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Abstract

The amniotic eggshell is a bioceramic that can endure the passing of time without major
alteration to its physical structure. Not surprisingly eggshells have been found in numerous
paleontological excavations around the world and have been used to identify the presence of
major taxa and furthermore, to propose hypotheses on how extinct amniotes lived and nested. In
the past decades the information that has been obtained solely through eggshells, ranges from
inferences of a specie’s habitat, to diet, and nesting behaviours. This information can be obtained
using techniques such as microscopy, stable isotopes, ancient DNA, allometry, physics and
biochemistry. The possibility of making inferences about an organism’s biology using its
eggshells make them an invaluable asset in biological research, as we can obtain information
about species that are difficult to observe otherwise, that are endangered, or that are not even
alive anymore. It may also allow a comparison of the conditions that affected a species or a group
during evolutionary time. In addition, these studies can be done with eggshells obtained after
hatching, therefore without compromising the welfare of the study animals.

The genus Apteryx (commonly known as Kiwi) is an endemic taxon to the three main islands of
New Zealand/Aotearoa. This genus presents five distinct species and several taxa (possible
subspecies). Apteryx is a unique clade because of its many unusual characteristics, including that
all its species are ground-dwelling nocturnal insectivores, are winter breeders and nest in ground
burrows or hollowed trees. Apteryx also presents a unique eggshell that has been part of scientific
debates since the 1960’s. The physical features of Apteryx eggshells such as eggshell porosity,
thickness and overall gas exchange, do not fit in most allometric models. Hypotheses to address
this phenomenon have explored answers in the Apteryx’s extremely long incubation period (74
days or more) and low basal metabolic rate, because these require lesser oxygen. Apteryx are
also the only ratite that nest in ground burrows or hollowed trees; all other ratite species lay in
scrape type nests.

Another oddity of Apteryx is that this genus presents diverse incubation behaviours, with some
species having single male incubation, and others male and female incubation, as well as co-
operative and group incubation. The mating system of Apteryx has been suggested to be
monogamous for some of the species; however, Apteryx females are bigger than males, and at
least in two of the Apteryx species, the female does not contribute to incubation whatsoever,
suggesting some degree of sex role reversal. This could mean that the mating system of Apteryx
revolves around polyandry, or as it is the case of most ratites, promiscuity (or polygynandry).
The importance of studying Apteryx lays in its rarity; it is a group of species that defies allometric
predictions and presents a wide variety of unusual adaptations. In many respects, it could be said
that Apteryx presents adaptations to a niche that in other ecological contexts has been filled by
mammals. Terrestrial mammals, except for chiropterans, are naturally absent in New Zealand
ecosystems giving the opportunity to birds, which are plentiful in New Zealand, to exploit these
niches and adapt accordingly. The series of oddities in Apteryx makes it a “must study” species
to explore evolutionary pathways and the extremes in evolution.

All Apteryx species are under some category of endangerment and are within the top priorities
of restoration and conservation programs in New Zealand, which makes non-invasive methods



of study the only way to approach biological and evolutionary questions about the group. This
makes the use of eggshells an ideal method to approach biological and reproductive questions in
Apteryx. The nests of Apteryx can be easily identified during breeding and non-breeding seasons,
and eggshells are frequent remains amongst unoccupied nests; making them accessible with
minimal disturbance to the birds.

In this thesis, | explored the gaps in knowledge regarding the allometric predictions for the
Apteryx eggs and eggshells, re-testing many of these assumptions, considering that there are five
species, and not three as was the common belief before 2003. | explored the eggshell using
optical techniques (scanning electron microscopy and micro-computed tomography) and
experimentally (by determining the water vapour conductance of the eggshell for three of the
five species). | found that Apteryx eggshell thickness decreased from north to south, and so did
the water vapour conductance, porosity was much higher than what was previously measured in
all of the sampled species, and it was higher than the allometric predictions. | found that Apteryx
eggs presented a mineral “cuticle” composed by triangular crystals only reported in the literature
for the eggshells of a Theropod dinosaur from the early Cretaceous. Morphological
characteristics of the eggshell have been used taxonomically by palaeontologists to identify
species; | found that it is possible to distinguish between the currently accepted Apteryx species
by comparing the eggshell thickness, porosity, cuticle thickness and mammillary area.

| next looked at the thermal properties of eggs and nests, using Newton’s law of cooling; I
determined the cooling rate of eggs and nests of Brown Kiwi (Apteryx mantelli) and compared
it with those of other precocial bird species. | found that Brown Kiwi eggs do not have any
adaptation towards heat retention. The nests, however, have good temperature buffering and heat
retention capacity. The nest architecture allows the nest to remain cooler than environmental
temperature during the day and warmer than environmental temperature at night, which is when
the incubating parent leaves the nest to forage.

Finally, | examined Apteryx mantelli’s mating system by extracting DNA from the
chorioallantoic membrane of hatched eggshells from Operation Nest Egg, a conservation
strategy for kiwi. | determined the degree of parentage of the membranes found in several radio-
tagged males over a period of five years using fragment analysis, and eight different
microsatellite markers. | used very cost-effective techniques that make this study highly
replicable and adaptable to other species. | found that Brown Kiwi is not a genetic monogamous
species, having multiple contributor parents to a particular nest within and between years.

In conclusion, | found that this non-invasive methodology using eggshells of hatched or
abandoned eggs is very valuable to study cryptic and endangered species. Therefore, | advocate
for further studies of this type, as the information that can be gained about a wide range of species
and species behaviours using eggshells, together with relatively cheap techniques is of immense
value to science.
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Chapter One
General Introduction

Qui Rosarum intrare conatur Philosophicum absque claves,
assimilatur homini ambulare volunti absque pedibus
(He that endeavours to enter into the Philosophers’ Rosarye without a Key,
Is like him who wants to walk without feet)

Michael Maierus, 1619



The amniotic egg is a compartmentalised unit that evolved to carry out the complex biochemical
reactions that would be necessary to sustain the development of a new life on land (Burley and
Vadehra, 1989; Reisz, 1997; Maina, 2017). Many amniotes evolved a mineral shell that encloses
the egg, in most species this shell is composed of calcium carbonate in a variety of its structural
forms (calcite, vaterite or aragonite); however, a great variability exists between species in terms
of the arrangement of the mineral units that constitute the eggshell. In other words, the
architecture of the eggshell is specific for different taxa, and differences and similarities in the
eggshell structure have been the basis for the development of a parallel taxonomy that has been
extensively used to identify and classify eggshell remains of extinct taxa (Mikhailov, 1991). The
type of characters used taxonomically include the way columns of calcium carbonate radiate
from aggregation points in the shell membrane, how layers of different texture constitute the
palisade and external zone, whether these layers present a smooth or a squamatic texture, and
the shape and arrangement of pores (Fig.1.1).

Exterior of the egg
Cuticle [t sasint
; External zone
WP O i D | (Crystalline)
g

Squamatic layer
(Palisade)

Vesicles

4 L Mammillae

Membrana testacea

Figure 1. 1 Diagram of a single column belonging to the eggshell structure. (This example is characteristic of
the Ornithoid morphotype). Adapted from Mikhailov (1996).

Beyond the possibility of identifying species using the eggshell’s morphological characters, the
eggshell structure contains within its composition, information about the environment the egg
was laid. In addition, the functional characteristics of the eggshell can inform about the nesting
environment and incubation requirements. The works of Ar, Paganelli and Rahn since the 1970’s
explored the gas exchange of the eggshell using the principles of Fick’s law of diffusion and the
relationship between mass, volume, and the development of avian embryos (Ar et al., 1974;
Paganelli et al., 1974; Rahn et al., 1974; Paganelli, 1980; Rahn and Paganelli, 1990; Maina,
2017). Gas exchange in the egg is an interesting topic, as a balance between oxygen diffusion
into the egg while allowing carbon dioxide and water to exit the egg are necessary to maintain
appropriate respiration in the developing embryo. Water is particularly important, as it needs to
be lost in a precise manner to prevent desiccation of the embryo. At the same time, the
“apertures” or pores through which gases diffuse need to also prevent and minimise ingress of
pathogens into the egg.



In general, Ar, Paganelli and Rahn’s research focused on the relationships between the egg mass
and volume and its effect on the eggshell gas conductance considering eggshell pore geometry
and shell thickness. Their results have shown how allometric predictions can be made regarding
the vapour conductance of eggs based on egg weight and eggshell thickness. Furthermore their
findings imply that we can make interspecific comparisons between species with similar egg
masses to examine the adaptations of the eggs to the nesting environment (Birchard and Kilgore,
1980; Seymour and Ackerman, 1980; Birchard et al., 1984). It has become widely accepted that
some of the functional characteristics of the eggshell (shell thickness, pore density, pore area and
distribution) can be used to accurately infer the nesting environment. By using these models,
researchers have been able to propose hypotheses on the nesting behaviour and nest architecture
of extinct taxa, based on comparisons of egg mass between seemingly different pore geometries
and furthermore, gas exchange.

Beyond the eggshell itself there are a wide variety of behaviours that co-evolved with the
physical structure of the eggshell to ensure hatching of chicks (Higham and Gosler, 2006).
Incubation provides parental regulation of environmental conditions to sustain the life of the
embryo inside the egg as all biochemical and enzymatic reactions require specific temperature
ranges for optimal function (White and Kinney, 1974). Parental attentiveness evolved
congruently in many species to reduce the temperature variability the egg might be exposed to
during incubation (Carey, 1980). For these reasons, birds (and reptiles) have developed a great
variety of incubation techniques that respond to the environmental challenges the egg of each
species faces (Deeming, 2002). The diversity of physiological adaptations that allow different
species to thrive in their environment, may have coevolved with different combinations of
incubation length (Boersma, 1982), nesting, and incubating behaviours (Collias, 1964), and
shaped some of the morphological attributes of specie’s eggs. Therefore, to study the
reproductive biology of birds, the relationship between the eggshell functional characteristics,
nest environment, habitat of each species, and parental behaviour need to be considered.
Nevertheless, the eggshell is an accurate reflection of the aforementioned factors, making the
eggshell an excellent non-invasive source of information about species and their environments.

Functional characteristics of the eggshell like the cuticle and colouration, and their relation to
the nest environment have been studied in several avian taxa (Westmoreland et al., 2007; Cassey
et al., 2008; D’Alba et al., 2014, 2017) as well as their phylogenetic relations (Zelenitsky and
Modesto, 2003; Grellet-Tinner, 2006; Winkler, 2006; Zelenitsky and Therrien, 2008). However,
there are few species whose unique attributes do not fit the usual models and predictions. One of
them is the genus Apteryx, a group of ratite birds endemic to New Zealand (Calder, 1979; Board
and Scott, 1980; Tullett, 1984).

Apteryx (commonly known as Kiwi) was first described to science in 1813 by George Shaw
(1751-1813). Since its discovery it has become a zoological curiosity due to its unusual traits of
being flightless, a nocturnal insectivorous bird that in many aspects looks and behaves more like
a mammal than a bird. There are five recognised species of Apteryx and around 11 taxa but this
classification is still debated (Weir et al., 2016; White et al., 2018). In this genus the male can
incubate the eggs; in the case of Brown Kiwi (Apteryx mantelli) and Pukupuku (A. owenii) the
male is the sole care provider for the egg, while in the other species various systems have been
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recognised, such as male and/or female incubation in Roroa (A. haastii) and Rowi (A. rowi) to
co-operative breeding in Tokoeka (A. australis). Throughout this thesis | will use the term
Apteryx to refer to the genus and will refer to the individual species by their Maori name.

Due to its atypical appearance compared to other birds, the anatomy of Apteryx was extensively
studied during the 19" and early 20" centuries (Owen, 1839; Hyrtl, 1862; Parker, 1890). In the
late 20" century its behaviour and ecology became of interest, and since, studies have been
undertaken to study its physiology (Reid, 1971; Body and Reid, 1983; Prinzinger and Dietz,
2002), habitat use (Taborsky and Taborsky, 1992, 1995; Dixon, 2015), sociality (Cunningham,
1840; Cunningham and Castro, 2011; Ziesemann, 2011), diet (Colbourne and Kleinpaste, 1983;
Dixon, 2015; Shapiro, 2005), and reproductive biology (McLennan, 1988,1991; Jolly, 1989 ;
Potter, 1989; Colbourne, 1991, 2002; Jensen and Durrant, 2006; Ziesemann et al., 2011).

After European colonization, populations of Apteryx underwent rapid decline due to the
introduction of mammalian predators (McLennan, 2006) and habitat loss (Holzapfel et al., 2008).
Because of this decline most recent research efforts have focused on identifying threats and
increasing Apteryx populations by different means; programmes have been established to create
predator free areas, and a captive incubation program (Operation Nest Egg or ONE) was devised
(Colbourne et al., 2005).

The Operation Nest Egg programme uses males tagged with Very High Frequency (VHF) radios
that are followed to their nesting sites annually. When active nests are identified, the eggs are
monitored, collected either before they hatch, or the chicks after hatching, then transferred to an
incubating/caring facility, where the eggs are artificially incubated until hatch. Chicks and
captive hatchlings are fed until they reach > 1 kg, a body size sufficient to reduce the risk of
predation by stoats, Mustela erminea, their main introduced mammalian predator (McLennan et
al., 2004). These juveniles are then released back to the wild, in some cases to créches in offshore
islands, or in other cases translocated to mainland populations (for more information visit:
https://www.kiwisforkiwi.org/what-we-do/how-were-saving-kiwi/learn-more-about-operation-
nest-egg/how-it-works/). Operators at several ONE facilities have stored some of the eggshells
from eggs they have incubated; these eggshells have been stored individually with code names
that allow retrieval of information such as the date and area the egg was collected, as well as
possible parentage (the male is usually identified but the mother is suspected based on field
observations). In the framework of these conservation efforts and especially the ONE
programme, | address several evolutionary questions in Apteryx making use of the mentioned
eggshells.

The general aim of this thesis is to use eggshells and eggs to explore evolutionary hypotheses in
Apteryx, and as a non-invasive method to study an endangered species. First, | review the
literature in the fields of oology and palaeontology to propose studies that could improve the
current knowledge in the study of ecology and phylogeny using avian eggshells, especially
advocating for a greater use of extant species eggshells in relation to phylogenetic and ecological
context, and a more active dialogue between biologists and palaeontologists (Chapter 2).


https://www.kiwisforkiwi.org/what-we-do/how-were-saving-kiwi/learn-more-about-operation-nest-egg/how-it-works/
https://www.kiwisforkiwi.org/what-we-do/how-were-saving-kiwi/learn-more-about-operation-nest-egg/how-it-works/

Second, | examined the functional characteristics of the eggshell in a phylogenetic, ecological
and adaptive context relating them to latitudinal distribution of species and to the nest
environment by looking at the eggshell thickness, cuticle and water vapour conductance (Chapter
3). The main question | ask in this chapter is: what are the functional characteristics of the very
thin eggshell in relation to incubation period and gas exchange? Gas exchange has been
measured in Brown Kiwi eggshells, but this was done before five species were recognised,
therefore a comparative analysis of the different species does not exist. Because Apteryx are
endemic to New Zealand and all the species are under some endangerment category, most
previous studies had very small sample sizes or resorted to samples of eggs laid in captivity.
Captive laid eggs are much smaller than those laid in the wild (Reid, 1981), thus changing the
functional properties of the eggshell. Therefore, a closer look at gas exchange in Apteryx is
needed with a bigger sample size using wild laid eggs. This chapter was written with the help of
Nikki Minards and Michael Loh in the Scanning electron microscopy and Micro CT respectively,
and written in collaboration with Isabel Castro, Patrick Morel and Wei-Hang Chua. | expect to
find differences in the eggshell physical structure between the species, specifically differences
in eggshell thickness and porosity; these differences will be related to latitudinal distribution and
average body weight of each species, and altitudinal distribution (observed as a greater variation
in species with wider altitudinal distributions and less variation in locally restricted species).

Third, I made a first approximation to the thermal properties of nests and eggs of Brown Kiwi to
explore their adaptive value for a winter breeder and a single incubating parent, also with an
additional purpose to promote similar studies for the other Apteryx species and eventually lead
towards a comparative analysis (Chapter 4). Kiwi presents a unique nest architecture when
compared with all the other ratites; this nest architecture is shared amongst all Apteryx species
(as far as we know), therefore it is worth asking questions regarding the evolutionary pressures
that might have resulted in such innovation. A description of the nest architecture exists for the
Pukupuku (Jolly, 1989), and despite Brown Kiwi being the most studied species and its nest
being been included in several studies ( Potter, 1989; Colbourne, 2002; McLennan et al., 2004;
Ziesemann et al., 2011) a formal description that includes detailed measurements has not been
produced. | present a description of the Brown Kiwi nest in Chapter 4. The main hypothesis |
tested in this chapter is: The evolution of nests is usually driven to reduce the effect of weather
variability and/or predation, therefore, in the absence of known natural predators, the Brown
Kiwi nest must have thermal buffering capacities. Furthermore, | explored the egg’s thermal
properties as well in case the egg itself had adaptations to withstand cold temperatures. | have
done this using Newton’s law of cooling. This chapter was revised and edited by Isabel Castro,
Patrick Morel and Wei-Hang Chua.

Finally, 1 tested the alleged monogamous mating system of Brown Kiwi (Colbourne, 2002;
Taborsky and Taborsky, 1999) by extracting DNA from eggshell membranes retrieved from ten
tagged males in the population of Maungataniwha (Northern Hawke’s Bay) during the breeding
seasons of 2012 to 2017 (Chapter 5). In this chapter | proposed the hypothesis that Brown Kiwi
is unlikely to be monogamous, since all of the other species of ratites that have been studied
using molecular techniques exhibit mating systems that revolve around polygynandry (where a
female mates either simultaneously or sequentially with more than one male and males mate



either simultaneously or sequentially with several females). | did this by examining the
relatedness of the chicks that hatched from eggs retrieved from the same nest. Brown Kiwi
present many morphological characters that are frequently associated with polyandry, such as
incubation provided by the father, a bigger and more aggressive female (Corfield, Gillman, and
Parsons, 2008), multiple clutches in one reproductive season, and little to no parental care. For
at least one Brown Kiwi population (Ponui Island) non-monogamous associations have been
observed, trios and quintets of roosting birds have been recorded as well as more than one male
incubating in one nest (Ziesemann, 2011). Some of the other species of Apteryx (Roroa, Rowi
and Tokoeka) exhibit male and female incubation, therefore a closer examination of the breeding
system is needed, first to examine the actual mating system of Brown Kiwi and second, to
understand how mating systems evolve from a ratite polygynandrous type to a more
monogamous mating system if this is the case. This chapter was produced under the supervision
of Kristene Gedye as she developed and optimised the extraction and amplification protocols
used, the fragment analysis was carried at Massey Genomic Services under the management and
supervision of Xiaoxiao Lin; the chapter was revised and edited by Isabel Castro, Patrick Morel
and Wei-Hang Chua.

To conclude | discuss possible evolutionary explanations for the eggshell characteristics in
Apteryx, and their relation to the nest architecture in Brown Kiwi. | suggest further observations
that could be made to further our knowledge about the other Apteryx species. | discuss as well,
the non-monogamous mating system of Brown Kiwi in relation to the costs of egg production.






Chapter Two
Avian eggshells: Witnesses in Avian Evolution

Seminate aurum vestrum in terram albam foliatam
(Sowe thy gold in the White Foliate Earth)

Michael Maierus, 1619



Abstract

Recent decades have seen the discovery of countless numbers of fossilised eggshells in numerous
sites all over the world; a parataxonomic system has been designed to deal with the classification
of eggshells that are unable to be immediately associated with skeletal remains where the
eggshells were unearthed. Phylogenetic hypotheses have been proposed to help with the
identification of eggshell remains and in order to explain plausible paths of evolution of eggshell
morphology. Nesting ecology has been considered the main environmental factor affecting the
morphology of eggshells and research has been conducted on eggshell porosity and water vapour
conductance as means to theorize on the nesting behaviour of dinosaurs. In this review, | discuss
the importance of studying the eggshell morphology of extant species in the light of the advances
of palaeontology in species identification using eggshells. Palaeontologist have classified and
identified species based solely on eggshell remains, demonstrating that eggshells are
taxonomically informative. However, in only some cases a relationship can be established
between eggshell remains and bone or embryonic remains confirming eggshell identification.
The physical characteristics of eggshells of extinct organisms have been also used to formulate
hypothesis of the environment and nesting ecology of these organisms. | advocate for further
studies using extant organisms to validate the advances in palaeontology because the possibility
of accurate identification of the laying species (either by observation or genetic identification),
and because direct relationships can be established between physical traits and environment, and
nesting ecology of extant species. Furthermore, there is an intrinsic problem with eggshell
identification of extinct species, which is convergent evolution. Convergent evolution could
produce very similar if not identical features in the eggshells of not-closely related species. This
problem could be better understood and accounted for by observing how related species
eggshells can be different in different environments and how non-related species could exhibit
similar adaptations to similar environment. The inferences made using extinct organisms have
oversimplified some ecological variables and omitted others, such as atmospheric gas
composition and overall climate, even though eggshells themselves provide accurate information
about climatologic conditions. | advocate for the use of extant species to study the relationship
between environmental conditions, nest microclimate and eggshell functional characteristics, as
well as the influence that both phylogeny and ecology have on shaping these characteristics.

Introduction

In the mid-19™ century Wilhelm von Nathusius (1821-1899) produced one of the first systematic
observations of the avian eggshell (Tyler, 1964) and since then there has been a steady effort to
understand the evolution of the eggshell. The consensus is that the eggshells of all bird species
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are composed of six distinct layers, the decalcified internal membranes (the inner and outer
membranes), the mammillary zone, the squamatic zone (or palisade) the external zone, and the
cuticle or accessory layer (Mikhailov, 1997) (Fig.1.1).

Two main factors can affect the morphology of an eggshell. First, phylogenetic factors, with
changes in ancestral stages having been traced to produce eggshell based phylogenies
(Mikhailov, 1992). This has been the basis for taxa identification in the geological strata, where
a parataxonomic system based solely on eggshell remains has been developed, and eggshell
structure used to establish relationships (Mikhailov, 1991). Second, are ecological factors, as
eggshell by design need to respond to environmental pressures such as the nesting environment
(Norell et.al, 1996; Hechenleitner, Grellet-Tinner and Fiorelli, 2015). Adaptations to the nest
environment can be reflected on in differences in eggshell thickness, porosity, and cuticular
composition (Winkler and Sa&nchez-Villagra, 2006; D’Alba et al., 2017). Also, eggshells’
composition can record information regarding their environment, namely stable isotopes of
carbon, oxygen and nitrogen can be used to inform on rainfall, vegetation and diet during their
formation and incubation (Montanari, 2018). Climatic conditions have been assessed by
examining the deposition of specific varieties of stable isotopes. For instance, carbon isotopes
have been used to determine the type of vegetation present in the environment of herbivorous
species (Angst et al., 2015), while oxygen (Ségalen and Lee-Thorp, 2009) and nitrogen (Johnson
et al., 1997) have been used to estimate rainfall.

Interactions between phylogeny and ecology may obscure the level of phylogenetic information
that could be obtained from eggshells in the cases were convergent evolution produces
characteristics with difficult phylogenetic interpretations. In this review, I discuss the existing
literature proposing phylogenetic hypotheses built using eggshells with the aim of proposing
studies that could help clarify the information that can be obtained from eggshell phylogenies,
and emphasising how such phylogenies can improve the understanding of the evolution of birds.
To achieve this, | reviewed the published literature in the fields of palaeontology, cladistics and
paleoecology focusing on the phylogenetic approaches used by numerous researchers and the
inferences made about the organism’s life history and behaviour.

Materials and methods

| used Google Scholar, Web of Science and Scopus to gather and compare publications on topics
of taxonomy and cladistics using eggshells of birds and dinosaurs. Publications on reptiles such
as turtles, geckos and crocodiles were marginally included due to their similarities in eggshell
calcification and preservation and because these taxa provide relevant information about the
evolution of eggshell structures in birds (Deeming, 2007). | searched for literature of ecological
reconstruction using eggshells and focused mostly on research using stable isotopes. Finally, |
searched for literature containing research that made inferences about the nesting and incubation
ecology of extinct birds and dinosaurs using eggshells. This is, however, not a review about
parataxonomy or a summary of paleontological discoveries. This review is not intended as a
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thorough literature review in the field of palaeontological oology but rather using representative
studies and methods from that field to demonstrate the need for performing these studies with
extant species.

Key terms searched:

Avian eggshells, theropod, dinosaur nesting behaviour, dinosaur eggshells, eggshell
parataxonomy. Eggshells AND fossils, Eggshell AND phylogeny, Avian eggshells AND
genetics.

Results and Discussion

The ultrastructure of the amniotic egg has been used to assess phylogenetic relationships using
morphological characters in a traditional taxonomic way and an autonomous parataxonomy was
developed to deal with the classification of oolithes (fossilised eggs and eggshells)
(Mikhailov,1991;1996). Eggshell remains have been found all over the world, giving testimony
of the species that inhabited these areas. In many cases, the oolithes are found by themselves
without the possibility to directly associate the eggshell remains to a particular organism (Hirsch,
Kihmand and Zelenitsky, 1997); hence, necessitating a system of species classification using
eggshell characteristics by themselves. Major differences in morphological characters at high
taxonomic levels have been found, and several morphotypes of fossil and extant eggshells have
been proposed (Mikhailov, 1991). Mikhailov’s parataxonomy clearly distinguished between
testuoid (turtles), geckoid (geckos), cocodriloid (crocodiles) dinosauroid (for dinosaurs
distinguishing between spherulitic and prismatic types) and ornithoid eggshell structures
(distinguishing between the ratite morphotypes seen in theropod dinosaurs and ratites; and a
prismatic morphotype, which is present in most neoaves). These morphotypes have been revised
from time to time, as new and unique eggshells have been discovered and characterised, making
the diagnoses more complete (Vianey-Liaud et al., 1997; Vila et al., 2017).

In some cases, it has been possible to directly associate eggshell remains to skeletal remains of
adults and embryos. The identity of eggshells of the small bird-like dinosaur Troodon formosus,
for instance, was determined when a complete nest was found with an articulated tibia-fibula and
caudal vertebrae, amongst other bones, in direct contact with the fossilized eggs (Varrichio et
al., 1997). Hirsch and Quinn (1990) linked four different egg morphotypes to skeletal remains,
mostly nests, complete clutches, and neonates in the Two Medicine formation in Montana. In
this case, the presence of embryonic remains near eggs of Orodromeus, a late Cretaceous
herbivorous parkosaurid dinosaur, allowed assignment of these types of eggshells to that genus.
In a similar manner, complete nests with hatchlings of Maiasaura, an upper Cretaceous
hadrosaurid dinosaur, found in the vicinity of the eggshell remains allowed assignment of these
eggshells to a real taxon. In another unearthed fossil, embryonic bones were found inside the
eggs of Troodon formosus (Jackson, Horner and Varricchio, 2010). Embryonic material has also
been found and identified for the Torvosaurus, a late Jurassic theropod (Araujo et al., 2013), a
megalosaurid theropod dinosaur, as well as Cretaceous avian taxa (Schweitzer et al., 2002), and
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the tibia of a neonate specimen of a possible Hypsilophodon which is a late Cretaceous
ornithischian dinosaur (Maxwell and Horner, 1994) to cite a few examples.

In 1996, Norell et al., reported a very unique specimen, a fossil of an Oviraptor, a theropod from
the Cretaceous, sitting on top of what looked like a nest; it was suggested first that this was a
predatory attempt (Osborn, 1924) but it seems that this is indeed a case of a nesting dinosaur.
However, these types of discoveries are extremely rare; without direct association with skeletal
remains the diagnoses can only allow inferences that relate broad taxonomic groups. The other
specimens, even after being classified in oogenera and oospecies, will have to wait for the
discovery of evidence that can further clarify their identities (Hirsch and Mikhailov, 1995). Two
relatively complete reviews on the clades that have been associated with skeletal remains was
published by Zelenitsky and Hirsch, (1997) and Grellet-Tinner et al., (2006).

An alternative that can be employed to identify the eggshell to lower taxonomic levels (i.e. genus
or species) is to construct phylogenetic hypotheses that include the specimens that have been
associated to skeletal remains. Tanaka et al., (2011) used the dataset published by Zelenitsky
(2004) to construct a phylogeny to identify 145 eggshell fragments that varied in thickness and
ornamentation found in the Luanchuan excavation (West Hunan province, China), comparing
them to 28 different taxa and using 16 different characters. Among 36 equally parsimonious trees
the eggshells were placed in the Elongatoolithidae oofamily (Norell et al., 1994; Fanti et al.,
2012). There are five oogenera known for this oofamily in this region, thus further identification
would be guesswork. Similar studies were conducted by Moreno-Azanza (2013) and Varricchio
and Jackson (2004) by constructing phylogenies using eggshell morphological characters to try
to identify new remains. Phylogenetic analyses were used in a similar way in the works of
Vianey-Liaud et al., (1997 and 2003) but in these cases the authors found identical species
distributed in Peru and France (1997), and France and India (2003). The implications for
biogeography in these cases are very important, because it is possible that they were dealing with
a very broadly distributed species, however, how different were the climates and habitats of these
locations, and what evidence did they leave behind about the specific adaptations of this
“cosmopolitan” species?

A strong criticism to phylogenies constructed with this purpose was posed by Mikhailov (2014).
He stated that “the choice and the given status of characters were inadequate to recent
knowledge on eggshell structure and mineralisation, and the characters’ coding was done
disregarding the concept of homology”. This is a very important concern as synapomorphies
indeed can obscure the interpretations made with eggshell phylogenies. For instance, the ratite
morphotype that has been associated with theropods and paleognathes is also present in
Cuculiformes and Piciformes, both Neoaves, which usually display the ornithoid prismatic
morphotype. This is an example of homology rather than representing a close phylogeny (Hirsch
et al., 1997). In a similar manner the mammillary wedges of the ratite morphotype are absent in
Apteryx and Tinamous, but present in some of the neognaths (Vianey-Liaud and Zelenitsky,
2003).

Environmental weathering is another factor that can obscure the phylogenetic interpretation of
fossil eggshells, as weathering can change the eggshell structure. However there have been good
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attempts to associate specific natural forces with identifiable characteristics in these fossils, such
as predation, dragging and dissolving, and a taphonomic narrative can be proposed for each
scenario limited by the obtainable evidence (Hayward, Hirsch, and Robertson, 1991; Hayward
et al., 2000).

Diagenesis (which is the mineral replacement over time, which in the case of eggshells can
happen to calcium carbonate, which can be dissolved and replaced by secondary calcium
carbonate) can also alter the eggshell morphology making it more challenging to interpret its
features (Pickford, Senut, and Dauphin, 1998). However, this process has been studied and in
some cases the diagenesis can be identified, and its effects accounted for. By using
cathodoluminescence, it is possible to determine the diagenetic minerals from fossils (Cusack et
al., 2008; Grellet-Tinner, Corsetti and Buscalioni, 2010), and in some other cases is a more
simple process as seen in turtle eggshells where the aragonite is replaced by calcite (Hirsch,
1996).

It becomes apparent that a better understanding on how eggshells evolve in a phylogenetic
context is necessary; in other words, constructing eggshell phylogenies with extant birds and
reptiles is the way to determine the extent to which the eggshells are phylogenetically conserved,
and the effect that the environment exercises on them. This is particularly relevant today because
of the possibility of contrasting eggshell based phylogenies with molecular phylogenies.
Therefore, there is a need to place the eggshell adaptations in an ecological context and allowing
a closer examination of how different characteristics of the eggshells of different taxa adapt to
similar environments, and how different environments drive the evolution of features of closely
related taxa.

Some studies have already constructed eggshell phylogenies with extant taxa, yielding
interesting results. Zelenitsky and Modesto, (2003) built the phylogeny of ratites using eggshell
characters, however, the resulting trees did not agree with the most recent molecular phylogenies
(Mitchell et al., 2014) that include extant and extinct taxa. Instead, Zelenitsky and Modesto's
(2003) phylogeny uncovered a biogeographic pattern, or perhaps an ecological pattern. This
phylogeny for instance associates Apteryx with Moa (Dinornithidae), both endemic to New
Zealand, Emu (Dromaius) and Cassowary (Casuarius) both present in the Australia-Papua New
Guinea area and finally Ostrich (Struthio camelus) (Africa) with Rhea (Rhea and Pterocnemia)
(South America). It is possible then, that the similarity of these eggshells is based on their
ecological adaptations to similar climates and environments, and not so much reflective of
phylogenetic relationships (Figure 2.1).
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Figure 2.1. Two ratite phylogenies adapted from the literature. To the left, a phylogeny constructed using eggshell
morphological characters presented by Grellet-Tinner (2006), in the background the maps indicate the places of
origin of the species. On the right a molecular phylogeny presented by Mitchell et al., (2014). The colour of the
birds indicates an Afro-American distribution (Red) or Australasian distribution (Blue).
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A study by Grellet-Tinner (2006) that included more extinct taxa, in this case Dinornis (Moas),
Aepyornis (Elephant Bird), Struthiolithus (an extinct species of Ostrich), Genyornis
(Dromornithidae) and three other dinosaurian taxa as an outgroup, revealed a similar pattern to
that published by Zelenitsky and Modesto. His phylogeny clearly distinguished between
Australian-New-Zealand clade and an African-South American and Madagascan clade; and
within the Australian-New Zealand clade again Dinornithidae appeared closely related to
Apteryx. Again, seeing that these two independent phylogenetic approaches retrieve the same
pattern begs the question: are these phylogenies actually revealing information about the
adaptations of these species to their environments?

In 2016, Winkler used 13 eggshell morphological characters and tested which of these characters
better supported well established clades. She found that three of the characters supported the
molecular phylogeny; these characters were the size of the interunit spaces (or the ridge space
between the mammillae and the columnar unit), development of the pore apertures, and the
distribution of pore apertures (or the pore density). However, there was ambiguity with the
remaining characters. She found that when examined in an ecological context this ambiguity
could be explained by different species exhibiting similar traits in similar environments.

In another example the coloration and maculation of British passerine eggshells was contrasted
with phylogenetic information and ecological information (nesting ecology and life history); it
was revealed that while phylogeny was strongly correlated with the colour and appearance of the
egg, ecology was not (Brulez et al., 2016). Interestingly, and in contrast to the above study,
Cassey et al., (2012) reported that in British non-passerine species egg colouration co-varies with
nesting ecology and life history as well as to be phylogenetically influenced (Cassey et al., 2012).
These two studies suggest that phylogeny and ecology can have different effects on egg
coloration, despite ecology being the main driver in phylogenetic changes.
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Among the ecological aspects that affect eggshell morphology, the nest environment and nesting
behaviour have received the most attention. It is the general consensus that nesting ecology is
one of the main drivers behind the functional characters of the egg, as water vapour conductance
depends on the humidity of the environment where the egg is being incubated (Paganelli and Ar,
1974; Walsberg, 1980; Ar and Rahn, 1985). Deeming (2006) explored the water vapour
conductance in 47 extinct taxa by collating information about pore density and distribution as
well as pore area in fossil specimens. Using allometric equations he estimated the water vapour
conductance for these species and inferred that the dinosaurs most likely buried their eggs in a
similar way as crocodiles and megapodes do today. He reached this conclusion by comparing
the water vapour conductance obtained for the dinosaurs with that of avian eggs of similar size.
Water vapour conductance depends on the egg temperature and pressure difference across the
eggshell, which in turns depends on humidity. Therefore, the water vapour conductance can be
correlated with the environment of the nest. When considering egg mass, mound or burrow
nesters for example tend to have higher water vapour conductance, or in other words higher
daily water loss, than scrape or open cup nesters (Grellet-Tinner, Lindsay and Thompson, 2017).

Tanaka et al., (2015) stated that due to the lack of preservation of nesting materials, and the
inaccuracy of methods used to estimate water vapour conductance, the inferences made using
solely water vapour conductance to assess nesting behaviour could be equivocal; instead they
explored the nesting behaviours in dinosaurs by focusing on the porosity of the eggshell. They
first established the relationship between porosity and nest type for 127 extant bird species and
then applied these relationships to the calculation of water vapour conductance of 120 extant
archosaurians and 29 extinct taxa to allow comparisons between the extant and extinct species.
They concluded that dinosaurs most likely nested in two different nest types: fully covered nests,
where the eggs are buried in the nest substrate, and open nests, where the eggs are incubated and
brooded by a parent. Fully covered nests had eggs with higher porosity than those eggs of open
nests. Buried eggs are in a high humidity environment with low oxygen available, making it
necessary to have more pores to allow water vapour to escape and enough oxygen to come in,
while open nests might desiccate fast due to direct exposure with the atmosphere, making it
necessary to have less pores. These authors went a step further and gathered information about
nest temperatures of extant crocodiles and Megapodes and compared these results with the
lithographic information of dinosaur nests, by this they inferred the possible nest type, materials
and incubation heat source for several dinosaur species (Tanaka et al., 2018).

Climate is suggested to have an effect on the eggshell (Hayward et al., 2000), and some attempts
have been made to determine the environment in which dinosaurs incubated by using features
found in the eggshell. Welsh et al., (2008) suggested that the type of pores on eggshells of
different species found in the Aguja formation (Texas, USA) could be related to the arid climate
assessed for this region during the late Campanian period (late Cretaceous). Further studies
relating pore type and climate are needed, especially in extant fauna. Paleognathous birds for
instance, despite their known monophyly (Mitchell et al., 2014) present a variety of pore shapes,
from funnel-like (Apteryx and Tinamous), to simple branches (Emu and Cassowary), and
completely branched (Ostriches) (Board, 1982). It would be logical to test the relationship of
these pore types with the nesting environment and the external environment, as all extant ratite
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eggs (except Apteryx) are incubated in open nests and are exposed directly to the elements. The
variety of pore arrangements seen in dinosaur eggshells could indicate adaptation to very distinct
environments.

The problem with predictions of nesting behaviour based on water vapour conductance and other
functional characteristics of the eggshells is that other climatic variables are not considered, for
example, the levels of atmospheric oxygen shifts during the Mesozoic. It has been suggested that
the levels of atmospheric oxygen reached a height of 29% during the Albian-Cenomanian (at the
beginning of the late Cretaceous 121-112 Myr) compared to the modern day 21% (Glasspool
and Scott, 2010). The eggshells of dinosaurs could have been adapted to this oxygen
superabundance making broad comparisons with modern taxa potentially equivocal.

Finally, the effect of convergent evolution would hinder taxonomic classification of eggshells
using morphological characters (Mikhailov, 2014). For sub-fossil eggshells, DNA can be
obtained, facilitating the identification and recognition of analogous traits in fossil eggshells
(Montanari, 2018). For example, DNA was obtained from the eggshells of Moa found in a 13"
century dirt oven (Oskam et al., 2011). Using ancient DNA obtained from Elephant bird’s
eggshells, Grealy et al., (2017) constructed a ratite phylogeny that was congruent with that by
Mitchell et al., (2014), the latter being also based on ancient DNA but in this case from the
tibiotarsus and femur of two different species of elephant birds, Mullerornis agilis and Apyornis
hilderbrandti. There are more than 150 studies using ancient DNA sourced from bone, eggshells
and coprolites (Grealy, Rawlence, and Bunce, 2017). Overall, there is a need to establish in
modern taxa and as much as possible on extinct taxa, whether physical characteristics are caused
by convergent evolution or by direct ancestry.

Studies focusing on the different effects of phylogeny and ecology are needed to understand how
the eggshell characteristics vary in time among taxa. A thorough phylogenetic analysis that
includes molecular, morphological, eggshell and ecological information could help to place
patterns of avian evolution in context. An effort needs to be made to try to understand how
climatic variables affect the eggshell structure, as this will provide a very valuable groundwork
to aid palaeontologists working on paleoecological reconstruction as well to understand the
effect current climate change could have on modern biodiversity.

Studies that look at the effect of climate on eggshell morphology in species such as Black Birds
(Turdus merula) and the Pigeon (Columba livia) are needed. These species have been introduced
from Eurasia into many other regions of the world and adapted and naturalised to other
continents. By looking at the differences and similarities in their eggshells, thickness, porosity,
and pigmentation it could be possible to observe how much the eggshell has adapted to its new
environment and the effect of human activities in such environments, also to understand the
effect of bottle-necks and founder effects on eggshell structure in avian populations. Similarly,
the nesting behaviour could be observed, and differences in nest construction or architecture
could reveal how these species adapt so successfully to new environments. Finally, by looking
at their genetics and the historic records it would be possible to establish a “phylogeny” of the
introduction of these species to their new habitats, looking at the degree of similarity between
populations inhabiting similar climatic regimes.
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In conclusion, many phylogenetic studies could benefit greatly if eggshell and nest phylogenies
are constructed alongside the usual morphological and molecular phylogenies, as this could help
place the different adaptations seen both in the eggshells and in the organisms themselves in an

ecological context.
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Chapter Three

The eggshell structure in Apteryx; form, function and adaptation

Accipe ovum et igneo percute gladio
(Take an egg and smite it with a fiery sword)

Michael Maierus, 1619.
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Abstract

The eggshell structure of Apteryx has generated much debate over the decades because it does
not fit well with most allometric predictions. Apteryx eggshells are unusually thin and have been
reported to be 65% less porous than expected. It has been suggested that the thickness and
porosity are compensations for a very long incubation period. Most studies so far have been
carried out in what has been reported as Apteryx australis from the North Island of New Zealand,
and using infertile eggs or eggs laid in captivity. However, A. australis comprised all birds with
brown plumage, now separated into three distinct species (A. mantelli, A. rowi and A. australis)
using different habitats and living at different latitudes and altitudes. In addition, captive eggs
are much smaller than wild laid eggs. These confounding factors may help explain the problems
found in earlier studies of eggshells. In this study, I analysed the physical characteristics of the
Apteryx eggshells making a comparison between three different species (A. mantelli, A. rowi and
A. australis) and for some of the analysis I included some specimens of A. haastii, to determine
if there are recognizable differences between species, and to determine the actual water vapour
conductance of the eggshell in the context of a burrow nester. |1 used scanning electron
microscopy to observe and measure eggshell thickness, and mammillary area, micro computed
tomography (Micro CT) to look at the pore structure, and a methodology reported by Portugal et
al., (2010) to measure the water vapour conductance of eggshell fragments. | found that there are
significant morphological differences between the eggshells of Apteryx species. | also found that
the porosity of Apteryx eggshells was higher than allometric predictions, as opposed to previous
reports, but that it was consistent with what is expected for a burrowing bird. Regarding eggshell
thickness | found that indeed Apteryx eggshells are about 60% thinner than allometrically
expected. | described several new features that have not been reported in the literature so far,
such as a cuticle composed of triangular particles only described for a Cretaceous theropod. The
particles in the cuticle could be related to reduce the possibility of bacterial penetration but could
also be a mechanism to increase conductance as the egg develops and these particles wear off.
Finally, in this chapter I discuss how other variables besides egg mass should be looked at when
comparing eggshell morphological character in different species.

Introduction

The eggshell is a protective structure that has to be adapted to respond to the ecological demands
of a species while reflecting the species phylogenetic relationships (Winkler, 2006). The
eggshell, like any other structure, evolves from an ancestral state and suffers modification of
some characters depending on ecological pressures. Indeed, amniotic eggs of different species
share many characters, and the phylogenetic relations between related species can be traced up
to some extent using the eggs and eggshells as another phenotypical character (Mikhailov, 1991).
Avian eggshells have comparable features, such as the inner structural layers of the calcified
portion of the eggshell (cuticle, crystalline, palisade and mammillae; Fig.1.1) that can be used to
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point to differences and similarities between the habitats the animals exploit and the phylogenetic
relations among them (Chapter 2).

Eggshells of extant animals have been rarely used to examine current taxonomic relationships,
but some particular characters seem to reflect phylogenetic patterns (Winkler, 2006). Indeed, at
broader time scales, eggshells have been useful to elucidate the relationships between extant and
extinct species (Grellet-Tinner, 2006; Igic et al., 2010; Zelenitsky and Modesto, 2003). To my
knowledge, no studies have so far been done to determine if the geographical and temporal
variability of eggshell characteristics within one species are lesser or greater than the variability
of those characteristics between closely related species, therefore allowing the actual recognition
of species using the eggshell characters.

Eggs of different species present adaptations to their characteristic nesting environment and
climate, therefore, variation in egg size, shape, eggshell thickness, pigmentation, and gas
exchange properties could help in the identification of a species based on their eggs. The different
layers of the avian eggshell can reveal information about the biology of the species; by
themselves, both the cuticle and the mammillary layer are very informative about the ecology,
life history and development of birds respectively.

The cuticle, which is the outermost layer, has been proposed to have antimicrobial properties
(Board and Fuller, 1973), UV wavelength modulation properties, (Cooper et al., 2011), and water
resistant properties. These characteristics suggest that the cuticle maybe under selection by the
nesting environment (D’Alba et al., 2014; D’Alba et al., 2017). However, indicated that there is
a strong phylogenetic influence on the composition of the cuticle thus obscuring somehow the
inferences that could be made about the nesting ecology using this character. Nevertheless, the
cuticle in conjunction with other characteristics should reflect the nesting ecology of species in
phylogenetic context, as the nesting ecology evolves as any other trait by selection of pre-existing
traits under specific ecological conditions.

Specialised cuticle traits can be found in some species; Portugal et al., (2018) showed how a
coating of vaterite present in the cuticle of a communal nester, the Greater Ani (Crotophaga
major) could act as a shock absorber protecting the egg from potential breakage. By having a
coat that can be lost as the egg experiences friction, this cuticle would break instead of the
eggshell itself in a busy nest.

Eggshell thickness as a functional character is associated with structural support for the egg,
reduction of bacterial infection as a solid barrier (Board and Fuller, 1973) and more importantly,
gas exchange as the eggshell possesses pores. The number and shape of pores are related to the
incubation period (Zimmermann, Hipfner and Burger, 2007), altitude where the birds live (Rahn
et al., 1977), and the nest microclimate (Birchard and Kilgore, 1980). It could be argued that a
contributor to eggshell thickness is the bioavailability of calcium and the mechanisms different
species use to obtain calcium around the breeding season. It has been observed in Great Tits
(Parus major) that they travel long distances before laying eggs to obtain the necessary calcium
to produce eggs, and in turn that birds that are not able to obtain enough calcium lay smaller eggs
or smaller clutches (Wilkin et al., 2009).

20



Eggshell porosity is often defined as Ap/L, where Ap is the total pore functional area (mean area
of individual pores multiplied by the total number of pores) and L is the thickness of the eggshell.
These two characteristics of the eggshell define the gas conductance of the eggshell. Gas
conductance is a measurement of the gas transfer through a medium (Paganelli, 1980). Gas
exchange provides the embryo with the necessary oxygen for its development and allows carbon
dioxide and water to escape (Mueller, Burggren and Tazawa, 2014; Maina, 2017). This poses a
series of constraints for different species incubating in different environmental conditions
(Carey, 1980). Birds in hot environments need to retain more water to avoid desiccation (Grant,
1982) while species in cold or wet environments need to increase the water vapour conductance
to lose enough water for the embryo to develop (Deeming, 2011; Maina, 2017). Further, some
authors suggest that altitude is an important factor in regulating water vapour conductance due
to the differences in barometric pressure that affect the rate of gas diffusion (Rahn et al., 1977;
Rahn et al., 1982).

Water vapour conductance is a function of eggshell thickness and pore diameter (Ar et al., 1974;
Rahn and Paganelli, 1990), therefore it is expected that different species will present particular
adaptations to regulate the water loss in different habitats and using different incubation
techniques and nesting behaviours (Birchard and Kilgore, 1980; Portugal et al., 2010; Whittow
et al., 1987). In support of this prediction, different eggshell characteristics have been observed
in closely related species with different nesting behaviours (Birchard and Kilgore, 1980).

Water vapour conductance is particularly important for burrowing species, as these species’ eggs
are exposed to environments with high humidity, low concentrations of Oz and high
concentrations of CO». Therefore, it is expected that these species have adaptations regarding
pore size and eggshell thickness to deal with these environments. In turn, burrow nesting may
improve egg survivorship by providing better protection from predators or a more insulated
environment for embryo development (Boccs, Kilgore and Birchard, 1984; Boggs and Kilgore,
1983; Whittow et al., 1987).

As mentioned above, calcium availability determines eggshell thickness; Apteryx eggshells are
composed of 40% calcium, which is not different from that observed in other ratites (Tyler and
Simkiss, 1958). The available calcium for chick development is concentrated in the mammillary
zone, the innermost calcified layer of the eggshell. It is in this layer where, during egg production,
nuclear keratan-sulphate rich crystals attach to the non-calcified membranes and start the crystal
nucleation of calcium carbonate which will result in the formation of the mineral matrix of the
eggshell (Fernandez, Araya and Arias, 1997). The embryo uses the mammillary tips to obtain
calcium for development of brain, skeleton and muscle (Blom and Lilja, 2004). There is a
difference in the way altricial and precocial birds use these mammillary tips (Rogulska, 1962;
Bond et al.,1988; Starck, 1994;1996). Karlsson and Lilja (2008) have shown how the use of the
calcium from the mammillary tips varies between precocial, semi precocial and altricial birds,
“the faster the growth the less ossified the skeleton”. This means that slow developing species
(precocial) will require more access to calcium during development, which could result in bigger
eggs with higher inner surface area as opposed to fast developing birds (altricial) where lesser
amounts of calcium are required. Therefore, the mammillae become informative regarding the
life history of species, as the eggs of precocial species need to have more available calcium, not
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necessary a higher amount of calcium but calcium in a form that could be easily accessible to
the chick.

The different layers of the eggshell can be informative regarding the adaptations of species to
their environments. Therefore, | will apply these approaches to a species that belongs the
Apterygidae family. This family is endemic to New Zealand and exhibits unique traits that seem
difficult to explain in an ecological and evolutionary context. Among these traits are the egg’s
size, which is large in relation to bird size (Calder, 1979; Taborsky and Taborsky, 1999),
comprising between 14-23% of the female’s body weight (Dyke and Kaiser, 2010); the very thin
egg shell compared to the size of the egg, which is 60% thinner than allometrically expected
(Calder, 1979), and the use of a burrow nest (Chapter 4).

Apteryx nest in globular cavities dug in the ground or existing cavities in dead trees or tree roots
(Ziesemann, 2011) lined with nesting materials (Chapter 4). This constitutes an evolutionary
innovation for this clade as Apteryx nests are more complex in contrast to other ratite “nests”.
For example, Rhea (Rhea Americana) nests consist solely of a few twigs arranged in a circle
(Barri et al., 2009), while Cassowaries (Casuarius sp.) (Hindwood, 1960), Ostriches (Struthio
camelus) (Magige et al., 2009) and Emus (Dromaius novaehollandiae) (Patodkar et al., 2009)
have nests that consist of a few branches and twigs on the surface of the soil. Apteryx is a unusual
ratite as it has evolved to be mostly entirely nocturnal and mostly insectivorous (Cunningham
and Castro, 2011; Le Duc et al., 2015).

The genus Apteryx contains five well defined species distributed in the three main Islands of
New Zealand (Burbidge et al., 2003; Weir et al., 2016). Apteryx species present a very localized
distribution due to the decline of their natural populations as a result of predation by introduced
mammals and loss and fragmentation of habitat by deforestation (Holzapfel et al., 2018). Brown
Kiwi (Apteryx mantelli) is widely distributed on the New Zealand’s North Island and some
offshore islands. Pukupuku (A. owenii) is currently restricted to offshore islands and one
mainland sanctuary in the city of Wellington, as part of their translocation conservation program;
in the past, Pukupuku was distributed along the North Island being sympatric with Brown Kiwi
and the South Island probably being sympatric with several other Kiwi species. Roroa (A.
haastii) is distributed in the northern part of the South Island and is a montane species. Rowi (A.
rowi) is distributed only in the Okarito Forest in the middle of the west coast of the South Island,
but in the past, it was distributed along the northwest part of the South Island and the Southeast
part of the North Island. Finally, Tokoeka (A. australis) is distributed in Haast, Fiordland and on
Rakiura Island but their range used to overlap with that of the Rowi, extending towards the north
of the South Island (Weir et al., 2016).

Kiwi species are distributed over 1600 kms, the narrow and long shape of New Zealand and
therefore, the climate encountered by Apteryx species varies from sub-tropical in the north to
sub-Antarctic in the south (Fig.3.1) Therefore, adaptive variation is expected between the
different species in terms of the nesting behaviour, egg size and possibly incubation period;
however, some traits are expected to remain the same between the species reflecting their
phylogenetic relationships.
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Figure 3.1. Map of ancient (left) and present (right) distribution of the three main species studied in this chapter. The ancient
map was adapted from Weir et al.,2016 showing the land bridges during the Holocene, the left map (present) is adapted from
Colbourne 2002.

Each Apteryx species presents a different incubating strategy and possibly mating system. The
reason for this variability has not been explained yet. The incubating strategy of Brown Kiwi
and Pukupuku is especially perplexing as the incubating father needs to abandon the egg for long
periods of time during the night to forage; this puts the egg at risk of overcooling.

In other bird species, long incubation periods seem to be an adaptation to resist over-cooling
and egg neglect (Boersma, 1982; Boersma and Wheelwright, 1979). However, the other Apteryx
species show an equally long incubation period while having female egg attendance or possible
helpers (Colbourne, 2002). It has been observed that species with long incubation periods have
a reduced eggshell porosity (Zimmermann et al., 2007) likely to reduce the daily water loss and
thus avoiding embryo desiccation.

The development of a nest inside a burrow requires further modification of the egg functional
characteristics. For example, increased water vapour conductance, a resistant shell to endure the
incubating adult’s weight (and helpers in the case of Tokoeka), and a powerful line of defence
against micro-organisms. This last modification is required because kiwi eggs are incubated for
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about two and a half months in a humid, organic matter rich environment that is warmed
periodically, which makes it ideal for the growth of micro-organisms (Hiscox, 2014). A reduced
porosity would be beneficial for Apteryx as it would reduce the risk of bacterial penetration
however, in a damped burrow environment not losing enough water could equally compromise
the embryo; hence, an increased water vapour conductance (WVC) could be expected.
Differences in WVC can be achieved by means of increasing pore area or number, or by
decreasing eggshell thickness. There are other adaptations that could compensate for the need of
increased gas exchange concurrently with a need to prevent microbial contamination, and a
reduction in pore size through mechanical means such as cuticular particles or opercula partially
or fully plugging the pores (Board and Perrott, 1979).

Some hypotheses about the function of the characteristics of the Apterygian egg and the eggshell
to respond to certain ecological demands have been proposed. Reid (1971) proposed that the
large Apteryx egg is a response to low temperatures during incubation that would select for an
egg with higher volume-area ratio. Calder (1979) suggested that the increased amount of
ovoinhibitors and lysozymes in the aloumen of Apteryx eggs arose to reduce the risk of microbial
infection during the very long incubation period. Maloney (2008) and Prinzinger and Dietz
(2002) suggested that the slow metabolic and developmental rate allows the egg to withstand
long periods of abandonment. However, interspecific variation in eggshell thickness and water
vapour conductance are still not fully understood in Apteryx. Apteryx has been included in some
studies on water vapour conductance variability in different species as an example of extreme
adaptations (Calder, 1979; Tullett, 1984). However, this data has mostly been based on
morphometric equations rather than direct measurements or using very few eggs from what was
considered Apteryx australis, a species now known to comprise three species and up to nine
different taxa (Weir et al., 2016). Especially outside New Zealand, samples are usually obtained
from captive bred birds, which are known to produce eggs much smaller than those laid in the
wild (Jensen and Durrant, 2006). Some authors have tried to address these questions but
unfortunately with very few eggs and eggshells (Silyn-Roberts, 1983), leaving this matter to be
researched in more depth.

The presence of the unusual traits in Apteryx has made this genus a zoological curiosity and
efforts have been made to try to understand these species in their evolutionary and ecological
context. The selective pressures that shaped this species are still matter of speculation. New
Zealand ecosystems suffered drastic changes in the past 800 years, resulting in loss of the context
of Apteryx, for example, its potential predators and competitors, the components of its diet, and
the climate during its evolution.

It is the aim of this chapter to explore: 1. the physical characteristics of the eggshell in terms of
the water vapour conductance of a burrowing precocial species; 2. the adaptations in the cuticle
to incubation in the nest environment, and 3. To corroborate the assumption of calcium intake
in precocial birds proposed by Karlsson and Lilja, (2008).

The framework of operation nest egg (See Chapter One: General Introduction, page 6) is an
exceptional opportunity to study the functional characteristics of the Kiwi eggshell. These eggs
are wild laid and have developed mostly in their natural environment; and for the first time we
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can study kiwi eggshells using sample sizes bigger than previously. | achieve the aims of this
chapter by first studying if there are any observable differences in the structure of the eggshell
of different species of Apteryx, secondly testing the assumptions made regarding the water
vapour conductance of these species in the context of their burrow nesting, and finally
contrasting this information with their life history traits.

Materials and methods

Hypotheses

The different Apteryx species have different distributions, from sub-tropical to sub-Antarctic
climates, they also present different incubating arrangements, ranging from a single parent in
Brown Kiwi to group incubation in Tokoeka; all species nest in burrows. | therefore hypothesise
that there are differences in the eggshell structure of the different species in terms of thickness
of the different constituent layers.

Based on their distribution it is expected that the different species have differences in their water
vapour conductance. This should be observable as differences in pore density and functional
area and/or eggshell thickness. Thickness is expected to be less in species with higher altitude
distributions, it would also be expected that thickness scales with body mass. Porosity is expected
to vary according to climate, with higher porosities in colder climates to account for a reduced
water loss due to lower overall temperatures. | also expect to find eggshell adaptations to burrow
nesting that are comparable to those of other burrow nesting birds, such as modified pores and
modified cuticle or accessory layer. In this context I will compare the water vapour conductance
of the Apteryx species with other burrowing species reported in the literature.

It is expected that Apteryx present high calcium intake from the mammillae as it is a precocial
species, this being observed by strong reduction or erosion of the mammillae during incubation
as the embryo develops.

Sample sourcing

Eggshell measurements were made on samples obtained from Operation Nest Egg (ONE). ONE
is a program for the captive rearing of wild Apteryx eggs. It was developed in 1994 and its
purpose is to assist in increasing wild population numbers by hatching wild-laid eggs in captivity
and rearing the chicks until they gain enough weight to survive predation. Then they are released
into the wild (Colbourne et al., 2005).

The eggs in this programme are generally collected after day 20 of incubation to increase the
hatching success through artificial incubation. The eggs used in this experiment were candled
and determined infertile or early embryo death if there was no gross visual evidence of a
developing embryo.

Eggshells from infertile/early embryo death eggs and hatched eggs were used as conservation
policies of these endangered species are very strict and would not allow risking or ending the
life of any bird, and we acted according to the permits obtained from the Department of
Conservation of New Zealand (Authorisation number: 56537-DOA). Eggshells from 30 Brown
Kiwi (A. mantelli), four Roroa (A. haastii), 25 Rowi (A. rowi), and 20 Tokoeka (A. australis)
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from the 2013-2017 breeding seasons were used (n=79) (Table.3.1). Three additional Brown
Kiwi eggshells from hatched eggs were used to compare the calcium depletion in the mammillae
of the hatched eggs with the intact mammillae of infertile eggs.

The eggshells were obtained from seven different locations in the two islands of New Zealand
(coordinates in Table.3.1, Fig.3.2). All of the eggshells used for thickness and porosity
measurements came from eggs that hatched to ensure that the ratio of calcium intake from the
mammillae during ontogenesis (Deeming, 2002a) was approximately the same between all the
samples and did not interfere with thickness measurements. Three eggshells of infertile eggs
were used to determine the calcium intake during development comparing them with eggshells
from hatched eggs from the same parents (collected in the same nest). The eggshells were
relatively intact except for the section broken by the chick during hatching. Different
comparisons use different number of eggshells depending on the initial state of the eggshells and
the purpose of the comparison. For example, for measurements of different eggshell regions, |
only used eggshells from eggs that presented the three regions intact. Rahn and Ar (1980)
suggested that pore distribution varies according to the latitude of the egg; therefore, sub-samples
were taken manually from the equatorial region of each eggshell (Fig.3.3) to ensure accurate
comparisons. This area of the egg was chosen for two reasons; because of hatching, the blunt
end of most egg samples was destroyed, this being the usual exit point for the chick when
hatching. In addition, for some of the samples the eggshells were somewhat crushed, and the
equatorial region was the only identifiable part of the eggshell. For the study of the water vapour
conductance | used fragments from the three regions that were intact enough and were
identifiable (Fig.3.3).

Table 3.1 Sites of origin of the eggshell samples, indicating co-ordinates and their respective species. The
temperature data is an average of the past 10 years, and was obtained from world weather online
(www.worldweatheronline.com/lang/en-nz). L= Location (O=Ohope, M=Maungataniwha, T=Tongariro,
C=Coromandel, P=Paparoa National Park, Ok=Okarito Forest and H=Haast sanctuary). DAI=Number of
days in artificial incubation, EA=Estimated age at the start of incubation. *Average value for all Brown Kiwi
samples. Masl: meters above sea level.

Sp. L Co-ordinates No. DAI EA Elevation  Mean
Latitude  Longitude Eggs (MeantSD) (MeantSD) (masl) T (C°)
A.mantelli O -37.980 177.028 3 26 +12* 48+12* 0 14.5-26
M -38.809 176.783 7 744-859 12-20
T -39.159 175.550 12 610-1500  0-25
C -37.054 175.666 8 0-539 12-31
A. haastii P -42.021 171.360 4 Not known Not known 151-1200 5-17
A. rowi Ok  -43.273 170.176 25 39+12 35+12 0-158 -6-17
A.australis H -44.025 168.214 20 36+17 38+17 650-1587 -1-23
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Figure 3.2. Map of New Zealand indicating the areas of origin of the samples used. To the left a bar showing the
average temperatures during the winter months north to south; note how the temperatures are warmer up north
and decrease towards the south but there is an increase in temperature in the centre of the North Island. The
temperature information was obtained from NIWA.

Acute or pointy end

Blunt end (Air cell)

Figure 3.3 . Diagram of an egg showing the different regions of the egg where samples were taken. Drawing by
the author.

27



Optical techniques

To determine the variation in porosity and thickness between species and the thickness of each
structural layer, | used eggshell fragments from the equatorial region of eggs from each species.
The fragments were manually broken and washed in deionized water to remove remaining dirt
and egg fluids and allowed to air dry.

Micro-computed tomography Scan (MicroCT)

MicroCT (Zeiss) was used to determine the functional area of pores and their abundance. Twelve
eggshell fragments (three eggs from each species) were used. The fragments were manually
broken into three smaller fragments each, and a full scan of each fragment was used to count the
number of pores and their area. Three measurements of the pore diameter were made around the
funnel shaped external area, the middle of the pore, and the lower section of the pore. The
eggshell fragments were scanned by Michael Loh at Fonterra imaging Lab. Images were
obtained at 45K, 133 pA, 6 W; Source distance 20 mm, Detector at 8 mm, pixel size of 1.9266,
Mag 10X, exposure time 11 seconds, and 1000 projection 180°. The images were analysed using
Xradia mxct software. Images from the cuticle of all individuals were taken to see its physical
features.

The number of pores of each fragment was counted and their individual area measured in cm by
averaging the three pore diameters, using the formula:

. 2
Pore area (cm?) = % Eqg. (3.1)

Where r is the average radius of each pore and 10,0002 is the conversion factor into centimetres.

The estimated total number of pores across the eggshell was calculated by counting the number
of pores in each fragment and dividing the number of pores by the fragment area (pore density)
then multiplying that number for the surface area of the eggshell.

The surface area of the eggshell was calculated using the formula recommended by Smart
(1991):

0.3941
b

Calculated Surface area (cm?) = (4.393 + )(0.511b%) Eq. (3.2)

Where b is the maximum egg breadth (or the wider region of the egg) in cm and | is the egg
length in cm.

Eggshell porosity was calculated following Ar et al., (1974) as:
Porosity = ATD Eqg. (3.3)

Where Ap is the total functional pore area (mean pore area (cm?) multiplied by the total number
of estimated pores) and L is the eggshell thickness in cm.

| calculated the expected porosity based on the morphometric equations also provided by Ar et
al., (1974) based on the egg weight (W):
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% = 0.018 W°780 Eq. (3.4)

Scanning electron microscopy (SEM)

SEM (FEI Quanta 200 ESEM, Eindhoven, Netherlands) was used to observe the thickness of the
eggshell, the thickness of each constituent layer, external features and mammillary area and
density. The samples were rinsed with reverse osmosis water to further remove any particles and
allowed to air dry; samples were then mounted on aluminium stubs and gold spluttered with
approximately 100 nm of gold in a vacuum (Baltec SCD 050 sputter coater). The images were
taken by the Manawatu Microscopy and Imaging Centre (MMIC), using an accelerating voltage
of 20kV and a spot size of 3 to 4. For this technique 17 eggshells of Brown Kiwi, 21 of Rowi
and 15 of Haast Tokoeka were used. Each eggshell fragment was further broken in two smaller
fragments. The first eggshell fragment was used to produce images of the external features, pores
and cuticle and then it was tilted at 90 degrees to measure the internal layers. The second eggshell
fragment was coated with silver paint over the aluminium stub to increase conductivity and it
was mounted exposing the internal side of the eggshell. This sample was used to measure the
area of the mammillary tips and their density.

Images of the cuticle were resolved at 20 um resolution, cross sectional images and internal side
images were produced at 300 um. The measurements were analysed using ImageJ free software
(Rueden et al., 2017).

The average pore radius was measured using SEM images of the external layer. Only images
that showed opened pores in which the diameter could be measured were used (N=87), these
images belonged to 28 individual eggs. In this case, | used ImagelJ to take three measurements
of diameter per pore. These measurements were then divided by two to estimate the radius and
the radii were averaged per individual pore. A species average was used for further calculations.

Dissecting microscope

Porosity

The pore density and porosity (Ap/L) of the three species eggshells was observed in a dissecting
microscope (Olympus SZX12) to compare the measurements obtained with the micro CT and
the predicted values by allometric equations.

Three eggshell fragments from the equatorial region of Brown Kiwi, Rowi, and Haast Tokoeka
were washed in deionized water, let air dry and stained with an alcohol-based solution of
Malachite green (1%). The eggshells were placed on paper towels and two drops of the dye was
applied to the inner eggshell surface. The eggshells were let to set and to allow the dye to
penetrate the pores (Fig.3.4).
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Figure 3.4. External (Cuticle) view of a Brown Kiwi eggshell obtained with a dissecting microscope. The
malachite green has penetrated through the pores making them visible.

The eggshells were observed under stereo microscope (Olympus SZX12) and photographed
using an attached camera (Olympus S30) and then the pores were individually counted using
Image). The eggshells from the same individuals were later used in the Water Vapour
Conductance experiments.

Information collected by the ONE (Rainbow Springs, Kiwi Encounter, Rotorua) program about
the size of the egg (breadth and width) was used to calculate the surface area of the egg. The
conductance could be correlated to eggshell thickness and different porosities could be calculated
and compared using equations 3 and 4. In this way, it was possible to determine the difference
between the morphometric equations and an approximation to the experimental approach to
water vapour conductance (below).

Mammillary erosion and calcium intake

The mammillary erosion was studied by comparing eggshells of infertile eggs with those of
hatched chicks. Eggs coming from the same nests were selected to control for intra-specific
variability. The eggs were also selected based on their location of origin to control for habitat
variability (the eggs in this case came from the Project Kiwi Trust, located in the Coromandel
peninsula). This comparison was done to assess the amount of calcium intake during embryo
development.

Eggshell fragments from the egg equator were boiled in 5% NaOH solution for several minutes
to detach the inner membranes and any remaining debris. The fragments were then rinsed in
deionized water and dried at 70°C for a period of 12 h (Silyn-Roberts, 1983) and then dyed with
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malachite green, as this pigment binds well with the calcium carbonate but it is repelled by the
cuticle. Finally, the fragments were observed under a dissecting microscope Olympus SZX12.
Photographs with scale bars where taken with a camera (Olympus S30) attached to the
stereomicroscope to compare the hatched and infertile eggshells. The total area covered by
mammillary tips was estimated using ImageJ.

Water vapour conductance

| used an alternative method for the estimation of the water vapour conductance by using the
eggshells following the Portugal, Maurer, and Cassey (2010) methodology, instead of using a
whole infertile egg (Rahn, 1985). I glued an eggshell fragment (inside down) to a PCR tube (SSI,
0.5 ml, Cat. No. 1110-02) filled with 200 puL of distilled water (Fig.3.5). The tubes were placed
in PCR trays for easy handling and the trays placed in a desiccator containing 550 g of colour
indicating silica gel and the desiccator in a controlled temperature room at 25°C. Fragments from
the blunt end (B), the acute end (A) and the equator (E) were taken from each eggshell. Water
loss was measured every 24 hours for a period of three days. Eggshells from commercially
produced chicken eggs where included in this experiment as control and only equatorial
fragments were used, first, because no significant difference were observed between eggshell
regions (Conrado et al., 2017; Steven J Portugal et al., 2010). Secondly, the purpose of using
chicken eggshells was solely to determine if the values obtained by my experiment were
congruent with those reported in the literature.

| determined the daily water loss (AMy,o) by weight loss and calculated the water vapor
conductance as:

AGy,o = AMy,0/APy,0 Eq. (3.5)

Where AGy,, is the water vapor conductance, and APy, is the pressure difference at standard
conditions (1 atmosphere and 25°C). The air cell pressure and nest environment pressure
difference has been calculated for most avian species, including burrow nesters (23.77 mg.d
! torrt). Therefore, | used this value as the APy, 0. The water vapour conductance values obtained
in this experiment are independent of surface area (Portugal et al., 2010), therefore by
multiplying these values by the egg surface area (calculated as indicated above) it is possible to
estimate the total water vapour conductance. ,

Figure 3.5. Eggshells glued to Eppendorf tubes filled with 200 ul of distilled water.
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Finally using the data obtained in the SEM and MicroCT scan procedures | included the thickness
and functional pore area in the model following Ar et al., (1974) as follows:

AGy o = 23.42 Ap/L Eq. (3.6)

This was done to compare water vapour conductance values predicted by Calder (1978,1979)
and Tullett (1984) with those obtained in my experiment. A paired t test was performed to
compare the theoretical values with those obtained in our experiment.

| calculated the porosity for all of these specimens based on Ar et al., (1974) formula using the
mass of the egg as follows:

Ap = 9.2 x 1075 « w1236 Eqg. (3.7)

Where W is the fresh weight of the egg, in this case I used the arrival weight of the eggs). The
porosity data was not normally distributed therefore a Mann-Whitney test was performed to
compare the experimental values (measured) with the predicted values.

Treatment comparison

Before the experiment, | compared two types of glue, PolyVinyl Acetate (PVA) and
Cyanoacrylate (SG) to test which would allow for better sealing around the rim of the PCR tube.
Both glues were tested under the same experimental conditions (T=25°, RH=0%). Water
conductance data was not normally distributed (Anderson Darling test =3.475, p=0.005)
therefore a Mann Whitney was used to test if there were differences between the two glues.

Water vapour conductance of eggs during incubation

ONE incubates eggs at a constant temperature of 35.5°C and maintains humidity constant at
about 70% (approximately). As part of their protocol eggs are weighted upon arrival and before
hatching, to account for excessive water loss. Using this information, | calculated the water
vapour conductance of the eggs under these circumstances, with the intention of obtaining a
value of water vapour conductance of the whole egg in addition for the water vapour conductance
of individual eggshell fragments. | used the relative humidity equation to correct for these
conditions and calculate the partial pressure in the artificial incubator, thus calculating the
pressure difference across the eggshells (considering that the pressure difference is 23.77 Torr
in 0%humidity).

.
_ RH * p H,0
Puzo0 100%

Eq. (3.8)

Here, py, o is the partial pressure of water vapour in the incubator, RH is the relative humidity
(70%), and p*HZO is the total pressure of water vapour at 35.5. Once the water vapour
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conductance was calculated for these conditions, the water loss was calculated for the standard
conditions (25°C and 0% humidity) using the formula developed by Ar et al., (1974):

. A
MH20 =C* DHzO * Tp * APHZO Eq (39)

Where My, is the daily water loss, ¢ is a conversion constant (155.52*10"/R*T, where R is the

ideal gas constant:6.24*10%*cm3*Torr/mol*°K, and T is absolute temperature in °K), Dy, o is the
T
difference in pressure across the eggshell. From this using equation 3.5 water vapour
conductance of whole eggs at 25 and 0% humidity was calculated and compared with the results
reported by Calder (1978a) and Sylin-Roberts (1983) for Brown Kiwi, and with the values
reported by Ar et al., (1974) for other avian species.

diffusion coefficient of water in air at a given temperature (in °C), == is porosity, and APy, , the

Statistical analysis

A discriminant analysis was used to determine the degree of association of each sample with the
donor species to determine the degree of differentiation between the four species. A linear
regression was performed to determine the relation between eggshell thickness and egg mass
during incubation, prior to hatching, and with chick weight (Birchard and Deeming, 2009). This
was done to determine if it was possible to identify species using the eggshell alone, and to see
how the eggshell characteristics could correlate with environmental variables.

A one-way ANOVA was performed using the samples from all species to determine if there was
a significant difference in terms of eggshell thickness and the proportional thickness of the
constituent layers; Roroa was not included in this analysis, as the sample size of eggs was too
small.

A paired t-test was conducted to assess the degree of mammillary erosion in the hatched eggs
using values from unfertilised eggs and eggs that hatched.

An ANOVA was used to test if there were differences in water vapour conductance between the
species and a nested linear model was used to test the different eggshell regions. In this case the
fragments (E, A and B) were nested within species. All the ANOVA'’s performed in this chapter
were followed by a Tukey post hoc test to assert which species differ from each other. A repeated
measures ANOVA was used to determine the difference in water vapour conductance of three
different regions of the eggshell of the three species of Apteryx, and to determine the extent of
the interaction of the species and the region of the eggshell. All the statistical analysis in this
chapter were made using MiniTab™ 18 Statistical Software.

A paired T-test was performed to compare the water vapour conductance of the whole eggs being
incubated by ONE and the water vapour conductance calculated from Eq. 3.6. using the mass of
the egg.
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Results
The different layers of the Apteryx eggshell

Apteryx eggshells showed a clear demarcation between the four constituent layers (Fig.3.6). With
exception of the mammillary layer (ANOVA, F=1.85, p=0.150; n=59), the constituent layers of
the eggshell showed variation between species. The proportion of cuticle from the total eggshell
thickness (ANOVA, F=8.85, p<0.001; n=59) and the proportional thickness of the crystalline
and palisade layers (F=6.76, p = 0.001; n=59) varied significantly between the four Apteryx
species.

Interspecific comparison

Discriminant analysis

Using simultaneously the thickness of the eggshell, the mammillary density and area, and the
thickness of the different constituent layers it was possible to associate a particular eggshell to
its right species in 78 % of the cases (Table .3.2).

Table 3.2 Discriminant analysis showing the number of individuals that were correctly assigned to their
species using eggshell thickness, mammillary area and density, and thickness of the constituent layers.

Put into group True Group
Brown Kiwi  Roroa Rowi Tokoeka Total
Brown Kiwi 13 0 4 1 13
Roroa 1 3 0 2 3
Rowi 0 15 0 15
Tokoeka 0 1 0 12 12
Total N 17 4 19 15 55
Percentage Correct 76.5 75.0 78.9 80.0 78.2
Eggshell thickness

Eggshell thickness varied with species and seemed to follow a latitudinal pattern with thinner
eggshells in the northernmost species and thicker eggshells in the southernmost species (Table
3.3). Roroa was not included in the ANOVA because of the small sample size, but it roughly
followed the same trend as the other species.

The cuticle (or external layer)

All Apteryx spp. presented very thin cuticles, barely discernible in a cross section of the eggshell.
However, its roughed texture in contrast to the smooth laminar texture of the crystalline layer
made it easy to identify.
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Figure 3.6. Cross section of A) Brown Kiwi B) Roroa, C) Rowi and D) Haast Tokoeka eggshells obtained using
SEM. Here the constituent layers are indicated with the vertical bar and their measurements. C=cuticle,
Cr=crystalline, P=Palisade, and M=mammillae. Total thickness is indicated at the bottom of each picture.

Table 3.3.Summary of the eggshell thickness and eggshell cuticle thickness obtained by SEM imaging of the
eggshell cross-section (N=61), the superscript next to the species name represent the Tukey post hoc test
indicating which are the significantly different species.

Species N Total Thickness SE mean Cuticle SE mean
(um) Thickness (um)
Brown Kiwi? 23 303.25 8.79 3.996 1.26
RowiP 21 367.0 12.3 3.009 0.86
Tokoeka® 16 386.25 11.2 3.045 1.09
F value pvalue  F value p value
16.54 <0.001 5.63 0.006

The cuticle thickness decreased significantly with latitude, being thicker in Brown Kiwi and
thinnest in Rowi and Tokoeka, the cuticle was significantly different between Brown Kiwi and
Rowi (Table.3.3). In all species, to the naked eye and under SEM, the cuticle had a waxy
appearance. Under the micro CT scan, the crystalline structure of the cuticle became apparent,
and it was possible to discern the individual crystals that formed it (Fig.3.7).
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Figure 3.7. Comparison of the view of the Cuticle of A) Brown Kiwi, B) Roroa, C) Rowi, D) Haast Tokoeka.
Using Micro CT it is possible to see the individual triangular crystals that form the cuticle and that are present
in all Apteryx species

The Pores

Some pores were hard to identify in the external images of the eggshells because a “cap” made
from the same mineral as the cuticle (Fig. 3.8) covered them. Apteryx eggshells had cylindrical
(or funnel shaped) pores that usually crossed the thickness of the eggshell slightly on an angle.
In each fragment, very few pores reached the cuticle surface of the eggshell, with most reaching
only half or less of the total thickness of the eggshell and many smaller pores that barely went
beyond the mammillary layer (Occluded pores, Fig. 3.8C).

The observations made using the micro CT were confirmed by Scanning Electron Microscopy
images of the exterior of the eggshells, where in some cases caps are seen covering the pores and
in others the mineral occlusions are observable (Fig.3.8). These caps and occlusions were
observed in all four species and in all individuals.

Accordingly, fewer pores were visible at the cuticle side of the egg and many more from the
inside. Since the CT is an X-ray technique, it is possible to see at different “depths” through the
eggshell. When observed near the cuticle few pores were discernible but when looking at midway
between the cuticle and the mammillae more pores become visible, confirming what was been
seen in the cross sections (Fig.3.9).
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Figure 3.8. Pores of Apteryx. A) transversal view of a Brown Kiwi eggshell, the spaces have been inverted and the pores are
shown as solid columns. B) Brown Kiwi eggshell showing an open pore, C) The same eggshell showing another pore, in this
case occluded with mineral material. External views of capped pores on D) Brown Kiwi E) Rowi and F) Tokoeka. Pictures A
to C were obtained using micro CT, pictures D to F were obtained using scanning electron microscopy.

Porosity

Pore size measured as pore radius was different between the southern species and Brown Kiwi,
the latter having smaller pores; pore density in contrast was higher in Brown Kiwi and lowest in
Tokoeka, the functional pore area (which considers the size of the egg) was significantly different
between Brown Kiwi and the Southern species (Table.3.4).

Table 3.4. Summary of the pore density, average pore radius and porosity for three species of Apteryx, Ap
(functional pore area) was calculated as the total area of pores (pore density*Egg Surface area*average pore
area). Porosity was calculated from the later (Ap). Superscripts indicate the statistical differences found using
Tukey’s test.

Species Pore radius N  Poredensity Ap Porosity

(um) (Pores/cm?)  (cm?) (Ap/L)

Mean SE Mean SE Mean SE Mean SE
Kiwi 218> 1.92 13 51.3% 340 0.20° 0.013 6.87° 0.49
Rowi 33.4* 1.78 12 457%® 363 0.40° 0.034 11.022 1.21
Tokoeka 32.2% 2.33 10 36.1° 240 0.32° 0.023 8.67% 0.78
F value 11.47 5.19 18.25 6.24
P value <0.001 0.011 <0.001 0.005
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Figure 3.9 Closer look at the plugs inside the Apteryx eggshell. A) an open pore B) and C) different types of plugs. D) View
from the exterior towards the inside of two pores near the surface of a Brown Kiwi eggshell E) same fragment, this time half
way through the eggshell showing more pores and the outline of the calcium units as white lines.

There was a significant difference between measured and predicted porosity (Mann-Whitney,
W=1682.0, p<0.001, N=35). The measured porosity was higher than the predicted porosity

(Fig.3.10) and more variable.
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Figure 3.10 Comparison between the Measured porosity (Diamonds), and the predicted porosity, obtained by the
formula found in Ar et al., 1974 (squares). Averagex SD are presented. N=35 (Brown Kiwi n=13, Rowi n=12,

Tokoeka n=10).
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Water vapour conductance

Glue trial

The two glues did not seem to affect drastically the water vapour conductance (Mann-Whitney,
W=196.0, p=0.51; N=27) (Table .3.5) as the results were very similar. However, the Super glue
showed a greater standard deviation and less accurate results. | therefore chose to use the
polyvinyl acetate (PVA) glue because of the lesser standard deviation and a more compact
distribution of the data (Fig.3.11).

Table 3.5. Summary of the glue trial indicating the mean Water vapour conductance of Brown Kiwi eggshells.

Treatment N Mean+SD SE
(mg/d.torr)
PVA glue 13 0.17240.066 0.02

Super Glue 14 0.34440.112 0.11

Boxplot of GH20

08

GH20

0.6
0.4
0.2

0.0
PVA SG
Treatment

Figure 3.11. Boxplot of the measured water vapour conductance of Brown Kiwi eggshells (N=27) with two
different types of glue (PVA and Super Glue).

Experimental Water vapour conductance

The three species of Apteryx differed significantly in the water vapour conductance of their
eggshells (ANOVA F=6.36, p=0.003, N=36; Fig.3.12) with Brown Kiwi having a significantly
higher water vapour conductance when compared to Tokoeka (F=3.87, p=0.001). Rowi did not
differ significantly from Brown Kiwi (F=1.91, p= 0.062), and neither differ significantly to
Tokoeka (F=2.06, p=0.05). These two last comparisons, however, are very close to being
significant. The different regions of the eggshell confirmed existing differences in water vapour
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conductance between species and showed that these differences are between the equatorial
regions. The eggshell regions also showed significant within species differences, for Brown Kiwi
and Rowi, the blunt end was different from the other regions. In contrast, Tokoeka showed no
difference between the three regions (Table. 3.6).
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Figure 3.12. Mean values of water vapour conductance for three species of Apteryx. Kiwi N=27, Rowi N=21 and
Tokoeka N=14. Means with different letters have significant statistical differences between them. The bars

represent the Standard deviation.

Table 3.6. Repeated measures analysis of the three different eggshell regions. The super script in the first
species column indicates the differences between the three species; the superscript in the fragment column
indicates the differences between the fragments.

Species N Fragment Water vapour Species Species*Fragment
conductance compared to
Mean SE P value
A? 0.223 0.02 0.14
Kiwi? 7 E 0.221 0.01 Rowi 0.16
B® 0.221 0.03 0.49
A? 0.255 0.03 0.65
RowiP 5 E? 0.206 0.02 Tokoeka 0.002
B® 0.330 0.03 0.53
A? 0.241 0.01 0.23
Tokoeka® 8 E? 0.224 0.02 Kiwi 0.04
B? 0.220 0.03 0.92
Species Fragment Species*Fragment interaction
p value 0.049 pvalue 0.023 p value 0.11

A general pattern emerged where the eggshell thickness increased towards the south, while the
water vapour conductance decreased, Porosity, however, was the lowest in Brown Kiwi, and the

highest in Rowi (Table 3.7).
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Table 3.7.Comparison of the eggshell Thickness, porosity (Ap), water vapour conductance (WVC) and
related environmental variables between Brown Kiwi (BK), Rowi (R) and Tokoeka (T).

Sp Eggshell  Ap WVC Cuticle Incubating  Altitude T range
thickness mg thickness  strategy masl (C)
(um) d.torr (um)

BK 303.25 6.87 0.26 3.996 M 0-1500 Oto31

R  367.0 11.02 0.25 3.009 MF 0-158 -6 to 17

T  386.25 8.67 0.23 3.045 MF-Co. 650-1587 -1to 23

Mammillary density and area

The mammillary area was measured as the individual area of each mammillary knob (Fig.3.13)
and the mammillary density was calculated as the number of mammillae per unit of area. The
mammillary area showed an inverse correlation in a fit regression model (S=13.8272, R?>=86.45)
with mammillary density (Fig.3.14).

100 um

Individual Mammillae

Figure 3.13 Mammillae, area and density. A) Brown Kiwi mammillae; B) Haast Tokoeka mammillae. Note how
the mammillary density is greater in Brown Kiwi while the individual mammillae are smaller.
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Figure 3.14. A) Average + SE of mammillary area in three species of Apteryx. Kiwi N=17, Rowi N=21 and
Tokoeka N=15. B). Average + SE mammillary density defined as the number of mammillary tips per mm2

Mammillary erosion

When the mammillary layer of infertile eggshells was compared with that of hatched eggshells,
it was evident that most of the once round (Fig.3.15, A) and well-defined mammillary tips had
been eroded (Fig.3.15, B). Overall, in average 75% (SD=10.74) of the total surface area of
infertile/early death embryo eggs is covered with the mammillary tips but after hatching only
5% on average (SD=1.05) remains (N=6). The erosion can also be observed in the remaining
mammillary tips of the incubated eggshells as a reduction in surface area (Fig.3.16). When dyed
with malachite green the core of the mammillary tips was coloured always in a much darker
shade than the rest of the eggshell.
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Figure 3.15. Dissecting microscope images of A) an infertile Brown Kiwi eggshell and B) a hatched Brown Kiwi
eggshell dyed with malachite green. The round tips are clearly eroded in the hatched eggshell with only some
cores left (darker spots).

Mammillary erosion cannot be observed in the same individual, but if we assume that
infertile/early embryo death eggs represent normal not-incubated eggs, the mammillary tips
would reduce in size from 95 pm? (SD=27 pm?) to 38 um? (SD=15 pm?) during the embryonic
development process.
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Figure 3.16. Mammillary area comparison between Infertile and hatched eggshells. Mean +SD (N=6)

Water vapour conductance of eggs during incubation

The water vapour conductance of whole eggs was not significantly different to that calculated
from allometric equations using the egg’s mass (df=14, T=2.88, p=0.012). However, the water
vapour conductance calculated from water loss was generally higher than the allometric
calculation (Fig.3.17).
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Figure 3.17. Comparison of the water vapour conductance calculated from water loss of incubated eggs and the water vapour
conductance calculated using the allometric equation (eq.3.6) based on egg mass, Mean and SD are represented (N=15).

| compared the water vapour conductance calculated in this study for whole incubated eggs
with that reported in the literature (Table 3.8). Calder (1978a) used infertile eggs and the
methodology employed by Rahn et al., (1974); Sylin-Roberts (1983) devised a method for
calculating the pore number and pore area and from three eggshell fragments calculated the
water vapour conductance of the whole egg. Both these studies were done on Apteryx australis
eggs and eggshells, but at this time, Apteryx australis included A. mantelli, A. rowi, and A.
australis.

Table 3.8. Water vapour conductance values reported in the literature. *The value reported by Sylin-Roberts is based on a
calculation of the pores on three eggshell fragments.

Water vapour conductance Source N
(mg/day.torr)

26.00 Calder (1978a) 5
23.71* Sylin-Roberts (1983) 1
52.84 This study 15

Finally, I plotted the resulting water vapour conductance alongside the data published by Ar et
al.,1974, where they demonstrated how the water vapour conductance is proportional to the
0.78 power of the eggs mass (Fig. 3.18). Here | show how the water vapour conductance of
Brown Kiwi fits perfectly with what is observed for other species.

44



2.5

N

—_
Q1

<
w1

LOG(WATER VAPOUR CONDUCTANCE)
o _

3.5

-0.5

LOG (EGG MASS)

Figure 3. 18. Linear regression plot adapted from Ar et al.,1974 looking at the relationship between egg fresh mass and
water vapour conductance. The original study included 29 species and in this study. | included Brown Kiwi (red dot) in the
regression (R?=0.97).

Discussion

In this study, | found that the eggshells of four of the five species of Apteryx are different enough
to be assigned to their corresponding species using morphological characters. Eggshell thickness,
mammillary area, and mammillary density were the most informative characters in this respect.
The eggshells were thicker for the southernmost species, being the thickest for the most southern
species, the Tokoeka. Cuticle thickness increased as we move north in distribution. The cuticle
of Apteryx presented triangular particles that have not been reported in the literature so far;
aggregations of these particles were observed to occlude the pores. In all the species of Apteryx
capped and plugged pores were observed. Pore occlusions, caps and plugs have not been reported
before in Apterygian eggshells either. This characteristic makes the identification of pores
difficult and misleads the following inferences regarding water vapour conductance. Water
vapour conductance of Apterygian eggshells is a much more complex phenomenon that
previously assumed. Water vapour conductance was different between three species of Apteryx,
and porosity appeared to be higher than predicted by weight, not lower as it has been assumed,
and values for pore density and pore radius differed between the species. | will now discuss each
of these findings on their own, linking them to their ecological significance.

Classification of species:

First, the identification of species using eggshell morphological characters has been used by
palaeontologist for a very long time (Garcia, 2000) and has been proven effective in identifying
taxa (Grellet-Tinner and Dyke, 2005; Harrison and Msuya, 2005). In this study, morphological
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differences were expected as Apteryx species inhabit different habitats, and are distributed in
reduced, non-sympatric areas, which makes the differences ecologically meaningful. In addition,
the two larger islands of New Zealand exhibit a great deal of climatic variation depending on
latitude, with sub-tropical climates in the north and sub-Antarctic in the south, which would
require similar species to adapt to these regimes making eggshell differences likely to evolve.

Ecological influences on eggshell characteristics:

Eggshell thickness increased with latitude, with the southernmost species presenting a
significantly thicker eggshell than the northernmost species (Table 3.7). There are several
reasons that could account for this, including the different incubation strategy the species use.
Tokoeka is known to incubate in groups, which would require a thicker eggshell to avoid
breakage. In contrast Brown Kiwi incubates alone and it is lighter on average than the Tokoeka.
Rowi, being the smallest of the tree species, presents an eggshell thickness similar to that of
Tokoeka but in contrast to Brown Kiwi, both male and female have been observed incubating
(Colbourne, 2002). It is interesting to see that porosity was the highest in Rowi, while the lowest
in Brown Kiwi; an explanation for this could be that Brown Kiwi experiences overall warmer
temperatures, which would cause gases to diffuse at a faster rate, hence a reduced porosity is
needed, while in the colder climates of the South Island an increased porosity would be needed,
the difference between Rowi and Tokoeka could be explained by the altitudinal difference
between the species, with Tokoeka being exposed to lower barometric pressures which will
increase the rate of diffusion, while Rowi being at sea level and experiencing higher barometric
pressure would need to increase porosity to allow proper gas exchange. Cuticle followed an
inverse pattern to that of overall eggshell thickness, in this case the warmer temperatures Brown
Kiwi is adapted to are also propitious for micro-organisms, and hence a thicker cuticle would
result possibly in more caps and reduction of the pore area. In contrast, Rowi and Tokoeka can
have greater pores as the lower temperatures would reduce the risk of bacterial penetration.

Regarding the cuticle, the Apterygian cuticle consists of a very thin, waxy mineral layer that can
occlude the pores by means of caps or plugs which had not been reported in the literature so far
but have been reported in Tinamous (Perrot, 1979). It is important to note that all Apteryx species
breed during the austral winter, which in New Zealand is characterised by frequent precipitation
and heavy rain (Leathwick, Wilson, and Stephens, 2002) and it has been noticed that bacterial
penetration is facilitated by water as a bacterial carrier (Berrang et al., 1999).

Apteryx does not present the accessory layer that has been described in Megapodidae,
Phoenicopteridae and Podicipedidae ( Board et al., 1984; D’ Alba et al., 2014; Tullett et al., 1976)
and that has been associated with decreasing bacterial penetration in high humidity
environments. Apteryx cuticle was observed to have water repellent properties, these properties
should be further studied in relation to bacterial penetration assisted by water at different stages
of incubation. Apteryx exhibits triangular particles that have not been reported for any other bird.
Subtriangular ornamentation was observed in the fossil eggshells of Trigonoolithus amoae a
theropod from the lower cretaceous period found in La Cantalera, Spain (Moreno-Azanza, 2013).
Since it has been suggested that many dinosaurs might have buried their eggs (Tanaka et al.,
2015), and there is evidence of a nesting theropod (Oviraptor philoceratos) which might have
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similar nesting behaviours to modern ratites (M. a. Norell et al., 1996), it could be possible to
suggest that these triangular particles play some role related to the nest environment, however,
it is difficult to assert which function could they have.

In this study, I report the presence of plugs and caps in Apterygian eggshells, which is a feature
that has not been reported previously. Plugs and caps have been associated with nesting in humid
environments (D’Alba et al., 2016) but these particles could also play a role in physically
stopping bacteria and fungi to penetrate the eggshell. Antimicrobial mechanisms are certainly
present in Apterygian eggs, particularly in the albumin (Prager, Wilson, and Arniheim, 1974)
however, the cuticle is the first line of defence against microorganisms (D’Alba et al., 2017). In
this case these plugs could serve both purposes of waterproofing the egg and reducing the
possibility of infestation by microorganisms, as it has been proposed by Board (1981). In fact,
water penetration and bacterial infection could go hand in hand, as water penetrating the pores
can easily carry infectious bacteria (De Reu et al., 2006).

Abrasion can remove the cuticle with relative ease; cuticle erosion was very variable between
individuals; however, the consequences of this were not explored in this study. All the eggs
observed where fertile and hatched under artificial conditions making impossible to determine if
there is an “expected” erosion of the cuticle for naturally hatched eggs. Cuticle erosion has been
observed in Crotophaga major, and has been hypothesised that it functions as a shock absorber,
eroding to absorb shock energy (Portugal et al., 2018). In Numidia meleagris, a bird belonging
to the order Galliformes, a cuticle that erodes (or polishes) through the process of incubation has
been observed. It is suggested that erosion serves the purpose of reducing the blockage of pores
that can accumulate by contact with the nest, other eggs and\or dirt on the incubating parent
(Board and Perrott, 2009). This process seems to remove both the plugs and debris, and it is
noted that it would serve the purpose of increasing the oxygen diffusion towards the time it is
needed the most, as the embryo develops. Numidia meleagris presents several similarities with
Apteryx eggshells such as particles in the outer surface of the eggshells (spherical in N. meleagris
but triangular in Apteryx) but in the case of N. meleagris the cuticle is completely polished
through the incubation process. It is possible that this is also the case for Apteryx as it is known
that the eggs are turned inside the nest (Colbourne, 2002). This would explain why we found
some plugged pores and opened pores and why the cuticle erosion was different between
individuals.

All Apteryx species presented capped or plugged pores. In the study of Silyn-Roberts (1983),
this was not mentioned possibly due to the procedure to clean the eggshells by boiling them, as
it is possible to remove the pore occlusions. Murphy et al., (2015) have shown how ultrasonic
baths used to clean the eggshells can remove pore occlusions, which increases the number of
observable pores. In our case as the eggshells were only rinsed with deionised water the
occlusions remained. Unperforated pores have been reported in the eggshells of Ostriches
(Willoughby et al., 2016; Maina, 2017). Capped pores have been reported in Tinamous, Jacanas,
Emus and Rheas (Board and Perrot, 1979) and it has been suggested that in Jacanas the occluded
pores are related to wet environments to provide water proofing (Board and Perrot, 1979);
however this has not been tested. In the case of Apteryx both water and an increased physical
barrier to prevent microbial penetration could be an explanation. Both the caps and plugs could
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explain why when the pores where counted in the past, the porosity was under-estimated leading
to exaggerated assumptions regarding the water vapour conductance of Apteryx

Gas exchange and water vapour conductance:

In this study | found that porosity is higher than was described by Calder (1978). He stated that
Kiwi’s porosity is 60% of the predicted value by Ar et al., (1974) equation. However, | found
that the porosity is higher than the value predicted. This could be because the eggshells I used
belonged to successfully hatched eggs, meaning that if there is any abrasion or pore opening,
pores would be more visible at this stage than when an infertile egg is used. This still would need
to be tested by comparing the porosity of freshly laid eggs versus the porosity of successfully
hatched eggs. In this study, it was not possible to make such a comparison, as all the “infertile”
eggshells were either infertile or early embryonic death, but they remained in the nest and were
incubated for at least 25 days which would make any comparison in this regard equivocal.

Pore density decreased from north to south with the highest pore density observed in Brown
Kiwi and the lowest in Haast Tokoeka, Pore radius, however, was the smallest in Brown Kiwi
and the biggest in Rowi, but not showing significant differences with Tokoeka. Porosity differed
between the three species being the highest in Rowi and the lowest in Brown Kiwi. Temperature
and barometric pressure play a very important role in diffusivity of gases; higher temperatures
and lower pressures allow the gases to diffuse at faster rates. In this case, Brown Kiwi
experiences the highest temperatures while Rowi and Tokoeka experience the lowest; since
Tokoeka eggs are bigger than those of Rowi and the average temperature is similar it would be
expected that the eggshells presents a higher porosity. However, Haast Tokoeka inhabits higher
altitudes, experiencing lower barometric pressures, which would be compensated by a reduced
porosity. In summary, Brown Kiwi presents many small pores, while the southern species have
fewer pores that are bigger. In addition to temperature and humidity this could also be associated
with a reduced risk of bacterial penetration in colder climates for the southern species and as an
adaptation to protect the egg from infection in warmer climates.

Water vapour conductance was in accordance to that measured for ground burrowing species
reported by Portugal et al., (2014). Unfortunately at this point it cannot be said how this WVC
relates to that of the whole egg, as our measurements relied on the fragments, however it could
be suggested that the water vapour conductance would be higher than predicted by Calder (1979),
due to the higher porosity measured in this study. Itis also possible that the gas exchange changes
during the incubation process as more pores could become opened as the egg is incubated and
turned by the parent and the cuticle erodes. The different eggshell regions showed different water
vapour conductance indicating a difference either in thickness or pore density. In some eggs, it
was possible to observe a cluster of pores concentrated in the most apical extreme of the blunt
end; however since the eggshells used in the study came from hatched individuals in most cases
this particular region had fractures and a neighbouring fragment was used, possible
underestimating the actual number of pores of that region. Significant differences were seen
between the blunt end and the acute end for Brown Kiwi and Rowi in water vapour conductance,
it is possible that this is also the case for Tokoeka but because of the difficulty of sampling this
was not observed.
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The general hypothesis was that the water vapour conductance of Apteryx was 65% lower than
expected by allometric predictions because of low porosity in relation to egg mass, and as a
compensation for a very long incubation period (Tullett, 1984). Apteryx does present a very slow
metabolism in all life stages including the egg (Prinzinger and Dietz, 2002) and the nests do
seem very poor in oxygen (Chapter 1V), however there is a spike in oxygen consumption midway
of the development making necessary for the egg to exchange gases efficiently in the nest
environment (Prinzinger and Dietz, 2002).

The water vapour conductance of the whole egg was higher than previously reported, in this
study | calculated the water vapour conductance at the conditions described by Ar et al., (1974)
was 52.84 mg/day.torr as opposed to 26.00 and 23.71 mg/day.torr reported by Calder (1978a)
and Sylin-Roberts (1983) respectively. And in contrast | found that is not significantly different
to the water vapour conductance calculated from the egg’s mass. Furthermore, when compared
with the values reported by Ar et al.,1974 for a variety of avian species, Apteryx mantelli fitted
perfectly into the expected relationship between egg mas and water vapour conductance,
meaning that the egg loses water in the same proportion as any other avian egg.

If porosity is higher than predicted by allometry in all Apteryx species, then the water vapour
conductance would be proportionally higher. However, for Brown Kiwi, it is found that the water
vapour conductance is as expected by allometry. Previous studies suggested a lower water
vapour conductance than expected, and the porosity measured in this study suggest that it should
be higher. This phenomenon is possibly caused by the plugs and occlusions of the pores, which
would reduce the rate of gas exchange by physically blocking the pore while maintaining
numerous pores. It is difficult to imagine why more blocked pores are “better” than fewer opened
pores, but it could have something to do with hatching. It is possible that a porous structure is
more easily breakable for a hatching chick (Bond, Board, and Scott, 1988). In this study I found
that many pores would not go all the way through the eggshell, the function of these types of
pores is still not clear, however similar pores that do not transverse the eggshells have been
observed in the eggs of Ostriches (Willoughby et al., 2016; Maina, 2017).

Gas exchange has been studied in closely related species of swallows that present burrowing and
open cup nesting strategies, and it was found that burrowing species tend to have increased water
vapour conductance. Birchard and Kilgore, (1980) explored the water vapour conductance of the
bank swallow (Riparia riparia) a burrowing species and the barn swallow (Hirundo rustica)
which is an open nester; they found an elevated water vapour conductance in the bank swallow
eggs, supporting the hypothesis for a necessity of increased gas exchange in an enclosed
environment. In this context, Apteryx is difficult to study as there are not many relatives that
present a drastically different nesting behaviour but with similar sized egg. A comparison could
be made between Apteryx and Tinamous as both taxa are ground-dwelling species with variable
altitudinal and latitudinal distributions, but with very different nesting behaviours. The use of
Micro CT has proven to be of great help to uncover the complexities of eggshell pore geometry
and pore distribution (Willoughby et al., 2016; Maina, 2017) and | suggest when possible that
other studies exploring porosity in avian eggshells make use of this technique.
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Differences in porosity in different eggshell regions have been reported for ducks and gulls
(Portugal et al., 2010), but the purpose of this trait has not been discussed. In comparison with
Portugal’s results Apteryx water vapour conductance showed similar results to those of chickens
(approximately 0.20 mg.d.torr?); unfortunately is difficult to assess this information in context
as the species for which this experiment has been performed have very different egg sizes and
masses. However, Portugal et al., (2014) reported water vapour conductance values using this
same experimental approach | used for different nesting birds from Great Britain, and the values
| obtained coincide with those reported for ground burrowing species.

Pores of Apterygian eggshells seem unique amongst ratites as most other ratites except
Tinamous, have branched pores (Board and Scott, 1980; Szczerbinska and Wiercinska, 2014;
Tullett, 1984). This could mean that funnel-like pores have evolved independently more than
once, however, the funnel-like pores might be entirely different between Apteryx and Tinamous.
All other ratite species show pores with branches of some sort, with ostrich having the most
complex pores (Board, 1982). It could be then proposed that branched pores are the ancestral
state of the Paleognathes, and Apteryx and Tinamous, present an evolutionary innovation by
producing “unbranched” pores. According to Weir et al., (2016) Apteryx is a relatively recent
species, as the taxon is believed to have originated approximately 8.6 Ma ago. However, when
oological phylogenies are constructed (Zelenitsky and Modesto, 2003) Apteryx is placed as the
most basal of the ratite species.

Eggshell Based phylogenies are interesting because Zelenitsky and Modesto (2003) used 67
discrete morphological characters to construct three possible phylogenies; in all three of them
the Tinamous were placed at the base of the trees, followed by Apteryx. This could in theory
suggest that Apteryx has maintained many ancestral characteristics even though its nesting
strategy and overall physiology are so different to any other ratite. It is important not to discard
this information in the light of more modern molecular phylogenies as it can be informative
regarding the evolutionary steps that the ratites took to adapt to their individual nesting strategies
and current climates. The possibility that the ancestor of the ratites buried its eggs, hence some
of the physiological adaptations still be present, cannot be discarded.

Gas exchange appears to be a phenomenon more complex than previously described as there is
a possibility that species develop mechanisms such as polishing the surface of the eggshell to
change conductance over the incubation period. | believe this is the case for Apteryx as the
possibility of open pores as the embryo develops would fit with a very long incubation period in
a damp nest, as capped pores could help reduce the risk of microbial contamination in early
stages of development where oxygen is barely required. It was noticed by Prinzinger and Dietz
(1995) that precocial embryos would drastically increase the oxygen consumption later in the
incubation period, by this point Apteryx could have “polished” the eggshell allowing an increased
gas exchange, by that time the defences in the aloumin would help protecting the embryo until
hatching.

The eggshell characteristics found in this study suggest that Apteryx species are adapted to the
environmental conditions where the eggs are incubated, and possibly the breeding strategies.
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Each characteristic may be explained by more than one factor suggesting that it is the synergy
between the factors that shaped the eggshells of the different species.
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Chapter Four:

Thermal properties of Brown Kiwi eggs and nests

Fit pullus a nido volans, qui iterum cadit in nidum
(A chick attempts to fly out of its nest but falls into it again)

Michael Maierus, 1619
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Abstract

Apteryx is the only ratite that nests in burrows or cavities, and in comparison, to other ratites, has
a complex nesting ecology. | tested the hypothesis that the nest and the egg are adapted to a cold
environment, because all Apteryx species start their breeding season at the beginning of the
Austral winter. For this purpose, | measured the thermal properties of infertile Brown Kiwi eggs
in an artificial incubator by heating them to incubation temperatures and calculating the time to
thermal equilibrium in a controlled environment (10° C), then compared Brown Kiwi (Apteryx
mantelli) to three other precocial species: Domestic Fowl (Gallus gallus), Greylag Goose (Anser
domesticus) and Emu (Dromaius navaehollandicus). | also measured the thermal properties of
nests in a Brown Kiwi population on Ponui Island using temperature dataloggers during the
beginning of winter but before the breeding season, to determine the daily temperature variation
with respect to the environment, | then conducted a heating experiment to determine the time it
would take for a nest to attain thermal equilibrium with the environment once heated. In both
cases | used Newton’s law of cooling to determine the rates of heat loss. | found that kiwi eggs
cool down as fast as the greylag goose eggs, which are a fraction of the mass of the Brown Kiwi
eggs, suggesting that kiwi eggs do not have adaptations to deal with heat loss. In contrast, | found
that nests could buffer environmental changes, maintaining the internal temperature above
environmental temperature during the night, the period the incubating parent leaves to forage.
These nests characteristics could be advantageous in a climate characterised by drastic weather
changes.

Introduction

The nesting behaviour of birds is varied and complex; avian nests need to effectively respond to
environmental pressures to ensure protection for the eggs against predation and the elements,
and ultimately contribute to the successful hatching of eggs (Carey, 1980; Deeming, 2002b). The
nest can be a complex architectural structure made from a wide variety of materials ranging from
twigs to moss, leaves, feathers, dirt, mud, and even saliva, and can have many forms or
architectural styles, such as burrows, mounds, open cups, and woven bags (Deeming, 2002a;
Healy, Walsh, and Hansell, 2008). Nests have been used as extended morphological characters
in phylogenies (Kusmierski, et al., 1993; Zyskowski and Prum, 1999), and there is evidence that
nest architecture is a hereditary behaviour (Sheldon and Winkler, 1999). It has been suggested
that nest architecture evolves in a similar way to species themselves, by modifications of an
ancestral architecture (Winkler and Sheldon, 1993). These modifications are usually adaptations
in terms of size, materials and quantity of accessories, however the architectural design seems to
be much conserved (Kusmierski et al., 1993).

The materials used and the final appearance of the nest when combined make up what is termed
the ‘architectural strategy’ (i.e. saliva woven cups or twig and grass woven bags). Each
architectural strategy presents some benefits and some challenges in terms of protection against
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predators, accessibility to resources, strength against the elements and good camouflage to avoid
predation and parasitism; it could be thought that the architectural strategy is then under a strong
selective pressure. However, an appropriate microclimate for embryo development and
successful hatching is key to survival of all species and it is probably one of the most strongly
selected attributes of nests (Lombardo, 1994). Birds are thought to select nest microclimates that
can regulate drastic environmental conditions that could threaten the survival of the egg (Webb
and King, 1983). For a nest to be successful three microclimatic requirements must be
considered: temperature, humidity, and composition and concentration of respiratory gases
(Walsberg, 1980; Walsberg and Schmidt, 1992).

Nest architecture has the advantage of allowing small adjustments and compromises depending
on environmental conditions or predatory pressures (Forstmeier and Weiss, 2004; Warning and
Benedict, 2015) and to be easily selected to maximize reproductive success; this could be done
for example by changing the materials, the location, and/or the size of the nest. Nesting
architecture is thus probably the driver behind nest evolution as small differences are constantly
selected to increase fitness (Kusmierski et al., 1997). This means that nest architecture can differ
greatly between closely related species depending on their ecological requirements (Greeney,
2008; Zyskowski and Prum, 1999). Therefore, it becomes very interesting when related species
present drastically different nest architectures, as it begs the question: what are the ecological
pressures that directed that change?

Burrow nesting can be an advantageous architectural strategy where predation and harsh weather
conditions are frequent during the incubation period (Wheelwright and Boersma, 1979).
Enclosed cavities have slower rates of temperature change which makes burrows a very efficient
nest choice in rapidly changing environments (Howell and Bartholomew, 1961). Burrows of the
Rainbow Bee-eater (Merops ornatus) for instance show very little variation with respect of
ambient temperature (Lill and Fell, 2007). In most cases, the incubating parent can change
temperatures in the nest simply by being present (warm) or not (cool) (White, Bartholomew, and
Kinney, 1978). For example, deep burrows built in the sand retain the warmth left by Bonin
petrel (Pterodroma hypoleuca) parents, maintaining incubation temperatures in the nest while
the parents forage at night (Howell and Bartholomew, 1961). Crab plovers (Dromas ardeola)
nest in burrows, and relie partially on solar radiation to help in the incubation process. In
addition, being inside a burrow helps avoid direct solar radiation, and its negative effects, onto
the eggs (De Marchi etal., 2008, 2015). The conditions in the burrow can be further manipulated
by the parents, by means of the type and quantity of nest building materials (grass, moss or
feathers as lining separating the soil from the egg), the burrow location/aspect (in relation to the
wind and the sun), and the topology of the nest (having multiple chambers, openings, etc.)
(Ramos et al., 1997; Heneberg, 2009). The Burrowing Owl (Athene cunicularia) seems to
carefully control for the environmental characteristics of its nest location, and this “decision” is
strongly associated with nest success (Green and Anthony, 1989). In general each burrowing
species develops a balanced strategy where temperature control, humidity and ventilation, and
even defence are carefully controlled in respect to environmental variables (Birchard et al., 1984;
Boggs and Kilgore, 1983; Fisher, Poulin, Todd, and Brigham, 2004).
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However, no matter how carefully a species chooses a nest site or builds its burrow, burrow
nesting poses great difficulties for gas exchange and has an increased risk of hypercarbia (excess
of carbon dioxide diffused into the blood stream in this case due to low availability of oxygen)
(Birchard et al., 1984; Boggs and Kilgore, 1983). Water loss (Burton and Tullett, 1985) and an
increased risk of microbial penetration are two further challenges for burrow nesting species as
burrows often offer a dark, damped and warm environment suitable for many species of bacteria
and fungi (D’Alba et al., 2014; White et al., 1978). Given the challenges imposed by burrow
nesting, it would be expected that burrow nesting species develop engineering solutions in nest
architecture to improve aeration while keeping appropriate temperature and humidity regulation
(Ar and Piontkewitz, 1992; Lill and Fell, 2007; Poulin et al., 2005). Further, it could also be
expected to encounter that these species possess physiological adaptations in both the parent and
the embryo to withstand high humidity and low oxygen conditions for extended periods of time
(Seymour and Ackerman, 1980; Boccs et al., 1984; Burton and Tullett, 1985).

All five species in the genus Apteryx nest in soil burrows, hollowed trees, or cavities formed in
the gaps between tree roots and the soil. The soil burrows are dug by the birds (McLennan,
1988; Ziesemann, Brunton and Castro, 2011) while tree nests are naturally occurring cavities
that the birds select to nest in. Apteryx nests have been known for a long time, but a formal
description of many of the Apterygian nests has not been published. The only well documented
example is provided by Jolly (1989) for the Little Spotted Kiwi (A. owenii).

Brown Kiwi (Apteryx mantelli) is the most common and widely distributed of the five species.
Its breeding season occurs approximately from June to February, and the females lay up to two
clutches of two eggs each (Sales, 2005). The first clutch is laid during the austral winter and
hatches around October, which coincides with the austral spring; the second clutch is laid almost
immediately after the hatching of first clutch, and the chicks hatch in late January, coinciding
with the beginning of the Austral summer. Brown Kiwi’s incubation period takes from 74 to 84
days (Holzapfel et al., 2008). The flexibility of hatching time as well as its duration exceeds the
expectations for a species this size (Calder, 1978). However, long incubation periods and a
flexible hatching time are often found in species that breed in cold climates and were the egg is
subjected to long periods of abandonment (Olson, Vleck, and Vleck, 2006; Vleck and Kenagy,
1980); both are true for Brown Kiwi.

Unusually long incubation periods have been reported for various species of petrels where the
incubation can take over 70 days (Boersma, 1982). Typically in many species of petrels the eggs
can be left unattended for several days while the parents are foraging at sea (Boersma and
Wheelwright, 1979; Wheelwright and Boersma, 1979). An increased incubation period appears
to allow the embryo to deal with chilling and abandonment by retarding the development process.
This requirement of retarded development can be accompanied with a reduction in the overall
metabolic rate (McNab, 1996).

Brown Kiwi is a nocturnal insectivore, and the incubating parent leaves the nest to forage every
night, usually just after dark, for approximately six to eight hours and returns before sunrise. The
duration of egg abandonment decreases as the embryo develops, until at the end of the incubation
period, the last week or so, the parent barely leaves the nest until the egg hatches (Colbourne,
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2002). There is not a clear idea of why Brown Kiwi has such a long incubation period, but it has
been suggested that it is due to the need for a very developed chick (Calder, 1979). A proximal
explanation is that Kiwi, like Bonin Petrels, leaves the nest unattended for several hours and the
embryo enters a form of dormancy where the development is delayed until the parent resumes
incubation.

The heat exchange of the nest and the egg need to be better understood as it is not known, for
example, the rate at which the nest loses heat while the father is foraging, or if the egg itself has
adaptations to further diminish the heat loss.

Hypothesis

Nest thermal properties and egg physiological adaptations to neglect

The basis of a successful incubation is the maintenance of an appropriate microclimate for
embryo development and successful hatching. The microclimate seems to be specific for each
specie’s life history; this means that metabolic rate, and developmental time, precociality-
altriciality, and parental investment would affect and be affected by the nest microclimate.

In this study, I explored two possibilities. First, | examined whether the nest has some insulating
capacity to maintain heat after the incubating parent has left the nest and possibly, until it returns,
to reduce the risk of overcooling and consequential embryo death. Second, since the eggs of
three species of Apteryx have been noted to have high levels of fatty acids in the yolk (Body and
Reid, 1983, 1987), it is possible that that the egg can endure overcooling by having a low cooling
rate, being able to maintain heat for an extended period of time. Cooling is related to the volume
of an object, with larger volumes cooling at a slower rate due to the surface area to volume ratio.
Volume in turn, is associated with mass in bird’s eggs (Turner, 1985). A slower cooling rate
could help explain the size of the kiwi egg and its composition. These two factors could work in
conjunction to allow the egg to resist prolonged periods of abandonment in cold winter nights.
This also requires the male to be aware of the cooling rate of the nest and the egg, so it can adjust
the absence periods to those needs. However, in this study I will focus only in the physical
thermal properties of the egg rather than the chemical ones.

The aim of this chapter is therefore to explore the evolutionary adaptations that could be present
in Apteryx eggs and their nests in a cold environment context. First, I calculated the cooling rate
of infertile Brown Kiwi eggs and the specific heat of the egg contents and compared them to
three other precocial species: Domestic fowl (Gallus gallus), Greylag goose (Anser domesticus)
and Emu (Dromaius novaehollandicus). Then, | produced a formal description of the Brown
Kiwi nest architecture, and I explored the nest’s temperature in relation to environmental
temperatures. This was done to try to understand why Apteryx has such a different nesting
behaviour to all the other ratites and suggest what could be the evolutionary pressures that have
shaped this behaviour. | extracted the nesting materials from a single tree nest to classify the
materials and perform a hydrophobicity test, with the purpose of determining if water proofing
properties existed in these materials. As an additional step, | measured the pH of the nest,
comparing tree nests and soil nests to explore the possibility that the respiratory gases in
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conjunction with the products of rotting vegetation could increase the risk of the egg to bacterial
penetration by weakening the shell.

Materials and Methods

Sourcing of the eggs

Eggs were obtained from the Operation Nest Egg program at Rainbow Springs Kiwi encounter
in Rotorua and the West Coast Wildlife Centre in Franz Josef, New Zealand. The eggs in this
programme are generally collected after day 20 of incubation to increase the hatching success
through artificial incubation. The eggs used in this experiment were candled and determined
infertile or early embryo death as there was no gross visual evidence of a developing embryo.

Only infertile/early embryo death eggs were used as conservation policies of these endangered
species are very strict and would not allow risking or ending the life of any bird, and we acted
according to the permits obtained from the Department of Conservation of New Zealand,
Authorisation number: 56537-DOA. The eggs used in this experiment were laid in the breeding
season of 2017-2018 and transported to Massey University facilities where they were kept in a
chilling room at 4°C until the beginning of the experiments. The chicken eggs were purchased
from the local farmers market, the greylag goose eggs were obtained from an abandoned nest at
Ponui Island (36°50’S, 175°10°E); finally, the Emu eggs were purchased from an Emu farm
(Northland Ostrich and Emu Limited, Wiharara, Northland, New Zealand).

Egg thermal capacity and cooling rate

Cooling rate of egg contents

Infertile (or early embryo death) eggs from four precocial species, Brown Kiwi, Domestic Fowl,
Greylag Goose, and Emu, were artificially “incubated” in an enclosed chamber at constant
temperature and humidity, the incubation temperature was set at approximately 35°C. The
purpose was to allow the egg to increase its temperature to 35°C and measure the rate at which
heat was lost once the egg was exposed to a colder temperature (10°C). Eggs were weighed on
arrival to Massey University and weighed again prior to the experiment to account for water loss
(Calder and Parr, 1977). Each egg was placed in a metal mesh above the heating source and a
probe data-logger (Tinytag TGP-4000, Australia), was inserted through a small opening in the
eggshell (fig.4.1). The probe was fixed using the metal mesh for support and placed in the centre
of the egg through the small orifice. The orifice was then covered with a thin plug of tissue paper
and glue (Papier-maché) to avoid the contents from leaking and maintaining the integrity of the

€gg.

Two thermometers were placed at the top and bottom of the incubator. The thermometers were
able to be read without opening the incubator; this was done to monitor the temperature in the
incubating chamber. Once both thermometers showed a temperature of 35°C the incubator was
opened, and the egg transferred to a controlled temperature room at 10°C. The data logger
recorded temperature every 5 seconds.
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Figure 4.1 Diagram showing a transect section through the artificial incubator used in this study. The egg at room
temperature was placed in the metal mesh above the heating source, at a height of 5 cm, the data logger was inserted to the
centre of the egg.

Eggs follow Newton’s law of cooling (Turner, 1985), therefore an integrated form of Newton’s
law was used at three different time intervals to determine the cooling constant (k) and the
cooling average rate. Newton’s law of cooling states that the rate of heat loss of a body is directly
proportional to the difference in the temperatures between the body and its surroundings,
assuming that the temperature difference is small and that the nature of radiating surface remains
the same (Lienhard IV and Lienhard V, 2017). The cooling constants and heat loss rates were
calculated and used to compare the insulation capacity of the individual eggs.

Newton’s law of cooling states:

= —K(T—T,) Eq. (4.1)

Where dT/dt is the change in the object’s temperature (T) over the change in time (t), -K is a
constant, T is the object’s temperature and Ta is the ambient temperature.

Developing this equation gives:

1

G dT = —Kdt Eq. (4.2)
[ (T_lm dT = [ —Kdt Eq. (4.3)
In|T —T,| = —kt +C, Eq. (4.4)
T —T,| = e *et e =C Eq. (4.5)
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For a cooling object T > Tatherefore |T — T,| = T — T, thus:

T(t) = Ce_kt + Ta Eq (46)

By measuring a maximum temperature at to it is possible to calculate the constant C which later
will be used at tito calculate k. With these constants an average heat lose rate was calculated as
follows:

ft1+m) =f(ty)
h

Eq. (4.7)

Here t is the time and h the distance between two points in time in a Cartesian plane; in this case,
two temperature points over time.

Specific heat of egg contents

Specific heat of eggs was measured to determine if the kiwi egg would require a higher amount
of energy to elevate its temperature as compared to other species eggs, meaning it will be more
costly to incubate, yet it will lose that temperature slower thus allowing the parent lo leave and
forage for a longer period. Romanoff and Romanoff (1949) determined the specific heat of
chicken egg contents and since then it has been assumed that this value is the same for most bird
species. The composition of the Kiwi egg in terms of lipids seems very different to the chicken
egg (Body and Reid, 1987); therefore, | determined the specific heat of the Brown Kiwi egg and
compared it to that of chicken egg, Greylag goose, and Emu. Specific heat (defined as the heat
required changing the temperature of a given substance by one degree Celsius) was measured by
the calorimetric method. This was done by mixing a heated mass of a known substance whose
specific heat is known (deionized water) with a mass of homogenised albumen/yolk whose
temperature is known at the time of the experiment. The sample was obtained by pouring the
whole egg contents in a beaker and mixing it thoroughly until no lumps or clusters were
observable, then a subsample was taken for the experiment. This sample was poured into an
adiabatic container with a digital probe thermometer (Traceable thermometer,4244CC). Then,
the deionised water was poured and stirred, and the container sealed. The mixture temperature
was then measured until equilibrium, and then the specific heat was calculated as follows:

Qlost by water = anined by yolk or albumin Eq- (4-8)

Given that:

Q = m.C,(AT) therefore:

Myater * Cpwater * (AT)water = Megg contents * Upegg contents * (AT)egg contents EQ- (4-9)

thus:
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C _ mwater*cpwater*(AT)water Eq (410)

e contents —
pegg Megg contents*(AT)egg contents

Here Q is the heat transferred (the amount of energy), m the mass of the substance, C,the specific
heat, and AT the difference in temperature.

Once the specific heat was calculated the formula Q = m.C,(AT) was used to estimate the

energy required for raising the temperature of the egg from 25°C to incubation temperature
(Table. 4.1). The incubation temperatures were obtained from the literature, and for this
calculation, the total mass of the egg was used.

Table 4.1. Incubation temperatures of the species compared in this study.

Species Incubation T (°C) Source  of incubation
temperature
Domestic fowl 38 Tazawa, et al., (2001)
Greylag Goose 37 Webb (1978)
Brown Kiwi 35.5 Holzapfel et al., (2008)
Emu 34 Bassett (1996)
Nest Thermal properties
Study area

The fieldwork was carried out on Ponui Island, located in the Hauraki Gulf of New Zealand.
Ponui is an island of 1770 ha of which two thirds are grazed pasture and the rest is a mixed
broadleaf forest dominated by Kanuka (Kunzea ericoides) and Kauri (Agathis australis) (Miles
and Castro, 2000). A Brown Kiwi population was established in the 1960s and has thrived
reaching approximately 2000 individuals (Ziesemann et al., 2011). The study took place during
the winters of 2016 and 2017 and the final stages during the summer of 2018. The Brown Kiwi
population has been under study since 2004 and between 35 and 50 birds (males and females)
have been tagged with radio transmitters annually and followed at least monthly. These
transmitters allow us to locate the birds and since 2012, they log information about the activity
of the wearers.

Nest description

The nests were visited during the non-breeding season to avoid the risk of birds deserting the
nests. In this population, Brown Kiwi uses some but not all burrows for both roosting and nesting
(Jamieson et al., 2016), thus some characteristics may be shared between roosting sites and nests.
| focused only on those burrows that are known to have been used as nests in previous years.

Nest dimensions were measured using a STABILA laser meter (Stabila Messgeratate D-76855,
Hungary). Three measurements of depth, width and height were taken per nest, and averaged.
The depth was measured from the entrance of the nest to the far-most wall; width was measured
by placing the laser meter in one of the lateral walls of the burrow and pointing the laser to the
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other wall; and height was measured by placing the laser meter on the bottom of the burrow and
pointing the laser towards the ceiling.

Nest Microclimate

Nest Insulating capacity
The nest insulation properties were assessed in two ways: Temperature buffering capacity of the
nest and heat retention capacity.

Temperature buffering capacity

The nest temperature in relation to environmental temperature flux was determined by placing
paired temperature data loggers (Tinytag TGP-4000, Australia), one inside the nest, where the
bird would usually sit and another one outside the nest (Ten data-loggers were used in total). The
basal state of the nest was measured for 45 days, from 29 April to 13 June 2017. In addition, 15
nests (7 soil nests and 8 tree nests) were measured in the same way for a period of 24 hours in
March 2018. These two experiments were done with the purpose of establishing the overall
variance in temperature in the nest over a long period of time, allowing me to estimate the
proportion of time the nests are above or below ambient temperature. | then estimated the
relationship between nest inner temperature and ambient temperature daily and especially its
changes throughout the day, allowing us to determine at what time the nest was warmer or cooler
than ambient temperature.

The frequency the nest inner temperature was warmer and colder than the surroundings was
estimated as follows:

__XAT>0 __XAT<0
ftabove - N ' ftbelaw - N

Eq. (4.11)

Where firepresents the frequency of the nest being either above or below ambient temperature
and AT = (T,, — T,) the difference between the inner temperature of the nest (Tn) and the
ambient temperature (Ta). N is the total number of measurements.

Heat retention capacity

To determine the insulating capacity of kiwi nests, ten recently used nests were selected after the
breeding season of 2017-2018; the nests were visited in February to avoid nesting activity and
risking nest abandonment. Temperature data-loggers (HOBO Pendant Data Logger 64K-UA-
002-64) were placed inside the nests with a paired data logger outside monitoring environmental
conditions for 24 hours. After this period a heat source (Zippo 12-hour hand warmers
SKU:40334) was introduced in every nest along with the data-loggers. The heat source was set
to warm the nest for a period of 12 hours. The temperature was monitored during this process
and for the next 24 hours to determine the moment when the nest reached maximum temperature
and started losing heat, as well as the point when it reached equilibrium with the environment.
This method allows to establish the time the nest remains warm once a heat source is removed
(or ceases to produce heat) indicating the time frame an incubating parent could forage without
the risk of egg over- cooling.
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Newton’s law of cooling was used in the same way for this experiment; however, in this case, as
the environmental temperature fluctuates and the equation requires a constant environmental
temperature, the environmental temperature was averaged for the duration of the experiment.
The resulting constants were compared using ANOVA.

Nest contents

Since little is known about the functional properties of Brown Kiwi nests, | extracted the entire
contents of a single tree nest to describe the composition and characteristics of materials in Kiwi
nests, | only used one nest as it is not known if the removal of material would have a detrimental
effect on birds that might reuse the nest or how important is the presence of such old materials
in nests, and therefore the destruction of nests could not be justified.

The cavity was located in a living Puriri tree (Vitex lucens), a tree species often used by kiwi for
roosting and nesting as it tends to hollow at the bottom of the trunk. This nest was known to have
been used several times. Nesting material was 50 cm deep. The contents were described, and
then different particle sizes were separated by using a gradation of sieves from >16 mm to <250
um in size.

The hydrophobicity test was performed on the sieved materials of particle sizes equal or smaller
than 500 um, only these particle sizes were chosen, as the bigger material was too big to
effectively measure hydrophobicity. Hydrophobicity was measured based on the methods of
Shakeshy et al., (1993), where a droplet of deionised water was placed on a smoothed dried soil
and the time it takes for the water droplet to penetrate recorded. The nest contents were air dried
over two months before the test, this is suggested to prevent interfering with the soil’s natural
hydrophobicity. The test was also performed in the argylosfaira (clumps of soil believed to be
the product of nest digging) which was crushed in a mortar and pestle then sieved through a 1
mm sieve and then through a 250 um sieve. Both soils were used, the less than 250 um particles
and the 1 to 250 um particles.

Nest pH

The pH of 10 soil nests and 10 tree nests was measured using a direct soil pH meter with probe
(HANNA HI99121) by inserting the probe at three points inside the nest in the area where the
egg would normally be placed for incubation. The pH was compared with 10 measurements of
the forest floor taken around the nests. Most of the nests had been unused since the previous
season; however, | had the opportunity to measure the soil pH of two nests that where being used
at the time. In these nests, the eggs were being candled for another study and while the crew was
candling the egg, | took the three pH measurements.

Statistical analysis

The thermal properties and cooling times of eggs were not analysed statistically due to the very
small sample sizes, and therefore only actual measurements are reported. The cooling time was
compared using all species with a Spearman’s rho correlation contrasting egg mass and cooling
time.
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The nest dimensions were compared using an ANOVA and a Tukey post hoc test in the same
way as the nest substrate pH. The thermal properties of the nests were compared first using a x
test to contrast the frequency of nests being either above or below environmental temperature.
The cooling time and rate of tree nests was contrasted with that of soil nests using a one-way
ANOVA.

Results
Egg thermal capacity and cooling rate

Cooling rate, resistance and capacitance of the egg contents

The Brown Kiwi egg took approximately 5:47 h (SD=0.19h) to attain thermal equilibrium with
the environment (Fig.4.2) despite kiwi eggs being 2.8 times heavier than greylag goose eggs
which took a similar amount of time (Table.4.2).
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Figure 4.2 Egg cooling plot of four precocial bird species with different egg sizes. Chicken N=2 (light blue),
Greylag Goose N=2 (Dark Blue), Brown Kiwi N=2 (Burnt orange), and Emu N=2 (Cream). The line for Emul
is staggered because for this egg the data logger recorded temperature every ten seconds as opposed to five in the
other eggs.
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Table 4.2. Comparison of cooling rate and time between four species of precocial birds. All the values

represent individual eggs.

Species N  Cooling constant K Cooling Actual Egg mass

(h) rate ("C/h) cooling (0)
time (h)

Chicken 1 2.42*10° -5.41 2.48 69

Goose 2 6.44*10* -3.73 3.11 100
5.87*10* -2.95 6.83 165

Brown Kiwi 2 4.50%10* -3.62 4.44 341
3.08*10* -1.2 6.5 412

Emu 2 2.93*10* -0.7 6.83 608
1.77*10* -1.98 11.3 658

| found that cooling time and cooling rate depended solely on egg’s mass; with cooling time
being positively correlated to egg mass (N=7, R?>=0.80) and the absolute value of cooling rate

being negatively correlated with egg mass (N=7, R?=0.91) (Fig.4.3).
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Figure 4.3. Linear regression with 95% confidence intervals of egg cooling and egg mass of four precocial
species; Chicken (square), Greylag Goose (triangles), Brown Kiwi (circles), and Emu (diamonds). A) Log cooling

time vs. Log gg weight (df='5 R?=0.80). B) Log cooling rate vs. Log egg weight (df=5 R?=0.91).

Specific heat

When the specific heat of the four species was compared using the calorimetric method all
species showed similar values as indicated by Romanoff and Romanoff (1949) The total energy
to raise the egg from 25°C to incubation temperature was calculated based on the temperature

difference from standard conditions (25°C) to incubation temperature (table 4.3).
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Table 4.3. Summary of calculated specific heat and incubation energy requirement, this requirement is the
energy need to raise the egg temperature from 25°C to the respective incubation temperature. Mean and SD
are presented.

Species N Egg weight Specific Incubation
(0) heat energy (J)
(J/9.°C)
Domestic fowl 5 65.8+£7.9 4.188+0.46 3,611.4+808.8
Greylag Goose 1 164.96 4.625 9,154.98
Brown Kiwi 1 412.0 3.663 11,249.77
Emu 1 608.0 4.128 24,446.02
Nest Thermal Properties
Nest description

Brown Kiwi nests consisted of either dug soil cavities on the slopes of gullies on the forest floor,
or tree hollows, hollowed fallen logs, and spaces between tree roots and the soil. Soil nests could
be quite shallow while some others could reach up to a meter deep. The shape of the nest
depended on obstacles encountered in the soil: tree roots or rocks for instance, with the nests
curving around them. Some nests presented a tunnel leading to the main chamber making them
deeper. The main chamber was a bow! like space covered with vegetable lining. Since nests can
be reused, the plant material can accumulate and rot, producing several layers of dust like
material mixed with the soil. The soil nests were often found near the roots of Ponga (Cyathea
dealbata) and Puriri (Vitex lucens), but sometimes they were built entirely on the soil or using
the plant roots as support (Fig.4.5).

65



Main chamber

T -
- e T
.,’ \
.
! Leaf and twig lining "s

{
e th) }‘3_2@,
NI
Organic matter %:""7'.:.: .','_.:-. -':, .'_

Soil

Figure 4.5. Typical Brown Kiwi soil nest. A) Entrance of a soil nest at Ponui Island. B) Nest with an abandoned
egg pushed towards the entrance. C) Diagram showing the nest architecture, dotted lines show the underground
cavity.

Brown Kiwi used fallen logs or hollowed trees as nests (Fig.4.6) choosing crevices or small
chambers within as laying site. Tree nests were at times quite intricate, as the architecture
depended on the tree structure and the available spaces within it. The dimensions of tree nests
were difficult to grasp as the actual chamber tends to be difficult to reach and the size would
depend on the tree itself. Brown Kiwi often covered the entrance of the nest with dried fern
fronds and other litter (Fig.4.7).
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Nest entrance
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Nest entrance Leaf litter blockingthe hoflowed log

Figure 4.6. Examples of tree nests A) A Nest in a tree hollow (Puriri) covered by epiphytes. B) Diagram showing
a nest cavity inside a dead tree. Note how the nest architecture depends on the tree structure. In this case the
main chamber was up the dead tree in a very steep area. B) Nest on a fallen hollowed log. Here the Kiwi filled
the log with plant material creating a plug. These are just some examples as tree nest can take any form as the
Kiwi slightly modifies what it is available in the environment.
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o Nest entrance
and tunnel
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Figure 4.7. A) An example of a well concealed soil nest. The nest entrance, highlighted in white, is entirely
covered by Ponga fronds. B) A soil nest seen from outside. Green tape and highlight was used to delimit the reach
of the nest. These nests were all measured outside the breeding season and were therefore inactive.

Nest dimensions

The soil nests showed great variation in width and depth; however, height was very constant.
Tree nests were more difficult to measure due to the tree structure, as often curves and crevices
were out of reach; also, the measurements of tree nests could be less informative, as the
dimensions depended on the tree and not the bird. However, some tree nests (n=4) were measured
(Table 4.4).

Table 4.4. Measurements of soil nests and tree nests using a laser meter. Mean + SD are presented.

Type N Width (cm)  Height (cm) Depth (cm)
Soil 18 34.86+16.66 24.77+7.63 63.19+16.30
Tree 4 33.90+11.96  36.50+17.07 62.67+16.03

Nest microclimate

The burrow nest microclimate was slightly more stable than the external climate, as it was
expected (Figure.4.8). The nest temperature lagged behind the changes in environmental
temperature along the 45 days of measurements.
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Figure 4.8 Comparison of temperature changes between the inside of a nest (Red) and the external temperature
(Green). A) Soil nest, B) Tree nest in a period of 45 days.

The basal state of five nests was measured (three tree nests and two soil nests) and compared
with the external temperature to determine the difference at each point and the frequency the nest
is above or below the external temperature. The frequency of being above or below
environmental temperature was also compared between tree and soil nests. (Table. 4.5).

Table 4.5. Frequency of nests being either above or below Environmental Temperature (ET) and the p values of

the y2 test applied.
Nest type Soil Tree df p value
Above ET 0.81 0.66 4 0.001
Bellow ET 0.19 0.34 0.001

Comparison Soil vs. Tree, 32 0.002

Nest Temperature Buffering capacity
All the sampled nests (n=15) showed the same pattern of temperature fluctuation in respect to

ambient temperature in an hourly basis, with very little temperature change (Fig.4.9). When the
difference between the internal temperature and the ambient temperature are plotted together, it
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becomes apparent that the nests remain cooler than ambient temperature during the day and
remain a few degrees above ambient temperature at night (Fig.4.10).
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Figure 4.9 Two graphs showing the hourly temperature fluctuation inside soil nests (n= 7) and tree (n=8) nests
with respect of ambient temperature (Blue lines).
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is warmer than ambient temperature.
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Nest insulation capacity

The cooling rate of nests was very variable but on average, soil nests tended to keep warmth
longer than tree nests (Table 4.6). Since not all nests reached temperatures near incubation during
the experiment, | chose a similar initial temperature for all nests (average 19.85°C for soil nests
and 19.76 for tree nests) at the initial time, from which the cooling constant and rate were
calculated. There was no significant difference between the soil nests and tree nests.

Table 4.6 Summary of cooling time and rate of Soil and Tree nests from Ponui Island. Mean cooling time as an
absolute measurement of time and the cooling rate is the temperature loss per hour.

Type N Mean cooling time SE mean Cooling SE mean
(h) rate (°C/h)
Soil 5 8.87 1.35 -0.42 0.143
Tree 5 6.66 1.00 -0.34 0.087
F Value 1.73 F Value 0.19
p value 0.224 p value 0.672
Nest contents

The nest was lined with dried leaves of the surrounding vegetation, soil clumps, argylosfaira,
small twigs and dirt (Fig.4.11; table 4.7). The soil removal during nest construction produces dirt
clumps (referred here as argylosfaira), that were often found outside of newly dug cavities and
at the bottom of old nests (Fig. 4.11 A).

Table 4.7. Particle size and their weight percentage to the total lining contents of one Brown Kiwi nest. The
capitalised letter in parenthesis after the type of soil matter relates to the photographs in Fig.11.

Contents Particle size Weight (g) Percentage
Argylosfaira (A) See figure 350 28.44

Soil clumps and big twigs (B) | >16 mm 59.4 4.83

Soil clumps and small twigs

© >Amm 586 47.62

Plant debris and dirt (D) >2mm 50.5 4.10

Plant debris and dirt (E) >1mm 57.9 4.70

Fine dust (F) >500 um 76.2 6.19

Fine dust (G) <500 pum 41.7 3.39

Fine dust (H) <250 um 9 0.73
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Figure 4.11 Particle composition of Brown Kiwi soil nests. A) Argylosfaira B) Twigs and rocks (Particle size >16
mm) C) Smaller twigs (Particle size > 4mm) D) Plant debris (Particle size > 2 mm) E) Plant debris (Particle size
>1mm) F) Fine dust mostly organic matter (Particle size >500 um) G) Fine dust, mostly organic matter (Particle
size <500 gm) and H) Fine dust (<250 ugm).

Hydrophobicity

The nest small particle material was very hydrophobic, as it was composed mostly of plant debris
and chipped wood from twigs, the water droplet never penetrated this material. The clocks were
stopped at 5 minutes, but the water droplet stayed on top of this material for a much longer
period. On the contrary, the external soil material, which was mostly clay like soil and constituted
the argylosfaira, was not hydrophobic, the water penetrated it almost immediately (Table 4.8).

Nest pH

All nest soils were acidic, with tree nests having the lowest pH (Table.4.9). There was a
significant difference between the acidity of the nests and the external soil. This was due to tree
nests being significantly more acidic than the surrounding soil, while soil nests did not
significantly different from the external soil.
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Table 4.8 Hydrophobicity (time taken for water particles to penetrate the nest soil and plant debris) of one
Brown Kiwi nest. The Argylosfaira was crushed to produce particles of two sizes.

Particle size Time to complete
water penetration

>500 pm >5 min

<500 pm >5 min

<250 pm >5 min

Argylosfaira

>250 pm 16 sec

<250 pm 4 sec

Table 4.9. Summary of nest substrate pH. The superscript indicates the differences found using a Tukey post
hoc test.

Nest type N  Mean pH SE mean F-value P value
Tree nest? 10 4.14 0.201 7.16 0.003
Soil nest® 10 5.02 0.170
External soil? 10 5.50 0.356

Discussion

In this study, I found that Brown Kiwi eggs do not have any adaptation to prevent heat loss. |
confirmed that egg cooling rate depends on egg mass. | also confirmed the assumption that the
egg contents of different species have the same specific heat.

The Brown Kiwi nest can buffer the changes of environmental temperature maintaining a very
stable microclimate for the egg development. In an hourly basis, the temperature inside the nest
barely changed; at longer periods, the nest temperature lagged environmental temperature. The
nests were above environmental temperature during the night when the parent is out foraging,
and below environmental temperature in the morning, when the parent has returned to resume
incubation. The nests took on average 8 hours to attain equilibrium with the environment once
heated; the cooling rate for both tree and soil nests is less than 1°C per hour, showing the
insulating capacity of the nest. There was not a significant difference between tree nests and soil
nests in terms of cooling rate.

Egg cooling rates:

Overall, egg cooling depends on egg mass, as indicated by Turner (1985). However, it is possible
that some aspects of the eggshell will affect cooling; this for example may explain why the
Greylag Goose egg cooled at a similar rate as the much larger kiwi egg. This is perplexing as it
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shows that there are other factors affecting egg cooling beyond mass. It would be expected that
the cooling rate of the Brown Kiwi egg to be similar to that of the Emu and much higher than
that of the Goose. It could be expected that egg composition , especially different species of fatty
acid, would play a role on how slow or fast the egg will cool, as well as the thickness of the
eggshell; the eggshell would have its own resistance to heat transfer and it should be proportional
to the thickness. Tyler, (1962) indicated that the thickness for Greylag Goose was around 555
um, the Kiwi egg is closer in size to that of the Emu, but the emu egg has a very thick eggshell,
of approximately 1078 um (Tyler and Simkiss, 1958). In comparison, the average Brown Kiwi
eggshell is about 300+47.9 um (Chapter 3). Thicker eggshells would have the disadvantage of
making the egg harder to warm up, therefore, the thin eggshell in the Brown Kiwi could allow
for a faster rate of heat gain while is being incubated, and the nest will compensate by reducing
the rate of heat loss.

Generally, for this type of study infertile eggs are used but it is possible that if the egg is fertile,
the thermal properties of the egg change as the embryo develops and the egg loses water. In late
stages of development the embryo passes from being poikilothermic to being homoeothermic
and produces its own metabolic heat as a response to gradual cooling (Tazawa, et al., 1988). It
has been noticed that ratites are efficient homeotherms and present all the same thermoregulatory
adaptations present in other avian orders (Maloney, 2008). Unfortunately, since Brown Kiwi is
an endangered species studies looking at the effect of gradual cooling on egg temperature at
different stages are not possible, however, with the advances on ballistocardiography it would
be possible to measure heart rate of Brown Kiwi in a non-invasive way while being artificially
incubated. It would be expected that in agreement with a study by Ono, Hou, and Tazawa (1993),
the Brown Kiwi embryo would respond to overcooling by retarding its development when at
early stages, but after the 40" day of incubation (when metabolism increases drastically) the
embryo would respond by producing metabolic heat.

An important aspect seen in all eggs is that the cooling is gradual. It took almost six hours for
the Brown Kiwi egg to reach equilibrium with the environment; this feature can protect the
embryo by slowly reducing metabolism and giving the incubating parent time to return and re-
start the incubation by increasing the egg’s temperature. Tazawa et al., (1988) showed how
gradual cooling in chicken eggs is related to embryonic heat production at different stages of
development. They found that the eggs respond to gradual cooling by either producing heat or
slowly stopping development. However, this metabolic heat was insufficient to stop the egg from
tending towards thermal equilibrium with the environment, and more importantly, it was
insufficient to continue development ( Whittow and Tazawa, 1991; Tazawa et al., 2001).
Depending on the developmental stage of the embryo it seems that stopping temporarily the
developmental process is a common strategy amongst birds and reptiles to withstand periods of
low temperature. For American Kestrels (Sockman and Schwabl, 1998) and Japanese quails
(Wentworth, Cigan, and Schaaf, 2009) at least, there is good evidence that long periods of egg
cooling have no effect on embryo development.

Chicken embryos for instance can withstand temperatures as low as 8°C for a period of up to 20h
and resume development once the egg is reheated at 38°C (Ono, Hou, and Tazawa, 1993).
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Hypothermia seems to be less dangerous than hyperthermia in birds (Webb, 1978). Actually,
many species experience very low incubation temperatures with no apparent consequence to the
embryos (Webb, 1978). A physiological zero was suggested by White and Kinney (1974), as a
low temperature (usually bellow 24°C) where the embryo development would stop and face
imminent death, however embryos can actually tolerate cold temperatures by entering diapause,
and depending on the species, this could happen for several hours to some days (Du and Shine,
2015).

Brown Kiwi eggs did not present any particular characteristic to reduce heat loss when compared
with other precocial species. As a matter a fact the egg lost heat quite rapidly. However, the
mechanisms the embryo might possess regarding slowing development or even entering
diapause are unknown. Some species present very long incubation periods, and this has been
hypothesised to be a response to long periods of egg neglect (Boersma and Wheelwright, 1979;
Wheelwright and Boersma, 1979). Egg neglect refers to the time the parent spends foraging and
not incubating the egg. Brown Kiwi has an incubation period of 74 days, which is 165% longer
than expected for an egg its size (Calder, 1978, 1979; Tullett, 1984) . In birds, this requirement
of retarded development is accompanied with a reduction in the overall metabolic rate (McNab,
1996) which is also the case for Kiwi (Prinzinger and Dietz, 2002). These are also adaptations
that are suited to burrow nesting (Boccs et al., 1984). It is possible that the nightly egg
abandonment in Brown Kiwi egg has shaped its incubation period, with the overall incubation
period extending past what is expected from two reasons: the need of the embryo to slow down
the developmental process during the coldest hors of the night, plus the production of a fully
developed chick, both leading to a longer incubation period.

Nest cooling rate

The nest is a step-in egg protection, as it provides an environment that would buffer any sudden
changes in temperature. It won’t maintain temperatures of incubation but will reduce the rate at
which the egg loses heat. An appropriate mathematical model for this interaction is needed, but
in essence, as the father leaves to forage the nest would start losing heat but in an environment
that would lose heat itself at a lower rate.

The nests were found above environmental temperature very frequently (75% of the time) but
more importantly they seem to maintain cooler than ambient temperature during the day and
above ambient temperature at night, precisely when the males go out and forage. The time it
takes the egg for cooling is then reduced by the more stable environment of the nest. There is no
evidence for a system of heat production inside the nests as it is the case of Megapodes (Dekker,
1988) or using heat radiation like in the case of Crab plovers (De Marchi et al., 2008).

The nest burrow lining material is laid in the bottom of the nest chamber and the hydrophobicity
test suggests that the main purpose of the vegetable material is to keep the egg from dampening
and being flooded. The weather during the Brown Kiwi breeding season is very wet, therefore
having an insulating hydrophobic material between the egg and the nest soil could reduce the
risk of dampness and help maintain temperature (i.e. a damped floor can extract heat much faster
than a dried one; Oke,1988). Brown Kiwi are known to bury their eggs into this nest material (I.
Castro, pers. comm.) supporting a moisture reducing and warmth maintenance role to this
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material. In contrast, the soil (and main component of the argylosfaira) surrounding the nesting
burrow is a very hydrophilic, indicating that this soil can be damped and remain wet for a long-
time. The nest relative humidity has been measured in Ponui Island Kiwi burrows to be
approximately 70%, remaining almost invariable during several months (Bansal et al., unpub
data); the relative humidity reported for Brown Kiwi is not excessively high for a ground burrow,
and it is possible that hydrophobic nesting material could help reduce the relative humidity of
the nest by allowing condensed moisture to seep through the nest into the more hydrophilic
ground (see argylosfaira hydrophobicity in table 4.8).

The fact that the nests are at about 70% Relative Humidity is very interesting, because this mean
that the air in the nest is not completely saturated with water, thus allowing for a better gas
exchange (Chapter 3), and it is not very different from the conditions outside the nest. Indeed,
some New Zealand ecosystems could have much higher RH outside cavities. In previous models
it would be difficult to understand how the reported low porosity of Brown Kiwi eggshells
(Chapter 3) would be effective in alleged high humidity environments, as the water pressure
from the saturated nest environment wouldn’t allow gas exchange through small pores. However,
it becomes apparent that the humidity in the nests is not as high and neither is the porosity.

There is evidence that Brown Kiwi selects vegetable material during the nest construction, as
both males and females have been observed carrying plant matter from the immediate vicinity
into the nest (1. Castro, pers. comm). It has also been mentioned that the birds clean the nests
before the laying period, as often residues of eggshells, lining, and failed eggs are found near the
entrance of the nests (1. Castro pers. comm.). This plant material in addition to water-proofing
the egg would serve to insulate the egg from direct contact with the soil, preventing faster heat
loss. In the southernmost Apteryx species, the Rakiura Island Tokoeka, this lining contains a
great number of feathers (l. Castro, pers. comm), which could serve the same purpose plus
reducing the heat loss of the egg. This feather use behaviour has been observed in numerous
species including Tree Swallows (Tachycineta bicolor) and Barn Swallows (Hirundo rustica)
(Mgller, 1991; Lombardo et al., 1995; Peralta-Sanchez et al., 2010).

The gas composition within the nest has not been measured and it would be beneficial that the
gas composition is looked in Apteryx nests as this is a fundamental piece to understand the
relationship between eggshell porosity and thickness with nesting behaviour and architecture.

To ensure a functional egg, Kiwi needs to balance a thin eggshell with a big mass, a particular
geometry to withstand the weight of the adult. In this respect there is evidence that Kiwi has an
adaptation to seat on such a big egg, in the form of enlarged ribs (Abourachid et al., 2019), an
adaptation seen also in the Hoatzin (Opisthocomus hoatzin) (Livesey & Zusi, 2007). Besides the
structural support that combines egg resistance with anatomical adaptations in the incubating
parent the Kiwi eggshell needs to allow proper gas exchange and a composition that would allow
an extremely precocial chick to survive on its own. They also require an egg that can withstand
abandonment, cooling and the high risk of bacterial and fungal infections. These traits need to
be paired with an effective mating system and refined incubation behaviours to ensure
reproductive success. The Brown Kiwi egg is adapted to a low oxygen environment as can be
seen by its porosity, like other burrowing birds (Chapter 3) and a thicker cuticle that would allow
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for a reduced risk of bacterial penetration in the nest environment. This is apparent that the nest
evolved congruently with the egg, as the egg became bigger and the eggshell thinner, an
environment that could allow for a controlled microclimate and a buffered temperature changes
was necessary, especially in a rapidly weather changing environment as insular ecosystems tend
to be. In contrast to the other ratites, whose nests are in an open scrap and the eggs directly
exposed to the elements.

The kiwi nest is unique amongst ratites and the evolutionary pressures that require for such a
“jump” are long gone, but it could be suggested that during the glaciation period it became
important for Apteryx to protect the egg from the elements and potential predators. It has been
suggested that New Zealand avifauna presents more tree cavity nesters than the same families in
other regions (Rhodes, O’Donnell and Jamieson, 2009). The aforementioned work examined
only terrestrial tree cavity nesters, some of the ecological pressures experienced might be the
same for Apteryx. The authors suggested that one of the main reasons for this behaviour to
become widespread in New Zealand avifauna is likely explanation to be buffering of changing
environmental conditions, but also potentially escaping predators.

To further understand the adaptations of Brown Kiwi to incubation it would be necessary to see
how the egg loses and gains heat in the nest and the mechanisms the incubating parent uses to
regulate temperature. A first approximation has been done by Rowe (1978), McLennan and
McCann (1991), and Colbourne (2002), who have used dummy eggs to follow the temperature
of the eggs while being incubated, mainly with the purpose of establishing the incubation
temperature of Brown Kiwi eggs. However, a model exploring the temperature fluctuations of
an actual egg in the nest would better clarify the incubation strategy of Brown Kiwi.
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Chapter Five

A Genetic study of the Mating System of North Island Brown Kiwi in
the Maungataniwha Forest

Coniunge fratrem cum sorore et propina illis poculum amoris
(Join the Brother and the Sister and drink to’em the Bowl of Love)

Michael Maierus, 1619
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Abstract

Polygynandry is a mating system where females mate with several males and males with
several females; this mating system seems to be the most common mating system amongst
ratites. Molecular studies have demonstrated that most ratites have a high degree of mixed
paternity and maternity. The genus Apteryx has been the most noticeable exception as it is
usually described as monogamous. Brown Kiwi (Apteryx mantelli) present all the typical
morphological traits of sex role reversal and most importantly, the female is not involved
in incubation or parental care, leaving her with the opportunity to re-mate as soon as a
male’s clutch has been laid. In sex role reversal, usually the male incubates alone or
provides most of the parental care, and females tend to be bigger and more aggressive than
males. Most species that present this mating system lay eggs that are numerous and small,
have precocial chicks that require little to no parental care after hatching. These
characteristics are usually associated with polyandry, where a female mate either
sequentially or successively with several males, while in polyandrous systems males tend
to be monogamous. | tested the assumed monogamy of Brown Kiwi from a molecular
perspective by assessing the relatedness of chicks obtained from the same male’s nest. In
this study | tested the hypothesis that the mating system of Brown Kiwi is either
polygynandrous, like other ratites, or polyandrous, due to its sex role reversal. For this
purpose, | developed a simple technique to extract DNA from eggshell membranes,
meaning this study was entirely non-intrusive. | looked at the genetic mating system of
Brown Kiwi in the Maungataniwha Forest, and | found that the eggs laid in a radio-tagged
male’s nest have different parentage. This occurs within clutches, between clutches during
the same breeding seasons, and throughout the years. Interestingly, some chicks are related
to other chicks hatched in different years, suggesting that Brown Kiwi probably re-mate
with the same partners throughout the years. This suggest that either Brown Kiwi has a
promiscuous mating system or at least a high degree of extra pair copulations.

Introduction

In recent years molecular studies have revealed the complexity of avian mating systems,
suggesting that many of the former classifications (i.e. monogamy, polyandry, polygyny)
based on observable mating and parental behaviour are not as well delimited as once
thought. For example, extrapair paternity has been found to be extremely common,
occurring in 90% of all avian species, including those classified as socially monogamous
(Griffith, Owens and Thuman, 2002). A fascinating clade to study this diversity of mating
systems is the ratites. The Ratites are an ancestral group that present interesting mating
systems and associated parental strategies. It could be said that the mating system of ratites
revolves around polygynandry, with major males and females controlling nests, but with
multiple contributors to the parentage of those nests (Handford and Mares, 1985). Their
incubating behaviours range from those where males are the main contributors to
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incubation like Ostriches (Struthio camelus), or not at all, as it is the case for Emus
(Dromaius novaehollandicus) and Rheas (Rhea americana). The few studied species of
Tinamous seem to also have male incubating and caring for young, this has been indicated
for the genus Eudromia (Hanford and Mares,1985) and the Great Tinamou (Tinamus
major). Only male care has also been reported in the Kiwi Pukupuku (Apteryx owenii) and
Brown Kiwi (Apteryx mantelli). Another important aspect of ratites in general is that this
clade also produces very precocial young.

In Ostriches, Emus and Rheas, males tend to hold harem like groups where several females
lay eggs in different male’s nests, but the males still perform courtship displays and defend
territories (Patodkar et al., 2009; Sauer, 1972). For example, the male Ostrich defends a
territory and prepares several scrape nests one of which is later chosen by a female that is
regarded as “the major female” (the first female to lay eggs in a nest), this is followed by
several other females that lay eggs in the same nest (known as minor females). The male is
the one that initiates the mating displays (Magige et al., 2009). Using microsatellite DNA
extracted from egg chorio-allantoic membranes and embryonic tissue, it has been
determined that the major female contributed more to the central clutch but in the periphery
mixed paternity and maternity occurred (Kimwele and Graves, 2003). In their study all
males fertilized eggs in nests of neighbouring males and every major female was the minor
female of some other nest.

Oring (1990) reported the mating behaviours of Rheas. He observed that groups of females
form harems and lay eggs for a single male who takes care of the incubation. They found
that females lay the eggs beside the nest and the male rolls them into the nest. Once the
females have laid eggs for the male, they move onto a second male who defends territories
as well. The male displays a great vigilance of the eggs leaving only for a few minutes
every day. The male remains associated with the chicks until the next breeding season.
Males defend the nest aggressively (Codenotti and Alvarez, 2006; Fernandez and
Reboreda, 2007).

In a similar way to Rheas, Emu males undertake incubation alone and devote a considerable
amount of energy to the incubation, reducing food intake and entering a torpor like state
(Taylor et al., 2000). Despite the great investment made by the male, emu nests present a
mixed parentage with approximately 50% of the chicks not sired by the sitting male, 11%
not mothered by the “major female”, and about 8% resulting from brood parasitism. Emus
were thought to be monogamous; however extra-pair copulations have been reported, with
73% occurring towards the end of the breeding season (Blache, Barrett, and Martin, 2000).

In Cassowary (Casuarius sp.), Crome (1976) reported that the male provides all the parental
care and that females might mate with more than one male in a year, however very little is
known about the behaviours that accompany the mating system of cassowaries.

In the species studied (Tinamus major), male tinamous provide all the incubation effort and
it has been observed that they have a “promiscuous” system where a male can mate
sequentially with several females, gathering a nest of up to eight eggs, while females move
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between males without forming a pair bond with any male (Brennan, 2012). Monogamy
was first suggested for the Ornate Tinamou (Nothoprocta ornata) but recent studies using
genetic analysis of the eggs laid in males’ nests, present evidence of mixed paternity
concordant with observations of females mating sequentially with males, and males mating
simultaneously and caring for the eggs of several females (Giraldo-Deck et al., 2017). The
mating system of many species of Tinamous is still not known.

Brown Kiwi has been classified as a monogamous species by some authors (Handford and
Mares, 1985; Taborsky and Taborsky, 1999; Colbourne, 2002). More recent research with
marked individuals in a high-density population on Ponui Island have reported Kiwi
breeding in groups in addition to pairs, trios formed by two males and a female as well as
a male and two females and even quintets; pairs have been observed to re-mate in
successive breeding seasons but “divorces” are also common (Ziesemann, 2011; | Castro
pers. comm.). Brown Kiwi present sex role reversal as the male incubates alone and the
female does not generally engage in any incubation behaviour or parental care post
hatching. The female is larger than the male and lays two eggs, each weighing from 250 to
400 g in each clutch, with usually two clutches laid in the same breeding season (Colbourne,
2002). The male alone incubates the egg, spending between 74-84 days incubating the
egg(s) (Calder, 1978). Females are known to take 35 days to produce an egg and with both
ovaries functional, to develop two eggs simultaneously with one laid about two weeks
ahead of the second (Colbourne et al., 2005). Under these circumstances, the female could
re-mate and produce eggs with another partner while the male is incubating. The male does
not seem to have many opportunities of re-mating, unless breeding and sharing incubation
with others in a group. Nothing is known about sperm storage in kiwi, but it could be
possible that the female copulates with multiple males and stores sperm for fertilising her
eggs, as this has been observed in all other avian species in which sperm storage has been
studied (Briskie and Montgomery, 1992; Birkhead, 1998).

Since the arrival of Europeans to New Zealand, Brown Kiwi populations have been in
decline due to introduced mammalian predators (Holzapfel et al., 2008) and loss and
fragmentation of habitat. One crucial aspect that influences the mating system of a species
is the availability and density of nesting sites (Emlen and Oring, 1977; Goymann, Safari,
Muck, and Schwabl, 2016). In an area with low, scarce or spaced nesting sites would make
it difficult for the females and males, respectively, to control territories and thus making
difficult the evolution of polyandry or polygynandry. For a polygynandrous species with
ratite like systems, nest site limitation could make it difficult for sequential mating, as each
individual would have difficulty finding another mate with an established nest. Population
density will also play an important role in determining mating systems, as higher density
populations will increase the probability of two or more birds coming in contact in a short
amount of time.

It is therefore possible that monogamy in Brown Kiwi was assumed to be the case due to
population densities being low enough that females would choose and mate with the same
males twice every season, only because there were no other potential mates, or nesting sites
in the area. Also, the cost of the egg has been traditionally thought to be too great for the
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female to engage in other copulations (Calder and Parr, 1977), and this argument has been
used as further support of the monogamous hypothesis, however, this could be debated as
the energetic cost could be supplied by the insectivorous diet of Brown Kiwi, which would
be rich in protein and lipids (Bell, 1990; Reynolds and Perrins, 2003). In addition, Dixon
(2015) showed how Brown Kiwi can supplement this diet throughout the year, meaning
that there is not a seasonal shortage of food. Calcium would be a limiting factor as many
species need to accumulate the calcium required for reproduction prior to the breeding
season (Ankney and Scott, 1980; Wilkin et al., 2009). However, many species present a
mechanism to store calcium in the medullary bone in the form of citrate (Simkiss, 1961)
and Brown Kiwi have considerable amounts of citrate in their bone (Dennison and
Kooyman, 1991), which added to the fact that the eggshell is very thin (Chapters 3 and 4)
would make it much less costly to have the necessary calcium to lay multiple eggs in one
breeding season.

Brown Kiwi have all the traits that are classically associated with polyandry, and this was
noted by Jenni (1974) and discussed by Ziesemann (2011) with evidence of long-term
associations between females and two or more males. The observed plastic mating systems
of other ratites and the fact that polyandry seems to be conserved in a select group of orders
makes it necessary to revisit the monogamous status of Brown Kiwi, especially in the light
of possible incubation contributions made by females in the Roroa, Rowi and Tokoeka, and
the reported trios and quintets from the Ponui Island population (Ziesemann et al, 2011). It
is not impossible that Apteryx evolved a monogamous system, but it becomes necessary
that substantial evidence is produced to assert this mating system. It would be very
interesting if it were the case, as new questions could be asked on how mating systems shift
through time and what are the selective pressures behind them.

In polyandrous shorebird species, where the male is the sole contributor to incubation and
parental care, there is a negative relationship with extra pair paternity, suggesting that the
evolution of this strategy has required that males are “certain” that the chicks they are
raising are theirs (Oring et al., 1992; Delehanty et al., 1998; Emlen et al., 1998). In most
ratites, it has been demonstrated that high levels of extra pair paternity occur for both males
and females, and the chicks are precocial, meaning that they require much less parental
investment. In this scenario certainty of paternity may not be as necessary as the males
increase their fitness by engaging in extra-pair copulations and ultimately the chicks will
not require much caring.

In the last decade, studies employing molecular techniques have uncovered a great deal of
mixed paternity. For species that have been described as socially monogamous, only 25%
or less are genetically monogamous, meaning that they only incubate and raise their genetic
offspring and no mixed paternity occurs (Griffith et al.,, 2002). Genetic studies are
particularly relevant in this field as they accurately depict each parent’s genetic input to
future generations and serve as a testing ground of the traditional hypotheses proposed to
explain the evolution of mating systems.
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Paternity in birds has been frequently examined based on multilocus DNA fingerprinting
with minisatellite probes (Westneat et al., 1995; Krokene et al., 1996); however, these
methods require large amounts of good quality DNA. A more cost-effective and probably
less invasive alternative is the use of microsatellite loci amplification, which is effective in
providing reliable information about genetic variation (Taylor et al., 2000). Paternity of
rare or endangered species is difficult to analyse because of the low probability of
encountering the study species and the risk of causing nest abandonment, therefore non-
invasive methods that could use tissues that are not obtained directly from the birds are
necessary. This was done for the Ornate tinamou using embryonic and egg material from
nests (Giraldo-Deck et al., 2017), however in this case it was necessary to destroy the eggs.
In the current study, I use only eggshell material and the chorio-allantoic membrane that
remains in the discarded eggshells after hatching.

In this chapter, | test the assumption of monogamy in Brown Kiwi from a genetic
perspective, comparing the eggs laid in the same nest, in different clutches in the same nest
and in the same nest over several years. In this way, | estimate the frequency in which
chicks are parented by the same male and female in each clutch within a breeding season
and throughout the years. This study was conducted using eggshells obtained from ONE,
the eggs in turn were collected from the Maungataniwha Forest, Hawkes Bay.

Hypothesis

Based on what has been reported when molecular techniques have been previously applied
to the mating systems of ratites, it is possible that Brown Kiwi present a similar mating
system with females mating successively with different males, observational evidence for
which has been reported in high density populations (Ziesemann et al., 2011). It is not
impossible that Brown Kiwi present a genetically monogamous system, but it seems
unlikely. Therefore, | expect to find extra pair paternity in the nests of males when the
parentage of the hatched chicks is compared. | will compare the parentage between eggs
belonging to the same clutch, between clutches in the same year and between years to
determine the frequency of extra pair paternity if it exists.

Materials and Methods

Study area and Sample sourcing

Artificially incubated eggs from the Operation Nest Egg program (ONE) were used (see
Chapter 3). The eggs were harvested from the Maungataniwha Forest (Lat -38.82 Long
176.90) in the Hawkes Bay, New Zealand (Fig. 5.1). The forest is bordered by the Te
Urewera National Park on the north, and by the Whirinaki Conservation forest on the west.
It comprises 6,120 hectares of native bush (Forest Lifeforce Restoration Trust, 2019). This
population was chosen as it provides the highest number of eggs every year to ONE (E.
Bean, pers. comm.) allowing for a greater sample size. Sixty-six eggshells were obtained;
these belonged to eleven different males from the years 2012-2017 (Table 5.1).
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Maungataniwha Forest

Hawke's Bay, North Island of New Zealand (-38 8249, 176 7865)
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4

Figure 5.1. Map of New Zealand showing the location of Maungataniwha Forest in the Hawke's bay. Map
produced with Google Earth.

Table 5.1 Summary of the males used in this study and the total number of eggs used. The number of

eggs produced per year was noted, the dashes are placed where no eggs were either produced or
retrieved from the nests.

Male’s code name

Mt.dew Mtts Mttwa Mtstt Mt.q Mtsm Mtsh Mtpr Mtdm Mtwu

Total No.

of 12 11 10 8 6 6 5 4 2 2
Eggs/male

Eggs per year

2010 1 - - - - - - - - -
2012 - - 3 1 - 1 - 1 1 1
2013 - - - - - 1 - - - -
2014 3 4 3 1 1 - 2 3 - -
2015 2 2 1 1 1 1 - - - 1
2016 5 2 1 3 1 1 - - 1 -
2017 1 3 2 2 3 2 3 - - -

DNA Extraction

A fragment of the chorioallantoic membrane was removed from the inner eggshell of each
egg; fragments containing vascular tissue or dried blood were favoured to maximise DNA
yield. Membranes were placed in Eppendorf tubes with 400 pl of rat-tail lysis buffer (100
mM Tris.Cl pH 8.0, 5mM EDTA, 0.2% SDS, 200 mM NaCl), 10 ul of proteinase K (Sigma
3115887001) was added to the membranes and vortexed for 2-3 seconds (s). The tubes
were placed in a foam float in a water bath at 56°C overnight. Supernatants (lysates) were
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transferred to 1.5 ml tubes and 400 ul of chloroform was added to each tube and then
vortexed for 20-30 s. The lysate-chloroform mix was then centrifuged at 14,000 g for 10
min. The aqueous supernatant (approximately 300 ul) was then transferred to a fresh 1.5
ml tube. 400 pul of 100% ethanol and 40 ul of 3M sodium acetate was added to the lysate
and mixed. The mixture was then placed for one hour to overnight in a freezer at -20°C.

The lysate mix was then centrifuged at 14,000 g for 10 min. The supernatant was carefully
poured off and discarded. 400 ul of 70% ethanol was added to the tube and mixed
thoroughly. The tubes were then centrifuged at 14,000 g for 10 min, and the supernatant
discarded again. This process was repeated one more time discarding the supernatant at the
end. The remaining DNA pellet was left to air dry overnight. 50 ul of R40 (TE (10 mM
Tris, 1 mM EDTA, pH 8.0) with 40 ug/ml of RNaseA) was added and left overnight at 4
°C to resuspend the DNA.

Microsatellite markers and amplification protocols have been previously developed for
Apteryx spp. by Shepherd and Lambert (2006) and Ramstad et al., (2010). I chose eight
microsatellites with the highest degree of heterozygosity and amplified all of them (Table
5.2). Eight micro-satellites have been proven to be enough in similar studies, Brennan
(2012) used eight microsatellites to assess Great Tinamou paternity, and Taylor et al.,
(2000) used only four, however in this case, DNA from incubating males was also
extracted.

The amplifications were set at 50°C, 56°C, and 60°C. Amplification was carried using
5Prime HotMaster Tag DNA Polymerase (Dnature); individual PCR mixes were composed
of 4.9 ul of nuclease free water, 2 ul of Tag, 0.3 ul of each of the forward and reverse
primers, and 2.5 ul of DNA template. The PCR products were diluted 1:10 (10 ul of PCR
products and 90 ul of nuclease free water) and from this dilution 30 ul were used for
fragment analysis. The fragment analysis was performed using the HT DNA High
Sensitivity LabChip Kit.

Table 5.2 Microsatellite DNA loci from North Island Brown Kiwi used for fragment analysis. Ta
indicates the annealing temperature and HE the expected heterozygosity. This information was
obtained from Shepherd and Lambert (2006) and Ramstad et al., 2010.

Locus GeneBank Sequence Ta He
Accession (o9
code

Apt29 DQ157367 F: AGTAGCTACATGCGTACGTGTC 56 0.820
R: TGGCCCACCTGGAGATGTGCA

Apt35 DQ157368 F: CAGCTTGTCTCAGGGAGCATTTGT 58 0.801
R: CTATCTCAAGCGGCATCACAAAAG

AptS9 DQ157362 F: TCTGTGCCTTGGAAGCAGTC 56 0.737
R: GGAAGCTTGGGATCACTGGG
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Apt68 DQ157365 F: 56 0.558
GGACCAGTGTGTTTATATATTCTGC
R: TGCAGATTCAGCCAGTAACG

Aptowe8 HMO064032 F: AAGTCCATCAGCTCAGCAATC 56 0.917
R: AACAGCAAACTTAGGGACACG

Aptowel5 HMO064033 F: CCAAAAGTACTGCAGGGTTATTC 50 0.933
R: ACATGGCTTAACTGCCACTG

Aptowe3l HMO064037 F: 56 0.783
GTTAAAATCAATCAGTATCCATTCC
R: GATCCCAGTAAAAGCCAACTT

Aptowe39 HMO064041 F: AAAATAGAACCTTCCAAGCTGAAC 56 0.665
R: ATTCAGTGGGAAAAGCTTGC

Analysis

Kinship coefficient
The relatedness of the chicks was calculated using a kinship coefficient. The kinship
coefficient estimates the probability that alleles in a particular locus, chosen at random from
two individuals are identical by descent (Lange, 2003). Identical by descent in this case
means that the two identical alleles of two individuals arise from the same allele in an
earlier generation.

The model is as follows:
Kf =YkXa (fai * faj)/D (Eq.5.1)

Where Y k Y. a (fai * fa;)/D is the sum of all loci and all alleles; fai being the frequency of
the allele a in a population i, and f, is the frequency of the allele a in the population j, D
corresponds to the number of loci (Cavalli-Sforza and Bodmer, 1971). In this model
individuals can be treated as populations. A kinship matrix was produced for all the eggs
laid in the same nest; this indicated the relatedness of the chicks in a pair-wise relationship.

Since only one allele is being sampled at a time, the interpretation of the kinship coefficients
is based on the probability of obtaining the same allele for each pair-wise comparisons,
which is 50%; the calculation of the kinship coefficient takes into consideration this
probability as an independent event (Oliehoek, Windig, Van Arendonk, and Bijma, 2006).

| interpreted then the kinship coefficient between two full siblings to be between 0.5 and
0.25, between half siblings to be >0.25 and 0.125 and finally any unrelated individuals
would have a kinship coefficient of 0. This was calculated for all the nests.
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Results
Kinship

The degree of Kinship was variable in all sampled nests except in two nests, which only
had two eggs each, in both cases each egg laid in a different year. In the first nest (Mt.dm)
the two eggs were unrelated and in the second nest (Mt.wu) the two eggs were full siblings.
All nests presented full siblings, half siblings and completely unrelated individuals
throughout the years (Table 5.3).

Table 5.3 Percentage of possible relationships per nest. The number of possible relationships is the
number of possible pairwise combinations that could be achieved with the number of eggs. Each
relatedness percentage (i.e. full siblings) is the percentage of associations found in each nest.

Male No. Eggs No. possible  Full siblings Half Nonrelated
relationships (%) Siblings (%)
(%)

Mt.dew 12 66 29 24 47
Mt.ts 11 55 24 42 35
Mt.twa 10 45 29 27 44
Mt.stt 8 28 18 39 43
Mt.q 6 15 20 13 67
Mt.sm 6 15 13 47 40
Mt.sh 5 10 30 50 20
Mt.pr 4 6 33 67 0
Average 24.5 38.5 37

The relationships between eggs of different years were difficult to assess because each
individual was either related or not, to many other individuals in the nest, thus creating a
very dense web of relatedness (Appendix I1). To simplify, I looked at all the eggs laid per
breeding season to clarify their relationships. In this part of the analysis, breeding seasons
represented by a single egg had to be excluded (Table 5.4).

Table 5.4 Number of siblings, half sibling and unrelated individuals per breeding season. The
numbers within parentheses () represent full siblings, the groups within braces {} indicate half
siblings and the numbers outside any bracket represent the unrelated individuals; For example, in
2014, Mt.Dew had a pair of full siblings and an unrelated individual, while Mt.ts that same year had
a pair of full sibling which had in turn two half siblings. A graphic representation of the relationships
between the eggs of a nest can be found in Appendix I1.

Male Mt.dew  Mtts Mt.twa Mtstt  Mt.q Mt.sm  Mtsh  Mtpr
Breeding

season

2010 1 - - - - - - -

2012 - - {(2)1} 1 - 1 - 1
2013 - - - - - 1 - -

2014 (2)1 {(2)2} (3) 1 1 - 2 {(2)1}
2015 2 {2} 1 1 1 1 - -

2016 {(3)2} 2 1 {2}1 1 1 - -
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2017 1 3y © 2 @1 {3 {33 -

Discussion

| found that Brown Kiwi are not a genetically monogamous species, as 90% of the nests
showed variable kinship coefficients, from full siblings to half-siblings and unrelated
individuals. It was interesting to find that full siblings occurred between different years,
suggesting that Brown Kiwi pairs re-mate in different years, or have stable groupings which
could explain why the species was classified as monogamous before. Also, different
contributors are found in the same clutch and in between the two clutches in a breeding
season. This is the first time that the mating system of Brown Kiwi has been studied using
eggshell membranes and it proved to be an effective method to assess relatedness between
individuals.

The relatedness between individuals from the same breeding season was varied, less than
30% of the eggs in a breading season were full siblings, and almost 40% were unrelated
individuals. Nevertheless, the relationships across years are complex. To illustrate, four
eggs were obtained from Mt.pr’s nest, three eggs laid in the same breeding season and
one laid in a previous season; two of the eggs laid in the same breeding season were full
siblings while being half siblings with the third egg. The third egg was a full sibling of the
egg laid in the previous season, which in turn was half sibling to the other two, as it
would be expected. This could mean that the male mated with a female which laid two
eggs, but in the same breeding season he mated with another female who laid one egg,
this male mated with that same female in a previous season.

In general my findings suggest that male Brown Kiwi mate with several females throughout
the years, however, since I didn’t obtain the parental DNA it is also possible that the female
mated with several males, laying all the eggs in one male’s nest, despite the male not being
the sire of all the eggs in the clutch. This would also explain half siblings as the shared
parent could be the mother and not the father.

The relatedness between the chicks was not always axiomatic; axiomatic in this case refers
to the logical possibility of the described relationships. For example, there cannot be a half
sibling to only one in a pair of full siblings, it necessarily must be half sibling to both. The
presence of non-axiomatic relationships indicates the possibility of sampling errors, as in
some cases a particular primer would not amplify for a particular individual thus losing
information. A correction can be made with the available information to re-construct a more
accurate web of relatedness between all the chicks associated to a male; to achieve such
correction a series of logical axioms need to be defined to determine were the information
might be lost and clarify further the relatedness. Also, obtaining the mother’s DNA from
the eggshell would not only help clarifying the relatedness between chicks but also
determining in which cases the father is the shared parent or not.
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Regardless of the fine detail of individual relationships my results demonstrate that Brown
Kiwi is not genetically monogamous as unrelated individuals and half siblings are present
in the same breeding seasons and across years. This is not surprising as most molecular
studies performed on ratites have found similar mating systems, and furthermore, recent
studies have shown that most avian species, regardless of the apparent mating system
engage in extra-pair copulation (Akgay and Roughgarden, 2007). These results show in
general that avian mating systems are not as rigid as the classical classification suggests. In
the case of Brown Kiwi, such a system is not difficult to understand as kiwi chicks are
extremely precocial, meaning that there is no parental investment after hatching, and more
importantly, that only one parent is needed to ensure the hatching of the eggs and fledgling
of the chicks.

From an ecological perspective several authors have suggested different scenarios where
mating systems with a single incubating parent could arise. For example Andersson (2005)
suggested that living in habitats were food is abundant would facilitate chick survival in
the case that a single parent needs to take care of the clutch, but also would allow the female
to store enough resources to produce multiple eggs and clutches; this scenario would give
the female alternative reproductive opportunities. An important point is that the clutch size
is determinate; therefore, the annual reproductive effort could only be increased by multiple
clutching instead of laying more eggs in the same nest. As the clutch size increases it
becomes more difficult for a single incubating parent to take care of all the eggs (Cody,
1966) thus making it more effective for the female to stay and help. Brown Kiwi have
continuous sources of food throughout the year (Dixon, 2015) with the male continuing to
forage throughout the incubation period making the incubation effort less energetically
costly. In contrast, the male emu does not eat, drink or pass waste for the duration of the
incubation (Patodkar et al., 2009). Also, as | have mentioned previously in this thesis the
Brown Kiwi egg is big, therefore incubating more than two or three eggs at the same time
would be very difficult for a single parent.

Maynard-Smith (1977) presents an alternative hypothesis for male parental care and female
desertion, in his explanation male parental care would be favoured if the male has a low
probability of finding another mate, the fecundity of the female increases with desertion,
and parental care provided by a single parent would greatly increase chick survival but the
aid of a second parent won’t increase chick survival further. Female desertion would only
contribute to individual fitness if she re-mates. If she does not re-nest, aiding in incubation
would be favoured, even if a second parent does not drastically increase the probability of
clutch survival. In this scenario if the female stays, she would have the opportunity to
monopolise the male. In contrast by deserting, the female gives a chance to other females
to lay eggs in her mate’s nest.

It has been suggested that the Brown Kiwi egg is very expensive to produce in terms of
energy (Calder, 1979), this has been used as an argument to support the hypothesis of a
monogamous system in Brown Kiwi, under the notion that the female would be too
exhausted after laying two eggs in one male’s nest to try to find other mating opportunities.
It could be argued that the constraint towards laying more eggs would be related to the size
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of the egg, the proportional space that it occupies inside the female, and the possibility for
males to incubate that many eggs at the same time, and not necessary the energetic and
metabolic cost of production. The fatty acids needed for yolk production in Brown Kiwi
are sourced from an insectivorous diet obtained prior and/or during the breeding season
(Dixon, 2015). The remaining contents of the egg are protein that again would be abundant
in an insectivorous diet (Bell, 1990). Nevertheless, any egg represents a significant cost
for the female, but if the cost was so high it would be surprising that the female wouldn’t
make sure that the eggs laid in a nest successfully hatches, by being involved with or
associated with their incubation; the only benefit to this would be increasing her own fitness
by re-mating.

From the male’s perspective, precocial chicks are inexpensive to raise as the only energetic
cost for the male is incubation, and the male can replenish his resources by leaving the nest
to forage during incubation. The nest provides an extra layer of care, protecting the egg
from abrupt temperature changes (Chapter 4) and from potential predators, which in turn
make incubation less costly. In this scenario, with relatively abundant resources it makes it
possible for the Brown Kiwi male to “care” for chicks that might not be his with little cost.

Apteryx presents a unique opportunity to understand the evolution of mating systems, as
this genus presents male incubation, male and female incubation and co-operative breeding
(Chapter 3) and in Brown Kiwi a series of morphological and physiological adaptations
towards these types of incubating systems (Chapter 4). It would be of great value to science
to study the other Apteryx species in the same way as in this study, and the evolution of
mating systems and incubation strategies in the speciation promoted by glaciations and
habitat loss (Weir et al., 2016).
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Chapter Six
Conclusion and General Discussion

Da ignem igni, Mercurium Mercurio, et sufficit tibi
(Give Fire to fire, Mercury to Mercury, and you have enough)

Michael Maierus, 1619
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My main aim in this thesis was to answer questions about the reproductive biology and
evolution of the genus Apteryx using eggshells, a non-invasive way. Non-invasive methods
are needed to study endangered species, since direct experimentation or disturbance can be
restricted. It is fundamental for the recovery of any species that its biology is well
understood as this is the basis for successful recovery programs, as David Attenborough
has said: “No one will protect what they don't care about; and no one will care about what
they have never experienced”.

Eggshells were used as a by-product of conservation efforts and the ONE program (Chapter
One). | found that avian eggshells can provide much information about the life history traits
of species, their environments and that hypotheses can be prosed on the evolution of species
based on their eggshell adaptations to the nest environment and the incubating behaviours
of the parents. Eggshells are fundamental to understand avian evolution as successful
reproduction is what ultimately has the greatest impact on individual fitness; therefore,
reproduction will be under the greatest selective pressure (Darwin, 1859).

In this thesis | have discussed and tested how eggshells can be used to identify the species
that produced them. This statement holds true for extant and recently extinct species, as it
is possible to extract intact DNA from the mineral matrix of the eggshell (Egloff et al.,
2009; Oskam et al., 2010, 2011). However, the morphological characteristics of the
eggshell are also informative regarding the species identity, nesting environment, diet and
general environment. Mikhailov (1991;1996), and Zelenitsky and Hirsch (1997) have
shown how the morphological features of eggshells reflect differences between major
taxonomic groups (i.e. ratite birds, neognathous birds, testudines (turtles), geckos, etc.), but
the possibility of identifying lower taxonomic levels using eggshells is still debated
(Vianey-Liaud, Ashu and Garcia, 2003). | have found that differentiating species within the
genus Apteryx was possible using characteristics of the eggshell structure. Body size was
not included in my analyses because the individual body sizes of the females that laid the
eggs was not known and using an average female weight for the analyses would have
overlooked its actual effect. However, if body size was the determining factor for the
differences in eggshell thickness and porosity, it would be expected that the pattern was
different as Rowi and Brown Kiwi females have roughly the same weight and these species
have significant differences in eggshell thickness. Juang et al, (2017) note that Apteryx
presents a challenge to contact incubation due to the thickness of the eggshell, there is still
much to be studied regarding the incubation behaviour of this species to understand how
all the physical characteristics of the eggshell have evolved in this clade.

When species are compared or when we try to identify species using the morphological
characteristics of eggshells alone, the possibility of convergent evolution presents issues.
A strong critique came from the proponent of the eggshell parataxonomy, Mikhailov
(2014), regarding the use of the oospecimen morphological characters as descriptors in
phylogenetic analysis, as convergent evolution would hinder some of the identifying
characteristics of oospecimens and the placement of such in a phylogeny would be
necessarily equivocal. This objection is reasonable, as we do not know if eggshells of
unrelated species would present similar adaptations to similar environments at lower
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taxonomic levels. This does not mean that disentangling convergences in the eggshell
morphology are not possible, is just that it has not been undertaken yet, and this is a task
that must be carried with extant species in order to have certainty about the species that laid
the eggs and its environment. This leads us to the question: how do the physical
characteristics of eggshells evolve at genus or species levels?

Eggs, and therefore the eggshell needs to be adapted to the nest microclimate, as I discussed
in Chapters 3 and 4. The eggshell needs to be able to respond to changes in gas composition
and humidity of the nest microclimate by permitting adequate gas exchange while also
preventing desiccation of the egg contents or ingress of excess water, such as that which
might be experienced during rain or flooding of the nest. The eggshell of many species has
features that minimise the risk of microbial infestation present in different types of nests.
The nest itself is an adaptation to guard the egg from the elements, predation and parasitism,
but is deliberate in its design and architecture to meet the needs of egg(s) in terms of gas
exchange ( Portugal etal., 2014) and microbial infestation (in the form of nesting materials)
(Mennerat et al., 2009). At the same time parental behaviour is a response to (a) mitigate
the risks of overcooling and overheating (Conway and Martin, 2000), (b) maintain optimal
gas exchange and ventilation of the nest (Ar and Piontkewitz, 1992), and (c) predators in
the form of vigilance, alerts, and nest modification (Lima, 2009). This means that physical
characteristics of the nest and eggshell, and incubating behaviours cannot be understood
separately as they influence each other, creating different possible evolutionary pathways
to respond to the immediate threats in the environment.

More studies are needed to understand how eggshells adapt to environmental pressures in
a phylogenetic context (Chapter 2), to see how basic eggshell structures, typical for a taxon
(i.e. testudines, ratites, neognathous birds), might be affected by different environmental
pressures. The variability in eggshell characteristics needs to be related to the nest
architecture and incubating behaviours of adults. It could be thought that all of these
variables evolve from an ancestral state. | reinforce the idea that any comparison should or
must consider phylogeny, otherwise, comparisons might not be accurate or could become
trivial, for comparing adaptations that might look similar but have different evolutionary
origins. Considering phylogeny would also allow for comparisons made between
“unrelated” taxa based on their similarities or differences, as a response to a particular set
of environmental pressures.

In the context of climate change, studies on eggshells can become more relevant and
interesting, because we can observe how species adapt to new environments as vegetation
and weather patterns change, as species colonise new environments (Stein and Badyaev,
2011), and the borders between urbanised areas and forest become closer. For example,
looking at the eggshell adaptations to different altitudinal, latitudinal and climatic regimes
of cosmopolitan species (such as pigeons, house sparrows and blackbirds) in relation to (a)
nest architecture and behaviour (this includes breeding season, number of clutches, etc.)
and (b) the colonisation time of these species, could tell how plastic these attributes are in
different taxa. In chapter 2, | discussed further studies using cosmopolitan species. In
contrast, looking at closely related species with different spatial distributions and
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behaviours can be used to examine the environmental pressures have driven the
morphological and behavioural characteristics of related species apart.

Gas exchange

Gas exchange in the avian egg is a phenomenon more complex than has been previously
described. In this thesis | found that Apteryx eggshells are more porous than previously
thought, however the eggshell presents a mineral cuticle composed of triangular particles
that plugs the pores, plus extensions in this cuticle create caps that reduce the functional
area of the pores. This cuticle can be removed by friction and it is possible that the parent
rotates the egg to reduce the cuticle by abrasion with the rough nest materials; this will
allow more pores to have direct contact with the “nest atmosphere” increasing the gas
exchange as the embryo develops. Contrasting freshly laid eggs with incubated ones would
be the way to determine if there is cuticular wear in the eggshell, however this is not
possible as access to freshly laid Apteryx eggs is and will continue to be restricted.

Previous studies on eggshell gas exchange have based comparisons only on the egg’s fresh
mass (Paganelli, 1980) and in some cases on nest microclimate (Tanaka et al., 2018).
However, | believe that mass used this way is an imprecise characteristic to establish
accurate comparisons; it cannot be denied that allometry plays an important role in
determining gas exchange to a certain extent, as physical constraints are an important
determinant in this process. | believe that phylogeny and incubation behaviour also need
be considered. For incubation behaviour it is important to note the time the sitting parent
spends on the egg, because when an incubating parent is sitting on top of the egg, one side
of the egg will be covered by the brood patch and the other by the nest bottom, in which
case airflow through the nest materials and the plumage of the sitting parent will affect the
rate at which gases diffuse into and out of the egg. This possible reduction on the rate of
gas diffusion may correlate with sitting time and egg or nest temperature; therefore,
particular incubation time and bout lengths should be preferred by the sitting parent. For
example, White-crowned Sparrows (Zonotrichia leucophrys) have been observed to
modify the duration of on egg incubation, nest placement for solar radiation cap, and
nesting materials at two different localities which experienced differences in weather and
ambient temperature (Webb and King, 1983). These differences will influence the gas
exchange rate of the eggs, as direct solar radiation and higher temperatures will increase
the rate of water loss from eggs while shade and cooler temperatures will reduce the water
loss. Therefore, it could be expected that some of the nest architectural adjustments and the
parent’s behaviour, to respond to the gas exchanges needs of the eggs as well as the eggs
need to also be best adapted to a given nest environment.

Nest architecture

From this study | can conclude that one of the most important functions of the nest
architecture is the buffering of environmental changes, more so than maintaining
incubation temperatures. Brown Kiwi nests are efficient in maintaining above
environmental temperatures at night while cooler temperatures during the day. However,
in contrast to my hypothesis of the egg possessing adaptations to withstand overcooling, |
believe that it is the developing embryo that can counteract the cooling of the egg by
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metabolic heat production. Tazawa et al., (1988) have shown how avian species can be
resistant to overcooling by either slowing embryonic development or in later stages, by
compensating slow rate temperature changes with metabolic heat production. It is clear that
the heat produced by the embryo is not enough to sustain incubation without exothermic
input, but it can at least minimise the risks of significant temperature loss. Therefore, the
nest will probably slow down the egg’s heat loss by buffering the external temperature. In
this scenario, features of the architecture and design of the Brown Kiwi nest, as a
completely enclosed nest, slow down the rate of heat loss of the egg, and depending of the
developmental stage the embryo, the possibility it has to produce heat to reduce the rate at
which heat is lost. In the case of Apteryx, it is necessary to further explore the thermal
capability of the embryo. As a ratite that inhabits cold climates, it is possible that the
metabolic processes of heat production are either developed early in the Kiwi embryo, or
the embryo might have a great resistance to overcooling. Any possible mechanism is at
this time undescribed and not understood.

Much has been hypothesised about the ancestral nesting behaviour of early birds and
dinosaurs; it becomes interesting then to look at the different forms nest architecture can
take in a phylogenetic context. In the case of ratites it seems possible that Apteryx have a
similar nesting strategy to that of other ratites (a scrap nest), but under selective pressure in
a cold environment (New Zealand during the Pleistocene (Hellstrom, McCulloch, and
Stone, 1998)) Apteryx exploited the available crevices and hollowed trees present in the
environment to reduce the effect of weather on incubation. It could be suggested that at this
point it would probably have been a single incubating parent, most likely the male;
therefore, an adaptation was needed to survive the rapidly changing temperatures of New
Zealand. The development of a dug cavity could follow from the reduction on usable spaces
as Apteryx populations grew in numbers, forcing the fabrication of a similar structure to
pre-existing hollows.

In this thesis the gas composition of the Apteryx nest was not studied, but considering the
low metabolic rate of Apteryx embryos (Prinzinger and Dietz, 2002) it would be interesting
to measure the composition of the nest gases as incubation progresses, to contrast with male
incubating behaviour in terms of time spent sitting on the egg and the ventilatory strategies
adopted by the male. It is possible that the low metabolic rate of Brown Kiwi (lower than
most ratites (Maloney, 2008)) has arisen as an adaptation to survive in a very low oxygen
environment (the nest cavity). Brown Kiwi embryos increase their oxygen demands around
day 40, and it increases rapidly from there until hatching; at this time the incubating male
spends more and more time in the nest, therefore it would be interesting to see if the male
presents behavioural responses to increase the aeration in the nest or the embryo’s access
to oxygen.

Climate change is having an effect on the nesting behaviours of many species, and there is
good evidence that animals are responding to rapid changes in the environment by adjusting
the nesting behaviour (Mainwaring et al., 2017). However, in the short term this rapid
changes in climate can have a detrimental effect on endangered species populations,
therefore understanding the properties of the nest of endangered species is of immense
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value for conservation plans, such as for Brown Kiwi, as appropriate nesting grounds need
to be sought for translocations or to determine the location of further protected areas.

For the conservation of Apteryx, it is necessary that we understand the requirements of this
species in terms of suitable nesting areas, also understanding the mating system of each
species could inform about the territory requirements for each bird to breed normally. More
importantly, Apteryx is a window into the incredible adaptation potential of living beings
and the delicate relationship that exists between the nest architecture, the physical
properties of the eggs and incubation behaviours; these three variables give birds the
enormous potential of colonising new environments or adapting to changing ones.

It would be of immense value to understand how incubating behaviours and nesting ecology
evolve in Aves, there is plentiful information about thousands of extant species that could
be analysed further, by adding information of the nest architecture and incubation
behaviours on top of molecular phylogenies. This effort will be very informative in
“mapping” the history of birds, and they ways they have used to succeed in becoming such
as diverse and cosmopolitan clades.

Mating system

In this thesis | confirmed the hypothesis that Brown Kiwi is not a monogamous species, by
finding half siblings and unrelated individuals in a single male’s nest throughout the years.
It was very interesting, however, to find full siblings in different years, meaning that Brown
Kiwi does mate with the same individual in different breeding seasons, which could explain
the assumed monogamous system. It was not possible to determine if different females lay
eggs from different fathers in the same nests, or if the male remains the same and mates
successively with different females, which lay eggs in his nest. This could be achieved by
extracting DNA from the eggshell to determine the identity of the females that laid eggs in
a particular nest. However, it is very likely that both scenarios are occurring, as both the
male and the female have opportunities to re-mate.

The variation in social groups and mating behaviours in the genus Apteryx is interesting; it
would be of great benefit if this study were replicated using the Rakiura Island Tokoeka
(Apteryx australis australis) as this sub-species is known for communal roosting and a co-
operative incubation strategy. Looking at the other Apteryx species could reveal how
mating systems evolve and | believe the findings will suggest that mating systems are
inherently plastic, because depending on ecological variables such as food availability,
territory, climate and nesting sites availability, as well as population density and viscosity,
mating systems would oscillate to provide the highest fitness to individuals.

This variety should be addressed in terms of ecological and climatic constraints as it has
been suggested by Jetz and Rubenstein (2011). These authors suggested that climatic
variability between years is a good predictor of cooperation in birds when the phylogeny is
taken into consideration. Their paper addresses the issue from the perspective of passerines,
which are characterised for being extremely altricial, and the prediction might not hold as
well for precocial species. For Apteryx several factors could be considered, such as an
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ancestral plastic polygynandrous mating system, reduction in nesting sites due to climate
change (since the Holocene), added to the limitations in dispersal as a ground dwelling
species increasing population viscosity (Hatchwell, 2009). The extremes in the mating
spectrum for Apteryx vary between the Brown Kiwi, which does well with a single
incubating parent in a set of more benign and less changing weather pattern in the north
island of New Zealand, and the Rakiura Island Tokoeka. The Tokoeka could be the perfect
example of the ecological constraints cited above, because as Rakiura Island became
separated from the mainland (Chapter 3) the nesting sites would become also reduced (note
that for a species that digs a burrow, nest penetrability would affect the availability of
nesting sites), as well as the dispersal of the species itself, by being confined to the island,
making the neighbours more likely to be related, allowing for kin selection and promoting
the evolution of a cooperative system. Looking at the intermediate species, such as Roroa
and Rowi will also shed light as why two parents became necessary to ensure chick
survival.

The next step in understanding the evolution and plasticity of mating systems in ratites is
to determine the mating system of the other Apteryx species. The methods outlined in this
thesis provide a good approach to examine the other specie’s mating systems. Eggshells of
Rowi and Haast Tokoeka are being kept by the rearing facility at Franz Joseph providing a
great opportunity to compare Brown Kiwi with the southernmost species, also in this study
I only used the eggshells from Maungataniwha forest, but there are several other locations
were Brown Kiwi eggs are being obtained from (Chapter 3).

Egg production costs

The cost of the egg has been mentioned throughout this thesis, but | have come to the
conclusion that the egg itself is not as expensive as previously thought. Calcium has been
mentioned to be a limiting factor in reproduction (Reynolds and Perrins, 2003). There is
evidence that Apteryx stores medullary bone which would allow for reserves of calcium for
egg laying (Dennison and Kooyman, 1991) and shows anatomical adaptations towards
carrying a big egg, such as the fused pygostyle that bends inwards allowing for better
support for the egg while the bird walks (Abourachid, Castro and Provini, 2019). All the
components of the egg can be obtained from an insectivorous diet, being mainly the protein
and fat needed for yolk production (Bell, 1990). Finally, the thin eggshell might be an
adaptation to reduce the risk of breakage while laying the egg, | noticed while handling the
eggshells that the inner membranes are extremely thick, and when moist they are very
resistant to breakage. This provides the egg with a structural support while conferring it a
less rigid structure, which would be advantageous while the egg is being laid, furthermore
it makes easier for the chick to hatch, as it lacks the pipping tooth (Calder, 1979). The need
for a big egg must be related to the production of a very well-developed chick, taking a
longer incubation time than birds of similar size, but possibly, in conjunction with the nest,
allowing for a slower heat loss rate (on the basis of surface area-volume ratio). The father
then can leave the nest to forage, which means that incubating is not going to deplete his
own resources; the nest furthermore reduces the risk of egg failing by buffering the abrupt
change of environmental conditions and keeps the eggs hidden from potential predators.
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The egg might be costly in comparison to other eggs (Walsberg, 1983), however when the
resources are considered | believe it is not as costly as previously believed. However, if
female Apteryx are capable of laying several clutches in one breeding season is still to be
discovered.

It has been suggested that for a generalist species (Larus argentatus) variation in the type
of resources caused changes in egg size and shape, and eggshell maculation (O’Hanlon et
al., 2019). It would be interesting to look at the effect of seasonal changes in arthropod diet
on egg and eggshell characteristics in Brown Kiwi (Shapiro, 2005; Dixon, 2015), as it has
been suggested that during the summer, Brown Kiwi that are found near pasture and graze
lands supplement their diets with crickets, in contrast to Kiwi dwelling inside dense bush.
Also, it would be fundamental to explore the seasonality of diet of the southernmost Apteryx
species as harsher climates and often snowfall could have a severe effect on the availability
of prey.

Studies using eggshells have the benefit of being non-intrusive, and much can be learnt
about the biology of a species from this structure, if in addition to observational field work,
eggshells were retrieved and analysed. With the appropriate tools, eggshells can be
analysed to glean information about diet, weather, and migration. Breeding success and the
input of individuals to the population in relation to their physical appearance, and behaviour
could also be studied. This type of information can help answer questions about sexual
selection, where ascertaining parentage would be impossible without significant intrusion.
Finally, the morphological characteristics of eggshells will always be informative regarding
the nesting environment of a species if the phylogenetic relationships of the species are
explored beforehand with other methods, and when behavioural and ecological factors are
controlled for and understood.

There is a need for a better understanding of the genus Apteryx, especially the southernmost
species of which diet, habitat selection, nesting behaviour and mating system are not yet
fully known, and as | have found in this study this taxon has the potential of revealing
fundamental information for the understanding of evolution in birds.
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Appendix I

Data from eggshell measurements using scanning electron microscopy.

Measurements in um, Species: 1-Brown Kiwi, 2-Roroa, 3-Rowi, 4-Haast
Tokoeka.

Individual Species  Year Cuticle Crystalline  Palisade Mammillae Total
identification thickness
MT.FM1516.1 1 2016 2.967  61.782 150.751 44.859 261.511
MT.MPH1516.14 1 2016 1987  52.717 166.333  45.379 283.35
MT.STT1516.18 1 2016 3.947  52.766 210.087 45.854 304.323
MT.TS1516.34 1 2016 2.055  77.206 101.477  25.368 264.708
0.JM1516.30 1 2016 3.927  43.85 198.186 62.495 295.627
0.RT1516.27 1 2016 3.623  60.925 128.431 43.23 253.526
OM.ROB1516.9 1 2016 4559 42,944 87.588  36.076 165.75
T.DAN1516.6 1 2016 5.045  71.737 192.37  60.103 348.532
T.DAN1516.7 1 2016 4.78 60.896 162.179  49.286 297.38
T.LG1516.31 1 2016 5.168  60.229 215971 66.824 348.182
T.MR1516.20 1 2016 1594  58.695 232.61  81.528 391.315
KR.KKG 1 2016 2.835  65.527 161.187 41.785 284.115
PK.ATR4 1 2016 4201  69.83 173.833  54.699 298.535
PK.WILL12 1 2016 4.033  69.518 169.25  63.857 311.398
PK.WILL14 1 2016 6.052  63.33 192.717  49.665 330.159
PK.WILL11 1 2016 6.296  61.649 181.049 68.959 320.762
MT.Q5 1 2016 5.699  66.063 205.017 44.63 339.842
MT.WU43 1 2016 2.743  67.599 207.526  38.395 329.292
MT.TEH3 1 2016 4852  84.522 192.279 51.586 366.45
T.RK1516.14 1 2016 3.479  75.553 201.529 47.13 318.612
T.SP1516.8 1 2016 7.478  48.225 22555  31.771 312.113
T.TAI1516.20 1 2016 2492 69.777 156.151 48.759 292.259
G.J1617.1 2 2017 2.375  88.693 203.661 93.072 377.752
G.RR1617.1 2 2017 3.9 70.198 118.132 41.124 261.94
G.T1516.1 2 2016 2.206  87.132 205.174  71.767 370.59
R.BC1516.1 3 2016 3.832 78.265 242.633 72.304 423.491
R.BG1516.2 3 2016 1.205  96.279 152.304  105.762 375.927
R.BU1516.1 3 2016 3.623 71.164 209.805 44.578 361.961
R.BW1516.3 3 2016 4217  77.782 187.275 75.291 339.317
R.CH1516.1 3 2016 2.428  52.759 196.814  82.447 334.095
R.CO1516.1 3 2016 4278  108.79 207.717  75.824 407.762
R.CS1516.1 3 2016 3.191  76.087 154.703  38.499 289.763
R.CS1516.2 3 2016 2921  67.671 206.206  54.556 359.072
R.DA1516.2 3 2016 4.089  65.729 226.736  50.365 367.77
R.DF1516.1 3 2016 4314  80.172 250.867 52.593 368.138
R.DG1516.1 3 2016 2.782  81.029 220.932 50.718 390.952
R.DG1516.2 3 2016 1.601  73.734 249.429 71.163 349.722
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R.DK1516.1
R.DY1516.1
R.DZ1516.2
R.EB1516.1
R.EL1516.4
R.EM1516.1
R.EN1516.2
R.EU1516.2
R.F1516.1
H.AA1617
H.BJ1516.2
H.BR1415.2
H.HF1516.1
H.HI1415.1
H.1T1516.1
H.JC1617.1
H.MG1516.1
H.MT1516.1
H.MT1516.2
H.SL1516.1
H.T11516.1
H.TR1516.1

A A AP PP PP PEPEEPEPEDEPDEOOOLOWOWLOLOWW

2016
2016
2016
2016
2016
2016
2016
2016
2016
2017
2016
2015
2016
2015
2016
2017
2016
2016
2016
2016
2016
2016

4.161
4.152
4.19

2.637
4.101
2.03

1.806
1.741
2.785
4.043
3.788
4.221
1.522
4.486
2.061
5.26

3.456
451

0.977
4.689
2.136
3.248

94.096
70.675
68.321
65.675
71.598
63.112
82.137
35.345
74.158
63.865
48.704
50.839
56.571
51.468
69.285
74.326
62.063
73.164
70.369
103.597
69.895
90.19

280.128
240.687
270.742
230.424
285.376
185.046
181.589
129.356
253.454
242.872
179.127
208.243
259.765
259.106
228.52

230.219
254.142
222.715
224.586
307.743
218.315
271.422

66.908
38.691
36.404
100.028
60.345
68.349
69.186
51.724
97.418
58.495
100.763
61.391
122.718
60.495
34.661
63.444
84.14
99.326
65.194
117.705
52.217
54.871

423.061
381.708
396.987
411.057
405.174
336.35

333.719
221.201
430.215
362.61

377.204
328.338
382.301
372.027
318.49

356.235
428.469
384.048
366.081
493.17

341.586
410.991
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Appendix II

Kinship matrix

In the matrix the closest the number is to one the more closely related the individuals are. The
expected values for full siblings is between 0.5 and 0.25 (green); half siblings from 0.25 to
0.125 (Beige) and below this value the individuals were considered unrelated (pink).

Mttwall Mttwal2z Mttwal3 Mttwal9 Mttwa20 Mttwa2l Mttwa23 Mitwa28 Mttwa30 Mttwas

Mttwall 0.14 0.14 0.14 0.00 0.00 0.00 0.00 0.00
Mttwal2 0.14 0.25 0.25 0.00 0.25 0.00 0.29 0.17
Mttwal3 0.14 0.25 0.25 0.25 0.25 0.13 0.00 0.17
Mttwal9 0.14 0.25 0.25 0.25 0.13 0.00 0.14 0.50
Mttwa20 0.00 0.00 0.25 0.25 0.25 0.38 0.00 0.00
Mttwa2l 0.00 0.25 0.25 0.13 0.25 0.25 0.00 0.00
Mttwa23 0.00 0.00 0.13 0.00 0.38 0.25 0.00 0.00
Mttwa28 0.00 0.29 0.00 0.14 0.00 0.00 0.00 0.17
Mttwa30 0.00 0.17 0.17 0.50 0.00 0.00 0.00 0.17
Mttwa3l 0.00 0.00 0.14 0.14 0.00 0.14 0.00 0.00

Mtts25 Mtts26 Mtts27 Mtts28 Mtts29 Mtts30 Mtts35 Mtts36 Mtts37 Mtts38 Mtts40
Mtts25 0.25 0.13 0.25 0.13 0.00 0.00 0.25 0.13 0.00

Mtts26 0.13
Mtts27 0.25 0.00
Mtts28 0.13 0.00 0.13
Mtts29 0.25 0.25 0.25 0.13

0.00 0.25 0.00 0.00 0.14 0.00 0.13 0.00
0.25 0.13 0.13 0.00 0.13 0.38 0.00
0.50 0.50 0.00 0.13 0.25 0.00
0.00 0.14 0.38 0.38 0.00

Mtts30 0.13 0.00 0.13 0.50 0.13 0.29 0.13 0.13 0.13
Mtts35 0.00 0.00 0.13 0.50 0.00 0.13 0.00

Mtts36 0.00 0.14 0.00 0.00 0.14 0.29

Mtts37 0.25 0.00 0.13 0.13 0.38 0.13

Mtts38 0.13 0.13 0.38 0.25 0.38 0.13

Mtts40 0.00 0.00 0.00 0.00 0.00 0.13

Mttwall Mttwal2 Mttwald Mttwal9 Mttwa20 Mttwa2l Mttwa23 Mttwa28 Mttwa30 Mttwa3l
0.14 0.14 0.14 0.00 0.00 0.00 0.00 0.00 0.00
0.25 0.00 0.25 0.00 0.29 0.17 0.00
0.25 0.25 0.13 0.00 0.17 0.14
0.13 0.00 0.14 0.50 0.14
0.38 0.00 0.00 0.00
0.25 0.00 0.00 0.14
0.00 0.00
0.17 0.00
0.50

Mttwall
Mttwal2 0.14
Mttwal3 0.14 0.25
Mttwal9 0.14 0.25 0.25
Mttwa20 0.00 0.00 0.25 0.25
Mttwa2l 0.00 0.25 0.25 0.13 0.25
Mttwa23 0.00 0.00 0.13 0.00 0.38 0.25
Mttwa28 0.00 0.29 0.00 0.14 0.00 0.00 0.00
Mttwa30 0.00 0.17 0.17 0.50 0.00 0.00 0.00 0.17
Mttwa3l 0.00 0.00 0.14 0.14 0.00 0.14 0.00 0.00 0.50
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Mtdew10 Mtdew12 Mtdew13 Mtdew14 Mtdew15 Mtdew19 Mtdew20 Mtdew2l Mtdew23 Mtdew24 Mtdew25 Mtdew04

Mtdew10 0.40 0.00 0.00 0.00 0.00
Mtdew12 0.17 0.00 0.17 0.00 0.00
Mtdew13 0.25 0.00 0.00 0.13 0.00
Mtdew14 0.13 0.00 0.00 0.00 0.00
Mtdew15 0.14 0.00 0.17 0.00 0.14

Mtdew19 0.40

Mtdew20 0.40 0.20 0.00 0.14 0.33
Mtdew21 0.40 0.17 0.25 0.13 0.14
Mtdew23 0.00 0.00 0.00 0.00 0.00
Mtdew24 0.00 0.17 0.00 0.00 0.17

Mtdew25 0.00 0.00 0.13 0.00 0.00
Mtdew04 0.00 0.00 0.00 0.00 0.14

Mtsml5 Mtsml7 Mtsml8 Mtsm22 Mtsm23 Mtsm09
0.00 0.14 0.13
0.14 0.00
0.14 0.00
0.14 0.13
0.29

Mtsm15
Mtsm17
Mtsm18 0.13
Mtsm22 0.00
Mtsm23 0.14 0.14 0.14
MtsmO09 0.13 0.00 0.00 0.13
Mtq10 Mtqll

Mtgl2  Mtq02  Mtq03  Mtq08

Mtq10
Mtqll
Mtql2
Mtq02
Mtq03
Mtq08

Mtsh29 Mtsh35 Mtsh37 Mtsh38  Mtsh40
Mtsh29
Mtsh35
Mtsh37 0.25
Mtsh38 0.00 0.25 0.13

Mtsh40 0.29 0.13 0.13 0.13
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Mtpr20
Mtpr27
Mtpr28
Mtpr30

Mtstt13
Mtstt16
Mtstt17
Mtstt19
Mtstt20
Mtstt22
Mtstt23
Mtstt05

Mtpr20

0.14
0.13
0.25

Mtstt13

Mtpr27
0.14

0.29
0.14

Mtstt16

Mtpr28
0.13
0.29

0.13

Mtsttl7
0.13

Mtpr30

0.25
0.14
0.13

Mtstt19
0.38

0.13
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Mtstt20
0.00
0.13
0.00

Mtstt22
0.00
0.25
0.13
0.13

Mtstt23

0.00
0.00
0.00
0.13
0.25
0.00

0.13

Mtstt05

0.00
0.00
0.00
0.13
0.13
0.00
0.13



Relatedness amongst the chicks from the same breeding season and nThe ochre
circles joined by a solid bar represent full siblings (K = 0.5 to 0.25), the green circles
joined by a dashed line represent half siblings (K <0.25, K=12.5) and the blue circles
represent unrelated individuals (K=0). The grey thin lines represent the
reconstruction of relatedness made based on the existing relationships. The empty
circles represent single eggs retrieved in a season.
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