely
species rich, have enormous ecological diversity and re-radiated spectacularly in the
wake of the P-Tr, T-J and K-Pg extinctions. The success of the archosaurs has been
attributed to a variety of factors, not least their unique locomotory adaptations, var-
ied diet, hardiness to environmental change, unique dentition and, in some lineages,
endothermy and derived metabolic adaptations. A factor that is often overlooked in
comparing the radiation of the archosaurs with that of other amniote clades (eg. mam-
mals and squamates) is their unique parental care behaviours. Some of these behaviours
count among the greatest parental investments within the tetrapods, and the story of
the evolution of parental care in the archosaurs is a fascinating �eld of inquiry.

Here, I review current understanding of parental care in archosaurs, its origin and
evolution. This collated information is presented as an introductory chapter. Follow-
ing this are �ve pieces of novel research, presented in the form of scienti�c publications:
(1) An analysis of the evolution of egg mass in extant birds, and the biological implica-
tions of previously masked allometric relationships within Orders. (2) An investigation
into the parental sex roles in extant birds, with emphasis on the relationship between
female biological investment and male behavioural investment. (3) An overview and
novel analysis of the reproductive traits of extant crocodylians (4) An ancestral state
reconstruction of the reproductive traits of extinct dinosaurs, with focus predominantly
on the morphological changes to the egg in the theropod lineage ancestral to modern
birds. (5) A description of the most complete juvenile spinosaur material recovered
from the Kem Kem of Morocco.

I conclude that: (1) Previous examinations of the relationship between egg and body
mass in extant birds have masked underlying between-Order trends that o�er signi�cant
evolutionary insight into the adaptive conditions and underlying genetic mechanisms
present in the evolution of birds. (2) I report the �rst evidence of a signi�cant negative
relationship between male incubation and proportional female pre-laying investment in
birds, with no such relationship recovered for other aspects of male care (feeding and
brooding). (3) I report the �rst evidence of a latitudinal body mass trend in extant
Crocodylia, as well as signi�cant relationships between important reproductive traits
(female mass, egg mass, clutch size, hatchling mass). No signi�cant relationship was
identi�ed between breeding latitude and hatchling mass, suggesting a di�erent type
of selection from that in testudines. (4) I report strong evidence of a morphological
change in the egg of theropod dinosaurs along the lineage that led to birds, consistent
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with previous revelations of changes to the adult morphology, nest and egg structure.
(5) I describe seven new cranial and postcranial specimens of juvenile spinosaur from
the Moroccan Kem Kem, suggesting a full individual size of 3-5m. I conclude that
these juveniles, recovered in the same geological deposits as the adults, likely shared a
common habitat, though this is less likely to have been the case for hatchlings.
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Chapter 1

Introduction

With a recorded history spanning over 247 million years (Butler et al., 2011), contain-
ing over 19,000 known species (Barrowclough et al., 2016; Starrfelt and Liow, 2016),
archosaurs represent one of the most successful and species-rich tetrapod lineages (Fig-
ure 1-1). The true diversity of archosaurs will probably never be fully known, but
members of this clade �ll niches as disparate as high-speed interceptors (Tucker, 1998),
huge-bodied browsers (Angst et al., 2014; García and Zurriaguz, 2016; Kley et al.,
2010), tiny insectivores (Stromer, 1934; Van Horne and Bader, 1990) and ocean-going
killers (De Andrade et al., 2010). Such success could scarcely have been predicted
at the beginning of the Triassic, when global habitats were just beginning to recover
from the damage wrought by the end-Permian mass extinction (Benton and Twitchett,
2003). The initial disaster fauna following this extinction consisted primarily of large
and medium-sized dicynodonts (Sennikov, 1996; Thulborn, 1986), and the previous
middle to late Permian success of basal synapsids (Olroyd and Sidor, 2017) implies
a level of adaptability and �tness that might have resulted in their Mesozoic success
(Botha-Brink and Angielczyk, 2010). However, by the late Triassic, archosaurs become
increasingly common in terrestrial macrofaunal deposits (Button et al., 2017; Keeble,
Whiteside and Benton, 2018; Racki and Lucas, 2018). Archosaurs are identi�ed in these
deposits by a number of distinctive synapomorphies, including the loss of palatal teeth
(Sereno, 1991), unique diphyletic articulation of the crurotarsal ankle joint (Sereno,
1991), antorbital and external mandibular fenestrae (Nesbitt and Hone, 2010), and a
conspicuous fourth trochanter on the femur (Persons and Currie, 2020). Shortly af-
ter the division within the archosaurs between the Pseudosuchia (‘crocodile-like’) and
Ornithosuchia (‘bird-like’) clades, each independently evolved a peg-and-socket articu-
lation between two bones of the heel, the calcaneus and the astragalus (Sereno, 1991).
Additional cranial fenestrae are thought to have reduced the weight of the skull, and
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provided attachment sites for large feeding muscles and soft tissue deposits (Holliday
et al., 2020).

The archosaur lineage, and in particular the dinosaurs, would go on to dominate terres-
trial ecosystems for 160 million years. During this time, dinosaurs adapted to ongoing
and signi�cant change and exempli�ed many aspects of morphological, behavioural
and physiological adaptation. Adaptations to survive predation (Mallison, 2011; Gal-
lina et al., 2019), and to the respiratory (Lambertz, Bertozzo and Sander, 2018), ther-
moregulatory (Costa and Mateus, 2019) and locomotory systems (Carrano, 2000; Dial,
2003b) are the most well-documented. Another signi�cant shift occurred over this
time in the behaviour and morphology of nesting adults. Changes to the behaviour
of parents correlated with changes to the structure of the nest (Varricchio and Jack-
son, 2016a), the morphology of the pelvis and plumage (Hutchinson, 2001; Xu, 2006),
and the developmental state of hatchlings (Starck and Ricklefs, 1998). These changes
undoubtedly in�uenced, or were themselves in�uenced by, changes to the theropod
body plan associated with powered �ight, a novel innovation that appeared during the
Jurassic period (Voeten et al., 2018).

The end of the Mesozoic period is characterised by a mass extinction, triggered by a
cosmic impact event in the Chixculub region of the YucatÆn Peninsula, Mexico. The
impacting body, an asteroid, is estimated to have measured approximately 10km in
diameter and to have achieved an impact speed of 20.8km/s (Harris and Hughes, 1994;
Schulte et al., 2010). The ecological e�ects of this impact were devastating: Examina-
tion of the geology of the crater and its proximal surroundings reveal an impact breccia,
in which the underlying geological formation was crumbled up and cemented together
by the violence and heat of the impact (Kaskes et al., 2018). This is in combination
with other hydrothermal deposits indicating intense heat during the formation of the
crater, such as nickelous pyrite, ZnS and CuFeS2, commonly found in the vicinity of
deep-sea hydrothermal vents (Berkenbosch et al., 2012; Wittmann et al., 2017).

The blast radius travelled for up to 5,000km, causing mass die-o�s and rapid burial of
fauna as far away as New Jersey and Montana (Fastovsky and Bercovici, 2016). Having
occurred in a shallow tropical sea, the impact generated a megatsunami up to 100m high
that reached the coasts of Texas and Florida (Schulte et al., 2010). Earthquakes, shelf
collapse and burning ejecta all contributed to the apocalyptic conditions around the
impact zone (Schulte et al., 2010). The formation under the YucatÆn is characterised by
volatile, carbonate and sulfate-rich sediments, much of which was instantly vaporised
and expelled into the atmosphere (Salge et al., 2019), creating a vast cloud of su�ocating
dust. This dust, along with the steam and toxic gasses generated by the impact, tainted
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the atmosphere and encircled the planet (Schulte et al., 2010), blocking out ultraviolet
radiation from the sun (Perez et al., 2013) and ceasing photosynthesis, leading to a
global deforestation event (Vajda et al., 2004) and widespread ecosystem collapse. At
the same time, likely triggered by the force of the asteroid impact, the volcanic Deccan
Traps in west-central India erupted (Sprain et al., 2019). These traps, de�ned by their
step-like hill formations, could have covered as much as 1,500,000km2 (Vandamme
et al., 1991), and the impact of such an eruption would have been disastrous. This may
have lead to further destabilisation and localised die-o�s, potentially contributing to
the severity of the impact on the Eurasian continent (Pal, Srivastava and Shrivastava,
2020). At its peak, the Cretaceous-Paleogene (K-Pg) mass extinction may be visualised
as an Armageddon-style calamity centred around a burning crater in Mesoamerica.
With tsunamis, burning forests, earthquakes, the destruction of the ozone layer and
rapid greenhouse warming due to the burning of carbonate minerals, and a world
plunged into perpetual darkness, it is little wonder that 50-60% of all living things
vanished.

The recovery of global ecosystems in the wake of this event was slow. For some 10,000
years, ferns were the dominant �ora on most continents (Vajda et al., 2004), and
vertebrate remains are rare and small (Zhao, Ye and Wang, 2017). The majority
of archosaur diversity was lost in this extinction, and the only archosaurian clades to
cross the boundary were the Aves and a handful of Crocodylomorph lineages (PuØrtolas-
Pascual et al., 2016). Throughout the Cenozoic, all remaining crocodylomorph branches
became extinct, except for the semiaquatic ambush predators, the Crocodylia, today
represented by 26-28 living species (Stevenson, 2019). Birds speciated extremely quickly
in the wake of the K-Pg mass extinction (Ksepka, Stidham and Williamson, 2017;
Johnson et al., 2018), diversifying into a large number of di�erent niches and bauplans.
Today, there are 10,000-18,000 species of birds (Barrowclough et al., 2016). They
are the most speciose vertebrate clade by far, and occupy a range of niches on every
continent.

The reasons for this success, or indeed, the reasons that birds survived the K-Pg ex-
tinction event in the �rst place, are not well understood. In light of the current Anthro-
pocene climate emergency and biodiversity collapse, it is imperative that the factors
governing extinction and survival in these remaining archosaur clades are investigated
thoroughly. The aim of this thesis is to outline and review current research on the
evolution of parental care in archosaurs, and to make a contribution to this area of
research by examining the ancestral condition of parental care in extant avialans, as
well as the evolution of sex roles in these taxa. In addition, I will examine the nature
of parental care and reproductive investment in extant crocodylians and in non-avian

10



dinosaurs, and conclude with a discussion on the future of research on archosaurian
parental care. These chapters (Chapters 2-6) are presented in the form of publications
in scienti�c journals.

The �rst chapter consists of a review of the current literature, with the majority of
consideration given over to extant birds. As the largest known group of archosaurs,
birds are an ideal study group in terms of both species richness and ecological and be-
havioural diversity. For centuries (Ginanni, 1737; Albin, 1738) birds have been studied
by natural historians and biologists, likely due to their global prevalence, bright colours
and charisma (Audubon, 1843; Veríssimo et al., 2009). Hence there are many available
data in the literature, breeding behaviours of many birds are very well documented
and their evolution from non-avian theropods is fairly well understood (Varricchio and
Jackson, 2016b), though there are still many unanswered questions.

With all this in mind, I have endeavoured to structure this chapter in as intuitive a
manner as possible, looking �rst at the parental behaviours, morphological adaptations
and familial responsibilities of extant birds, before moving on to the dinosaurian origins
of both birds and their reproductive traits, and then to the mechanisms behind the
maintenance and ongoing evolution of parental care adaptations in birds. This chapter
will conclude with a concise overview of the history of parental care in crocodilians and
non-avian dinosaurs.

1.1 The signi�cance of parental care in birds

Birds are unusual among the tetrapods in having one of the highest rates of parental
involvement (Cockburn, 2006). Although some element of parental care has been
documented in some �sh (Perrone Jr and Zaret, 1979; Goodwin, Balshine-Earn and
Reynolds, 1998; Robart and Sinervo, 2019), amphibians (Corben, Ingram and Tyler,
1974; Weygoldt, 1987; Gururaja et al., 2014), and reptiles (O’Connor and Shine, 2004;
Greene, Rodríguez and Powell, 2006; Whitaker, 2007; Brashears and DeNardo, 2013),
it is the mammals and birds that exhibit both the highest rates of parental care be-
haviour and the most extreme forms of these behaviours (Farmer, 2000; Cockburn,
2006). In mammals, this behaviour is largely restricted to the female due to the con-
straints of lactation feeding (West and Capellini, 2016). In birds, however, the process
of parenting is more often an equal endeavour between both parents (Cockburn, 2006).

Parental care plays a vital role in the lives of most extant birds. Parental care is
de�ned here as a set of post-fertilisation behavioural adaptations that improve the
lifetime reproductive success of o�spring at some cost to the parent. This includes nest
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building, egg guarding, parental feeding and territory inheritance, but excludes mating
and mate-selection behaviours, maternal resource investment and territory selection.
From this broad de�nition, it is clear that there are many factors governing the state of
parental care within a single species, a fact that is further complicated by the dimorphic
state of care in some species. Parental care can play no greater role in the life of a bird
than it does in those with an altricial developmental mode. Altricial birds are born
small, weak, featherless, immobile, often blind, and completely dependent on their
parents for every need. Of these, the Passerines (perching birds) are the largest living
clade, potentially comprising a third to a half of all known bird species (Sibley and
Monroe, 1990). Precocial species, on the other hand, adopt a less intense form of care,
in which o�spring can usually walk, feed themselves, escape from predators and follow
their parent quite soon after hatching. The role of the parent in these species is normally
con�ned to teaching the chicks where and how to �nd food, and acting as a decoy in
case of predator attack (Gómez-Serrano and Valenciana-Vaersa, 2018). Examples of
bird with a precocial developmental strategy would be Palaeognathes, Galliformes, and
Anseriformes. other taxa adopt strategies termed ’semialtricial’ or ’semiprecocial’, in
which a blend of traits is exhibited (eg. chicks may be feathered and have limited
mobility, but still rely on their parents to bring food to the nest, as in raptors). A
simple family-level examination of the avian phylogeny reveals a pattern from base to
crown, suggesting that the more derived birds tend towards a more invested parental
strategy, altricial chicks, proportionally smaller eggs and smaller clutches (Dyke and
Kaiser, 2010; Birchard, Deeming et al., 2015).

1.1.1 Modes of parental care

Developmental mode is one factor that contributes to the state of parental care within
species. If chicks require additional care, parents must provide it, or fail to breed
successfully. There are a number of other factors that either contribute to, or stem from,
the mode of parental care present within species, including nest type and location, egg
morphology, clutch size, parental roles, sociality and post-�edging association. These
factors are examined here, with reference to their role in di�erent modes of parental
care.

Nesting

Nesting as a behaviour is by no means restricted to archosaurs, or even tetrapods, but
the complex and intricate nests of birds are unique. There is a scale of complexity
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in nest-building that correlates to the phylogeny (Fang, Tuanmu and Hung, 2018).
Nesting is thought to have changed signi�cantly with the evolution of birds from non-
avian theropods (Varricchio and Jackson, 2016a), and this goes along with changes to
parental bahaviour and morphology.

Nest type is a common feature by which bird reproduction is classi�ed. Closely linked
to taxonomy (Deeming, 2011), I use the term ‘nest type’ here to refer to the structure
or mode of construction of a nest, rather than nest position as has been used in some
previous publications (Bennettand and Harvey, 1987). Deeming (2011) recognised
four subgroups of nest type (cup, scrape, burrow, pouch). These and similar names
are often used to describe di�erent nest types, though some authors have avoided
these potentially con�ning categories in favour of simple binary classi�cations (Dunn,
Whittingham and Pitcher, 2001).

Here, I recognise the following classi�cation of nest types, illustrated in Figure 1-2:

1. Cup nests are common in passerines and other small arboreal taxa, and consist
of an uncovered, cup-shaped structure constructed from vegetation (Wimberger,
1984), feathers (Lombardo et al., 1995), mycelial cords (McFarland and Rimmer,
1996), fur and hair (Britt and Deeming, 2011), textiles (Bailey et al., 2014),
silk (Storer and Hansell, 1992) and, in some swiftlets, saliva (Kang, Hails and
Sigurdsson, 1991).

2. Domed/ covered nests are also most common in small passerines, especially
weavers (Ploceidae) and �nches (Fringillidae). These nests are covered, unlike cup
nests, and can be made to hang from the canopy in some taxa such as weavers
(Ploceidae) and penduline tits (Remizidae) (Crook, 1963; Szentirmai, Szekely
and Liker, 2005). A cover on the nest can reduce the risk of predation (Quader,
2006), and domed nests are generally more elaborate and labour-intensive than
cup nests. This may be one reason that domed nest builders are often communal
breeders (Collias and Collias, 1977, 1980).

3. Platform nests tend to be constructed by larger semiprecocial birds, such as
storks (Ciconiiformes) or eagles and vultures (Accipitriformes) (Dixon, 1937;
Coles, 1944; Muzinic and Cvitan, 2001). These nests are constructed using larger
branches, are lined with feathers, hair or textiles, and are �at-topped.

4. Cavity nests are those constructed above ground level in naturally-occurring or
constructed depressions in organic substrates (eg. living trees, rotten wood).
These nests are common in larger arboreal species such as woodpeckers (Pici-
dae), arboreal owls (Stringiformes) and hornbills (Bucerotidae) (Conner et al.,
1975; Beltho� and Ritchison, 1990; Datta and Rawat, 2004; Cockle, Martin and
Weso“owski, 2011).
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5. Mound nests are generally constructed by large precocial ground-dwelling birds,
including the brush-turkeys (Megapodiidae) and �amingos (Phoenicopteridae)
(Harris, Birks and LeachØ, 2014; Martos and Johnson, 1996). These may be
constructed of organic matter (vegetation, feathers, etc.) or inorganic matter
(stones, mud, sand, etc.), and often serve as incubation chambers in species for
which direct parental incubation is uncommon (Harris, Birks and LeachØ, 2014).

6. Burrow nests are similar to cavity nests, except that they are constructed in an
inorganic substrate, generally at ground level (Alerstam and Högstedt, 1981).
These may be naturally-occurring hollows, those of other animals (notably rab-
bits) (Lloyd and McCowan, 1968), or constructed by the parents (Heneberg,
2009). This type of nest can provide shelter from the weather in harsh climates,
as well as an appropriate microclimate for incubation (Mainwaring et al., 2014),
and as well as e�ciently managing the environment inside the nest, the presence
of fossorial birds has been linked to changes in vegetation and habitat type, ef-
fectively managing the external environment as well (Rengifo-Fai�er and Arana,
2019). Additionally, seabirds such as pu�ns (Fraterculini) and shearwaters (Pro-
cellariidae) commonly construct or repurpose burrow nests in cli�top habitats.
These can serve to protect their eggs and altricial chicks (Ekanayake et al., 2016),
though in some species this strategy does not seem to e�ectively deter predators
(Ekanayake et al., 2015).

7. Scrape nests are simple depressions in the ground, usually just deep enough to
prevent eggs from rolling away. Since they provide so little protection, these nests
are normally constructed by precocial or semiprecocial taxa, including ostriches
(Struthio camelus), shorebirds such as oystercatchers (Haematopus spp.) and
plovers (Charadriinae), falcons (Falco spp.) and in the Phasianidae, including
Old World quails, pheasants, partridges and peafowl. In some cases, scrapes may
be lined with feathers or vegetation, but are often left bare, and there is evidence
that this may a�ect heat retention in the nest (Reid et al., 2002).

I reject the ‘pouch’ nest type suggested by Deeming (2011), since it involves no parental
construction. I would therefore classify ‘pouch-nesters’ as non-nest building species, for
the same reason that I consider ‘uterine’ an invalid nest type for mammals: The only
candidates for classi�cation as ‘pouch’ nesters would be the great penguins (Aptenodytes
spp.), which breed over winter on the freezing Antarctic continent, and cannot deposit
their single egg on the ground. It is retained in the brood pouch of the father until
hatching, and therefore lacks a nest.
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Additionally, some species that do not provide parental care or construct nests will
utilise the nesting strategy of other species to incubate their own eggs, famously cuck-
oos and cowbirds (Yamauchi, 1995). It is also important to note that, although these
classi�cations are generally species-speci�c, there are exceptions in the form of dimor-
phic nest-building species. These include the Northern Spotted Owl (Strix occidentalis
caurina), which builds both cavity and platform nests (Forsman and Giese, 1997), and
Burrowing Parrots (Cyanoliseus patagonus), which nest in tree cavities as well as sub-
terranean burrows (Lopez et al., 2018). This is one reason that binary classi�cations of
nest types (0/1 for each type may be more inclusive and informative than a categorical
system.

The evolution of nest-building has received considerable interest for many years (Col-
lias, 1964, 1997; Hall et al., 2015), and it is generally accepted that above-ground cup
and domed nests represent the most derived forms of nest-building, while ground-level
scrape and mound nests are more representative of an ancestral condition. This hy-
pothesis is supported by fossil evidence (Varricchio and Jackson, 2016a) that suggests
that maniraptoran theropods adopted the latter nesting strategies.

Eggs and clutches

The morphology of the eggs and clutch can be used to further examine the variation in
parental care in birds. The shape, size and colour of the egg can be major indicators
of the degree to which parental care is provided. There is a well-recorded biological
relationship (Heaney and Monaghan, 1995; Blackburn, 1991; Krist, 2011) between egg
size, clutch size and parental care, and with each of these requiring a parental energetic
investment, there will necessarily be a trade-o� between the size and number of the eggs,
and the extent to which care is provided. Females especially have a caloric limit to the
energy they can invest in producing eggs, and this must be balanced against the level of
post-hatching care. Though this is less true of males in the pre-hatching phase, males
tend to exhibit lower seasonal survival following a breeding attempt when compared
to females (Santos and Nakagawa, 2012). Between-species morphological variations of
the eggs (egg size, egg shape, egg colour, clutch size), have the potential to signi�cantly
interact with parental care strategies, and therefore represent an accessible avenue for
research into the variation in parental care in birds. However, it is not known to what
extent this relationship varies within the birds, nor is its relationship to systematics
well-established in the literature.
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Figure 1-2: Categorisation of the nests of extant birds: Cup nests (A); Domed/ covered
nests (B); Platform nests (C); Cavity nests (D); Mound nests (E); Burrow nests (F)
and scrape nests (G). Illustrations by R. Lakin, nests depicted are those of a common
blackbird (Turdus merula) (A); Baya weaver (Ploceus philippinus) (B); white stork
(Ciconia ciconia) (C); coal tit (Periparus ater) (D); mute swan (Cygnus olor) (E);
Atlantic pu�n (Fratercula arctica) (F); and piping plover (Charadrius melodus) (G).
Illustrations by R. Lakin, not to scale
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Hatchlings

The developmental mode of hatchlings is highly variable within birds, and is most
commonly classi�ed into three groups (Karlsson and Lilja, 2008): (1) Precocial. Young
hatch feathered, mobile and with eyes open. Parental role is generally limited to
guardian, with some species locating and preparing food for young, but not feeding.
This is believed to be the ancestral condition (Wesolowski, 1994), and is also common
in crocodylians, the other extant clade of archosaurs (Benton, Clark et al., 1988). (2)
Semi-precocial. This category is more variable, young are unusually feathered, with
open eyes, though mobility varies between species. Young are generally incapable of
self-feeding, and parents must feed young directly, and often remove faeces and groom
young. (3) Altricial. Young usually hatch blind, featherless and immobile. Young
can beg for food immediately, and the needs of individual chicks are ful�lled by the
parent(s). Parents feed, groom and thermoregulate hatchlings, and remove waste from
the nest. Occasionally, some authors (Seymour, Runciman and Baudinette, 2008; Carril
and Tambussi, 2015) will recognise ‘semialtricial’, ‘superaltricial’ and ‘superprecocial’
categories in addition to those given above and, with appropriate de�nitions, these may
be helpful for some studies. Further explanation of these categories, and examples of
each, may be found in Section 1.1.

The role of male parents in the early stages of development is variable (Ketterson and
Nolan Jr, 1994). Most birds exhibit some form of biparental care (Cockburn, 2006),
but in some cases this can be limited to the role of territory defence, presenting food
to the brooding mother, or guarding the hatchlings (Stanback et al., 2002; Mitchell
et al., 2007). In other cases, fathers take on a more active role, directly feeding and
brooding hatchlings (Crome, 1976). The source of this variation, and its dependencies
are largely unknown, and a broader discussion of this subject is given in Chapter 3.

Fledgelings and adult o�spring

For most species parental care duties end, at least temporarily, when the young �edge
(Ekman and Griesser, 2002). In a few cases, however, parental care may extend for (in
some cases) up to a year after �edging (Heinsohn, 1991). This care generally does not
meet the physical needs of the young (although this is not unheard of (Ashmole and
Tovar, 1968; Feare, 1975; Eldegard and Sonerud, 2012)), but rather provides a social and
behavioural advantage to both the parents and their young (Ridley and Raihani, 2007).
This care often involves territory sharing (with access to within-territory resources
and safety) (Ekman and Griesser, 2002; Schaefer et al., 2004), territory inheritance
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(Woolfenden and Fitzpatrick, 1978), learning by imitation of social and foraging skills
(Ashmole and Tovar, 1968; Heinsohn, 1991; Myers and Vaughan, 2004), and inclusion
in cooperative breeding (Stacey and Ligon, 1991; Richardson, Burke and Komdeur,
2002).

1.1.2 Bene�ts of parental care

Parental care in any form can only be maintained in modern birds, and could only have
arisen in the �rst place, if it conferred an advantage in lifetime reproductive success
(Charmantier, Keyser and Promislow, 2007). As a result, much research e�ort has
been invested in the relative bene�ts to parents and extra-pair helpers that invest in
caring for their o�spring (Dickinson, 2004; Klug and Bonsall, 2010). Evidently, to be
maintained, the �tness bene�ts conferred by parental care must outweigh the costs of
providing care (Klug, Alonzo and Bonsall, 2012). This is especially true of socially
monogamous male parents, which may obtain greater lifetime �tness by abandoning
a �rst clutch and beginning a new clutch with a new female. Even if half of the �rst
clutch perishes in his absence, the overall lifetime �tness of the deserting male will still
be improved by half, and that of his caring mate diminished. This is the problem of the
so-called ’battle of the sexes’, for although an antiquated term, this issue of unequal
parental investment from conception (anisogamy) and the ability of males to desert
a clutch or litter �rst is an important issue in evolutionary biology, and presents a
problem concerning the stability of parental care: How and why is this non-sel�sh trait
maintained in a system in which sel�sh behaviour should be selected for?

To answer this question, it is important to bear in mind that such a basic classi�cation of
males and females into ‘deserters’ and ‘carers’ is a gross oversimpli�cation. In reality,
males and females of most bird species are known to engage in extra-pair mating
(Webster, 1991; Brennan, 2012), adding a third category to this model, the ‘cheaters’.
Of course, each of these categories will contain ‘shades of grey’, as in every natural
system (Nelson, 2016; Tong, 2020). In this more complex model, therefore, it is easier
to see how a system based on non-sel�sh, caring behaviour may be maintained, as the
lifetime reproductive �tness of socially monogamous males does not have to depend on
the number of chicks he and his mate can raise, but is also in�uenced by the number of
extra-pair matings he can achieve, and how much e�ort he can put into rearing those
chicks (Iyer et al., 2020). Additionally, socially monogamous females may improve
their own �tness through the quality, rather than quantity, of chicks. By nesting at the
intersection of male territories, and mating with multiple males, a female may e�ectively
reduce her own parental burden by ensuring two or more males have a genetic stake
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in her clutch (Goetz, McFarland and Rimmer, 2003), and will therefore provide care.
With three or more carers, chicks are likely to obtain more resources, grow bigger and
have a greater overall lifetime �tness (McGowan, Hatchwell and Woodburn, 2003) at
a reduced cost to the female. Since the lifetime �tness of females is constrained by the
number of eggs they can lay, maximising o�spring survival is an e�ective way by which
females can obtain greater �tness by cheating, as well as by less direct means such as
courtship feeding (Ledwo« and Neubauer, 2018). These methods are di�erent to how
males may improve lifetime �tness by cheating, since it is the number of o�spring, and
not the rate of survival or �edging, that tends to improve the lifetime reproductive
�tness of a cheating male.

1.1.3 Costs to parents and helpers

Socially monogamous male birds can improve their lifetime reproductive success by
foregoing parenting responsibilities and acquiring extra-pair matings (Tong, 2020).
However, most birds have one form or another of biparental care (Cockburn, 2006).
The �tness bene�t of providing care must, therefore, outweigh the �tness bene�t of de-
serting, and, for that matter, the costs involved in parental care (Lee, 2009; Iyer et al.,
2020). Here, I recognise three categories of parenting costs, to explore the evolutionary
downside of providing care.

1. Upfront costs of providing care
Before the eggs have even been laid, most birds will invest time and e�ort in
constructing a nest (Goodfellow, 2011). The e�ort required for this can vary
widely, but for most birds, especially passerines, anatids and some galliformes,
this will involve gathering nesting materials, constructing the shape, bulking out
the structure and lining the nest, often with the parents’ own feathers (Młller,
1984, 1991; Mainwaring et al., 2014). This represents a large upfront cost, in
some cases before mating has even occurred. In some taxa, such as bower birds
(Ptilonorhynchidae), it is the skill with which one partner constructs the nest
that the other will use to judge their quality as a mate (Collias and Collias, 2014;
Bailey et al., 2016). Once the eggs have been laid, time must be invested in caring
for them. In biparental species, this responsibility will often be shared equally
between the parents, with each taking equal time to incubate, feed and brood the
chicks (Hall, 1999; Auer, Bassar and Martin, 2007; Porkert and �pinka, 2004).
Regardless, this still requires each parent to invest approximately half its day in
incubating the eggs, rather than feeding itself, defending its territory or pursuing
other mating opportunities (Hill, Lindström and Nager, 2011). This represents
an indisputable cost to �tness during the incubation period.
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2. Costs of providing care while o�spring are present
Once the chicks have hatched, most biparental monogamous species will spend
a signi�cant amount of time and e�ort feeding them (Cresswell et al., 2003).
This is possibly the most time and energy-intensive period of parental care, and
the exact energetic cost (measured by proxy, through future reproductive success
and fat distribution) will depend on habitat quality (Staggenborg et al., 2017),
availability of resources (Perrig et al., 2016), seasonal and long-term climatic
variations (Rotenberry and Wiens, 1989; Sydeman et al., 2001), number and size
of chicks (Gard and Bird, 1992), presence or absence of brood parasites (Monclœs
et al., 2017), incubation, feeding and brooding time (Are Hanssen et al., 2003),
and many other factors. Additionally, many species and even brood parasites will
remain within the territories of their parents or hosts during and after the �edging
period (Southern, Vaughan and Muir, 1954; Spear, Ainley and Henderson, 1986;
Woodward, 1983). This will also constitute a cost to the carers, as the presence
of many more birds within a territory originally established to support two birds
may result in diminished resource availability for the carers during the hatchling
and �edging period, and it is well-established that breeding birds will lose body
mass during the breeding season (Rands, Cuthill and Houston, 2006)

3. Lifetime costs
Finally, the cumulative e�ect of these many short-term costs to parents and hosts
can and does add up to diminished seasonal survival of adults. Santos and Naka-
gawa (2012) conducted a meta-analysis to examine the e�ects of parental burden
on long-term parental survival in 19 species of birds. This analysis compiled the
results of 29 previous studies that arti�cially manipulated the parental burden of
birds by adding eggs to, or removing them from, nests. Their results show that:
(I) Parental burden is comparable across all species of bird examined, and tax-
onomy is not a major contributory factor. (II) Parents with a reduced parental
burden had a similar survival and re-breeding rate as the control parents (III) In
parents with an increased parental burden, males were 26% less likely to survive
than the control males, but females were no more or less likely to survive than
the control females. This demonstrates the real cost of parental care, especially
to males, and therefore reinforces the bene�t caring must confer to the lifetime
�tness of these individuals. If this were not the case, then parental care should
already have been selected against in many of these species.
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1.1.4 Signi�cance in conservation

We understand, therefore, that although parental care does constitute a signi�cant
cost to the lifetime survival of an individual, the overall �tness bene�t of providing
care must outweigh this cost. This begs the question: Why do we see such a diversity
of parental care strategies in extant birds? If the overall �tness bene�t of providing
care so necessarily overshadows the obvious costs, why have those birds that provide
extreme forms of parental care not out-competed those that do not? Additionally, in
the uncertain climatic future, how will those species that do and do not provide more
derived forms of parental care fare against each other? Will extreme selective pressures
and latitudinal migration ensure that one form of care out-competes the other? What
do we already know about the ability of caring and non-caring birds to survive mass
extinctions?

Parental care as a potential mechanism for surviving mass extinctions in birds has al-
ready been suggested by Varricchio and Jackson (2016a), who contend that it is direct
parental incubation that is the major distinction between the reproductive biology of
birds and non-avian theropods and Enantiornithes. This argument suggests that, once
freed from sedimantary incubation, birds were better able to facilitate heat transfer to
their eggs, and as a result evolved more derived traits such as chalazae (i.e. the spe-
cialised proteins that anchor the embryos of some amniotes to the egg’s poles, thereby
allowing eggs to be moved and turned without endangering the embryo; see Fig. 1-3)
and advanced nest construction. This argument is supplemented by the conclusions of
Fang, Tuanmu and Hung (2018), who conclude that some of the earliest nest-building
true birds were tree-nesters, and that this innovation was followed by the evolution of
water-based nests, and cli� nests. This study also suggested that it is the structure
of nests that drives changes to the nest site and attachment type. For example, low-
vegetation nesting as an advance on ground nesting arose only after the appearance
of cup nests, suggesting that novel innovations in nest structure allowed early birds to
radiate into new nesting habitats.

This would suggest that reproductive biology can play a role in the fate of birds across
extinction events. It is widely accepted that proli�c adaptation to diverse niches can
bu�er taxa against extinction (Bolnick et al., 2007; Kolbe, Lockwood and Hunt, 2011),
and this could provide a mechanism by which the evolution of derived reproductive char-
acteristics enabled birds to survive the K-Pg extinction event where other, very similar
taxa did not. The inference is that, constrained by sediment-based nests, non-avian
theropods and Enantiornithes were subject to selective pressures that non-sediment
nesting true birds were not, leading to their extinction. The actual nature of these
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selective pressures may never be known, but worldwide climatic and tectonic disasters
may have been responsible. Full contact incubation may bu�er the eggs better against
thermal shock than a partially buried nest would. Therefore a sediment-based nester
might su�er more in the event of wild�res, tsunamis, volcanic eruptions and the post-
impact winter than a cli�side or coastal nester. However, it is unlikely that vegetative
nesting played a major role in the survival of birds over the K-Pg event, due to the
global forest collapse that accompanied the end of the Cretaceous period (Field et al.,
2018a).

This evidence all suggests that the reproductive mode of birds could have played a role
in their survival of the K-Pg extinction, to the exclusion of related taxa such as non-
avian theropods and Enantiornithes. However, given the vast diversity of reproductive
methods seen in extant birds, What might be the implications of this for the future?
To assess the risk posed to some species by to climate change, habitat loss, and other
threats, it is vital to �rst document the breeding behaviours of threatened species,
especially those living in biological hot spots (Manning, Lindenmayer and Barry, 2004),
and this should remain a major priority in conservation.

1.2 The origin of parental care in birds

Clearly, parental care plays a vital role in the life histories of modern birds. However,
the kinds of behaviours that have been explored here represent extremely derived forms,
of which there must be many intermediate stages, each representing a greater response
to selection than those that went before. In the following section, we will explore the
current research surrounding the origin and early evolution of derived parental care
traits, discuss gaps in the literature and how these might best be explored. To begin,
however, it is worth taking a step back to contextualise the origin of parental behaviours
in birds by investigating the origin of birds as a taxon. This will help tease out the
ancestral parental traits from the more derived forms, by exploring how parental care
has evolved in parallel with other derived traits of birds.

1.2.1 The origin of birds

Today there is little debate surrounding the question of the ancestry of birds. Most
current researchers agree that birds are derived theropod dinosaurs that crossed the K-
Pg boundary, to the exclusion of other closely related taxa such as the Enantiornithes,
Oviraptorosaurs and Dromaeosaurs (Dyke and Kaiser, 2011). However, early attempts
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to address this question were fraught. Shortly after Darwin published On the Origin
of Species (Darwin, 1859), Archaeopteryx lithiographica was described, �rst from a
single feather (von Meyer, 1861b), and later a near-complete specimen (von Meyer,
1861a). This was hailed by early Darwinists as the ‘missing link’ that proved Darwin’s
theory of evolution by natural selection (Huxley, 1868, 1880). Among others (Parker,
1888; Allen, 1884), dinosaurs were suggested as the reptilian ancestral group of extant
birds (Nopcsa, 1907), though there was little consensus on the exact nature of this
relationship (Baur, 1891; Osborn, 1900; Seeley, 1901; Broom, 1905; Hay, 1910), and
some contemporary authors rejected it outright (Vogt, 1880).

Heilmann (1926) directly attempted to answer the question of the origin of birds,
and was the �rst author whose conclusions were widely accepted. Heilmann was a
Dutch artist who never received any formal scienti�c training, but his translated works
dominated the discourse on the origin of birds for almost half a century. Heilmann
(1926) asserted that birds were the descendants of a now obsolete waste bucket taxon
called the thecodonts, based on the mistaken belief that evolution is non-reversible, and
that furculae were unique to birds and that dinosaurs lacked clavicles. The reasoning
being that since dinosaurs did not possess clavicles, none of their ancestors must ever
have possessed clavicles, and therefore birds (which have furculae, or fused clavicles),
could not be related to theropod dinosaurs. Even before the publication of Heilmann
(1926), theropod dinosaurs had been found with clavicles (Marsh, 1881), though these
were commonly misidenti�ed (Osborn, Kaisen and Olsen, 1924; Paul, 2002). Since the
publication of Heilmann (1926), numerous theropods (Makovicky and Currie, 1998;
Tykoski et al., 2002; Lipkin, Sereno and Horner, 2007; Rinehart, Lucas and Hunt,
2007), and even a sauropod (Yates and Vasconcelos, 2005), have been discovered with
fused clavicles.

The discussion surrounding the origin of birds remained �rmly under the banner of
Heilmann until the 1960s, when the discovery of Deinonychus antirrhopus (Ostrom,
1969) and a re-examination of an old specimen of Archaeopteryx lithiographia (Ostrom,
1970), highlighted the similarities between the forelimbs of these two species, previously
thought to be unrelated. This was used by Ostrom (1973, 1975, 1976) to suggest a di-
nosaurian origin of birds similar to that proposed by Huxley a century earlier. Later,
novel developments in the �eld of cladistics provided greater insight into the ancestry
of birds (Bakker and Galton, 1974; Thulborn, 1975), and throughout the 1970s and
1980s, evidence for the theropod origin of birds became more widely accepted (Bakker,
1975; Cracraft, 1977; Gingerich, Cracraft and Eldredge, 1979), but still remained some-
what controversial (Galton, 1970; Walker, 1972; Martin, Stewart and Whetstone, 1980;
Hinchli�e, 1997).
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The 1990s saw the in�ux into the international palaeontological community of a huge
number of new Mesozoic bird specimens, predominantly from China (Smith et al.,
2015). These specimens are mostly Cretaceous in age, and often occur contempora-
neously alongside feathered non-avian dinosaurs. Lagerstätte that have yielded excep-
tionally preserved Mesozoic birds and feathered nonavian dinosaurs include:

1. The Solnhofen Plattenkalk
The Solnhofen Limestone is a Bavarian Tithonian sedimentary deposit also called
the Atmühltal Formation, which overlies the Kimmeridgian Rögling Formation,
and is itself overlain by the Tithonian Mörnsheim Formation. Its �nd-grained
mudstone geology and superb preservation potential have led to its international
reputation as an excellent Konservat-Lagerstätte. A diverse biota of up to 600
species has been identi�ed from the Solnhofen limestone, illustrating a shallow,
saltwater archipelago palaeoenvironment. From this, many species of inverte-
brates (Ponomarenko, 1983; Wang et al., 2010; Adler and Röper, 2012; Röper
and Reich, 2018) and �sh (Lambers, 1992), a possible amphibian (Anquetin and
Milner, 2015), reptiles (Villa et al., 2021), dinosaurs including Compsognathus
and Juravenator (Göhlich and Chiappe, 2006; Reisdorf and Wuttke, 2012), and
pterosaurs (Bennett, 1995, 2021). It was here that the �rst feathers and body
skeletons of Archaeopteryx were found (von Meyer, 1861a; Ostrom, 1970; Mayr
et al., 2007), an important and early example of bird-like dinosaurs.

2. The Jehol Biota
The Jehol Biota represents an exceptionally diverse Early Cretaceous ecosystem
(Zhou andWang, 2010; Zhou, 2014), contained within the Yixian, Jiufotang, Hua-
jiying and Chengzihe Formations (He et al., 2004a; Jin et al., 2008; Chang et al.,
2009; Chen et al., 2018). These deposits date to approximately 131-120 Mya
(Zhonghe, 2006) and have yielded outstanding specimens of pterosaurs, nonavian
dinosaurs, birds and �shes. At least 27 species of Avialan have been described
from the Jehol Biota, as well as numerous non-avian theropod dinosaurs (Zhou
andWang, 2017). The extent of preservation in this lagerstätte has facilitated new
research into the early morphological evolution of birds, as well as life-history fac-
tors of extinct species such as diet (Dalsätt et al., 2006; O’Connor, Zhou and Xu,
2011), reproductive features (O’Connor et al., 2013) and locomotion (O’Connor,
Gao and Chiappe, 2010).

3. The Xiagou Formation
Slightly younger than the horizons containing species of the Jehol Biota, the
Xiagou Formation occurs in the Changma Basin of northwestern China, and is
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renowned for its extraordinary diversity of fossil Avialans (Wang et al., 2013b).
With at least eight species of Ornithuthoraces known from this deposit (Hou and
Liu, 1984; Harris et al., 2006; Ji et al., 2011; Wang et al., 2013b, 2015a; O’Connor
et al., 2016; Bailleul et al., 2019) as well as testudines (Brinkman et al., 2013), �sh
(Murray, You and Peng, 2010) and insects (Hong, 1982; Hong, Wang and Yan,
1989), this deposit represents an extraordinarily complete fauna for the early
Aptian of northwestern China (Suarez et al., 2013). Some of the Avialae from
this formation are inferred to have been amphibious (You et al., 2006), potentially
explaining their exceptional preservation in a freshwater lake environment.

4. Smoky Hill Chalk Member, Niobrara Chalk Formation
This deposit, also known as Niobrara chalk, is the result of late Cretaceous (87-
82 Mya) marine deposits on the eastern edge of the Western Interior Seaway
(Everhart and Ewell, 2006). It has yielded an exceptional array of dinosaur,
pterosaur and bird remains (Baird and Galton, 1981; Hone, Witton and Habib,
2018). The discovery of this formation occurred much earlier than that of other
deposits mentioned here. First prospected by Hall (1847), the �rst birds discov-
ered in the Smoky Hill Chalk Member included Hesperornis regalis (Marsh, 1872;
Gingerich, 1973), Graculavus velox (Marsh, 1872; Hope, 1999), Ichthyornis dispar
(Marsh, 1873, 1880; Field et al., 2018b), Apatornis celer (Marsh, 1873, 1880), and
Palaeotringa littoralis (Marsh, 1870), all of which show at least some adaptation
to an aquatic or shoreline habitat. These occur in the chalk member alongside
other marine or semiaquatic species such as plesiosaurs, mosasaurs, testudines
and actinopterygii (Bottjer et al., 2002; Carpenter, 2008).

5. The Daohugou Biota
The Daohugou Bed occurs within the Tiaojishan Formation (Zhou et al., 2013),
an unconforming con�guration found across a large area of Northwetern China
dated to approximately 165-153 Mya (Zhang and Liu, 2008). The age of the
Daohugou Bed has been the subject of contention, with early estimates placed at
157.2-178.1 (He et al., 2004b) 168-152 Mya (Liu et al., 2006) and 165 Mya (Ke�
Qin and Dong, 2006). Most recent research suggests an Oxfordian age of 160 Mya
(Liu et al., 2012; Wang et al., 2013a). Although this formation has not yielded
the remains of Avialae, many non-avian theropods have been found in a state
of excellent preservation. These taxa, closely related to basal Avialae, are vital
in contextualising the synapomorphies of the Avialae, especially those features
that are often subject to poor preservation (eg. soft tissue features, juveniles and
eggs, isotope signatures). Non-avian theropods in the Daohugou Biota are exclu-
sively Avetheropoda, with taxa such as Epidexipteryx hui (Zhang et al., 2008),
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Pedopenna daohugouensis (Xu and Zhang, 2005) and Scansoriopteryx heilmanni
(Czerkas and Yuan, 2002; Zhang et al., 2002) having been described from this
deposit.

Numerous examples of exceptionally preserved Avialae from China have been vital in
�lling out the story of the evolution of birds from theropod dinosurs. These species,
along with the diverse non-avian theropod record from China, have allowed palaeon-
tologists to examine the morphological evolution, and indirectly the physiological and
behavioural adaptations undergone throughout the evolution of the birds.

Today, many aspects of the evolution of birds are fairly well understood. These aspects
include, but are not limited to: (1) Skeletal evolution of the wing and pectoral girdle.
The morphological adaptations to the forelimbs can be mapped using skeletal and soft
tissue remains from specimens representing various stages of bird evolution, along with
modern computational reconstructions (Wang and Clarke, 2015; Mayr, 2017; Hutson
and Hutson, 2018). (2) Morphological evolution of feathers. Several categories of feath-
ers may be used to classify dermal structures as they appear on non-avian theropods,
Maniraptora, Enantiornithes and Neornithes. These categories were �rst established
by Prum (1999), and consist of: Stage I - Undi�erentiated cylindrical �lament. Stage
II - Centrally joined tuft of single-�lament barbs. Stage III - Bipinnate feather with a
central rachis and barbules. Stage IV - Pennaceous feather with a closed central vane.
Stage V - Modi�cations to Stage VI feather, including to the barbule structure and barb
locus positions. An alternative, albeit similar classi�cation system was proposed by Xu
and Guo (2009), and later adapted by Foth (2012). This system categorises: (i) Single
�lament (ii) Multiple �laments joined at the base by a single central �lament (iii) Mul-
tiple �laments joined along the length of a central �lement (iv) Pennaceous feather with
barbs and barbules, anchored to a central rachis (v) Asymmetrical pennaceous feather
and (vi) Undi�erentiated vane with a central rachis. This physical, stepwise trans-
formation from one category of feather to another has been well documented (Prum,
1999), as have the potential genetic mechanisms underpinning this change (Yu et al.,
2002). However, the selective pressures historically driving this change are not widely
agreed upon (Perrichot et al., 2008), nor are the factors favouring early and ‘interme-
diate’ feather stages and partial plumage coverage in non-avian dinosaurs (Xu, Zheng
and You, 2009; Persons IV and Currie, 2015). (3) Interrelationships of extant Neor-
nithes. The phylogeny of extant birds is regularly revised as more accurate technology
surfaces, and recently the phylogeny has been geologically dated, revealing a pattern of
diversi�cation and radiation following the K-Pg extinction event (Prum et al., 2015).
(4) The stages and drivers of the early evolution of the bird beak. Research into this
feature of avian anatomy has been possible due to the discovery of some exceptional
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three-dimensionally-preserved skulls in taxa outside the Neornithines, such as Ichthy-
ornis (Field et al., 2018b), Hesperornis (Gingerich, 1973) and Yanornis (Zheng et al.,
2014), which seem to indicate the gradual loss of teeth �rst from the premaxilla, and
later from the maxilla and dentary (Elzanowski, 1977; O’Connor and Chiappe, 2011).

However, many other frontiers of research remain contentious and require further study.
Some examples of these include: (1) The evolution of �ight, and whether birds evolved
from terrestrial or arboreal ancestors (Ostrom, 1979; Dececchi and Larsson, 2011) (2)
Many aspects of the evolution, structure and function of the brain, especially its role
in �ight and navigation (Mouritsen, Heyers and Güntürkün, 2016; Striedter, 2016).
(3) Details of the current selective pressures facing birds, and the impact of human
development on bird evolution (Marzlu�, 2017). (4) The evolutionary pathway and
timing of the acquisition of adaptations for long-distance navigation in birds (Ritz,
2011).

Overall, it is now clear that birds are the direct descendants of some lineage of theropod
dinosaurs, and the discovery of new bone beds has revealed some tantalising evidence
of early bird evolution. However, there are still plenty of unanswered questions sur-
rounding the origin and evolution of birds. Questions that will, undoubtedly, require
new fossil evidence and innovative new technological methods to be answered.

1.2.2 Relationship of �ight to parental care

The early origins of �ight in birds are still currently under scrutiny. There is no cur-
rent consensus on the debate of whether �ight evolved from the ‘ground-up’ or ‘trees-
down’ (Galton, 1970; Cracraft, 1977; Ostrom, 1979; Heers et al., 2016). That is to say,
whether birds evolved from ground-living dinosaurs that used primitive wings as dis-
play structures, aids in running or jumping or in other unknown functions, or whether
wings evolved from gliding aids evolved in tree-dwelling dinosaurs. The former hy-
pothesis is summarised in the wing-assisted incline running (WAIR) hypothesis, �rst
proposed by Dial (2003a) and interrogated in several subsequent studies (Bundle and
Dial, 2003; Dial, Randall and Dial, 2006; Tobalske and Dial, 2007; Dial, Jackson and
Segre, 2008). This hypothesis suggests that �apping �ight evolved from behaviours
adapted for rapidly running up steep inclines (>30°), such as tree-trunks, by either
ground-dwelling or arboreal dinosaurs. This hypothesis is supported by similar be-
haviours in extant Galliformes and other birds. However, it has not been supported
by fossil evidence (Xu, Zhou and Wang, 2000; Mayr, 2016), and in fact, existing fossils
seem to lack the pectoral support necessary for such behaviour (Senter, 2006).
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Arguments on all sides of this debate are extensive, yet equivocal, and lie outside
of the scope of this thesis. Whatever the mechanism for the evolution of �ight in
early birds, su�ce to say that some morphological and behavioural adaptations to the
reproductive system were necessary for the evolution of advanced powered �ight. These
could be considered ‘indirect’ adaptations to �ight, if ‘direct’ adaptations included those
adaptations necessary for �ight, such as the presence of asymmetrical �ight feathers, the
fusion of the digits into the caprometacarpels, an increase to the size of the pectoralis
muscles and keel, and the fusion of the tail into the pygostyle (Mayr, 2016). These
modi�cations make the body able to �y, and ‘indirect’ modi�cations make the body
better at �ying. Indirect modi�cations that do not relate to reproduction could include
weight-reduction adaptations, such as the replacement of the teeth and jaws with the
bill, the reduction in bone mass and the extensive air sac system (Louchart and Viriot,
2011; Tobalske, 2016). Some indirect adaptations that do relate to reproduction were
documented by Varricchio and Jackson (2016a), and include:

1. Sequential ovulation of single ova from a single active ovary and oviduct.
All Neornithes have a single functional left ovary and oviduct (Williams, 2012),
as, it is thought, did the Enantiornithes (Zheng et al., 2013). This e�ectively
reduces the weight of gravid females, and is believed to have evolved in tandem
with other weight-reducing adaptations to �ight (O’Connor et al., 2014). This
loss of function in the right ovary and oviduct is thought to have occurred between
the ovriraptorid-grade theropods and the evolution of �ight, due to the discovery
of an adult oviraptorid with a pair of calci�ed eggs within the pelvic region (Sato
et al., 2005), suggesting that these dinosaurs ovulated and laid pairs of eggs, as
do modern crocodylians (O’Connor et al., 2014).

2. Changes to the egg to body size ratio.
The proportion of the adult female’s weight that is taken up by a fully-developed
egg is a ratio that has undergone signi�cant changes over the course of the evo-
lution of birds (Dyke and Kaiser, 2010). This is believed to be associated with
the loss of function in the right ovary, as a reduction in the total number of eggs
could facilitate an increase in the size of each egg, maximizing reproductive in-
vestment in terms of the size of the neonate while minimising weight restrictions
on the female. Additionally, the overall reduction in average body size across the
theropod lineage since the end of the Mesozoic (Padian, de RicqlŁs and Horner,
2001; Lee et al., 2014) may have contributed to this e�ect (Figure 1-4). This is
believed to be tied into the evolution of more derived forms of parental care too,
as a greater upfront investment in the energetic cost of a larger egg might select
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for greater parental input in the post-hatching phase, to protect that upfront in-
vestment and improve the lifetime reproductive success of the o�spring (Karlsson
and Lilja, 2008; Krist, 2011).

3. Changes to the structure of the nest.
Throughout the avian tree, this has involved moving from a completely or par-
tially buried nest type, as in pre-maniraptoran theropods, to a more open and
exposed egg clutch (Varricchio et al., 1997). This is believed to have improved
adult-to-egg contact as parental incubation eventually replaced geothermal or
microbial incubation, and relates signi�cantly to the evolution of �ight, which
itself is heavily tied to a shift towards a more endothermic physiological state
(Schweitzer and Marshall, 2001). These physiological traits in embryos might
have selected against the kind of substrate-based incubation found in earlier
theropods, and resulted in long-term selection for more involved parenting.

4. Changes to the structure of the eggshell.
Associated with the appearance of more derived traits associated with �ight and
endothermy in the avian lineage is a reduction in the porosity of the eggshell,
and an increase in the number of shell-layers (Karlsson and Lilja, 2008; Var-
ricchio and Barta, 2014). These changes are believed to be associated with the
evolution of the chalazae, or protein strands that stabilize the embryo during egg-
turning (Deeming and Reynolds, 2015). In extant birds, birth defects can occur
if the egg is not rotated regularly during incubation (Tazawa, 1980; Tullett and
Deeming, 1987; Deeming and Ferguson, 1989), but in crocodylians, squamates
and testudines, egg-turning can kill the developing embryo (Aubret, Blanvillain
and Kok, 2015). This occurs as a result of the rupturing of the air pocket by the
embryo as it is turned. The chalazae in avian eggs hold the embryo in-situ to
protect the air pocket and the blood vessels that feed the embryo (Fig. 1-3). The
porosity of eggshells has long been associated with the degree to which eggs are
left exposed; the greater the proportion of the egg that is covered by nest mate-
rials, the greater the porosity of the shell to allow gas exchange to occur more
readily (Seymour, 1979; Varricchio et al., 2013; Tanaka, Zelenitsky and Therrien,
2015). These morphological changes are traceable through the fossil record, which
can be a useful resource for tracing characters that readily fossilise. However, be-
havioural traits are more di�cult to interpret from fossils. Additionally, although
a multitude of reproductive traits are accepted to have evolved in response to the
evolution of �ight, few authors highlight the evolutionary conditions under which
these traits may be selected for. Part of the di�culty in discerning the environ-
mental driving forces of these changes is rooted in the di�culty in dating the
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evolution of �ight, or the origin of various clades within the Maniraptora. Recent
studies (Prum et al., 2015; Lloyd et al., 2016) have succeeded in �lling in some of
these gaps in our understanding of the timing of these evolutionary events, but
there is still much to explore. Prum et al. (2015) dated the origin of Neornithes
to the Late Campanian, approximately 75 Mya, with a major radiation following
the K-Pg extinction event. To investigate the environmental conditions present
at this time that may have favoured the selection of derived reproductive be-
haviours in birds, it is important to �rst understand the behavioural traits that
are a�ected by environmental factors in extant birds.

These traits can be used to track the evolution of parental care through geological
time by examining the morphology of birds and non-avian dinosaurs. This method
has proved to be fairly reliable, if potentially inconsistent due to the relatively small
range of species available for study (Horner, 1987). Nevertheless, Varricchio and Jack-
son (2016a) successfully used evidence of these traits from the fossil record to establish
�ve stages of the evolution of the modern avian reproductive mode. These are illus-
trated in Figure 1-3, and consist of: (1) Pre-maniraptoran or non-avian theropods,
with complete sedimentary incubation, highly porous eggshells with a mammillary and
secondary layer, slightly elongate and relatively small eggs, and randomly positioned
eggs within the nest. (2) Oviraptor-grade maniraptorans, which show relatively larger
eggs with greater elongation. These eggs are distributed uniformly around a circular
nest, partially buried in sediment. The shells are more complex, with prominent sur-
face ornamentation and well-developed squamatic ultrastructure. (3) Troodontid-grade
paravians laid highly elongate eggs with no surface ornamentation in a vertical align-
ment, which likely aided with parental contact incubation. These eggs are increasingly
asymmetrical, and show derived levels of porosity. (4) Enantiornithes show a reduc-
tion in egg elongation, and an increase in overall egg size, relative to the adult. This
correlates with a loss of function ion the right ovary, allowing for the selection of larger
eggs. A recent enantiornithine from Gansu Province, northwest China (Bailleul et al.,
2019) revealed an egg-bearing adult female thought to have su�ered from a condition
known as egg-binding, wherein the female is unable to expel an unusually large egg.
Such deaths may have been common in enantiornithes, as the constraint on egg size
from clutch size was reduced, the selective pressure to produce larger and larger o�-
spring lead to the deaths of those individuals less well adapted. (5) Basal Neornithes
show a greater shift away from the elongate egg shapes of previous stages. This has
been suggested as a possible result of the lack of fusion in the pubes seen in more
derived Avialae, though this is equivocal. In Neortnithes, incubation is by parental
contact only, evidence of which is seen in the appearance of chalazae and egg rotation
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Figure 1-4: Simultaneous acquisition of traits can be used to explain the complex
parental behaviour in extant birds. Across this simpli�ed phylogeny, adapted from
Varricchio and Jackson (2016a), changes to features such as the egg to body size ratio,
contact of the eggs with the sediment versus with the parent, placement of eggs within
the nest, and the reliance of the developing young on the presence of the parent, are
illustrated. Illustrations by R. Lakin, not to scale.
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behaviours.

Though this classi�cation of the stages of the evolution of derived bird reproductive
traits serve as excellent waypoints, there has still been little success in the literature in
answering some fundamental questions on the evolution of birds. These include, but
are not limited to: (1) An overarching theory on the evolution of reproductive traits
in birds, including Mesozoic birds (2) The reproductive phenotype of the ancestral
neornithine. (3) The nature of the relationship between the parental care of birds
and that of crocodylians, and whether or not reproductive traits in these taxa are
homologous. (4) The nature of changes to the morphology of theropod eggshells along
the bird lineage, and the factors driving these changes. (5) The timing of the acquisition
of parental care traits in birds (eg. reduction in sediment-based incubation, increased
relative egg size, reduction in egg elongation and the loss of function in the right ovary).
(6) The e�ect of major extinction events on the direction of evolution in birds. This
could include the selection placed on birds by the conditions of the K-Pg extinction
event, or the end-Eocene extinction.

Figure 1-5: Specimen IGM/979; Citipati in brooding posture over a nest of elonga-
toolithus eggs. Photo by R. Lakin, taken at the American Museum of Natural History.
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1.2.3 The origin of sex roles

Since the discovery of the Citipati specimen IGM/979 (Figure 1-5) in 1993 (Norell
et al., 1995), numerous oviraptorids have been discovered in brooding postures (Dong
and Currie, 1996; Fanti, Currie and Badamgarav, 2012; Norell et al., 2018). Histori-
cally, these specimens were dubbed using female nicknames (‘Big Mama’ and the as yet
undescribed ‘Big Auntie’). However, extant birds that occur at the base of the phy-
logeny (Prum et al., 2015) provide predominantly male-only parental care, suggesting
that the origins of parental care may have involved an initial shift from a scenario of no
care to one of male-only care, and subsequently to the biparental care more commonly
seen in extant birds (Wesolowski, 1994).

This hypothesis was further developed during recent histological examinations of the
long bones of Citipati specimens, as well as other brooding dinosaurs including Troodon,
which revealed no evidence of medullary bone in these individuals (Varricchio et al.,
2008). The use of medullary bone in sexing applications originates with a paper by
Kyes and Potter (1934), which described for the �rst time seasonal ossi�cations within
the tibia and femora of female pigeons. This was followed by further studies on other
bird species, which found that these seasonal ossi�cations could be induced by the
experimantal application of oestrogen (Landauer et al., 1939, 1941). This principle
was �rst applied to dinosaur fossils in the late 1990s (Martill, Barker and Dacke, 1996;
Chinsamy and Barrett, 1997), in spite of the fact that a previous study on crocodilians
had found no correlation between the presence of oestrogen and hyperossi�cation in
the medullary cavity (Prosser III and Suzuki, 1968). It is in this context that the study
by Varricchio et al. (2008) was conducted. Newer studies have con�rmed the pres-
ence of medullary bone in egg-laying birds (Canoville, Schweitzer and Zanno, 2019),
but have failed to recover a distinct dimorphism in the presence of medullary bone
in crocodylians (Schweitzer et al., 2007), suggesting either that the reproductive func-
tion of this specialised tissue post-dates the divergence of crocodylians and bird-line
archosaurs, or that the true function of this bone is still not fully understood. In par-
ticular, great care must be taken when applying this principle to extinct species due to
the inherent level of uncertainty (Prondvai and Stein, 2014).

The concept of a shift from no care to male-only care initially seems counter-intuitive,
since the reproductive success of male tetrapods is dependent on the number of o�-
spring that can be produced, and males could glean more reproductive bene�ts from
abandoning their partners and re-mating (SzØkely et al., 1996; SzØkely, Cuthill and Kis,
1999; Klug, Alonzo and Bonsall, 2012), as opposed to females which, in amniotes, are
saddled with the burden of internal incubation and therefore cannot gain any further
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reproductive success from further matings (Dawkins and Carlisle, 1976). However,
extant birds such as the Paleognathae adopt a di�erent reproductive strategy that
could provide a basis from which to understand the parental care of oviraptorid-grade
theropod dinosaurs. In these birds, the male will construct a nest and will mate with
passing females, each of which will lay only a few eggs in his nest (Handford and Mares,
1985). Over the course of a season, the male will accumulate a dozen or more eggs
laid by numerous females, but whose paternity is almost certain. This maximises the
reproductive bene�ts to both males and females, and increases the survivorship of the
o�spring beyond that that might be expected in a state of no care.

From this, however, the logistics of a transition to a state of biparental care are less
clear. In a biparental system both parents contribute to the rearing of the young,
to some extent. In some cases, as in many passerines, labour is divided more or less
evenly, with both parents taking turns to brood, feed and watch over the hatchlings
(Bartlett, Mock and Schwagmeyer, 2005). In others, parents take on di�erent roles in
caring, as in some eagles, in which the male alone will construct the nest but as soon as
laying occurs, will retreat to a food-gatherer role and allow the female to take over the
brooding, feeding and personal hygiene of the chicks (Debus, 2011). Other care types
involve the relegation of the father to a purely supportive role, at least temporarily, as
in the Bucerotinae (tree hornbills), in which the female and eggs are sealed inside a
tree cavity or other natural chamber for protection, and the male is solely responsible
for bringing food and removing waste from the nest (Moreau, 1936). The female alone
is responsible for incubating the eggs and feeding, cleaning, preening and caring for
the hatchlings, until they grow large enough that the nest cavity is opened and both
parents care for the young.

Though these scenarios seem to bene�t both parents equally, as dividing labour evenly
and reaping equal reproductive bene�ts would seem to be an admirable compromise,
they do not appear to account for the di�erences in the measures of reproductive
success in males and females mentioned above. Males, for example, may miss out
on further mating opportunities by taking the time to provide care (Magrath and
Elgar, 1997; Olson et al., 2007). Additionally, they alone exhibit reduced year-on-
year survivorship as a result of providing care (Liker and SzØkely, 2005; Santos and
Nakagawa, 2012), and gain fewer reproductive bene�ts than they would by mating with
and deserting numerous partners. This would seem to create an unstable system that
might be vulnerable to in�ltrarion by behavioural phenotypes that favour desertion
among males as opposed to caregiving (Kokko, 1999), but in nature, these systems
seem to be fairly stable despite the caveats imposed by mathematical models (Garant
et al., 2008). This surprising considering the large number of studies that have found
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no evidence to suggest that pairs of birds have any more reproductive success than
do widowed females (Gowaty, 1983; Hannon, 1984; Martin et al., 1985). It seems,
therefore, that there are underlying factors contributing to the stability of biparental,
monogamous mating systems in birds that require further investigation.

1.3 The evolution and maintenance of parental care in birds

Regardless of the circumstances of the origin of parental care in birds, for this behaviour
to reach the degree of �xation that it has in extant species, it is necessary that parental
care conferred some reproductive bene�t to those individuals that �rst adopted some
of the behaviours we would now associate with parental care. Though these bene�ts
could have been realised simply in their superiority to the older system (that of not
providing care), it is just as likely that some change in the environment triggered a
change in the selective pressures acting on individual species. Here, I will discuss some
of the factors thought to have contributed - and to be currently contributing - to the
evolution and �xation of parental care behaviours in birds:

1.3.1 Environmental and life-history conditions

‘Parental care’ describes a broad set of behaviours occupying a spectrum - from ba-
sic nest-building to highly complex behaviours such as direct feeding and maintaining
the personal hygiene of young. These behaviours likely evolved on a continuum in ar-
chosaurs, with nest-building behaviours present from as early as 190Mya, in the early
Jurassic sauropodomorph Massospondylus (Reisz et al., 2012), and moving through
nest guarding and food provision in Maiasaura (Horner and Weishampel, 1988; Horner,
De RicqlŁs and Padian, 2000) to the highly derived direct incubation seen in Citipati
(Norell et al., 1995). This suggests a form of directionality on the evolution of ar-
chosaurs that has seemed to continue to this day, with modern passerines providing a
more derived parenting approach than more basal taxa such as Paleognathes, Anatids
and Galliformes. Understanding the selective forces driving this form of parental be-
haviour has proved challenging, and the relationships between life history parameters,
environmental conditions and optimal parental behaviour are still under investigation.
Some of these conditions, however, have been elucidated:

1. Environmental conditions

Parental care is most likely to be selected for when environmental conditions are
harsh, and the death rate at all life history stages is high (Klug, Alonzo and Bon-
sall, 2012). Additionally, under conditions of intense competition for resources,
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those species with smaller brood sizes that produce higher-quality o�spring are
likely to be more competitive, and therefore be selected for, and the bene�ts of
high parental investment will be greater. Bonsall and Klug (2011) explained this
with a mathematical model that suggested that the environmental conditions,
whether stable or variable, do not necessarily a�ect the likelihood of parental
care �xing, but if those conditions e�ect mortality at any stage of the life history,
this will a�ect the likelihood of parental care evolving or not.

Competition between o�spring is likely to form one of the �rst interactions ex-
perienced by new hatchlings, and this is likely to be a�ected by environmental
conditions. High levels of competition between siblings is likely to lead to the �xa-
tion of care as it is likely to a�ect the reproductive value of the o�spring, therefore
outweighing the cost of providing care (Klug, Alonzo and Bonsall, 2012).

2. Life-history factors

Parental care behaviours are more likely to be selected for under conditions in
which the absence of care correlates to low reproductive success. This could occur
at any point during the life-history of a species, and parenting behaviours are
more likely to be selected for at the stage at which the death rate is highest. For
example, a hypothetical ground-nesting maniraptoran theropod might exhibit
nest guarding behaviours due to the vulnerability of eggs laid at ground level.
If, after hatching, the young are capable of defending themselves or avoiding
predators, this may translate into low selection for parental care after hatching,
and lead to a limited parental bond that is severed after hatching. Species with a
long incubation time and subsequent fast growth rate may also select for parenting
behaviours only until hatching, as after hatching, the time for which the young
are vulnerable to predation will be less than the time for which the eggs were
vulnerable. It is important, when discussing selective pressures of this sort, to
consider the fact that selection under natural circumstances will likely act in both
directions, and that species with an ancestral predisposition to providing care to
eggs may select for an extended incubation time and subsequently fast growth
rate from hatchling to adult to exploit the parental e�orts of the adults.

The selective pressures most likely to contribute to the selection of parental care
were examined by Klug and Bonsall (2010), which concluded that the life-history
factors most likely to select for care were (1) High rate of egg death in the ab-
sence of care (2) High rate of death in adults (3) Long incubation time and (4)
Short juvenile phase, or fast growth rate. This study also found that, under
weak selection, almost all factors (eg. egg/ juvenile/ adult survival rate) are im-
portant in determining �tness. However, under strong selection, the size of the
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resident wild-type population is an especially important factor in determining the
likelihood that a mutant-type behaviour will �x in the population.

1.3.2 Morphological adaptations to caring

The presence of morphologies that reliably correlate to behaviours o�ers an exciting
glimpse into the lives of extinct species. Too often, these morphologies are exclusively
expressed in soft tissue, and are therefore almost unattainable in the fossil record.
Furthermore, some morphologies that do present frequently in fossils can be entirely
unlike the morphology of any living species, and therefore be uninterpretable. For
behaviours as complex and variable as parental care, these problems are even more
di�cult. The various stages of parental care evolution described by Varricchio and
Jackson (2016a) (and explained in section 1.2.2 of this thesis) are based on fossilisable
features such as calci�ed eggs and eggshells, fossilised nests, skeletal features of the
adult and, in some cases, embryonic bones. Here, I will document the morphological
features of modern birds that have evolved speci�cally for the purpose of facilitating
parental care behaviour.

1. Brood patch
The brood patch is a featherless patch of skin on the ventral abdomen of some
birds that develops during the nesting season as a result of hormonal changes in
breeding birds (Steel and Hinde, 1963; Hinde and Steel, 1964). In some birds,
feathers are shed axiomatically (Wiebe and Bortolotti, 1993), but in others, such
as the Anatidae, the feathers are plucked out and used to line the nest (Hanson,
1959; Jónsson et al., 2006). The brood patch is highly vascular, and is used
to transfer heat directly to the eggs from the body of the parent (Jones, 1971).
Brood patches are seasonal morphologies, and therefore even less likely to occur
in the fossil record than other soft-tissue features. However, the plumage of some
fossil specimens have been so well preserved and excavated that the position, size,
structure and even the colour of the feathers can be elucidated (Benton et al.,
2008; Pan et al., 2016; Smithwick et al., 2017). It is at least possible that a fossil
may yet be discovered that sheds some light on the evolutionary age of the brood
patch.

2. Crop milk
In some birds, hatchlings are �rst fed on a curd-like substance produced in the
crop of both parents known as crop milk (Davies, 1939). This substance, unlike
the milk of mammals, which is an emulsion, consists of a suspension of fat and
protein-rich cells that are shed from the crop lining (Luo et al., 2017). Crop milk
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occurs in all Columbids, and an analogous secretion has been discovered in the
Phoenicopteridae (�amingoes) and in male Aptenodytes forsteri (emperor pen-
guins) (Baitchman, Tlusty and Murphy, 2007; Eraud et al., 2008). The produc-
tion of crop milk is regulated by the hormone prolactin, the same hormone that
governs lactation in mammals (Goldsmith, 1983; Horseman and Buntin, 1995;
Hu et al., 2016). Though crop milk is referenced in the literature as early as the
1780s (Hunter, 1786), investigations on its composition and nutritional value in
various species, as well as the exact mechanisms surrounding its production and
secretion, are still ongoing (Xie et al., 2019; Chen et al., 2020; Ma et al., 2020).
It is unlikely that evidence of crop milk could be preserved in the fossil record,
though there are many gaps in the current literature surrounding the origin and
evolution of crop milk.

3. Paedomorphism
The mechanisms and selective forces driving the evolution of paedomorphism are
currently under investigation. Paedomorphism is generally understood to mean
the retention of juvenile traits into adulthood, and this can be driven by arti�cial,
as well as natural pressures. In birds, it has been observed that features of the
skull speci�cally could represent paedomorphic characteristics of dromaeosaur-
grade theropods (Bhullar et al., 2012). These features include enlarged orbits,
expansion of the braincase, shortening and shallowing of the snout and the overall
gracilisation of the face (Figure 1-6). Though this feature was likely not selected
for in order to maximise the quality of parental care given, it has been hypothe-
sised that it did change the quality of care received. Sociality has been described
as an extension of parental care (Vehrencamp, 1979; While, Uller and Wapstra,
2009), and it is likely that, in a species in which parental care is prevalent but
adult social bonds are not, young that retain juvenile features into adulthood are
likely to be more accepted by, and retain the protection of, adults that instinc-
tively care for juveniles. This, of course, is all conjecture, but does highlight the
need for more research in this fascinating area of social evolution. Additionally,
paedomorphic characters of the face do frequently fossilise, and can be tracked
through evolutionary time (Bhullar et al., 2016).

39



Figure 1-6: Examples from across the avian evolutionary tree, illustrating paedomorphic
alterations to the shape of the skull. Enlargement of the eyes, braincase, shallowing of
the upper and lower jaws and overall gracilisation of the face is evident. Examples are
from (A) Dromaeosauridae (Dromaeosaurus albertensis); (B) Troodontidae (Zanabazar
junior); (C) Enantiornithidae (Ichthyornis dispar); (D) Neornithes (Podiceps cristatus).
Illustrations by R. Lakin.
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1.4 The parental care of other archosaurs

Birds are the most species-rich of all the tetrapods, with estimates ranging from 10,000
to 18,000 species (Clements, 2007; Barrowclough et al., 2016). They represent the
greatest resource of data when discussing and researching the evolution of parental care
in archosaurs, and also have the greatest diversity in terms of parenting behaviours
(Cockburn, 2006). However, they do not exist in isolation. Their ancestors - the
non-avian dinosaurs - may have once far more speciose than even living birds (Bock
and Farrand Jr., 1980; Wang and Dodson, 2006), and their closest living relatives -
the crocodylians - also show a great diversity in both within-species and between-
species parenting behaviours (Whitaker, 2007; Carl and Darlington, 2017). In this small
section, therefore, the parental traits of other archosaurs, both extant and extinct, will
be introduced and brie�y discussed, with more detail to follow in later chapters.

1.4.1 Parental care in crocodylians

Wide-scale scienti�c reporting on the parental care of crocodylians began in the 1960s
(Cott, 1961; Pooley, 1962; Modha, 1967; Cott, 1969), with observations primarily made
on the maternal post-hatching behaviour of the Nile crocodile (Crocodylus niloticus)
and later on the American alligator (Alligator mississippiensis). Earlier observations
were generally isolated and poorly publicised (Huckins, 1932; Dharmakumarsinhji,
1947). Indeed, early observations on the caring nature of some crocodylians in the
late 1940s and 1950s were met with derision and dismissal by contemporary authors
(LeBu� Jr, 1957).

At this time, hypotheses on the extent of parental care in crocodylians were numerous
and variable (Moore, 1953; Harlow, 1958; Modha, 1967), with some authors suggesting
that the presence of the female on the nest may aid in the direct thermoregulation of
the eggs (Pooley, 1962). While this hypothesis was never widely supported, the role
of the female at the nest has been debated in the literature (Combrink, Warner and
Downs, 2016). There is little published work discussing whether the behaviour of the
female confers any thermoregularory e�ect on the eggs, and the relationship between
natal thermoregulation and latitude/ climate is not well-established in reptiles (Luiselli
and Akani, 2002; Telemeco et al., 2016). Further discussion of this problem is given in
Chapter 4.

Since the 1960s, numerous authors have con�rmed a range of parenting behaviours in
many extant crocodylian species (Pooley, 1977; Somaweera and Shine, 2012), up to
and including the provision of food (Whitaker, 2007; Carl and Darlington, 2017).
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Figure 1-7: Extant basal archosaurs - crocodylians - lay leathery-shelled eggs, indicating
the potential for this trait within the Dinosauria. Nest of wild American crocodile
(Crocodylus acutus) photographed within the Cocodrilario La Manzanilla Crocodile
Sanctuary, Jalisco State, Mexico by R. Lakin.

The fossil record of crocodylians is excellent due to the high preservation quality of
the body, which contains dermal scutes, dense skeletal bones and polyphyodontic teeth
(Mannion et al., 2019). Additionally, across geologic time, crocodylians increasingly
tend to inhabit, and therefore die in, habitats with a high preservation potential such
as muddy swamps, slow-moving rivers and estuaries (Wilberg, Turner and Brochu,
2019). Crocodylian eggs are also reasonably common (Fig. 1-7), again likely due to
the habitat in which they are deposited (Marzola, Russo and Mateus, 2015). Flooding
is a common cause of death among crocodylian eggs today (Evans et al., 2016; Villegas
et al., 2017), and has likely always posed a threat to species that nest at the water’s
edge. Exposures of the Lourinhª Formation along the west coast of Portugal have
yielded complete dinosaur nests, including embryos (Mateus et al., 1998), and in a few
of these crocodylian eggs have also been found, suggesting some form of nest parasitism
or commensal interaction (Russo et al., 2014, 2017).

Research on crocodylian behaviour, and especially parental behaviour has accelerated
tremendously in the last half century, both in quantity and in outcome. We now know
far more about the caring behaviours of extant crocodylians and this, coupled with
the increasingly complete fossil record of crocodylomorphs, may allow us to make even
greater inferences regarding the evolution of these behaviours in the future.
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1.4.2 Parental care in non-avian dinosaurs

There are precious few dinosaurian taxa for which eggs, nests or hatchlings have been
found. Among them are the sauropods (García, 2007; Cerda, Pol and Chinsamy, 2014),
theropods (Norell et al., 1995; Varricchio, Horner and Jackson, 2002) and ornithopods
(Horner and Makela, 1979; Grigorescu, 2017). In spite of centuries of dinosaur research,
much of which has focused on the reproductive biology of non-avian dinosaurs, no eggs
have yet been uncovered that can be unequivocally attributed to any Ceratopsian,
Thyreophoran or Pachycephalosaur. This could indicate that such taxa laid leathery
eggs, in the same manner as extant turtles or squamates (Norell et al., 2020), though
this cannot be veri�ed. Of the very few taxa for which fossil eggs, nests or hatchlings
have been found, there are even fewer that show evidence of parental care, and those
that do are often controversial.

Ornithopods

Perhaps the earliest uncovered evidence of parental care in dinosaurs was a nesting
ground discovered in 1978 (Horner and Makela, 1979). The site, situated in the Two
Medicine Formation of Teton County, Montana, was initially reported to contain at
least �fteen juvenile Maiasaura peeblesorum, approximately 1m in length. The age of
the hatchlings, insofar as can be reasonably determined, was visible in the teeth - which
were partially worn - and indicated that the juveniles had likely been fed at the nest
(Woodward et al., 2015).

The remains of Maiasaura are common in the Two-Medicine Formation, and growth
curves based on femur length suggest an initial stage of rapid growth that slows down
following the attainment of half adult size. This curve has led some authors to suggest
that hatchlings would remain in the nest until around half adult size (Horner, 1988;
Paul, 1996; Wosik, Goodwin and Evans, 2019). The initial discovery of the nest by
Horner and Makela (1979) and subsequent evidence has led to the conclusion that some
ornithopods were at least partially responsible for the care of their eggs and juveniles.
Evidence from additional species of ornithopod have also been found in the Mesaverde
Group of Utah and Colorado, from which tracks have been reported of adult and
hatchling hadrosaurs moving together in a herd formation (Carpenter, 1992). Similar
evidence has been reported for the ichnotaxon Caririchnum leonardii, which is found in
the Dakota Group of the Colorado Front Range area. These tracks contain evidence of
adults travelling alongside half-grown individuals, and growth curves plotted from the
tracks closely resemble those of Maiasaura. This supports the hypothesis that some
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Figure 1-8: Trampled shells, half-grown juveniles and food remnants indicate the pro-
longed presence of adults and hatchlings at the nests of some hadrosaurs. Reconstruc-
tion at the Natural History Museum, London. Photograph by R. Lakin.

hadrosaurs may have been tended to at the nest before joining an adult herd at half
adult size.

Though many ootaxa have been ascribed to ornithopods based on characteristics of
the egg and shell (Mones, 1980; Zikui et al., 1991; Moreno-Azanza, Canudo and Gasca,
2014), there are few eggs that can be assigned to known species. One of these is
Telmatosaurus transsylvanicus, a small hadrosaur from the Tu‡tea nesting site in the
Densus-Ciula Formation of Hunedoara, Romania. Though the hatchlings associated
with these clutches are smaller than those of Maiasaura peeblesorum, and therefore do
not necessarily provide evidence of parental interaction in the same way.

Sauropods

Of the non-avian dinosaur taxa for which evidence of reproductive behaviour is pre-
served, sauropods are inferred to have been the least active parents. Though extensive
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evidence of egg deposits, hatchling remains and even embryos has been unearthed, very
little of this points towards an especially involved parental style. The �rst dinosaur
eggs ever identi�ed as such were collected in 1846 by French palaeontologist François
Louis Paul Gervaise (Cousin et al., 1994), and later by Jean-Jaques Pouech in 1859
(Griebeler and Werner, 2011). These eggshells, and similar, were later assigned to the
sauropod genus Hypselosaurus (Jepsen, 1931; De Lapperent, 1957).

Many of the most complete fossil nests are attributable to sauropods, most famously
the Patagonian deposit of Auca Mahuevo. This site, �rst discovered in 1997 by palaeon-
tologists Carl Mehling, Luis Chiappe and Lowell Dingus (Chiappe and Dingus, 2001),
covers over 1km2 and contains the remains of dozens of Titanosaur nests. Complete
eggs are commonly found alongside embryonic remains (Grellet-Tinner, Chiappe and
Coria, 2004; Chiappe et al., 2005). It is highly unlikely that such a vast nest site was
the product of a single female, and so Auca Mahuevo and other sites like it have been
taken as evidence of communal nesting among sauropods (Chiappe et al., 1998). Addi-
tionally, the presence of consecutive layers of egg remains suggest a degree of nest site
�delity, with females returning to lay season after season (Chiappe et al., 2003).

Unfortunetely, unlike the ornithopods and non-avian theropods, there is no evidence of
parental involvement in the life histories of any sauropod, and given the relative size of
the eggs and clutches in relation to the adult size, it seems unlikely that parental care
was especially widespread or complex. Despite this, monospeci�c mixed-age assem-
blages are fairly common among the Sauropoda (Castanera et al., 2012; Salgado et al.,
2012), and it seems likely that - even if early-stage parental care was rare - adolescents
and young adults travelled in adult herds (Coria, 1994; Myers and Fiorillo, 2009).

Some of the geologically oldest dinosaur eggs belong to basal Triassic sauropodomorphs,
most notablyMassospondylus andMussaurus (Cerda, Pol and Chinsamy, 2014). Though
these species are both exceptionally well-represented at their respective sites (Reisz
et al., 2012), and in spite of the wealth of ontological data available for each, little
evidence has been reported to date that would support a hypothesis of exceptionally
derived parental care behaviours (Reisz et al., 2005).

Theropods

The evidence for parental behaviours in non-avian theropods necessarily overlaps very
broadly with that for the evolutionary pathways to parental care in birds. Plenty of the
most compelling evidence for parenting behaviour in non-avian theropods has already
been covered (see Section 1.2), but here the details of parental behaviour speci�c to
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non-avian theropods will be brie�y introduced. More information on this subject is
available in Chapters 5 and 6.

Nest-building behaviours can be traced back much further than the oldest dinosaurs
(Hirsch, 1979). This, along with evidence of nesting in early dinosaurs (Reisz et al.,
2012), suggests that this behaviour is ancestral to all dinosaurs, and by extension, all
birds. Nests of theropods from throughout the Mesozoic are fairly common (Zhao, 1975;
Mikhailov, 1994; Zelenitsky and Hills, 1996; Zhang et al., 2018), and can occasionally
be attributed to individual species (Norell et al., 1995; Varricchio, Horner and Jackson,
2002; Cheng et al., 2008; Norell et al., 2018).

Other parental behaviours are more di�cult to accurately attribute. It seems un-
likely that large, mound-nesting theropods such as the Megalosauroidea, Allosauroidea,
Tyrannosauroidea and Ceratosauria exhibited parental incubation, (Deeming, 2006;
Mateus, Walen and Antunes, 2006; Araœjo et al., 2013), though beyond this, there is
still little fossil evidence of their post-hatching morphology and ontogeny.

Therefore, it is in the maniraptoran theropods that most of the evidence for derived
forms of parental care is found. The specimen numbered IGM/979, an example of
a near-complete Citipati omloskae apparently crouched over a nest of paired eggs, is
an example of either nest defence, or nest incubation, or both (Norell et al., 1995,
2018). Other maniraptorans, including Troodon formosus, Bonapartenykus ultimus
and Heyuannia huangi have also been found in close association with multiple eggs,
suggesting some form of relationship after laying. These highly derived theropods,
combined with evidence from some of the most basal living birds, combine to form a
body of evidence that may lead to a more complete understanding of the evolution of
modern avian parental care.

In other dinosaurs

At the time of writing, no eggshell remains may be reliably attributed to any species of
ceratopsian, ankylosaurid, heterodontosaurid, stegidaurid or pachycephalosaurid. This
may be a result of preservation bias, since it is the calcite within preserved eggshells
that enables them to fossilise so well. It has therefore been reliably hypothesised by
some authors (Norell et al., 2020) that calci�ed eggshells only emerged twice across
the dinosaurian-avian phylogeny - once at the base of the Saurischia and once within
the Euornithopoda, and that therefore the hard-shelled eggs of birds represented an
ancestral trait of the Theropoda, but that this trait was itself derived from a soft-shelled
(uncalci�ed) ancestral state (Fig. 1-4). Other authors previously suggested (Sochava,
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1969; Alan, 1979; Bakker, 1980) that these taxa may have given live birth, though this
seems highly unlikely given its non-parsimony within the tree and the lack of examples
within extant Archosauria and their kin. One of the di�culties encountered in the
research of ootaxonomy and fossil eggs is the large volume of published material that
cannot be classi�ed more precisely than order- or family-level. This has frustrated
studies into the evolution of the avian eggshell, and meant that a great deal of data
remains unused. This issues is addressed further in Chapter 5.

1.4.3 Parental care in pterosaurs

The reproductive biology and parental care of pterosaurs is signi�cantly less well-known
that that of birds, crocodylians or dinosaurs. An early landmark specimen was de-
scribed by Ji et al. (2004), recovered from the Yixian Formation of the Jehol Biota,
northeast China. This and subsequent discoveries have suggested that pterosaurs had
leathery-shelled eggs in the manner of crocodylians, lending further evidence to the
hypothesis that this is the basal form of eggs within the archosaurs (Chiappe et al.,
2004; Wang and Zhou, 2004; Grellet-Tinner et al., 2007; Lü et al., 2011; Wang et al.,
2015b).

Pterosaurs lie outside of the scope of this thesis, since they have a generally poor
ootaxonomic record compared to the dinosaurs, and no extant species. Their phyloge-
netic relationships are contested (Unwin, 2003; Kellner, 2003; Benton, 2004; Nesbitt,
2011; Andres and Myers, 2012), and they are morphologically very di�erent from any
terrestrial archosaur. There is no continuum of transitional morphological change to
link them to their ancestors, as in birds. With an improved understanding of their
transition to a �ighted form, earlier and more numerous examples of their eggs and a
widely accepted phylogenetic tree from which to build understanding, the applicability
of pterosaurs to wider discussions of the parental care of archosaurs may be better
recognised.
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Chapter 2

The evolution of relative egg size in
birds

2.1 Introduction

In Chapter 1, I laid out several biological relationships between morphological and
physiological traits in birds. These traits are interdependent (Starck and Ricklefs, 1998;
Shatkovska et al., 2018; Augustine, Lika and Kooijman, 2019), and re�ect a trade-o�
between o�spring quality and number (Ratikainen, Haaland and Wright, 2018). Birds
that adopt an r-selective reproductive strategy tend to produce numerous, small eggs,
focus primarily on post-hatching investment (in the form of intense parental care), and
have a smaller mean egg size relative to the body size of the female. Additionally, these
species tend to have a smaller overall body size, with a lower year-on-year adult and
hatchling survival rate. Alternatively, K-selected species produce fewer, larger eggs
(relative to adult female body size), and chicks hatch at a later stage of development,
allowing for a less intense form of post-hatching care, a shorter hatchling phase and
generally greater hatchling survival rate. These traits tend to coincide with a larger
overall body size and greater longevity (see Chapter 3).

Studies of poorly-known or extinct species often rely on assumptions regarding the
relationships between variables (Deeming and Mayr, 2018), as a result of the strong
interconnectivity of these traits. In the absence of available data, this can be one way
of drawing inferences and informing further studies at relatively low cost, though the
underlying assumptions must be upheld to con�rm the legitimacy of any extrapolations
or hypotheses based upon them. That is to say, if egg mass relative to body size is
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used as a proxy for maternal investment, it is vital that the equations governing this
relationship are both reliably founded and appropriately applied.

Biological allometry was �rst proposed as a term by Huxley and Teissier (1936), and
initial studies focused on the disharmonic, or disproportionate, growth of the organs of
some species relative to the size of the body. Early examples include the large �ghting
claws of �ddler crabs (Huxley and Callow, 1933), or the skeletal proportions of domestic
animals (Huxley, 1932; Pontecorvo, 1939; Lumer, 1940). These studies primarily cen-
tred on developmental allometries. That is to say, the degree to which organs or traits
grow disproportionately with the size of the animal throughout ontogeny. This form of
allometry is hugely informative regarding the underlying genetic mechanism regulating
the growth of bodily structures, as demonstrated by Hallgrímsson et al. (2019), a work
that examined the underlying genetic mechanisms behind the allometry of facial devel-
opment in two mammals. The authors report speci�c genetic bases for the craniofacial
development rates in the mouse, and suggest that the timing of genetic perturbation
events may also play a role in this growth pattern. Developmental allometry is also
indicative of the environmental selective pressure acting on those genetic mechanisms.
In �ddler crabs, it is clear that the selective pressures acting on the growth of the large
�ghting claw of males are stronger than those acting on adult body size. In this case,
males with large bodies and small claws are selected against, leading to a population
within which all male individuals have a disproportionately high growth rate for the
claw.

Evolutionary allometries can be informative of the underlying developmental allome-
tries within species or clades. This, therefore, gives a much greater potential to under-
stand the genetic, environmental and developmental factors acting on the growth rates
and limits of morphological traits across large groups. Stable allometries across species
suggest strong biological constraints regulating the rate and direction of evolution,
while variable allometries can indicate greater adaptability in the genetic and devel-
opmental regulation of trait expression and growth, which allows for greater variation
that can be subject to selection.

Allometric relationships can vary in three ways: (1) In intercept only, indicating a
comparable change in both variables at the same rate, (2) in slope only, indicating a
change in the relationship between two variables, or (3) both. In Fig. 2-1, a stable
allometry (A) is mapped for a hypothetical clade, though this masks trends in the
intercept (B, D) and slope (C, E) of species within this clade. Under this model,
the four distinct intervariable relationships in the four species (D and E) are treated
identically.
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Figure 2-1: Treating all species within a single clade as if they share a stable allometry
(A) can mask informative species-level patterns in intercept (B, D) and slope (C, E).
Under the naive model in A, these unique interspecies trends are overlooked. Highlight-
ing the nuances hidden within the data can potentially inform new interpretations of
the underlying genetic and developmental mechanisms regulating this variation.

Therefore, for a cross-species investigation into the relationship between egg and body
size in birds, the primary question when investigating these trends should be whether
this clade shows a stable allometry, upholding previous assumptions of relative egg
size in birds, or a variable allometry, indicating a more nuanced relationship. In some
investigations of the relationship between egg size and other biological or behavioural
factors, birds are often assumed to be a homogenous clade, an inference that can mask
patterns between smaller subclades (Ar et al., 1979; Olsen et al., 1994; Dyke and Kaiser,
2010; Birchard and Deeming, 2015). In other cases, the number of species sampled is
often small, or the scope of studies are con�ned to individual taxa (Warham, 1968;
Ward, 1988; Rutkowska et al., 2013).

Rotenberry and Balasubramaniam (2020) investigated this problem by adopting a
database of 10,493 species taken from the literature and performing regression analyses
to extrapolate estimates of egg and body mass that are not available in the literature.
By separating the allometric relationships of their birds by order and family, these au-
thors were able to accurately estimate values for missing data and subsequently expand
their database. This large study highlights the importance of compartmentalising data
into phylogenetic groups in order to avoid over- or under-estimating predictive values
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or drawing spurious conclusions regarding the underlying evolutionary drivers behind
this complex biological relationship.

This chapter represents a pilot study for a larger project for which we intend to incor-
porate data on the egg-body size relationships of dinosaurs and use these to investigate
the change in this allometry through evolutionary time and into the radiation of birds,
somewhat in the manner of Ksepka et al. (2020). This project will be the �rst of its kind
to incorporate a large avian dataset along with an inclusive matrix of dinosaur egg and
body mass estimations, and will give the �rst insight into the egg/body allometries of
extinct dinosaur clades. This preliminary study served not only to lay the groundwork
for the more ambitious blended bird and dinosaur analysis, but also supports the con-
clusions of Rotenberry and Balasubramaniam (2020) in that we too recovered discrete
allometric relationships of birds by clade, and assert that these distinct relationships
must be taken into consideration in any investigation of the evolutionary pressures and
genetic mechanisms governing the relationship between egg and body mass in birds.

2.2 Methods

2.2.1 Data collection

Our data were collected through an intensive search of the primary literature, secondary
references texts and reputable online sources, after Liker, Freckleton and SzØkely (2013);
Liker et al. (2015). In their study, Rotenberry and Balasubramaniam (2020) utilised
unsexed mean adult body mass in their inferences of egg mass from body mass data, cit-
ing an earlier work by Weatherhead and Teather (1994) which found that proportional
egg size shared a signi�cant positive relationship with sexual size dimorphism (SSD).
That is to say, as the di�erence in size between adult males and females increased in
favour of males, the mean egg size also increased. When the SSD was skewed in the
direction of females (i.e. females were larger), mean egg size decreased with the in-
creasing degree of dimorphism. This suggests that there is an innate genetic driver to
the size of eggs in birds that may be linked to the maximum adult body size, be it male
or female. The inversion of the relationship with the inversion of the SSD pattern relate
to the di�erence in investment by females into male and female o�spring (Flint, Albon
and Jafar, 1997). This often selects for low-quality females and high-quality males,
since females will, in most cases, always have the opportunity to mate whereas males
usually have to compete. Additionally, using unsexed adult body mass in analyses of
these sorts can usually yield greater sample size, which was the aim of Rotenberry
and Balasubramaniam (2020). In our case, the relationship between adult male body
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size and egg size was less relevant to this work speci�cally because we were aiming to
investigate the gametic investment by the female. We therefore elected to use female
body mass as opposed to unsexed adult body mass for our analyses.

2.2.2 Statistical analysis

We used methodology developed by Uyeda and Harmon (2014), which utilises Bayesian
inference to �t Ornstein�Uhlenbeck models to phylogenetic comparative data in order
to estimate the position and magnitude of adaptive shifts within the data.

Having identi�ed shifts in the intercept and slope of the relationship between egg mass
and adult body mass, we tested these shifts using generalized least-squares phylogenetic
analysis of covariance (pANCOVA) against the null hypothesis of a singular allometric
relationship common to all birds to �nd the best �tting model of the egg/body mass
relationship across all birds.

2.3 Results

Our best-�tting model describes �ve shifts in slope and 12 shifts in intercept within
the sample tested. The shifts in slope correspond to a very low (’ 0.30), low (’0.50),
medium (’ 0.65), high (’ 0.75) and very high (’ 0.85) slope, including the ancestral
group, which lay within the medium (’ 0.65) slope. Grouping the individual taxonomic
shifts given in Table 2.1 into slope categories, and then into intercept categories within
the slopes, was necessary to recognize adaptive shifts occurring within clades (Table
2.1). Within these slope groups, we recovered 12 clusters around the �ve di�erent
intercepts. These clusters are illustrated in Figures 2-2 to 2-4.

2.3.1 Very high and high slope clusters

The taxa we recovered that fell within high and very high slope groups were clustered
around four intercepts (Figure 2-2). Within the lowest intercept cluster, we recovered
the Apodiformes (swifts and hummingbids), Paridae (tits and chickadees), Columbi-
formes (doves and pigeons), Psittaciformes (all parrots excluding New World parrots)
and Tytonidae (barn owls). These clades were shown by pANCOVA analyses to form
a discrete and exclusive cluster (Figure 2-2A). These taxa are extremely disparate and
do not suggest a very parsimonious pattern of evolution within this cluster.

The next highest intercept cluster (Figure 2-2B) is forms of the Acanthizidae (Aus-
tralasian wrens), Caprimulgidae (nightjars), Glareolidae (pratincoles and coursers),
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Slope group Taxa
Very High (’ 0.85) Acanthizidae, Caprimulgidae, Glareolidae

High (’ 0.75)
Alcidae, Apodiformes, Chionidi, Columbiformes, Coraci-
iformes, Dromadidae, Laridae, Paridae, Procellariiformes,
Psittaciformes, Scolopacidae, Stercorariidae, Tytonidae

Medium (’ 0.65)

Ardeidae, Cuculiformes, Dendrocygnidae, Falconinae,
Fringillidae, Galliformes, Gruiformes, Musophagiformes,
Otididae, Passeriformes, Passerinidae, Ploceidae, Pici-
nae, Podicipediformes, Pterocliformes, Sphenisciformes,
Turnicidae, Threskiornithinae, Upupidae

Low (’ 0.50)

Acciptrinae, Anatidae, Anseriformes, Corvidae, Ciconi-
iformes, Gaviiformes, Jacanidae, Phalacrocoridae, Picidae,
Psittaculidae, Ptilonorhynchidae, Scolopacidae, Strigidae,
Sulidae

Very Low (0.30) Oxyurini

Table 2.1: Slopes recovered from bayou analysis, with clades shown to signi�cantly
deviate from the ancestral slope.

Chionidi (thick-knees and sheathbills) and Coraciiformes (king�shers, bee-eaters, rollers,
todies and motmots). In this cluster, the Glareolidae and Chionidi are both derived
from the Charadriiformes, suggesting a potentially more ancestrally-derived egg to
body size relationship.

Figure 2-3C illustrates the high-slope taxa clustered around the next highest intercept.
This cluster consists only of the Scolopacidae (sandpipers), Laridae (terns and gulls)
and Stercorariidae (skuas, with the monospeci�c genus Dromas (crab-plover) included
by bayou). These taxa are all included in the Charadriiformes.

The highest intercept cluster within the highest slope groups recovered by our bayou
analysis includes only the Alcidae (auks, pu�ns, guillemots and razorbills) and Procel-
lariiformes (albatrosses, shearwaters and petrels). These taxa are both nestled within
the Charadriiformes.

2.3.2 Middle slope clusters

Most of the groups recovered by bayou � based on the relationship between egg and
body size - fall within the middle slope group, which clusters around two intercepts
(Figures 2-3A and 2-3B).
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Figure 2-2: Illustrations of very high and high slope shifts in the relationship between
female body mass (g) and egg mass (g). Taxa illustrated are: Apodiformes (a), Paridae
(b), Columbiformes (c), Psittaciformes (d) and Tytonidae (e) (A); Acanthizidae (a),
Caprimulgidae (b), Glareolidae (c), Chionidi (d) and Coraciiformes (e) (B); Scolopaci-
dae (a), Laridae (b) and Stercorariidae (with Dromas) (c) (C); and Alcidae (a) and
Procellariiformes (b) (D).

The �rst cluster, around a lower intercept (Figure 2-3A), consists predominantly of
the Passerinidae and non-Passerinidae Passeriniformes. These two groups contain the
majority of sampled species, and plot very closely together. Also within this cluster are
the Fringillidae (�nches and weavers), Cuculiformes (cuckoos), Picinae (woodpeckers),
Turnicidae (buttonquails) and Upupidae (hoopoes). That the �nches and weavers
should plot separately from the rest of the Passerinidae and Passeriniformes is hardly
surprising, given the elaborate nature of social and parental behavior in many species
(Crook, 1964; Reme† et al., 2015), and the close relationship between parental care and
egg physiology in birds (Cockburn, 2006; Krist, 2011).

In the higher cluster, the predominant group of interest is the Ancestral group, con-
taining all taxa not shown to deviate signi�cantly in the egg mass to body mass re-
lationship from the ancestral state. Along with this group, there are the Gruiformes
(cranes and rails), Musophagiformes (turacos), Galliformes (fowl), a group containing
the Otididae (bustards) and Pterocliformes (sandgrouse), Sphenisciformes (penguins),
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Dendrocygnidae (whistling ducks), Falconinae (falcons) and a second group containing
the Threskiornithinae (ibis) and Ardeidae (herons). Here, there is much phylogenetic
overlap with the lower intercept cluster, with Musophagiformes (turacos), Otididae
(bustards) and Pterocliformes (sandgrouse) grouping higher than their close relatives,
the Cuculiformes (cuckoos). Galliforms predictably group closely to the Ancestral
group, as do the Dendrocygnidae whistling ducks), a subset of the Anseriformes (ducks
and geese).
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Figure 2-3: Illustrations of medium slope shifts in the relationship between female
body mass (g) and egg mass (g). Taxa illustrated are: Cuculiformes (a), Fringilli-
dae(b), Passeriformes (c), Picinae (d), Passerinidae (e), Turnicidae (f) and Upupidae
(g) (A); and Gruiformes (a), Musophagiformes (b), Galliformes (c), (Otididae and Pte-
rocliformes) (d), Sphenisciformes (e), the Ancestral group (f), Dendrocygnidae (g),
Falconinae (h) and (Threskiornithinae and Ardeidae) (i) (B).
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Figure 2-4: Illustrations of very low and low slope shifts in the relationship between
female body mass (g) and egg mass (g). Taxa illustrated are: Non Picinae Picidae (a),
Psittaculidae (b), Corvidae (c), and a group comprising the Scolopacidae and Jacanidae
(d) (A); Phalacrocoridae (B), Ptilonorhynchidae (a), Strigidae (b), and a group com-
prising the Ciconiiformes and Sulidae (c) (C), Acciptrinae (D), Anseriformes (a) and
Gaviidae (b) (E), and the Oxyurini (F).

2.3.3 Very low and low slope clusters

The Very Low and Low slope clusters are the most fragmented of our groups, in terms
of the pattern of distribution around di�erent intercepts. The intercept clusters in
this �nal slope group represent half of the total number of intercept clusters recovered,
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despite comprising fewer taxonomic groups than any of our other slope groups. This is
likely due to three taxa falling outside of the main clusters and comprising monotax-
onomic intercepts (Figure 2-4B, 2-4D and 2-4E), these are the Phalacrocoridae (cor-
morants), Acciptrinae (hawks, eagles, vultures, and kites), and Oxyurini (sti� tailed
ducks). The lowest intercept cluster (Figure 3A), contains the non-Picinae Picidae
(sapsuckers and wrynecks), Psittaculidae (Old World parrots), Corvidae (crows, mag-
pies and jackdaws), and a group comprising some Scolopacidae (snipes) and Jacanidae
(jacanas). The second cluster of taxa (Figure 2-4C) is made up of the Ptilonorhynchi-
dae (bowerbirds), Strigidae (true owls) and a group containing the Sulidae (boobies)
and Ciconiiformes (storks). The �nal, and highest, intercept cluster is composed of the
Anseriformes (waterfowl) and Gaviidae (divers and loons).

2.4 Discussion

2.4.1 Very high and high slope shifts

Taxa concentrated around the highest intercept clusters within the very high and high
slope shifts are all lower taxonomic divisions of the Charadriiformes. Although the large
taxonomic group �Charadriiformes� was initially recovered as a whole by our bayou
analysis, it was subdivided into smaller clades by later, more conservative analyses,
which was shown to be better �tting by our pANCOVA analysis. The groups clustered
around the high-slope high-intercept region of the model are the Scolopacidae (sand-
pipers), Laridae (terns and gulls), Stercorariidae (skuas, with the monospeci�c genus
Dromas (crab-plover) included by bayou), Alcidae (auks, pu�ns, guillemots and razor-
bills) and Procellariiformes (albatrosses, shearwaters and petrels). These taxa are all
oceanic seasonal breeders (Olsen and Larsson, 2004; Mobley, 2008; Howell and Zufelt,
2019), and most are monogamous species that produce precocial or semiprecocial chicks
(Visser, 2001). This ties in well, in terms of life-history pattern, to the output of our
analysis, which suggests a larger egg mass compared to the mass of the adult. This
may also be true of at least some species within the Charadriiformes that grouped
with lower-intercept clusters, such as the Chionidi (thick-knees and sheathbills) and
Glareolidae (pratincoles and coursers).

Those taxa concentrated at the lower-intercept end of the high and very high slope
groups are taxonomically diverse, and include the Paridae and Acanthizidae, separated
o� from the Passeriniformes by the bayou analysis. The high slope values recovered for
these taxa also suggest a large egg mass compared to adult body mass, as compared to
the ancestral group, and with the taxonomic and life-history diversity observed among
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these taxa it is likely that all have converged on this egg to body mass relationship
for disparate reasons. Possible explanations include reduction in size (in the case of
the Paridae, Acanthizidae and Apodiformes), evolutionary changes in brain size (in
Psittaciformes and Tytonidae) (Ksepka et al., 2020), or other life-history or develop-
mental factors.

2.4.2 Medium slope shifts

The two clusters recovered within the medium slope shift group are best represented by
their most numerous representitives: The higher slope being the ‘Ancestral’ group and
the lower slope being the ‘Passerine’ group. Of course, there is considerable taxonomic
diversity within each group, but the taxa that fall along the same slope and intercept
as these large groups share the same egg to body mass ratio. The ‘Ancestral’ group
contains all avian taxa not mentioned in any other group (eg. the Palaeognathae
(ratites), Bucerotidae (hornbills), etc.)

The higher ‘Ancestral’ group contains more taxonomic diversity than the lower ‘Passer-
ine’ group, and these are taxa that are not being aggressively selected for signi�cantly
larger or smaller egg to body mass ratios. These are the Gruiformes (cranes and
rails), Musophagiformes (turacos), Galliformes (fowl), a group comprising the Otididae
(bustards) and the Pterocliformes (sandgrouse), the Sphenisciformes (penguins), the
Dendrocygnidae (whistling ducks), Falconinae (falcons) and a second group made up
of the Threskiornithinae (ibis) and the Ardeidae (herons). These are geographically di-
verse clades, many are common on multiple continents and few are exceptional in terms
of developmental mode, life history conditions, parental relationship or reproductive
physiology. This likely explains their failure to diverge from the Ancestral group, as
well as the considerable variation (Fig. 2-3B) around the model, likely stemming from
a few unusual species.

The lower ‘Passerine’ group is mostly composed of the Passerinidae and non-Passerinidae
Passeriniformes. As well as these, there are the Fringillidae, Cuculiformes, Picinae,
Passerinidae, Turnicidae and Upupidae. These, like the recovered groups of the ‘An-
cestral’ intercept cluster, are taxonomically diverse, though with the exception of the
Turnicidae, they are mostly representative of arboreal, socially monogamous, altricial
species, which may contribute to the observed clustering.
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2.4.3 Very low and low slope shifts

The very low and low slope groups contain the smallest number of recovered groups of
our analyses, yet they contain the most intercept clusters. This may be partially due to
the presence of three monospeci�c intercept groups recovered (Fig. 2-4B, 2-4D, 2-4F),
the Phalacrocoridae (cormorants), Acciptrinae (hawks, eagles, vultures, and kites), and
Oxyurini (sti�-tailed ducks). These taxa do not �t well within any of the recovered
clusters (Fig. 2-4A, 2-4C, 2-4E), and the Oxyurini (sti�-tailed ducks) are especially
unusual in that their slope is the only recovered slope that falls below 0.40, though
this is likely an artefact of the small sample size. The lowest recovered cluster consists
of the Non Picinae Picidae (sapsuckers and wrynecks), Corvidae (crows, magipes and
jackdaws), Psittaculidae (Old World parrots), and a group comprising the Scolopacidae
(snipes) and Jacanidae (jacanas). These, like the lowest intercept cluster of the high
and very high slope group, are taxonomically diverse, and adopt a wide range of life-
history strategies for survival. Though their inclusion in the low slope group suggests
that their egg mass to body mass ratio is low compared with the ancestral group, and
that therefore the eggs laid are small, proportional to the size of the body.

Unlike the middle and higher intercept clusters of the high and very high slope groups,
however, this taxonomic diversity is maintained throughout the higher intercept clus-
ters in the low slope group. The middle cluster consists of the Ptilonorhynchidae
(bowerbirds), Strigidae (true owls) and a group comprising the Ciconiiformes (storks)
and Sulidae (boobies), and the highest intercept cluster comprises the Anseriformes
(waterfowl) and Gaviidae (divers and loons). There is little in the way of evidence
for parsimoniously derived traits here, as there is in the Charadriiformes, however the
explanation for this convergence may be in the life-history traits of the taxa included
in these clusters. The Ciconiiformes (storks), Gaviidae (boobies), Anseriformes (wa-
terfowl) and Gaviidae (divers and loons) are all medium- to large-bodied freshwater or
nearshore wading or diving taxa that tend towards genetic as well as social monogamy
and a precocial or semi-altricial developmental strategy. These could all contribute to
an egg to body size relationship that tends towards larger bodies and smaller eggs.

2.5 Conclusions

1. Egg to body size relationships that support large eggs and small bodies tend to be
found in the Charadriiformes, suggesting an ‘all eggs in one basket’ reproductive
strategy for species that breed infrequently. This strategy is also favoured by
small-bodied birds, though this may be an artefact of their size.
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2. Passerines and their kin adopt an egg to body size ratio very similar to the
ancestral group, though they vary in the intercept, suggesting an adaptive shift
in arboreal small- to medium- sized birds.

3. A large number of species that adopt a high egg to body size ratio (producing eggs
larger than average for the size of the adult), are large-bodied waders and divers
that adopt a monogamous breeding style and produce precocial or semialtricial
chicks.

61



Chapter 3

Evolutionary trade-o�s between
pre- and post-laying care in birds

3.1 Pre-paper commentary

The trade-o� between pre-laying and post-laying care in birds is well documented, in
terms of the relationship between egg mass, clutch size and female parental investment
(Lack, 1967; Blackburn, 1991). What is less clear, however, if the relationship between
di�erent variables of female pre-laying investment and male post-hatching care. Before
the eggs are laid, females must invest in either large eggs, numerous eggs or both or
neither. Large eggs (in relation to the size of the female) will hatch large o�spring, which
will likely require less e�ort in terms of parental care. However, producing large eggs
reduces the ability of the female to produce many eggs, since her reproductive output
is dependent on her energetic input, which can be unpredictable depending on factors
such as habitat quality, basal metabolic rate, seasonal weather patterns, territory size,
competition, the presence of predators in the habitat, and food availability. In this
sense, females a�ect their future parental burden by a�ecting their current reproductive
output, and this is variable both within and between species.

The evolution of male parental care in birds is a highly contentious and not well un-
derstood topic. In one sense, male tetrapods achieve reproductive success most fre-
quently through the dissemination of copious, energetically cheap gametes to as many
partners as possible, while providing minimal or no parental care after mating. This
low-investment, low-risk strategy represents the norm in most mammals (Kleiman and
Malcolm, 1981; Reynolds, Goodwin and Freckleton, 2002), squamates (Hayes et al.,
2004), crocodylians (Reynolds, Goodwin and Freckleton, 2002), testudines (Pearse and
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Avise, 2001) and lissamphibians that utilise internal fertilisation (Nussbaum, 1985). In
this sense, birds are the exceptional taxon, since although extra-pair mating is common
in birds, as it is in mammals (Isvaran and Sankaran, 2017), most birds invest heavily
in a fatherly role, to the extent that biparental care represents the norm in 75-80% of
birds (Cockburn, 2006).

This begs the question of why male birds invest so much more in parental duties than
males of other taxa. If the clutch doted on by any given male is unlikely to contain
chicks fathered solely by him, what bene�t is bestowed by investing so much (Santos
and Nakagawa, 2012) in rearing said clutch that it a�ects his yearly survival? This is
a central question in current avian evolutionary biology, and it is one that has been
approached by many research groups adopting di�erent strategies (Bart and Tornes,
1989; Młller, 2000; Liker and SzØkely, 2005; Wiebe, 2018; Diniz, Macedo and Webster,
2019). As such, it is unlikely to be fully answered by any one set of results. However,
the following paper (Lakin et al., in review) takes one approach to solving this di�cult
problem, and represents an important piece of a puzzle that may one day be solved in
its entirety.
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3.2 Female birds invest less in species with male parental
care

3.2.1 Abstract

Parental care is one of the most diverse social behaviours. By increasing the survival of
o�spring, it thereby also increases the reproductive success of the parents. However, the
economics of reproduction for the males and females of most species contrast starkly.
Theoretical models predict that males � by de�nition, the sex that produces many small
gametes � should have greater reproductive success by mating with as many females
as possible. However, the ubiquity of male parental care in birds (among other clades)
suggests a more complex interaction between male behaviour and reproductive success.
In particular, it has been hypothesised that male care allows the female to increase
her reproductive investment, and thereby the success of both parents. We test this
hypothesis using data from 331 bird species in 25 orders and 73 families. Contrary to
our prediction, we �nd a signi�cant but negative correlation between female investment
and male (p = 0.0255). However, we report no such relationship between male feeding
or male brooding and female investment. Hence, while female investment declines in
the presence of male incubation, there is no similar decline in the presence of some other
paternal contributions. This nuanced picture suggests that a fuller understanding of
parental roles necessitates the study a broader suit of traits than is usually considered.

3.2.2 Introduction

Background

The evolution and maintenance of parental care has been studied in numerous extant
animal taxa, including various vertebrates (mammals (Rymer and Pillay, 2018), birds
(Nagy et al., 2019), crocodylians (Murray, Crother and Doody, 2020), lissamphibians
(VÆgi et al., 2019), ray-�nned �shes (Benun Sutton and Wilson, 2019), elasmobranchs
(Farmer, 2020), and invertebrates (notably insects (Gilbert and Manica, 2015) and
crustaceans (Palaoro and Thiel, 2020)). Parental care is de�ned here as costly post-
fertilisation behaviour that maximises the survivability of o�spring. Previous stud-
ies have variously asked whether parental care occurs within speci�c taxa (Summers,
Sea McKeon and Heying, 2006; Klug and Bonsall, 2010), what types of care are o�ered
within taxa (Lehtinen and Nussbaum, 2003), how necessary care, or a speci�c type of
care, is to the survival of young (or how well young survive in the absence of care)
(Webb et al., 1999), and how the costs and bene�ts of providing care interact (Alonso,
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Magaæa and `lvarez-Martínez, 2012). Questions concerning the costs and bene�ts of
parental care are particularly pertinent in amniotes (i.e., reptiles, birds and mammals),
since the female invariably invests much more in gametogenesis than the male (Angelini
and Ghiara, 1984; Lombardi, 1998). In birds especially, the energetic and nutritional
costs associated with egg production can be extremely high (Taborsky and Taborsky,
1999; Nager, Monaghan and Houston, 2001), as can the risks and costs associated with
carrying and depositing the egg (Birkhead et al., 2019). This means that, at the point
of laying, the female has already invested signi�cantly more reproductive energy in
the zygote or embryo than the male, and that otherwise equitable post-laying parental
investment will then skew in favour of the preservation of the residual reproductive
potential of the male.

In species with internal fertilisation the male has the �rst opportunity to desert (Dawkins
and Carlisle, 1976; Lazarus, 1990), theoretically facilitating multiple pairings and there-
fore greater maximal male reproductive success (Szentirmai, SzØkely and Komdeur,
2007). This is true of most mammals, resulting in a polygynous mating system and
general paucity of male parental care (Młller, 2003). In birds, however, it is far more
common for species to adopt a socially monogamous mating strategy (Lack, 1968;
Teitelbaum, Converse and Mueller, 2017), and for males to be domestic parents. This
entails helping to build the nest, incubate eggs and care for chicks (Webster, 1991;
Ketterson and Nolan Jr, 1994). Greater parental investment, or even part-time invest-
ment from a partially absent father, should improve o�spring recruitment (Marques,
2004). Similarly, providing parental care in the absence of extra pair mating oppor-
tunities should alleviate some costs otherwise associated with parenting, including the
loss of time spent pursuing additional mates (Kingma and SzØkely, 2019). Strikingly,
however, desertion by the male sometimes has little to no e�ect on the success of the
current brood (Urano, 1992; Ledwo« and Neubauer, 2017), potentially because of com-
pensatory e�ort by the remaining parent (Whittingham, Dunn and Robertson, 1994).
Hence, the reproductive bene�ts of paternal investment to male birds are not especially
clear (Bart and Tornes, 1989; Safari, Goymann and Kokko, 2019). Neither are the costs
to the male of providing care well understood (Williams, 2018), and the ways in which
these costs may in�uence the male’s current and future reproductive success remain
obscure (Santos and Nakagawa, 2012).

There are numerous morphological, behavioural and reproductive traits that vary be-
tween bird species utilising di�erent reproductive strategies. These include, but are
not limited to: egg mass (Blackburn, 1991), clutch size (Lack, 1948; Boyer, Cartron
and Brown, 2010), sexual dimorphism (Gri�th, Owens and Thuman, 2002), parental
incubation (Tieleman, Williams and Ricklefs, 2004), brooding and feeding. Despite
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the egalitarian nature of parenthood in most birds, the initial maternal costs of egg
production mean that the female invests more in each clutch than the male (Craig and
Jamieson, 1985; Henshaw, Fromhage and Jones, 2019; Wagner, Mourocq and Griesser,
2019). Therefore, it is possible that there is some relationship between the pre-laying
investment of the female and some measure of investment by the male. Such a rela-
tionship could be a function of the developmental mode of the chicks, and therefore
the amount of post-hatching parental involvement required. Often this is the only
substantial form of care that the male can provide. However, it is also possible that
selection acts upon females that invest in proportion to the attractiveness (HorvÆthovÆ,
Nakagawa and Uller, 2012; Chang, Lu and Zhu, 2017) or parenting e�ort of their part-
ners, meaning that selection could manifest in terms of the trade-o� between o�spring
quantity and quality.

Aims and Hypotheses

We aimed to investigate whether the proportional gamete production by female birds
(measured as egg mass * clutch size / female body mass) correlates with the behavioural
investment of males (in terms of incubation, feeding and brooding of chicks).

Experimental studies within single species have reported diverse changes in the be-
haviour of the male when the egg burden is arti�cially manipulated. These include
(1) increased male parental e�ort (Schindler and Lamprecht, 1987; Komdeur, Wiersma
and Magrath, 2002) (2) decreased parental e�ort (Verhulst and Tinbergen, 1997) (3) no
change in male parental e�ort (Moreno and Carlson, 1989) or (4) desertion (Delehanty
and Oring, 1993).

In a large sample of living bird species (as considered here), most male behavioural care
is likely to be in the context of biparental systems (Wesolowski, 1994; Cockburn, 2006).
Although the majority of uniparental avian breeding systems have male-only care, such
systems are rare (Cockburn, 2006). Hence, we might expect female gamete production
(in terms of clutch mass) to be greater in species with male parental care. Most such
species will have biparental care, and females might therefore be expected to produce
larger clutches given the smaller overall burden on each parent individually (Halley,
Holmes and Robinson, 2015). Additionally, 40% of our sample comprised passerines,
which were also the majority of our altricial taxa. Passerines tend to adopt so-called
‘fast’ life history strategies, with small bodies, short life expectancy, low age of maturity
and high year-on-year adult death (Ricklefs, Tsunekage and Shea, 2011). Under these
circumstances, they might be expected to bias the results in favour of an ecological
strategy that involves producing proportionally large clutches, given the low survival
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rate from season to season (Martin et al., 2006). In this case, we would also expect
to see a greater proportion of female investment in species with some aspect of male
parental care.

Our analyses were designed to test the relationship between male parental behaviours
and female investment, itself a proxy for the pre-laying maternal burden. While most
published studies assess variation across individuals or populations within species, here
we focus on cross-species and cross-phylogeny comparisons of male and female invest-
ment. For this reason, our models also included data on three potentially con�ating
factors:

1. Age of male maturity was included because delayed male maturation has been
shown to correlate with higher rates of selection in birds (Ancona et al., 2020),
as well as having implications for longevity.

2. Developmental mode was included because faster rates of post-hatching growth
in precocial birds usually necessitates provisioning by both parents (Cockburn,
2006). Additionally, both developmental mode and male maturation age can be
informative regarding life history pattern (Linden and Młller, 1989; Owens and
Bennett, 1995). So-called ‘fast’ life history patterns adopt an r-selection strategy,
with large clutches, small and often underdeveloped o�spring, fast maturation
rate and low life expectancy. Species with ‘slower’ life history patterns typically
display opposite tendencies.

3. Breeding latitude (as a categorical variable, after Olson et al. (2008)) has been
shown to have a signi�cant e�ect on the breeding and developmental biology of
birds (Minias and W“odarczyk, 2020), and is therefore included in our initial
models.

3.2.3 Methods

Data collection

Data on 331 species of birds from 25 orders and 73 families were collected through a
comprehensive search of the primary literature, secondary reference texts and online
resources by T. SzØkely and A. Liker (after Liker, Freckleton and SzØkely (2013); Liker
et al. (2015). Our primary measure of female investment was clutch mass, speci�cally:
ln(egg mass (g) * clutch size (n)). Adult female body mass was included in all models
as an explanatory variable, since larger birds tend to have larger absolute clutch mass
(Supplementary Information; Fig. 1) (Rotenberry and Balasubramaniam, 2020). In
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�gures, female investment is indicated by proportional clutch mass (ln(clutch mass
(g)/ female body mass (g))), since this allowed for the e�ect of female body mass to
be accounted for.
As proxies for male investment, we collated data on the presence or absence of egg
incubation, brooding of young, and feeding of young performed by male parents. Age
of male maturity was recorded as one index of life history pattern (Oli, 2004; Jeschke
and Kokko, 2009; Martin, 2015).
Developmental mode (altricial/ precocial) was recorded as a binary variable (Fig. 3-1),
while latitudinal data were collected from the IUCN (2020) and binned as: Polar (90°-
60°), Polar and Temperate (90°-30°), Temperate (60°-30°), Temperate and Tropical
(60°-0°), Tropical (30°-0°) and Global (90°-0°) (Fig. 3-2). Continuous variables with
non-normal distributions (egg mass, clutch size, clutch mass, male maturation age
and female body mass only) were ln-transformed prior to analysis. The transformed
variables then approximated more closely to normal distributions.

Statistical analysis

To test for associations between our variables, we constructed phylogenetic least squares
regression models using maximum likelihood and the corPagel correlation. All of our
models were constructed in R version 4.0.2. (Team, 2013), using ape (Paradis and
Schliep, 2019), geiger (Pennell et al., 2014), nlme (Pinheiro et al., 2020), phytools
(Revell, 2012) and modEVA (Barbosa et al., 2013). We used a contemporary dated
avian phylogeny for our analyses (Prum et al., 2015).
Our models were structured as follows:

1. Model 1 was designed to examine the relationship between clutch mass and male
incubation, while accounting for female body mass. In Model 1a, only these
variables were included.

2. Model 2 captures the relationship between proportional female investment and
male parental feeding, while accounting for female body mass.

3. Model 3 included clutch mass as the dependent variable in terms of male brooding,
also accounting for adult female body mass.

Our �rst models (Models 1a, 2a, 3a) included only the dependent variable (clutch
mass) and each of the main predictor variables (three proxies for male investment:
incubation, feeding and brooding). In these models, female mass was included as a
secondary predictor variable in order to remove the direct e�ects of body size. In our
second models (Models 1b, 2b, 3b), we removed the potentially confounding e�ects of
three additional variables (latitudinal range, age of male maturity and developmental
mode).
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Figure 3-1: Frequency histograms of female investment (ln(clutch mass (g)/ female
body mass (g))) in species with altricial (light shading) and precocial (intermediate
shading) developmental modes. Overlap is indicated by the darkest shading.

3.2.4 Results

Male incubation

Male contribution to incubation correlated negatively with reproductive investment
by the female (Table 1). Importantly, the relationship between male incubation and
female investment became signi�cant when female mass, breeding latitude and devel-
opmental mode were included (Table 1). Additionally, we found signi�cant positive
correlations between clutch mass and both breeding latitude and developmental mode,
while simultaneously accounting for female body mass.

Male feeding

A signi�cant correlation between male feeding and female investment was not recovered,
either in our simple or more complex models (Table 2). We found a signi�cant positive
correlation between clutch mass and developmental mode, while accounting for female
body mass.
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Model Dependent vari-
able

Parameter
estimate SE t-value p-value

1a (Intercept) 0.983 0.207 4.758 <0.0001***
male incubation -0.050 0.026 -1.934 0.0539
female body mass 0.594 0.019 31.780 <0.0001***

1b (Intercept) 0.718 0.208 3.448 0.0006**
male incubation -0.059 0.026 -2.244 0.0255*
female body mass 0.606 0.020 29.985 <0.0001***
breeding latitude 0.020 0.009 2.097 0.0368
developmental mode 0.659 0.190 3.459 0.0006***
male maturation age <0.001 <0.001 -1.476 0.1408

Table 3.1: Reproductive investment by females (ln(clutch mass)) in relation to male
care in birds. Simple (1a) and more complex (1b) phylogenetic generalised linear models
(PGLS) using 331 species of birds. SE = Standard Error of the parameter estimate.

Male brooding

There was no signi�cant relationship between male brooding and female investment
(Table 3), although in our complex model (Model 3b), the relationship recovered was
borderline signi�cant. Additionally, we found signi�cant positive correlations between
clutch mass and breeding latitude, and between clutch mass and developmental mode,
while accounting for female body mass.

Model Dependent vari-
able

Parameter
estimate SE t-value p-value

2a (Intercept) 0.992 0.210 4.735 <0.0001***
male feeding -0.524 0.065 -0.808 0.4199
female body mass 0.593 0.019 31.621 <0.0001***

2b (Intercept) 0.719 0.213 3.376 0.0008***
male feeding -0.034 0.065 -0.522 0.6022
female body mass 0.602 0.020 29.832 <0.0001***
breeding latitude 0.019 0.010 1.928 0.0547.
developmental mode 0.644 0.189 3.400 0.0008***
male maturation age <0.001 <0.001 -1.271 0.2048

Table 3.2: Reproductive investment by females (ln (clutch mass)) in relation to male
feeding in birds. Simple (2a) and complex (2b) phylogenetic generalised linear models
(PGLS) using 331 species of birds. SE = Standard Error of the parameter estimate.
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Model Dependent vari-
able

Parameter
estimate SE t-value p-value

3a (Intercept) 0.983 0.207 4.758 <0.0001***
male brooding -0.050 0.025 -1.580 0.1151
female body mass 0.594 0.019 31.713 <0.0001***

3b (Intercept) 0.718 0.208 3.448 0.0006***
male brooding -0.059 0.026 -1.914 0.0565.
female body mass 0.606 0.020 29.854 <0.0001***
breeding latitude 0.020 0.009 3.448 0.0006***
developmental mode 0.659 0.191 2.113 0.0354*
male maturation age <-0.001 <0.001 -1.444 0.1497

Table 3.3: Reproductive investment by females (ln (clutch mass)) in relation to male
brooding in birds. Simple (3a) and more complex (3b) phylogenetic generalised linear
models (PGLS) using 331 species of birds. SE = Standard Error of the parameter
estimate.

Figure 3-2: Box and whisker plots of female investment (ln(clutch mass (g) / female
body mass (g)) binned by latitudinal distribution, illustrating an upward trend in
proportional female investment from low to high latitudes. Distributions binned as:
Tropical (30°- 0°), Temperate and Tropical (60°-0°), Temperate (60°-30°), Polar and
Temperate (90°-30°), Polar (90°-60°), and Global (90°-0°).
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Figure 3-3: Scatterplot of female investment (ln(clutch mass (g) / female mass (g)))
against mean age of male at maturity (days), with developmental mode indicated by
plot symbols (circle = altricial, triangle � precocial). Species in the bottom-left corner
of the plot employ a fast life history pattern, maturing very early (and probably living
short lives), investing very little into each clutch and devoting most of their parental
energy after chicks have hatched. Species with a later age of maturity tend to live longer,
and these same species make a greater pre-hatching investment to produce chicks that
are independent more quickly than shorter-lived species. Examples highlighted from the
periphery of the scatter are: zebra �nch (Taeniopygia guttata: T.g.), Barrow’s goldeneye
(Bucephala islandica, B. i.), ruby-throated hummingbird (Archilochus colubris, A.c.),
whooper swan (Cygnus cygnus, C.c., Barrow’s glaucous-winged gull (Larus glaucescens,
L.g.), northern fulmar (Fulmarus glacialis, F.g.), and black vulture (Coragyps atratus,
C.a.).

3.2.5 Discussion

Paternal parental care in birds encompasses a diverse range of behaviours and social
structures that necessarily confer an advantage to those species that utilise it. Male
birds often provide signi�cant parental investment in the post-laying period, and it
was this investment that we aimed to investigate here. The three paternal behaviours
we surveyed were male incubation, feeding and brooding, ful�lling the needs of chicks
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to be hatched, fed and protected, respectively. These behaviours are not necessarily
common to all species that provide paternal care, however, since in precocial birds the
need for feeding and even brooding is reduced or even absent. Additionally, the role of
fathers in chick rearing can be indirect, since the male can concentrate his e�orts on
providing for the female, who can be more directly involved in incubation, feeding or
brooding.

Male incubation correlates negatively with female investment (Model 1)

In Model 1, we found a signi�cant (p = 0.0255) negative relationship between the
presence of male incubation and female investment (Table 1). This indicates that
females invest less in each clutch in species with male care, even accounting for the
e�ects of the age of male maturity, latitude and developmental mode. This relationship
can be explained by several hypotheses, discussed below.

Environmental conditions
The environment has an unquestionable impact on the survival, biology and fecundity
of birds. From clutch mass to feather quality, almost every aspect of the lives of
birds are governed by the climate, weather, resource availability, territory quality and
other aspects factors. Changes to parental behaviour and investment have also been
linked to environmental conditions (Bokony et al., 2009), and previous research has
established that biparental care tends to evolve under conditions that are too harsh or
stressful for a single parent to achieve maximal success alone (Wesolowski, 1994). In
this instance, the female may produce a smaller clutch mass, either because nutrition
is poor (thereby resulting in smaller or poorer quality eggs) or as a response to other
suboptimal conditions (resulting in smaller clutches). In these circumstances, it may
confer a greater reproductive bene�t to males to help at the nest, rather than to desert
and remate. Females inhabiting good quality habitats, which are therefore able to
produce a greater clutch mass, may not ‘need’ two parents to rear the brood, resulting
in greater selection for a uniparental system.

Fewer eggs, fewer needs
Another explanation for this negative relationship pertains to the tradeo� between o�-
spring quantity and size documented in a number of amniote taxa (Flint, Grand and
Sedinger, 1996; Wang, Xia and Ji, 2011; Hallmann and Griebeler, 2018). Females can
invest in fewer, large, low-maintenance o�spring or numerous, small, high-maintenance
ones. The kiwi (Apteryx australis), adopts the former strategy, producing a single mas-
sive egg and a chick that is almost entirely self-su�cient at hatching (Jolly, 1989). All
passerines exemplify the latter strategy. This three-way tradeo� between egg mass,
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clutch size and behavioural parental investment could account for the negative rela-
tionship between female investment and male incubation recovered in our analyses.
Altricial chicks may demand a biparental system of care, but this follows a smaller
gametic investment from the female.

Alternative male parental roles
Male care in birds almost always occurs in the context of female care, and in species with
a biparental system (Cockburn, 2006). Lower total female investment in such species
may be explained by the close association between biparental care and monogamy
(Breitwisch, 1989). Since it is exceedingly rare (but not unknown � see Göth and
Evans (2004)) for neither parent to care, the absence of male incubation typically
necessitates female-only incubation. However, males and females can adopt markedly
di�erent duties (Wesolowski, 1994; Reme† et al., 2015) and even in the absence of
paternal incubation, the male can invest in mate feeding (Collopy, 1984; Poonswad,
Tsuji and Jirawatkavi, 2004; Guarnieri et al., 2018; Wijerathne and Wickramasinghe,
2018), territory defence (Van Rhijn, 1991; Morales, Jiguet and Arroyo, 2001; Alonso,
Magaæa and `lvarez-Martínez, 2012) or predator deterrence (Phillips, 1990) or nest
building. This study does not address these trade-o�s.

Parenting altricial and precocial chicks
There is considerable overlap in both age of male maturity and female investment
for altricial (usually immobile, depending on parents for food, naked or downy) and
precocial (mobile shortly after hatching, often self-feeding, downy or feathered) birds.
However, altricial species tend to have lower levels of female investment than preco-
cial species (Fig. 3-1; Fig. 3-3). Species that utilise biparental care are far more
common than those with male-only care, such that the binary measure of male care
used in Model 1 refers to some degree of biparental care in most cases. High female
investment is associated with an absence of male incubation (Fig. 3-3, Table 3.1),
but also with precociality (Fig. 3-3). Both observations are consistent with high ini-
tial female investment, high instances of male-only or biparental care, and precocial
hatchlings that mature early (Fig. 3-3). Highly speciose families adopting such pat-
terns incude Scolopacidae (sandpipers, curlews and snipes) (SzØkely and Reynolds,
1995; Cockburn, 2006), Charadriidae (plovers) (Vincze et al., 2013; Eberhart-Phillips,
2019) and Anatidae (ducks and geese) (Owens, 2002; Loth et al., 2018), among other
shorebirds (Thomas and SzØkely, 2005; Szekely, Thomas and Cuthill, 2006; Thomas,
Freckleton and SzØkely, 2006; SzØkely et al., 2007).

This interaction between female investment, developmental mode and male behaviour
may explain why incubation was the only male behaviour to correlate signi�cantly with
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female pre-laying investment (p = 0.0255). This is because both precocial and altricial
birds receive incubation care from parents, while feeding (p = 0.0547) and brooding (p
= 0.0565) are both more commonly found only in altricial species.

Male feeding and male brooding (Models 2 and 3)

A signi�cant relationship between clutch mass and male feeding was not recovered in
the models (Table 2). Documented cases of male feeding are common (Breitwisch, 1989;
Eens and Pinxten, 1994; Amininasab et al., 2017), and there are numerous analyses
of intraspeci�c variation in male feeding and paternity (Młller and Birkhead, 1993;
Kempenaers and SHELDON, 1996). However the relationship between male feeding
behaviour and female investment across species has received little attention.

It is unsurprising that male feeding of chicks correlated only weakly with female invest-
ment, since the reproductive strategies of many biparental or male-only care species
involve an approximately equal investment in terms of time and e�ort from each parent,
but do not involve male feeding.

As with male feeding, a signi�cant relationship between male brooding and female in-
vestment was not recovered in the �rst PGLS analysis (Table 5, Model 2a), and was not
improved with the addition of other factors (Table 5, Model 2b). This result is unsur-
prising given the diverse nature of post-hatching care and sex roles in birds (Pierotti
and Annett, 1993). The increased signi�cance of male feeding in the more complex
models suggests that additional factors may be important. Given that the relation-
ships between clutch mass and breeding latitude, and clutch mass and developmental
mode are signi�cant (p = 0.0006 and p = 0.0354, respectively, Table 5), it is likely
that altriciality and precociality play a major role in the presence or absence of male
brooding, as in Model 1.

Developmental mode correlates strongly with female investment: Slow and
fast life history patterns

Developmental mode had a stronger e�ect on proportional clutch mass than any mea-
sure of male investment (incubation, feeding or brooding), and may re�ect the trade-o�
between pre-hatching and post-hatching investment required to �edge chicks success-
fully (Fig. 3-1). Conversely, the age of male maturity had an almost negligible e�ect on
female investment in all models (Tables 3.1-3.3). Species with a later age of male matu-
rity are likely to have a greater maximum longevity, and these likely represent species
with slower life history patterns. Late-developing (and therefore, all other things being
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equal, longer-lived) species invest proportionally less in each clutch (Fig. 3-3), and
also tend to produce altricial chicks (Fig. 3-3). This is probably a result of trade-
o�s between pre- and post-hatching investment. If females invest greater resources in
producing well-developed precocial chicks at hatching, then the investment required to
rear those chicks to �edging age is reduced. Lower pre-hatching investment is likely to
produce poorly developed chicks that need much greater parental investment to reach
adulthood.

Latitudinal breeding distribution correlates with female investment

The latitudinal breeding distribution of species correlated more strongly with female
investment than any measure of male investment (Tables 3-5), with lower female in-
vestment towards the equator and greater investment at higher latitudes (Fig. 3-2).
Harsher environmental conditions, particularly at the poles, generally result in lower
year-on-year adult survival rates (Martin 1996). This makes the allocation of resources
over multiple breeding seasons less practical, and adults are likely to prioritise current
breeding attempts over potential future successes, investing more in individual clutches
as a consequence.

3.2.6 Conclusions

1. We report the �rst evidence of a signi�cant negative relationship between propor-
tional pre-hatching female investment and post-hatching paternal care in birds.
More precisely, we �nd a signi�cant negative correlation between clutch mass
and proportional time spent by males on incubation, with female mass as an
additional explanatory variable (p = 0.0255).

2. We recovered no signi�cant relationships between proportional clutch mass and
either paternal feeding or paternal brooding. Signi�cant correlations were upheld
in complex models that accounted for the e�ects of breeding latitude, age of male
maturation, and developmental mode.

3. We consistently recovered a signi�cant relationship between proportional clutch
mass (as a proxy for female investment) and developmental mode, which upholds
previous hypotheses regarding life history patterns in birds. Our results suggest
that precocial birds tend to invest signi�cantly more energy, proportional to fe-
male body mass, in each clutch than do altricial birds, since precocial species
must hatch at a later developmental stage and therefore require greater upfront
investment in the egg (Shatkovska et al., 2018).
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4. We report additional evidence for a signi�cant positive relationship between
clutch mass as a proportion of female body mass and latitudinal range, reinforc-
ing the hypothesis that high-latitude birds invest more energy, relatvely speaking,
in each clutch than do low-latitude species (Scholer et al. 2020).
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Chapter 4

Relationships of the reproductive
characters of crocodylians

4.1 Pre-paper commentary

Though the focus of this thesis has predominantly been on birds, it is important not
to neglect that other extant group of archosaurs - the crocodylians. Crocodylians rep-
resent the only living branch of the superorder Crocodylomorpha, which �rst appears
in the fossil record during the middle Triassic (Lecuona, Ezcurra and Irmis, 2016).
During the Mesozoic, crocodylomorphs diversi�ed to exploit a wide range of niches,
including armoured herbivores, giant superpredators and gracile runners. After the
end-Cretaceous extinction, however, their diversity was greatly reduced, and today
they are represented by only one order - the Crocodylia - and between 24 and 27
species (Grigg and Kirshner, 2015). The validity of some species, speci�cally Crocody-
lus suchus, Osteolaemus osbirni and Mesticops leptorhynchus is still open to debate
due to their status as potential cryptospecies. Despite their limited species richness,
extant crocodylians still display great variation with regards to caring for their young,
with behaviours as complex as helping with hatching and parental feeding having been
observed. Initially, the focus of this paper was on the parental behaviour of the mother,
as initial explorations of the literature revealed a wide range of behaviours both within
and between similar species. As an example, the false gharial (Tomistoma schlegelii)
is a species that is frequently bred in captivity. Brooding females of this species rarely,
if ever, display aggression towards keepers that enter the enclosure to remove eggs
(Mathew et al., 2011). On the other hand, saltwater crocodiles (Crocodylus porosus)
in the north of Australia regularly attack with fatal consequences (Fukuda et al., 2015;
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Brien et al., 2017). Such attacks are often thought to be motivated by defence of the
nest (Caldicott et al., 2005; Manolis and Webb, 2013). Females of these two species
are approximately equal in size, and I was initially interested in the factors that might
be driving this behaviour. As megafauna hunters, it is possible that female C. porosus
simply have less fear of humans than the piscivorous T. schlegelii. On the other hand, it
may be that C. porosus invests more resources in each clutch, and therefore has more to
lose if a clutch is destroyed. Unfortunately, with the exception of interesting anecdotes,
there were few concrete data on these behaviours, especially for those species that are
less well-known. This project, therefore, focused more on the physiological adaptations
of Crocodylia to their environment, and to the pre-fertilisation investment of females -
measured in terms of egg mass and clutch size. These analyses also accounted for envi-
ronmental factors such as temperature, incubation time and latitudinal variation, and
although the data on parental behaviour in Crocodylia are still incomplete, this chapter
sets an agenda for future research. The full text, including �gures, was published in
the Biological Journal of the Linnean Society (Lakin et al., 2020).
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Figure 4-1: Female saltwater crocodiles (Crocodylus porosus) are hyper-aggressive moth-
ers and have a proven record of attacks against trespassers at the nest. Animal pho-
tographed on the Adelaide River, Northern Territory, Australia by R. Lakin.
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