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Overall Abstract 

Genetic diversity contributes to the resilience of populations and, thus, to their potential 

to adapt to change and rebound after episodes of population decline. At the same time, 

many threatened species are confined to small populations with severely reduced access 

to gene flow. Since lost connectivity can result in inbreeding, translocations have 

become an increasingly important tool used by conservationists. However, the relative 

risks associated with inbreeding are difficult to weigh against potential negative fitness 

effects of outcrossing and hybridization. North Island brown kiwi, Apteryx mantelli, 

have a long, documented history of management and many severely isolated 

populations. The goal of this thesis was to determine current gaps in knowledge for 

successful genetic management of A. mantelli, explore closing those gaps using 

established hybrid populations and make recommendations for future translocations. 

First, information from past studies of Apteryx genetics was synthesised, which drew 

attention to the fact that available genetic data are insufficient for informing genetic 

management, predicting translocation outcomes, and linking genetic diversity to 

population fitness and local adaptation. Genome science combined with a strategic 

sampling regime was identified as crucial for acquiring the missing data. Second, an in-

depth theoretical and empirical analysis of A. mantelli breeding behaviour was 

conducted. The results of this analysis showed that A. mantelli have the potential for 

polygamy, shows no signs of assortative mating, and breed in groups in certain 

conditions. These features of A. mantelli behaviour increase the likelihood of successful 

genetic rescue after reinforcement translocations. Next, the genetic diversity of the 

mixed-origin A. mantelli population on Ponui Island was investigated. Genotyping-by-

sequencing analyses showed that this population constitutes a hybrid swarm in which 
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founding parental genomes remain represented and levels of diversity are high 

compared to reference mainland populations. In addition to these studies, I conducted 

the first investigation of Apteryx telomeres. My theoretical analyses and empirical 

findings showed that telomere analyses of as long-lived species as A. mantelli are 

challenging and that telomere length is unlikely to be a suitable marker for determining 

Apteryx age and viability. Taken together, I suggest that the success of the hybrid 

population on Ponui Island indicates that mixed origin translocations should be 

considered as part of Apteryx management. However, I stress the need to (1) determine 

the role of local adaptation in Apteryx diversification, (2) study the impact of 

inbreeding, and (3) undertake investigations into informative markers of age and fitness 

on the individual and population-level. Investigation of epigenetic regulation of gene 

expression will be highly interesting for both these quests. 
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Thesis structure, outline, and content 

This thesis is divided into five parts, each of which are further split into chapters. Each 

chapter has a title page featuring a word cloud of the 100 most frequently used words 

followed by an abstract and an introduction. Beyond that, the format varies, but the 

structure for each chapter is overall consistent with either a published review or an 

original research paper. The parts and chapters are ordered to tell a story from cover to 

cover but are also written to be read independently. The exception to the latter is that 

repetition has been reduced through referencing parts of Materials and Methods to 

previous chapters. All research has been preceded by consultation with Mana Tangata 

and conducted with permission from the Massey University Animal Ethics Committee 

and Department of Conservation (see Appendix A5). Two chapters have been published 

prior to submission and slightly modified versions of two further chapters have been 

submitted for review (see Appendix 6). Multiple aspects of my work have also been 

presented at scientific conferences (see Appendix 7). 
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Abstract 

Forest clearing and predation by invasive mammals have severely reduced Apteryx 

distribution and density throughout Aotearoa New Zealand and continue to do so in 

unmanaged areas. Hence, kiwi conservation receives a lot of attention, and, besides pest 

control, translocating individuals between sites is a key part of ongoing management. 

However, questions remain regarding the best practice for such translocations. For 

instance, historic translocations have resulted in some populations being regarded as 

unwanted hybrids. The rapid, ongoing environmental change, the increasing recognition 

of the importance of preserving adaptive potential, the introduction of genomic tools, 

and an awakening regarding the role of indigenous guardians in sustainable 

conservation constitute five key phenomena; in light of which, it is time to re-evaluate 

the current Apteryx translocation policies. However, to develop new policies for 

predictable and successful conservation outcomes, several outstanding questions 

remain. Intriguingly, the unwanted A. mantelli hybrid populations are among the most 

promising study systems for answering questions about (1) when translocations are 

likely to be beneficial, (2) what constitutes appropriate source and target populations, 

(3) how can the currently dominating population genetics focused models of 

translocation success be improved, (4) what does the breeding system and mate choice 

look like in A. mantelli and how will  this impact the potential for genetic rescue, and (5) 

what are the most informative markers for assessing Apteryx population status, viability, 

and demographics? 
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Figure 1.1.3. Bar graph illustrating the minimum number of Aotearoa New Zealand offshore 

islands with Apteryx spp. The North Island and South Island are not included. These populations 

are the result of translocations. The exception is five to seven of the islands, including Rakiura, 

on which Tokoeka (A. australis; including Rakiura) is believed to occur naturally. Some of 

these five to seven islands have also received birds through translocations. Due to poor records, 

more islands might have received birds that never established a population. Data from 

Colbourne (2005).  

 

One hot topic of discussion since the beginning of Apteryx conservation is how to 

adequately split the genus into species and further into management units (Butler & 

McLennan 1990, Robertson 1996, Holzapfel et al. 2008, Germano et al. 2018). Studies 

utilising traditional genetic markers such as allozymes, mitochondrial DNA, and 

microsatellites have identified genetic differences within Apteryx since the 1980s. Based 

on these studies, five extant species have been recognised. In addition, identification of 

differences within these species (generally defined as non-shared mitochondrial 

haplotypes) means that a total of at least 15 separate Apteryx taxa have been identified 

(Table 1.1.1; Shepherd et al. 2012, Weir et al. 2016). A minimum of four of these taxa 

are believed extinct: the North Island lineages of A. rowi and A. owenii as well as, two 

separate lineages of A. australis on the eastern side of the South Island (Shepherd et al. 
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2012, Weir et al. 2016). However, due to the limited information in the markers used, it 

remains unclear to what extent the differences between these taxa are linked to local 

adaptation or merely a consequence of geographic distance followed by isolation 

(Shepherd & Lambert 2008, Shepherd et al. 2012, Reitzel et al. 2013, Manthey & 

Moyle 2015, Weir et al. 2016, Flanagan et al. 2018, Junaid et al. 2018, Galla et al. 

2020, Rey et al. 2020). See Chapter 1.2 for further details. 

Despite this uncertainty, the current Kiwi Recovery Plan (KRP) recognises 14 extant 

conservation management units (MUs, also referred to as taxa) based on identified or 

inferred barriers to gene flow (McLennan & McCann 2002, Burbidge et al. 2003, Weir 

et al. 2016, Germano et al. 2018, White et al. 2018), and a national target has been set 

to reaching and maintaining at least 2% annual growth of each of these units 

independently (Innes et al. 2015, Kiwis for Kiwi 2016, Germano et al. 2018). Currently, 

the conservation status is improving for several Apteryx MUs (Figure 1.1.4). However, 

such positive population trends are the result of rapid growth in managed populations, 

while unmanaged populations keep declining within all taxa (Robertson & de Monchy 

2012, Innes et al. 2015, Germano et al. 2018). 
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Figure 1.1.4. Illustration of current, past, and predicted threat statuses and population trends for 

Apteryx spp. In (a), each of the five Apteryx species are indicated by an arrow starting at the 

IUCN Red List category they were deemed to fall into in previous assessments and pointing 

towards their categorisation in the 2016 edition of the list (right column). (b) illustrates the 
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Young & Duchicela 2020). There are (at least) five such rapid, global changes that 

directly relate to Apteryx conservation in general and translocation policy specifically: 

the rapid transformation of the environment, the revitalised attitude towards 

incorporating genetics in conservation, the advancement of new methods for studying 

genomics, the expanding focus of conservation of processes, and the awakening 

regarding the role of indigenous communities in appropriate and successful 

management of threatened fauna and flora (Figure 1.1.5). I describe these one by one in 

more detail below. 

 

Figure 1.1.5. Schematic illustration of five changes affecting conservation management for 

Apteryx and other threatened taxa. In particular, these changes will impact translocation strategy 

and policy.  

The first and, arguably, most noticeable change is that of the biological environment. 

Humans have altered, degraded, and/or destroyed the habitat of most species on earth 
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(Sarcophilus harrisii) the direct cause of decline is the Devil Facial Tumour Disease 

(DFTD; Miller et al. 2012, Hogg et al. 2017), but increasing evidence suggests that the 

rapid spread of, and lack of sufficient immune response against, this disease is linked to 

the low genetic diversity within this species (Miller  et al. 2012, Hendricks et al. 2017, 

Hogg et al. 2017). Another example is the substantially lower breeding success among 

second- compared to first-generation birds after translocation of A. owenii, resulting in 

the expectation that this population will decline rapidly once the F1 generation has 

ceased contributing to the population (Taylor 2014, Taylor et al. 2017c). This reduction 

in fitness has been suggested to be caused by recessive deleterious alleles which become 

expressed due to inbreeding, but direct tests of this have not been conducted. Recent 

research even suggests that inbreeding led to detrimental skeletal alterations in 

Neanderthals and that this might have contributed to their extinction (Ríos et al. 2019).  

Even though it remains hard to prove or quantify the specific contribution of genetics in 

most extinctions or near-extinction events, the overall insight of the significant short- 

and long-term benefits of genetic diversity and the potential of genetic rescue is 

spreading (Hamilton & Miller 2016, Love Stowell et al. 2017, Ralls et al. 2018, 

vonHoldt et al. 2018, Bell et al. 2019, Ralls et al. 2020). More specifically, a diverse 

gene pool has the potential to increase population growth rate and, thus, either slow 

down decline while other threats are addressed or increase recovery rate once other 

threats have been reduced or eliminated (Bouzat et al. 2008, Jamieson 2015). Focusing 

conservation on the management of genetic diversity has been used to widen the 

perspective of conservation beyond the species level (UN 1992, Kahilainen et al. 2014). 

However, in practice, focusing solely on preserving genetic diversity regardless of its 

nature and cause can increase extinction risk (Weeks et al. 2016). Apteryx serves as an 

example of when the urge to conserve genetic diversity has resulted in restrictive 
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Schmickl et al. 2017, Flanagan et al. 2018, vonHoldt et al. 2018, Pereira-Dias et al. 

2019).  

Consequently, an important role for genomics in conservation will likely be in enabling 

more accurate and meaningful division of management units (Funk et al. 2012, Galla et 

al. 2020). Thanks to their potential for diagnosing and quantifying differences and 

relationships (Dorant et al. 2019), genomic studies also have great potential for 

improving our identification of source and target populations for translocations (Ransler 

et al. 2011, Malone et al. 2018). Fortunately, birds are well placed for genomic studies 

thanks to (1) a rapidly increasing number of annotated genomes for this group that 

simplifies the interpretation of genomic data (for the sequenced species but also for 

related taxa; Campagna et al. 2015, Winger 2017, Galla et al. 2019, Rexer-Huber et al. 

2019) and (2) the fact that birds have nucleated red blood cells, which sets researches up 

for relatively easy access to the high-quality DNA required for successful genomic 

analyses (Arctander 1988, Oyler-McCance et al. 2016).  

The fourth change is the recently intensified discussion regarding conservation focused 

on preserving processes, rather than species or taxa per se, and a widening of what 

desirable processes to preserve can be (Ricklesfs et al. 1984, Harvey et al. 2017, Matzek 

et al. 2019). Most attention has been given to the preservation of ecosystem services 

(Luck et al. 2003, Bennett et al. 2009, Lunt et al. 2013, Matzek et al. 2019), and, even 

though this has received extensive research attention for over 40 years, it is only 

recently that such services have become central to the debate about conservation 

prioritisation, focus, and funding (Polasky et al. 2012, Matzek et al. 2019). Some 

authors point out that the only way to ensure functioning ecosystems is to preserve the 

evolutionary potential allowing species and populations to adapt to their changing 

environment (Hoffmann et al. 2015, Zimova et al. 2016, Hochholdinger & Baldauf 
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Gaps in genetic knowledge affect conservation 
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Abstract 

Worldwide, there is growing appreciation of the importance of integrating genetic 

information into conservation management. However, there are commonly occurring 

problems which impact on doing this successfully. This issue is well illustrated by kiwi 

Apteryx spp. Like many endangered taxa, extant kiwi populations are small, fragmented, 

and isolated, raising concerns of potential inbreeding depression. Accordingly, kiwi 

conservation includes discussion of genetic management and translocations. To date, 

kiwi has been the subject of 41 genetic studies. Here we provide the first synthetic 

review of these studies. We conclude that despite the impressive study effort, current 

understanding of kiwi genetics is nevertheless insufficient to guide genetic 

management, predict translocation outcomes, and manage biological diversity to 

achieve future sustainability of the species. We explain why and outline research 

questions that can be addressed with new genome science technologies. Using new 

technologies to build on the foundation of work already undertaken, we see great 

opportunity to address key issues for North Island Brown Kiwi that are central to the 

conservation concerns for many threatened species. Specifically, we suggest that 

historical, disjunct, mainland populations combined with translocations of North Island 

Brown Kiwi, A. mantelli, to offshore islands have generated unique case studies to 

investigate the effects of fragmentation, cessation of gene flow, inbreeding, outbreeding, 

and hybridisation on biological diversity.  

1.2.1 Introduction 

With climate change, habitat destruction, and increasing isolation of small populations, 

the future success of many threatened species will rely on active genetic management 

such as augmented gene flow through reinforcement translocations (Whiteley et al. 
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2015, Pierson et al. 2016, Frankham et al. 2017). However, despite an often-stated 

desire to incorporate genetic information and genetic goals into conservation, only a 

small portion of management plans include analyses of genetic data - 50% in the USA, 

11% in Europe and 12% in Australia (Pierson et al. 2016). When plans do include 

genetic information or intentions to collect such data, present and historical gene flow 

among populations, and its consequence for the fitness of populations, is rarely 

considered (Pierson et al. 2016).  

In cases where genetic data has been available for developing management plans, this 

information had often been insufficient because i) the data were collected with a 

different research question in mind, ii) the sampling was insufficient in terms of 

resolution through time and space, often due to a necessarily opportunistic approach, iii) 

the findings lacked significance because of the small number of genetic markers 

available at the time, and/or iv) the planning relied on meta-analyses of different studies 

that used different methods and were conducted with different research aims. For 

instance, one review of genetic studies from the Baltic Sea identified 214 studies 

covering 61 species; however, the review authors considered that only seven of those 

studies provided sufficient genetic information for facilitating informed conservation 

management planning (Wennerström et al. 2017). Generally, genetic data are more 

readily available for big or otherwise charismatic species because the study of such 

species receives more funding which encourages more research effort (Witzenberger & 

Hochkirch 2011, Wennerström et al. 2017).  

Despite this widespread complete or partial lack of essential genetic information, 

approximately 50% of management plans conclude that translocations are among the 

best options for population management (Pierson et al. 2016). Furthermore, policy and 

guidelines around genetic management and translocations of wild populations are often 
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based on population models whose parameters are difficult to measure and interpret 

(Frankham et al. 2014, Frankham et al. 2017). This situation has the potential to lead to 

incorrect or imprecise estimates of key parameters for models on which predictions and 

management actions are based. This can, in turn, affect decisions concerning the 

optimal number of founding individuals used in translocations, the length of time 

between interventions, the maximum distance between the source and target 

populations, and what constitutes a sustainable effective population size. Consequently, 

poor estimates have the potential to lead to policies, rules, and practises that do not 

result in successful conservation outcomes (Frankham et al. 2014, Innes et al. 2016, 

Dussex et al. 2018, Ralls et al. 2018). 

An increasing number of authors suggest that the most promising way ahead is to obtain 

genome and epigenome level data (Funk et al. 2012, Garner et al. 2016, Flanagan et al. 

2018, vonHoldt et al. 2018, Ramstad & Dunning 2020, Rey et al. 2020). Technology 

for genome-wide analysis has rapidly advanced (Reitzel et al. 2013, Leaché et al. 2014, 

Hess et al. 2015, Hunter et al. 2018, Leroy et al. 2018). The costs of genome analyses 

are also rapidly decreasing with bioinformatic pipelines becoming more readily 

accessible for turning genome sequences into useful information for conservation 

management and population monitoring (Hoffmann et al. 2015, Dresser et al. 2017, 

Puckett 2017, Carroll et al. 2018, Galla et al. 2020). Methods such as reduced-

representation-sequencing (RRS) enable genome-wide marker-scans that have the 

potential to generate information beyond taxonomic relationships. This technology has 

provided insight into local adaptation, ecological interactions, and associations between 

genotype and phenotype (Elshire et al. 2011, Narum et al. 2013, Escudero et al. 2014, 

Picq et al. 2018, Taylor & Larson 2019). The technology can also be used to identify 

and develop informative, single-locus genetic markers useful for screening species and 





















73 
 

Concurrently with the phylogenetic examinations at higher taxonomic levels within 

Aves and the ratites, genus-level studies have also changed the view of historical 

relationships within Apteryx. Thanks to these studies, the kiwi is currently recognized as 

consisting of five extant species: three species of brown kiwi known as Southern Brown 

Kiwi, North Island Brown Kiwi, and Okarito Kiwi, and two species of spotted kiwi 

known as Great Spotted Kiwi, and Little Spotted Kiwi. In addition, five to six extinct 

lineages within the genus have been identified but the taxonomic level of these lineages 

has not been determined (Shepherd et al. 2012, Weir et al. 2016). Since the entire extant 

Little Spotted Kiwi population of about 1800 birds stem from as few as five breeding 

founders (Ramstad et al. 2013), most studies concerning kiwi genetic diversity and 

inbreeding have focused on this species (Supplementary Table 1.2.1; Ramstad et al. 

2010, Miller et al. 2011a, Shepherd et al. 2012, Taylor 2014). Such studies have 

reported strong evidence of inbreeding depression, traces of several historic bottlenecks, 

and exceptionally low diversity in, for instance, the major histocompatibility complex 

(MHC) genes (Ramstad et al. 2010, Miller et al. 2011a, Taylor 2014).  

The latest species added to the Apteryx genus was Okarito Kiwi which was not 

genetically verified until 2003 (Burbidge et al. 2003, Tennyson et al. 2003). 

Interestingly, despite currently being restricted to the South Island, Okarito Kiwi once 

inhabited the southern part of the North Island and seem more closely related to North 

Island than Southern Brown Kiwi suggesting that the brown kiwi clade originated on 

the South Island and later expanded its range north (Figure 1.2.2; Baker et al. 1995, 

Burbidge et al. 2003, Shepherd & Lambert 2008, Weir et al. 2016). Furthermore, ever 

since the first pilot studies of kiwi genetics in the 1980s (Powlesland 1988), allozymes 

(Baker et al. 1995, Herbert & Daugherty 2002), mtDNA (Baker et al. 1995, Burbidge et 

al. 2003, Shepherd & Lambert 2008, Weir et al. 2016), and GBS data (Weir et al. 2016) 
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and geographic distribution of past sampling efforts have resulted in missing 

information that is crucial for improving the delimitation of management units, as well 

as our understanding of local adaptation. 

1.2.3.2 Spread of sampling effort 

Resampling of birds and reuse of samples between publications combined with 

incomplete data on sample origin made our quantification of the research effort across 

the 41 identified studies more challenging. Total sample size across all studies indicates 

that a maximum of 2559 birds have been the subject of study (Figures 1.2.1 & 1.2.3; 

Supplementary Table 1.2.2). A more conservative estimate accounting for resampling is 

a total sample size of ca. 2000 individual birds. Although this number is impressive, the 

spread of the sampling has been very uneven both geographically and taxonomically 

(Figure 1.2.3; Supplementary Figure S1.2.2). Even in the most extensively sampled 

taxon, North Island Brown Kiwi Eastern, we found that only four populations were 

represented with a sample size of eight or more birds, and for other taxa, sample size 

and resolution have been even less optimal (Supplementary Figure S1.2.2b). We also 

found that there has been a strong bias towards sampling from facilities used for egg 

and chick rearing undertaken as part of the national Operation Nest Egg (ONE), and 

Kohanga Kiwi programs, respectively (such as Rainbow Springs in Rotorua; Colbourne 

et al. 2005, Innes et al. 2016; Supplementary Table 1.2.3). Since this form of intensive 

management is unevenly spread thought New Zealand, this bias means that some 

populations under other or no management are underrepresented in genetic studies. 
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Figure 1.2.3. Geographic and taxonomic spread of the sampling and research effort invested 

across the 41 reviewed studies of Apteryx genetics. Sampling has covered most of the current 

(patterned shading; Germano et al. 2018) and some of the historic distribution of kiwi but the 

spread has been uneven. Polygons indicate general sampling locations, and the shape of the 

polygon represents the sum of the number of samples per location across publications, from less 

than five (circle) to over 200 (star; which is the case only for Kapiti Island and the Whangarei 

area). Polygons are also shaded in a heat map fashion. Note that these numbers are not equal to 

the number of birds sampled since samples and birds have in some cases been reused between 

publications. The sampling of some smaller populations has been indicated by lines to allow 

discernment of sampling from currently extant and locally extinct populations. This map is 

based on 2 280 samples, the remaining 279 samples utilised for kiwi genetic studies (spread 

across multiple publications) were of unspecified origin and are thus not included (154 North 

Island Brown Kiwi, 33 Southern Brown Kiwi, 6 Okarito Kiwi, 44 Little Spotted Kiwi, and 42 

Great Spotted Kiwi; see Supplementary Table 1.2.2).  
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Figure 1.2.4. Map of New Zealand showing the distribution of, and relationships between, 

mitochondrial haplotypes (sequence versions) based on a 175 bp sequence of the kiwi 

mitochondrial control region. (a) Illustrates presence (but not relative frequency) and 
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populations (Joly et al. 2009), explained by more recent gene flow, or for that matter 

represent errors in annotation of the location details. There are also limitations to 

analysing sequences of such short length (Hudson & Turelli 2003, Zink & 

Barrowclough 2008, Jeffries et al. 2016, Hodel et al. 2017), and concerns about 

overinterpretation of phylogenetic estimates when only a small proportion of genomes 

(mitochondrial and nuclear) are analysed. For instance, nuclear microsatellites, mtDNA 

sequence polymorphisms, allozymes, and restriction endonuclease digestion patterns, 

can all experience noticeable differences in coalescent time, meaning that dating the 

divergence times of populations can be affected by what sections of the genome is used 

for the analyses (Allendorf et al. 2010, Putman & Carbone 2014).  

An informative but concerning finding from the collated mitochondrial dataset was that 

of the 53 haplotypes found, 16 haplotypes have only been identified in museum 

specimens or in samples from areas where kiwi no longer exist (Supplementary Figure 

S1.2.4; Shepherd & Lambert 2008, Shepherd et al. 2012). Many of these historic 

samples are of unknown age, but they originate from a span from 40 to at least 4000 

years ago (Shepherd & Lambert 2008, Shepherd et al. 2012). This temporal pattern of 

haplotypes is a likely indication of that substantial kiwi diversity that has already been 

lost. Another interesting observation was that our compilation found support for one of 

the most surprising results reported in the Weir et al. (2016) study, namely a split 

between Northern and a Southern Fiordland Southern Brown Kiwi. Weir et al. (2016) 

analysed a longer (1 710 bp) mtDNA sequence combining mitochondrial D-loop control 

region and Cytochrome b region, but their sample size was limited to 28 birds. Our 

analyses of all 43 Fiordland kiwi with available published sequence for mitochondrial 

D-loop control region supports this split and confirms that individuals with haplotypes 

from both taxa live in sympatry in the central parts of Fiordland (Figure 1.2.5).  
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Figure 1.2.5. Map of Fiordland showing the distribution of Southern brown kiwi mitochondrial 

haplotypes in this area (n = 43). Each colour represents a different haplotype (mitochondrial 

sequence variant). Despite the larger sample size, these results are consistent with those 

presented by Weir et al. (2016; n = 28) and hence with a separation of a Northern and a 

Southern lineage in this area. The exception to this separation is apparent intermixture at one 

location highlighted with a circle. Inset indicates the location of Fiordland within New Zealand. 

Background map from google.com/maps.  
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inbreeding, which will lead to loss of genetic diversity and can generate genetic 

differences among kiwi populations not linked to local adaptation (Lacy 1987, 

Michaelides et al. 2014, Frankham et al. 2017). In such a situation, managing disjunct 

populations separately might be counterproductive since this could further reduce the 

adaptive potential of these populations and their ability to cope with ongoing 

environmental change and habitat loss (Mace & Purvis 2008, Shepherd & Lambert 

2008, Frankham et al. 2011, Li et al. 2015, Weeks et al. 2016). Improving our 

knowledge of the adaptive differences of populations is clearly important, as is further 

discussion concerning augmentation of gene flow through translocations. We argue that 

testing the pied vs the rainbow scenario should be a priority in future research since this 

will help determine the importance of adaptation in the differentiation of kiwi 

populations. This knowledge is key for future sustainable management and will, for 

instance, be crucial for deciding what constitutes appropriate source and target 

populations for translocations. 

A common concern among conservation practitioners is that translocation risks 

disturbing local adaptation (Allendorf et al. 2001, Love Stowell et al. 2017, Ralls et al. 

2020). The observation that there are several examples of successful kiwi populations 

that have resulted from multi-origin and long-distance translocations could suggest that 

local adaptation plays a relatively small role in the genetic differentiation of kiwi taxa. 

Regardless of this, even in cases where genetic differences between populations are 

adaptive, restoring connectivity between them might still be beneficial if translocations 

and admixture lead to overall increased diversity, or to beneficial introgression (i.e., 

incorporation) of adaptive gene variants (Grant & Grant 2014, Schmickl et al. 2017, 

Burgarella et al. 2019). In addition, some authors argue that selection forces that 

generate local adaptation should also be sufficient to prevent unwanted genetic 







87 
 

and historic gene flow as well as facilitate analyses of segregating genetic loci 

indicative of selection and local adaptation (Storfer et al. 2018). Also of great interest 

would be to examine and compare the epigenetic diversity of these populations in order 

to further link genotype and phenotype to environmental factors and thus to local 

adaptation (Hochholdinger & Baldauf 2018, Miryeganeh & Saze 2019, Rey et al. 2020). 

Furthermore, the targeted sampling of known hybrid kiwi populations or individuals 

and comparison of these to their parental populations has great potential for 

investigations into the relative contributions of allelic variation and epigenetic 

regulation to inbreeding depression, loss of local adaptation (or outbreeding 

depression), and genetic rescue (or heterosis; Garner et al. 2016, Flanagan et al. 2018, 

vonHoldt et al. 2018, Ramstad & Dunning 2020, Rey et al. 2020). 

We emphasize that the success of such future study requires an experimental design and 

sampling regime that focus on a more representative geographical spread of sampling. 

This must consider genetic variation both within and between populations and capture 

present and historical gene flow (Funk et al. 2012, Wright et al. 2015, Garner et al. 

2016, Wennerström et al. 2017, Flanagan et al. 2018). Collecting samples from a 

maximum number of populations within each taxon, rather than maximising sample size 

per se, would likely prove more important for these studies (Landguth & Schwartz 

2014). However, studying evidence for local adaptation could be approached in 

different ways and determining what constitutes appropriate sample size and spread will 

vary depending on the methods used and the exact hypotheses tested. For example, 

identifying local adaptations as indicated by outlier allele frequencies suggestive of 

genes under diversifying selection, or by correlations between allele frequency and 

environmental factors, will require larger sample sizes (at least eight to 12 samples per 

site; Landguth & Schwartz 2014, Pastenes et al. 2017, Zhen et al. 2017, Homola et al. 
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2019). On the other hand, local adaptation indicated by differences in patterns of gene 

expression or genomic methylation profiles might require fewer samples (three or fewer 

depending on the method of comparative analysis; Zhang et al. 2018, Xin et al. 2019).  

1.2.5 Conclusion 

We have reviewed the current state of understanding of kiwi genetics. We appreciate 

and acknowledge that the studies conducted to date provide a foundation to advance 

understanding of this iconic genus in New Zealand. However, our main conclusion is 

that the current knowledge of kiwi genetics is still insufficient to inform conservation 

decisions and develop robust management plans for long-term sustainable and diverse 

kiwi populations. A serious deficiency is that we currently do not understand the nature 

and extent of the genetic differences observed among taxa and populations. This 

includes not only a lack of understanding about genetic variation but also lack of 

knowledge about the plastic expression of this variation. Improving understanding of 

both these factors is important as together they contribute to the biological diversity 

upon which selection acts.  

Currently, the main kiwi management strategy involves trapping or poisoning of 

invasive mammalian predators (Robertson et al. 2011, Robertson & de Monchy 2012, 

Innes et al. 2015). However, translocating adults, juveniles, or eggs to predator-free 

environments has also been a key strategy for all five kiwi species and translocations are 

currently increasing in importance (Colbourne 2005, Colbourne et al. 2005, Innes et al. 

2016, Kiwis for Kiwi 2016, Germano et al. 2018). Predicting successful translocation 

outcomes that involve genetic rescue requires detailed information about the genetic and 

epigenetic variation of the target as well as the source populations (Groszmann et al. 

2013, Biémont & Vieira 2014, vonHoldt et al. 2018, Rey et al. 2020). Decision making 
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Chapter 1.3  

Genetic rescue and the plight of Ponui hybrids 
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juvenile mortality is reduced through Operation Nest Egg (Colbourne et al. 2005, 

Robertson & de Monchy 2012). The Ponui Island Apteryx population has been 

extensively studied over the past 17 years, providing ground-breaking data on habitat 

utilization, diet, parasite impact, disease, anatomy, social interactions, and causes of 

chick and egg mortality (e.g. Cunningham & Castro 2011, Ziesemann et al. 2011, 

Hiscox 2014, Wilson 2014, Dixon 2015, Reynolds et al. 2017, Abourachid et al. 2019, 

Bansal 2020, Vieco-Galvez et al. 2020). No studies have so far investigated the impact 

of their mixed heritage on the success of the birds on Ponui Island. 
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Figure 1.3.1. Map of the North Island of New Zealand illustrating the historic, as well as, 

current distribution of Apteryx mantelli, North Island brown kiwi, and how this species is 

further split into four geographically disjunct and genetically distinct management units (MU, or 

taxa; Burbidge et al. 2003, Weir et al. 2016, Germano et al. 2018). Arrows and kiwi silhouettes 

represent three separate cases where multi-origin translocations over the last 100 years have 

resulted in hybrid populations. Silhouette coloring roughly illustrates the proportional 

representation of different taxa in the founding population at each site. Translocations from 

Hauturu-o-Toi (also known as Little Barrier Island) are colored in a different shade of pink for 
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Outbreeding depression, on the other hand, is the reduced fitness of admixed offspring 

compared to their genetically distinct parents (Marr et al. 2002, Goldberg et al. 2005, 

Frankham et al. 2011, Barmentlo et al. 2018). Population genetic models have also been 

used to explain this phenomenon (Lynch 1991, Marr et al. 2002, Goldberg et al. 2005, 

Frankham et al. 2011, Whitlock et al. 2013, Kardos et al. 2016). Hybrid offspring will 

be heterozygous for many genes, and it is suggested this could cause an averaging or 

intermediate effect that makes the progeny adapted to neither parental habitat (Edmands 

& Timmerman 2003). In subsequent generations of interbreeding it has been suggested 

that the depression could worsen, because particular combinations of gene variants 

which have been of adaptive value to parental lineages in their environments may no 

longer co-occur in the genomes of the hybrid offspring (Lynch 1991, Allendorf et al. 

2001, Edmands 2007). In the worst cases, where parental species have evolved 

differences in their chromosome karyotypes (the packaged form of their DNA 

sequences) it is possible that the chromosomes will not pair properly during meiosis and 

this will affect the fertility of the hybrid offspring (e.g. the famous case of donkeys and 

horses producing sterile mules; Rieseberg 2001).  

A growing number of studies support the view that outbreeding depression is more 

likely to occur when genetic differences are linked with local adaptation to specific 

environments. In contrast, isolation per se even for many generations, under similar 

selection pressure rarely leads to symptoms of outbreeding depression upon admixture 

(Barton 1996, Orr & Smith 1998, Hendry et al. 2000, Rundle et al. 2000, Nosil et al. 

2002, Rundle 2003, Frankham et al. 2011). However, disruption of adapted phenotypes 

cannot explain some reported instances of outbreeding depression. For example, 

adaptive differences between parental linages fail to explain why several crosses 

between the same lineages can generate very different outcomes for offspring fitness 
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can affect the width of a niche and the capacity to fulfil roles in an ecosystem 

(Miryeganeh & Saze 2019, Thiebaut et al. 2019, Rey et al. 2020). Epigenetic change 

has also been linked to altered patterns of gene expression associated with transgressive 

segregation and heterosis in hybrid offspring (Groszmann et al. 2013, Junaid et al. 

2018, Botet & Keurentjes 2020). Recent work in plants suggests that epigenetic 

regulation plays a crucial role in hybrid vigor and that non-additive and yet not random 

differences in the patterns of chemical DNA modification (methylation of Cytosine 

bases) between parents and hybrid offspring contributes to phenotypic differences 

(Kawanabe et al. 2016, Junaid et al. 2018, Lauss et al. 2018, Miryeganeh & Saze 2019, 

Sinha et al. 2020). Other studies have also found that inbred and outbred lines exhibit 

different epigenetic profiles and that manipulating these profiles can revert symptoms of 

inbreeding depression (Vergeer et al. 2012). Taken together, these findings strongly 

suggest that accounting for both allelic and epigenetic variation is likely to be necessary 

to predict fitness outcomes for hybrid populations (Rey et al. 2020). While most studies 

to date involve plants, common mechanisms of eukaryotic gene expression suggest 

similar studies in animals will reveal similar results. 

1.3.3 Genetic rescue 

Prolonged periods of low (effective) population size and/or restricted gene flow are a 

growing concern among conservationists and there is increasing interest to utilize 

genetically motivated management to address the loss of genetic diversity and its 

negative effects (IUCN/SSC 2013, Frankham 2015, Hoffmann et al. 2015, Whiteley et 

al. 2015, Frankham et al. 2017, Ralls et al. 2018, Bell et al. 2019, Chan et al. 2019, 

Taylor & Larson 2019). In practice, management interventions to increase genetic 

diversity usually entail translocation of individuals from a source to a genetically 

distinct target population with the aim of intentionally generating intermixed (hybrid) 
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(the bigger the better) and the amount of adaptive genetic difference between target and 

source population (the less the better, Whiteley et al. 2015, Bell et al. 2019). In 

reviewing 156 published cases, Frankham (2015) identified that in practice the two most 

important conditions for successful genetic rescue were (1) that the source population 

was not inbred, and (2) that the target population experienced some level of 

environmental stress. Importantly, the review of Frankham (2015) found that severe 

inbreeding in both target and source population did not have to exclude observed 

genetic rescue, such as in the case of Mexican wolves (Canis lupus baileyi; Fredrickson 

et al. 2007), however, the magnitude of rescue was larger when outbred sources were 

used. The noticeable discrepancy between theory and empirical finding highlights the 

need to identify what is missing from our understanding of inbreeding depression, 

outbreeding depression and heterosis. Quantification of these phenomena requires a 

baseline for comparison, and in cases where species are confined to small isolated 

populations and have been so for a long time, what can be learnt from comparing these 

populations may be limited (Hedrick & Fredrickson 2010, Heber & Briskie 2013, 

Ramstad et al. 2013, Taylor 2014). An exemplary case concern A. owenii. This is the 

only Apteryx species in which inbreeding has been thoroughly studied. Results show 

evidence of several bottlenecks and extremely low variation in the MHC genes 

(Ramstad et al. 2010, Miller et al. 2011a, Shepherd et al. 2012, Taylor 2014, Taylor et 

al. 2017c). However, the fact that extant members of this species originate from as few 

as five founders, means that findings might not be applicable to other Apteryx species 

(Ramstad et al. 2013).  

While debate remains surrounding the degree to which genetic load contributes to 

extinction risk, there will remain debate as to the magnitude of threat aversion or loss of 

extinction risk that can be expected from genetic rescue (Bell et al. 2019). One 
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genetic diversity and infer evolutionary relationships (Mitchell et al. 2014, Weir et al. 

2016). However, this approach can be limiting when only a small number of gene loci 

are investigated and/or when loci evolve at different rates of evolutionary change within 

and between taxa (Allendorf et al. 2010, Funk et al. 2012, Steiner et al. 2013, Putman & 

Carbone 2014). Low resolution can lead to underestimation and/or miss interpretation 

of the complex history of species and populations (Goldstein et al. 1996, Hudson & 

Turelli 2003, Zink & Barrowclough 2008, Funk et al. 2012, Steiner et al. 2013, Jeffries 

et al. 2016, Kardos et al. 2016, Hodel et al. 2017, Richmond et al. 2017, Galla et al. 

2020). Another limitation of the most commonly used genetic markers is that they are 

not linked to traits of functional adaptive significance and have restricted ability for 

determining the cause and nature of ecological distinctiveness of taxa (Allendorf et al. 

2010, Funk et al. 2012, Wennerström et al. 2017, Leroy et al. 2018). Hence, there are 

limitations to the ability of such markers to inform and evaluate the consequences of 

hybridization and translocation success based on possible outbreeding and inbreeding 

effects (Funk et al. 2012, Hess et al. 2013, Frankham 2015, Whiteley et al. 2015, 

Flanagan et al. 2018, Bell et al. 2019, Taylor & Larson 2019).  

Newer molecular tools allow researchers to reduce these limitations. For example, 

genomic methods, such as reduced-representation-sequencing (for instance through 

protocols like genotyping-by-sequencing) (1) provide information from thousands of 

loci spread throughout the entire genome, and (2) cover both neutral, non-coding 

sequences and genes under selection (Elshire et al. 2011, Funk et al. 2012, Hess et al. 

2013, Narum et al. 2013, Reitzel et al. 2013, Hunter et al. 2018, Leroy et al. 2018, Picq 

et al. 2018). This resolution allows for much more detailed genetic characterization of 

closely related taxa, and thus also of historic as well as recent hybridization and 

introgression between them and the population growth effects over time such admixture 
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Chapter 2.1  

The expected breeding system in Apteryx mantelli, a 
long-lived bird with huge eggs and male-only 
incubation.  
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Abstract 

Understanding the breeding system and mating strategy of a species is important for 

making accurate population predictions and evaluating conservation interventions. 

Theoretical and empirical studies have provided substantial knowledge of what 

generates polygamy potential as well as the typical character profile of a monogamous 

bird species. Here I discuss the expected breeding system of North Island brown kiwi, 

Apteryx mantelli, in light of this knowledge and the phylogenetic context of this species. 

Apteryx mantelli has so far only been described as monogamous. However, although A. 

mantelli have several features matching the typical monogamy profile (big investment 

in offspring by both parents, long life expectancy, and a well-developed sense of smell), 

they arguably have as many features consistent with potential for polygamy (uneven 

quality and distribution of resources, long and asynchronous breeding season, and 

super-precocial chicks). This, combined with recent studies discovering mixed 

parentages among A. mantelli eggs incubated by the same male, suggests that 

categorising this species as strictly monogamous might be incorrect. I argue that further 

study of A. mantelli mating behaviour could benefit future conservation planning for 

this species and should focus on determining the number of associated mates and their 

genetic relatedness as well as, the drivers of identified breeding strategies. Importantly, 

such studies would also further our overall understanding of the breeding biology of 

birds. 

2.1.1 Introduction 

An increasing number of animal populations are in need of active management to 

persist. One type of intervention growing in importance is translocations (IUCN/SSC 

2013, IUCN 2020). Management generally aims to generate population growth, and one 















126 
 

Bansal 2020; Castro unpubl. 2020), and the season proceeds for about five to eight 

months per year (Potter 1989, Colbourne 2002, Sales 2005, Wilson 2014, Bansal 2020). 

Several previous studies have concluded that A. mantelli are socially monogamous and 

that the father singlehandedly incubates the egg(s) (Colbourne & Kleinpaste 1983, 

McLennan 1988, Potter 1989, Taborsky & Taborsky 1992, 1999), but, anecdotally, 

incubation by the female or a second male has been reported (McLennan 1988, 

Colbourne 2002, Ziesemann 2011). The large egg and long, male-dominated incubation 

suggests that the female and male A. mantelli both invest heavily in their offspring even 

though parental care is supposed to end at egg-laying for the female and at hatching for 

the male since no food provisioning of the super-precocial offspring occurs (Jolly 1989, 

Colbourne et al. 2005).  
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Figure 2.1.1. Illustration of the timing of the A. mantelli breeding season on Ponui Island. 

Timing is defined as the date incubation starts (pink line in panel a; all of panel b) and the date 

of hatching (a; blue line) of the first clutch. In (a) the number of clutches laid (pink) and the 

number of clutches hatched (blue) are summarized across years in ten-day slots. In (b) the 



128 
 

variation between and within years in the onset of incubation is illustrated with boxplots 

highlighting the median date and the quartiles with each datapoint (nest) represented by one dot. 

The overall median incubation start-date was July 24 but varied between June 21in 2006 to 

September 13 in 2010. The unit of the y-axis in panel b is the Julian date with 1 set to May 1, 

making day 100 August 9. Years listed indicate the respective breeding season; for instance, an 

egg hatched in January 2007 fall under the 2006 season. Data combined from Ziesemann 

(2011), Wilson (2014), Dixon (2015), Bansal (2020) and Castro unpubl. (2020) with partitions 

under the graph indicating that two different methods were used to obtain the data.  

 

Despite the size, female A. mantelli can lay eggs as close as 20 days apart and up to 

eight times per season (McLennan 1988, Colbourne 2002). This high productivity is 

likely made possible through a combination of their skeletal composition (Currey & 

Alexander 1985, Dennison & Kooyman 1991), a calcium- and energy-rich diet (Dixon 

2015), and a comparatively thin eggshell (Vieco-Galvez et al. 2020), which together 

makes A. mantelli less calcium limited than expected based on egg size alone (Vieco-

Gálvez 2019). In addition, female Apteryx have two functioning ovaries, which is a rare 

feature within Aves, and it has been theorised that these allow a second egg to start 

forming before the first one is laid (Kinsky 1971). The ultimate reason for the short 

period between eggs might be the relatively high hatching failure rate (Figure 2.1.2; 

McLennan 1988, Potter 1989, Robertson & de Monchy 2012, Black, J. pers. comm. 

2020, Toy pers. comm. 2020), which would have selected for an ability to lay 

replacements clutches (Emlen & Oring 1977). Frequent need for relaying has in turn 

been suggested as a key driver of male-only incubation (Emlen & Oring 1977). 

Interestingly, male-only incubating A. mantelli seemingly tend to have lower hatching 

success than other Apteryx species in which the male and female share incubation 

(Figure 2.1.2). Further studies would be needed to elucidate if this higher failure rate is 

consistent, and whether lack of female incubation in A. mantelli is a cause or a 

consequence of this. Potentially, a higher failure rate could have contributed to females 
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reducing their input in incubation to increase their ability to produce replacement 

clutches (Emlen & Oring 1977). Alternatively, it is plausible that male-only incubation 

could have evolved for other reasons, and, as a side-effect, a higher success rate linked 

to shared incubation has been lost. For the latter feature to become fixed, the fitness loss 

must somehow have been compensated for, possibly by the females being available for 

further mating when not involved in incubation. A third important consideration is that 

increased likelihood of hatching failure is a common symptom of inbreeding depression 

following tight bottlenecks in birds (Briskie 2004); thus individual, population, and 

species level genetic diversity could potentially be important cofactors governing 

observed differences in hatching success.  

 

Figure 2.1.2. Percentage of Apteryx eggs successfully hatching in 13 populations. Values are 

split by incubation mode and ordered based on success rate. Examples come from three 

populations of Apteryx species where male and female share incubation (left), seven populations 

of A. mantelli in which the male does all the incubation, and three populations in which eggs are 
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Table 2.1.1. List of features of A. mantelli breeding and life-history and whether they are more 

consistent with potential for polygamy or the profile of monogamous bird species (based on 

Emlen & Oring 1977, Kvarnemo 2018). 

Polygamy potential Support in Apteryx mantelli 
Uneven distribution of resources Yes - both distribution and quality uneven 

Uneven distribution of mates No - grouping of males or females does not occur 
Long/Asynchronous breeding 

season 
Yes  

No need for bi parental care Yes - female care ends at laying and male at hatching* 
One sex is limiting and determine 

the type of polygamy  
Yes - number of eggs male can incubate < number of 
eggs female can lay   

Monogamy profile Support in Apteryx mantelli 
Low habitat variability No - both distribution and quality uneven 
Need for parental care Yes - big investment in offspring by both male and 

female 
Longevity Yes - over 40 years 

Mate choice mechanisms for 
instance through olfaction 

Yes - well-developed sense of smell 

*chicks frequently stay around the nest and/or dad for days to weeks after hatching. No active 

parental care, such as food provisioning, occurs during this time; still, it is possible that chicks 

experience benefits by staying such as reduced predation risk or energy expenditure. 

 

As stated above, the only described mating system in A. mantelli so far is monogamy. 

However, recent studies have found intriguing mixed parentage among eggs incubated 

by the same male in several A. mantelli populations, suggesting that the mating system 

might have more variability than previously appreciated (Ziesemann 2011, Vieco-

Gálvez 2019). Importantly, the studies that have described A. mantelli as strictly 

monogamous have taken place under population densities that are now the norm, but 

these are severely reduced compared to the inferred historical densities (Potter 1990, 

Robertson et al. 2016, Germano et al. 2018). There are indeed several examples of 

species where the occurrence of different breeding systems changes with population 

density, habitat alterations, and/or lack of available territories (Pribil & Searcy 2001, 

Walker et al. 2008, Griffith et al. 2010). In line with this, I suggest that close 
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investigation of the A. mantelli breeding system, and how it changes with habitat 

features and population density, holds promise of furthering our understanding of how 

to best manage this species. In addition, such studies have the chance to further the 

general understanding of the drivers of breeding systems. Lastly, the breeding system is 

closely intertwined with mate choice. Studies of mate choice in these long-lived birds 

with few morphological distinguishing features, but with a highly developed sense of 

smell, would be important to improve our ability to predict outcomes of management 

interventions, such as translocations with the aim of achieving genetic rescue. Methods 

targeting genomic markers will likely play a crucial role in such investigations thanks to 

their high resolution which overcomes some of the limitations of the more traditional 

genetic markers such as microsatellites (Putman & Carbone 2014, Kardos et al. 2016, 

Oyler-McCance et al. 2016). For example, the resolution provided by genomic studies 

have great potential to prove beneficial when parental candidates are close relatives, or 

when multiple genetic loci or phenotypic characteristic are associated with kin-

recognition and mate choice (Hughes 1998, Hatchwell et al. 1999, Baglione et al. 

2002c, Griffith et al. 2002, Lettink et al. 2002, Richardson et al. 2002, Cockburn 2006, 

Ziesemann 2011, Preston et al. 2013, Koenig & Dickinson 2016, Leedale et al. 2018, 

Galla et al. 2020).   
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Abstract 

Reinforcement translocations are increasingly utilised in conservation with the goal of 

achieving genetic rescue. However, concerns regarding undesirable results such as 

genetic homogenisation or replacement are widespread. One factor influencing 

translocation outcomes is the rate at which the resident and the introduced individuals 

interbreed. Consequently, post-release mate choice is a key behaviour to consider. Here 

I studied mating and its consequences for genomic admixture in the North Island brown 

kiwi  Apteryx mantelli population on Ponui Island which was founded by two 

translocation events over 50 years ago. The two source populations used are now 

recognised as belonging to two separate management units where birds differ in size 

and are genetically differentiated. I examined the correlation between male and female 

morphometrics for 17 known pairs and quantified the relatedness of 20 pairs from this 

admixed population. In addition, I compared the genetic similarity and makeup of 106 

Ponui Island birds, including 23 known pairs, to birds representing the source 

populations for the original translocations. I found no evidence for size-assortative 

mating. On the contrary, genomic SNP data suggested that kiwi of one feather did not 

flock together, meaning that mate choice resulted in pairing between individuals that 

were less related than expected by random chance. Furthermore, the birds in the current 

Ponui Island population were found to fall along a gradient of genomic composition 

consistent with non-clustered representation of the two parental genomes. These 

findings indicate potential for successful genetic rescue in future Apteryx reinforcement 

translocations, a potential that is currently underutilised due to restrictive translocation 

policies. Thus, I suggest that reconsideration of these policies could render great 

benefits for the future diversity of this iconic genus in New Zealand.  
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(Zonotrichia albicollis). Within this species, mating almost exclusively occurs between 

individuals of the opposite of the two prevalent colour morphs (Hedrick et al. 2018).  

Whether positive or negative, assortative mating is by necessity linked to mechanisms 

for detecting compatibility, phenotypic similarity, and/or genetic kinship (Kopp et al. 

2017). The mechanisms behind such kin-recognition vary greatly between species, but 

can be based on visual (Walters & Garcia 2016, Sun et al. 2019), audible (Humphries 

2013), and/or scent cues (Zelano & Edwards 2002, Bonadonna & Sanz-Aguilar 2012, 

Strandh et al. 2012, Hoover et al. 2018), and the ability to detect (dis)similarity can be 

learnt or innate (Riehl & Stern 2015). Zelano and Edwards (2002) speculated that the 

most likely birds to evolve the ability to make active mate choice based on MHC 

profiles and compatibility would (1) lack the opportunity for kin-recognition based on 

social recognition, for instance, due to having precocial young leaving the parents at an 

early stage, (2) have at least one parent whose only or main contribution to the offspring 

is genetic material, (3) be long-lived, (4) be monogamous, and (5) have a highly 

developed olfactory sense. Part of the reasoning behind this is that a long life-span and 

high partner fidelity generates selection for mechanisms identifying optimal partners 

(Kvarnemo 2018). Intriguingly, when comparing across Aves, Zelenitsky et al. (2011) 

concluded that two extant groups stand out by being associated with large size of the 

olfaction bulb and positive selection for this part of the brain compared to their sister 

clades: the genus Apteryx (the kiwi birds) and the order Procellariiformes (the petrels 

and allies, including albatrosses and shearwaters). Supporting Zelano and Edwards 

(2002), studies of Procellariiformes have found olfaction-based kin-recognition in 

European storm petrels, Hydrobates pelagicus, and blue petrels, Halobaena caerulea 

(Bonadonna et al. 2004, Bonadonna & Sanz-Aguilar 2012) as well as MHC-based 
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LBI in 2010 and 2008, respectively. Throughout this text, these birds will be referred to 

as birds from LBI to reduce confusion. 

The full dataset utilised herein contained 11 birds from LBI, 20 birds from Trounson, 

and 106 birds from Ponui Island, including 23 known pairs which are the main focus of 

the study presented herein. However, for specific analyses, datasets consisted of 17, 20, 

or 23 pairs and 74 or 106 Ponui Island birds, see further below. For details on how pairs 

were defined, see Chapter 2.3. 

2.2.2.2 Blood sampling and morphometric measurements  

Blood sampling and measurements of the birds were conducted in accordance with the 

Kiwi Best Practice Manual (Robertson & Colbourne 2017), the Massey University 

Animal Ethics Committee (MUAEC) permits 06/05, 07/144, 16/92, and 18/83, and the 

Department of Conservation Wildlife permits AK-14969-RES, AK-21519-FAU, 50249-

FAU and 70875-RES. Blood was sampled on Ponui Island in four separate cohorts: in 

2004, 2006-2008, 2010, and 2017-2018 (see further Appendix A1). Most of the samples 

utilised were collected in 2017, but older samples were used to increase sample size and 

spatial spread across Ponui Island. Samples from the parental populations were 

collected in 2020. For birds fitted with transmitters (most of the Ponui Island birds 

analysed, all the studied pairs, and most of the LBI birds), blood sampling and 

measuring occurred together with the annual transmitter replacement. A licenced kiwi 

dog assisted with catching the remaining birds, which were caught specifically for this 

study. 

The morphometric measurements taken were weight, tarsus length (TL), tarsus width 

(TW), bill length, weight to TL ratio, and bill length to TL ratio. Body condition was 
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Figure 2.2.1. Violin plots comparing morphometrics of adult A. mantelli from Little Barrier 

Island, Ponui Island, and Trounson Kauri Park, specifically bill length (a), tarsus length (c), and 

the ratio between the two (b). Small dots represent each data point. Large dots represent the 

average for each population. The shape of the violin outline indicates the distribution of the data 

points. Sample size is provided in the legend after each population as males/females.  
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Figure 2.2.2. Correlations between morphometric measurements of paired male and female A. 

mantelli from Ponui Island. The unit for weight is grams. Bill, tarsus length, and tarsus width 

are given in millimetres. Body condition is based on a combination of weight and tarsus width 

(Taborsky 1999). None of the correlations were found to be significant. R2 values refer to linear 

regression.   
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2.2.3.2 Genetic similarity between partners  

Overall, the allelic similarity within pairs was found to be significantly lower compared 

to the paired individuals average relatedness to all other Ponui Island birds in the dataset 

(0.057 vs 0.011, respectively; t = -4.06, df = 39, p-value < 0.001; n = 20 pairs and 74 

birds overall; Figure 2.2.3). Looking at individuals, 75% of the paired birds had a lower 

value of allelic similarity to their partner compared to their average similarity to the full 

dataset. The results based on ranked relatedness further supported that pairs were less 

related than expected under random mating (t = 2.43, df = 73.25, p-value = 0.018). On 

average, 69% of the birds in the full dataset had a higher ranked relatedness than the 

partner of each individual. In five cases, the partner was in fact one of the top three least 

related individuals in the dataset. However, there was large variation, and one pair 

(Genesis and Susie) was found to have an allelic similarity close to that of first-degree 

relatives.  
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one example iteration of 40 rank values drawn at random. The least related individual in the 

sample set was assigned rank 1 and the most related rank 73. Small dots represent each data 

point, and the shape of the outline represents their distribution. Large dots represent the average. 

Horizontal grey lines illustrate the significantly lower average for the observed pairs compared 

to the null hypothesis of random mating.  

2.2.3.3 Population genetic consequences of mate choice over time 

An equal number of pairs could be classified as similar (both male and female over or 

under average relatedness to LBI) and different (one bird less and one more related to 

LBI than average; 10 pairs versus 10 pairs; Figure 2.2.4a). The remaining three pairs 

were placed in neither category due to either or both partners falling on the threshold 

value (0.07; Figure 2.2.4a).  

Looking at the effect of mate choice over time on the genetic makeup of the Ponui 

Island population suggested that there was strong negative correlation between 

relatedness to LBI and Trounson. This correlation formed an undisrupted gradient and 

indicated no clustering (Figure 2.2.4b).  
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upon. Further studies are needed to verify the existence of a mechanism for kin-

recognition in Apteryx and to identify the cues involved. A first step would be to further 

examine the genetic dissimilarity between partners and investigate if it is predominantly 

linked to and/or exaggerated in certain regions of the genome (Beaumont & Balding 

2004, Fitzpatrick et al. 2010, Keller et al. 2013). Such studies would not only increase 

our understanding of Apteryx breeding but also take us closer to understanding the 

significance and nature of the genetic differences observed between Apteryx taxa today 

(see further Chapter 1.2).  

An interesting parallel to the A. mantelli population on Ponui Island is the population of 

burrowing bettongs (or boodie, Bettongia lesuer) in Matuwa (Western Australia). This 

population was established in 2010 through the translocations of individuals from 

Barrow Island and Dryandra (Thavornkanlapachai et al. 2019). Similar to the case of 

Ponui Island, the Barrow Island and Dryandra populations represent two distinct taxa 

within B. lesuer (sometimes referred to as different subspecies; Thavornkanlapachai et 

al. 2019). A second similarity is that the Dryandra population, similar to LBI, was the 

result of a previous translocation from Dorre Island. Thirdly, these taxa show marked 

differences in phenotype, with the Barrow Island bettongs being substantially smaller 

(Short & Turner 1999, Donaldson et al. 2017). This size difference remained after 

translocation, suggesting a genetic origin (Thavornkanlapachai et al. 2019). When 

exploring the results of this multi-origin introduction, Thavornkanlapachai et al. (2019) 

and Rick et al. (2019) found that due to the timing of the two translocation events, the 

first breeding at Matuwa happened almost exclusively within the two taxa. However, 

after three years, over half of the offspring in the Matuwa population were found to be 

of mixed origin (Thavornkanlapachai et al. 2019). Moreover, even though not all 

haplotypes in the two parental populations were found to be present in Matuwa, genetic 
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Chapter 2.3  

Access to resources, rather than kin-selection, is the 
likely driver of group breeding and shared incubation 
in Apteryx mantelli 
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chapter.   
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Abstract 

Prevalence of breeding strategies, for instance cooperative breeding, has been linked to 

changing environmental conditions, survival rate, population density, and territory 

quality. Consequently, breeding strategies and changes to breeding behaviours warrant 

more attention from a threat status, population viability, and conservation outcome 

perspective. Apteryx mantelli has so far only been reported to breed in monogamous 

pairs. However, studies have taken place in populations decimated by habitat 

destruction and invasive predators. For the first time, I describe the mating system in an 

A. mantelli population whose density is similar to that inferred during pre-human 

conditions. Seventeen years of study of this population suggests that the A. mantelli 

mating system is much more flexible than previously acknowledged. Specifically, I 

describe five different male breeding strategies, including regular occurrence of shared 

incubation and group breeding with varying sex compositions. High resolution SNP 

data suggested that kinship could have been a driver of group breeding behaviour in one 

case, but overall relatedness between breeding unit members was low. Rather than kin 

selection, the key drivers of group breeding seemed to be acquiring access to resources 

such as time and beneficial habitat. This variability makes A. mantelli a promising 

candidate system for further ground-breaking study of mating strategies. In addition, I 

suggest that investigations of the occurrence of group breeding in other A. mantelli 

populations could positively affect conservation policy concerning estimates of 

population density and success.   

2.3.1 Introduction 
Climate change, deforestation, and invasive species have repeatedly been causally 

linked to population decline and increased extinction risk. However, predicting which 

species will suffer, and in what way, remains challenging (Hoffmann et al. 2010, 
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Hoffmann et al. 2011, Frankham et al. 2017, IUCN 2020). Behavioural adaptation is 

believed to be an important factor governing how individual fitness, population 

viability, and threat status is affected by habitat alterations and environmental change 

(Charmantier et al. 2008, Massaro et al. 2008, Caro & Sherman 2011, Kalbitzer & 

Chapman 2018, Buchholz et al. 2019, Ducatez et al. 2020). Examples of such 

adaptations are changes to migration, time budgeting, diet, and phenology (Tuomainen 

& Candolin 2011, Merilä & Hendry 2014, Howard et al. 2018, Amélineau et al. 2019, 

Ducatez et al. 2020). Other behavioural adaptations that can greatly impact population 

viability are changes to breeding behaviours (Tuomainen & Candolin 2011, Sibly et al. 

2012). There is convincing support for breeding strategy being driven by predation risk, 

territory quality or availability, and population density (Emlen & Oring 1977, Bayne & 

Hobson 2001, Banks et al. 2007, Griffith et al. 2010, Sibly et al. 2012, Winiarski et al. 

2017, Kvarnemo 2018). Since all these factors are affected by anthropogenic 

environmental modifications, concern is warranted for an ongoing global shift in animal 

breeding behaviour. One example is that the presence and prevalence of cooperative 

breeding have been linked to environmental change (Griesser et al. 2017). 

Consequently, this breeding strategy warrants more attention from a conservation 

perspective.  

Cooperative breeding is defined herein as a mating system in which more than a pair of 

conspecific individuals work together to raise young at a single nest or from a single 

brood. This breeding strategy is a relatively common among birds and has been 

recorded in several hundred species from more than 70 families (Koenig & Dickinson 

2004, Cockburn 2006, Riehl 2013). The phylogenetic signal associated with cooperative 

breeding is relatively strong; the taxonomic distribution is uneven, ranging from single 

species within some groups (e.g., grosbeaks, wagtails, terns, and owls) to all or most 
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1988, Dickinson & Akre 1998, Baglione et al. 2002b, Hatchwell et al. 2004, Cox & 

Slater 2007, Barve et al. 2019), but female-biased groups do exist (Caffrey 1992, 

Richardson et al. 2002). In a few species, there is a clear division of labour between 

group members and in some of these, the extent of specialisation depends on group size 

(Reyer 1984, Ridley & Raihani 2007, Canestrari et al. 2008, Nelson-Flower et al. 

2012). Lastly, a plethora of (sometimes contradictory) environmental conditions have 

been suggested to be strongly linked to cooperative breeding (Emlen 1982b, 1982a, 

Cockburn & Russell 2011, Riehl 2013, Griesser et al. 2017, Koenig 2017, Lukas & 

Clutton-Brock 2017), and many cooperative breeding species are territorial 

(Woolfenden & Fitzpatrick 1978, Walters et al. 1988, Baglione et al. 2002b, Cox & 

Slater 2007), but not all (Caffrey 1992, Hatchwell et al. 2004).  

The most common way of assisting as a group member is food provisioning of the 

communally raised chicks (Reyer 1980, Hunter 1985, Sydeman 1989, McGowan & 

Woolfenden 1990, Hatchwell et al. 2004, Canestrari et al. 2008, Koenig & Walters 

2016, Liebl et al. 2016, Preston et al. 2016). In addition, territory defence (Woolfenden 

& Fitzpatrick 1978, Hunter 1985), reducing risk of depredation (Raihani & Ridley 2007, 

Ridley 2016, Koenig et al. 2019), reducing exposure to parasitism (Ridley & Raihani 

2007, Canestrari et al. 2009), nest building (Baglione et al. 2002a), and incubation 

(Jamieson et al. 1994, Fessl et al. 1996, Yuan et al. 2004) are other ways of assistance 

that have been recorded.  

In some species, multiple group members have a chance of siring offspring (Baglione et 

al. 2002c, Richardson et al. 2002, Riehl 2013, 2017). However, in other species, some 

group members appear to be strictly non-breeding helpers (Canestrari et al. 2008, 

Preston et al. 2013, Koenig & Dickinson 2016, Koenig et al. 2019). There are several, 

not mutually exclusive, ways through which such members can gain fitness despite not 
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Aphelocoma 
coerulescens 
Hoatzin, 
Opisthocomus 
hoazin 

                                  Y   N     
Strahl 1988 

Long-tailed tit, 
Aegithalos 
caudatus         x                   N   M     N   x 

Hatchwell et al. 
1999, 2004, Nam 
et al. 2010, 
Leedale et al. 
2020 

Moustache 
warbler, 
Acrocephalus 
melanopogon 

x                                           

Fessl et al. 1996 

Pied 
kingfishers, 
Ceryle rudis 

                  x x         x   N         
Reyer 1980, 1984 

Pukeko, 
Porphyrio 
melanotus 

x                                           
Jamieson et al. 
1994 

Purple 
gallinule, 
Porphyrio 
martinicus 

    x           x                 Y         

Hunter 1985 

Purple-
crowned fairy 
wren, Malurus 
coronatus  

      x                                     

Kingma et al. 
2011 

Pygmy 
nuthatch, Sitta 
pygmaea 

                x                           
Sydeman et al. 
1988 

Red-cockaded 
woodpecker, 
Leuconotopicu
s borealis 

                    x   x   Y   M           

Walters et al. 
1988 
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Rifleman, 
Acanthisitta 
chloris 

                x                         x 
Gregory 1990, 
Preston et al. 
2013, 2016 

Seychelles 
warblers, 
Acrocephalus 
sechellensis 

        x       x               F           

Richardson et al. 
2002, Brouwer et 
al. 2012, 
Komdeur 1996 

Siberian jay*, 
Perisoreus 
infaustus 

          x           x   x                 
Ekman et al. 
1999, 2000 

Southern pied 
babbler, 
Turdoides 
bicolor 

    x         x         x x   x             

Ridley & Raihani 
2007, Nelson-
Flower et al. 
2012, Ridley 
2016 

Taiwan yuhina, 
Yuhina 
brunneiceps 

x                                 N x   x   
Yuan et al. 2004, 
Shen et al. 2010 

Western 
American 
crow, Corvus 
brachyrhyncho
s hesperis 

                            N   F           

Caffrey 1992 

Western 
bluebird, Sialia 
mexicana 

                                M     N     
Dickinson & 
Akre 1998 

White-winged 
choughs, 
Corcorax 
melanorhamph
os 

                                      Y     

Heinsohn & 
Cockburn 1994 

*Siberian jays are typically considered family living, but not cooperative breeders.  
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Many attempts have been made to find an overarching explanation as to what drives the 

evolution of cooperative breeding despite this large variation in how cooperative 

breeding is executed (Riehl 2013, Koenig & Dickinson 2016, Griesser et al. 2017, Riehl 

2017). One recent theory based on a meta-analysis suggests that the only way the 

evolution of cooperative breeding can be understood is if it is regarded as a two-step 

process; step one is transitioning from non-family living to family living, and step two 

involves a change in behaviour where family members transition from being passive to 

actively assist in breeding (Griesser et al. 2017, Koenig 2017). The most common way 

to take the first step seems to be delayed dispersal of juveniles; the usually occurs when 

living alone is costly or dangerous while, at the same time, the cost for the parents of 

accepting the stayers is relatively low thanks to high and stable resource access (Ekman 

et al. 1999, Baglione et al. 2005, Chappell et al. 2016, Ridley 2016, Griesser et al. 

2017). In addition to increased survival, direct benefits of delaying dispersal can be 

increased chances to inherit or otherwise acquire a good territory, particularly if such 

territories are rare (Woolfenden & Fitzpatrick 1978, Walters et al. 1988, Ridley 2016, 

Barve et al. 2019). Consequently, delayed dispersal resulting in family living should be 

expected to occur more often in higher density populations (Ekman et al. 1999, Barve et 

al. 2019), or areas with uneven resource distribution (Reyer 1980, Lacey et al. 2016). 

Once family living is established, cooperative breeding seems to typically evolve when 

environmental change suddenly makes offering as well as accepting assistance 

beneficial for both the staying juvenile(s) and their parents (Griesser et al. 2017, Koenig 

2017). However, this hypothesis does not explain why some other species, seemingly 

with the same features, do not breed cooperatively, nor what the drivers are in groups 

where members are not close relatives (Griesser et al. 2017, Koenig 2017). 
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eight and six birds from Waipoua Forest and Hauturu-o-Toi (Little Barrier Island), 

respectively (Colbourne 2005). This population is unusual in that between 30 and 50 

individuals (approximately equal numbers of males and females) have been fitted with 

radio transmitters and closely monitored for the last 17 years. In addition, the Ponui 

Island population represents (1) a population density that is rarely seen today but 

presumed common historically and (2) a population exposed to comparatively low 

levels of introduced mammalian predators (the feral cat, Felis catus, is the only 

introduced predator of kiwi on Ponui Island; Strang 2018). Other features of this 

population are a low prevalence of second and thirds clutches as well as comparatively 

low territoriality (high site fidelity but lack of defence against other individuals; 

Ziesemann et al. 2011, Wilson 2014). 

2.3.2.2 Defining breeding units 

During each season, radio-tagged birds were regularly tracked and located to verify if 

they shared roosts. The frequency of tracking varied over time both within and between 

years. A breeding unit was classified as two (pair) or more birds (group) that were 

found together repeatedly, consistently, and more frequently compared to other 

individuals. In addition, at least one breeding attempt had to be observed or inferred 

from activity. The data on which birds were found together and how often were 

compiled using the network tool in the R package igraph (Csardi 2006) to assist in 

identifying breeding units. Comprehensive video monitoring of nests and roosts in 2008 

and 2012 further increased the confidence in the identification and delimitation of 

breeding units. Apteryx mantelli in this population have defined home ranges but these 

overlap extensively (Ziesemann 2011); hence, overlapping home range was not enough 

to define a breeding unit. Birds with overlapping home ranges who had been 
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breeding strategy. For females, one additional activity parameter was extracted, since 

female kiwi lay huge eggs. To study any activity dips around laying, the daily activity 

during the overall (i.e., not necessarily consecutive) days with the lowest activity was 

extracted and compared. The options of analysing the 10, 9, 8, 7, 6, 5, 4, or 3 days of 

lowest activity were explored, and four days were chosen for further analyses since it 

provided the widest variation. See Table 2.3.3 for detailed definitions and abbreviations. 

2.3.2.5 Morphometrics and stress 

During each annual health-check and transmitter replacement, the following 

measurements were taken from each bird (following the Kiwi best practice manual; 

Robertson & Colbourne 2017): weight, bill length, tarsus length (TL), tarsus depth, and 

tarsus width (TW). All except weight were measured as three repeats. Body condition 

(BC) was calculated based on the method developed by Taborsky and Taborsky (1999) 

using the latest value from weight and TW. Two principal component analyses (one for 

male and one for females) were run to examine the overall morphometric similarity 

between group and pair breeding birds (R package tidyverse; Wickham et al. 2019). 

These analyses included BC, TL, Bill, Weight, TW, the ratio between TL and Bill, and 

the relatedness to Little Barrier Island (see below). To investigate stress resilience as a 

potential driver of breeding strategy, percentual weight loss between 2012 and 2013 was 

calculated and compared. This was because 2013 was a severe drought year with less 

than 100 mm rain during the summer. See Table 2.3.3 for detailed definitions and 

abbreviations. 

2.3.2.6 Blood samples 

Blood samples were collected in 2004, 2006-2008, 2010, and 2017 in accordance with 

the Kiwi Best Practice Manual (Robertson & Colbourne 2017), the Massey University 
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Females were also split based on the number of initiated incubations by their associated 

male(s) as a proxy for the number of eggs laid per season.  

Data split into pairs versus groups were analysed using t-tests. Relatedness data were 

examined using linear models (lm; R-Development core team). In order to introduce a 

random effect (year and bird id), I used linear mixed-effects models (lmer; R package 

lme4; Bates et al. 2015), for the analyses with Max30, Min30, Lowest4, start date, and 

incubation days as response variables. A generalized linear mixed-effects model (glmer; 

R package lme4; Bates et al. 2015), was used to analyse the likelihood of birds being 

found together to allow a logit link function. For all models, Anova (R package car; Fox 

& Weisberg 2019) was used to evaluate statistical significance, combined with Tukey 

tests (R packages multcomp; Hothorn et al. 2008, and agricolae; de Mendiburu 2020) 

for post-hoc analyses. 

Table 2.3.3. List of categories and factors analysed with respect to breeding strategy as they are 

referred to in the text and their definitions. 

Factor Definition  

Full-long incubation Incubation > 65 days 

Initiated incubation Incubation < 65 days 

Days incubating Number of days with activity consistent with incubation and/or when 
incubation was observed 

Max30 Average number of hours active per night during the 30 consecutive days with 
the highest average activity* 

Min30 Average number of hours active during the 30 consecutive days with the 
lowest average activity. Only including years with full-long incubation for 
males* 

Lowest4 Average number of hours active during the four overall days with lowest 
activity (females only)*  

Weight Weight in grams at transmitter change in late March 

Bill  Bill length in mm at transmitter change in late March 

TW Tarsus width in mm at transmitter change in late March 

BC Body condition calculated based on Weight and TW at transmitter change in 
late March 

BillTL  Ratio between Bill and Tarsus length at transmitter change in late March 

Weight loss Weight loss in grams between 2012 and the drought year 2013 
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RTL Relative telomere length 

To LBI Average relatedness to 13 birds from Little Barrier Island (one of two parental 
populations to the A. mantelli population on Ponui Island)  

Pair Breeding unit with only one female and only one male member  

Group Any breeding unit with additional members compared to a Pair. Birds were 
considered group breeding if they were ever observed breeding in a group 
even if they at some other point in time were breeding as a pair 

Sharers Birds with overlapping home range and shared burrow not deemed part of the 
same breeding unit 

All  The full dataset of A. mantelli from Ponui Island, excluding known offspring 
to avoid bias 

1st degree relative The pairwise relationship between a parent to a sibling or between (presumed) 
full siblings 

*From the daily activity data, i.e., between early July and late March. 

2.3.3 Results 

In total, 42 breeding units were identified and in line with previous publications, social 

monogamy was the most common mating strategy. However, 21% (9 out of 42) of the 

monitored units were found to be groups of more than two individuals (Figure 2.3.1 & 

2.3.2). 
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Figure 2.3.1. Network illustrating relationships between the monitored birds in the Ponui Island 

population. Weight of grey edges scale to the number of times two nodes (birds) were found 

roosting together. The seven breeding units with more than two individuals are indicated.  
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Figure 2.3.3. Three examples of over laid activity patterns of A. mantelli males within the same 

breeding units. In example (a), two males display synchronised activity consistent with shared 

incubation (Tweety in blue; Bow in grey). The activity of the third male in this group (Paul in 

orange) was not consistent with incubation during the year displayed with only three days of 

low activity, all occurring seemingly after the hatching of the egg. In example (b), Jaeden and 

Marc both display two synchronised initiated (but not full-long) incubations. Example (c) 
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illustrates a group with two males out of which one did all observed incubations by himself 

(George). Panel (d) denotes how many incubations were observed in the activity data and how 

many males were involved in each incubation for each of the multimale groups. Numbers 

denote years of data; only years with activity data for all males in the group were included.  

 

 

Figure 2.3.4. Flow diagram illustrating how studied birds fell into categories based on different 

features of their breeding. Males fell into categories based on their own breeding strategy, and 

females based on the strategy of their associated male(s). Strategy numbers refer to those used 

in the main text. 5tet = quintet; M = male and F = female.  
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Table 2.3.4. Statistical results from analyses of relationships between behaviour, morphometric, relatedness, and breeding strategy. Bold numbers 

highlight statistical significance (Holms-Bonferroni adjusted p < 0.05), italics indicate trends that approached significance (Holms-Bonferroni adjusted 

0.05 < p > 0.1).  

Model Random effect  Category Sample set Resp. variable Fixed effect Chisq, f, or t / df / p-value n 
lmer        
Model 1 Year Activity  Male* Max30 Help / No Help / MFF / Pair 421.87 / 3 / < 0.001 1980 
Model 2 Year Activity  Male* Min30 Help / No Help / MFF / Pair 92.08 / 3 / < 0.001 1980 
Model 3 Year Activity  Female Max30 Group vs Pair 35.49 / 1 / <0.001 3510 

     0/1/2 incubations 117.35 / 2 / <0.001 3510 
Model 4 Year Activity  Female Min30 Group vs Pair 29.90 / 1 / <0.001 3510 

     0/1/2 incubations 8.53 / 2 / 0.01 3510 
Model 5 Year Activity  Female Lowest4 Group vs Pair 2.70 / 1 / 0.10 468 

     0/1/2 incubations 0.56 / 1 / 0.45 468 
Model 6 Bird ID Start Male*  Group vs Pair 1.60 / 3 / 0.66 65 
Model 7 Bird ID Incubation days  Male*  Help vs Single** 1.51 / 1 / 0.22 36 
glmer        
Model 8 - Found together All   Group vs Pair 1.67 / 1 / 0.20 32 
lm        
Model 9 - Relatedness All   All / 1st degree / Group / Pairs 407.01 / 3 / <0.001 199 
Model 10  Relatedness Sharers  Same sex / MF /Random*** 30.16 / 2 / <0.001 204 
t-test        
T1 - Morphometrics Male Bill  Group vs Pair 1.14 / 21 / 0.27 24 
T2 - Morphometrics Male Bill/TL  Group vs Pair 0.78 / 21 / 0.19 24 
T3 - Morphometrics Male TW Group vs Pair 1.35 / 21 / 0.84 24 
T4 - Morphometrics Male Weight Group vs Pair 0.20 / 22 /0.84 24 
T5 - Morphometrics Male To LBI Group vs Pair -0.49 / 21 / 0.63 24 
T6 - Morphometrics Female Bill  Group vs Pair -2.89 / 25 / 0.14 27 
T7 - Morphometrics Female Bill/TL  Group vs Pair -2.89 / 22 / 0.01 27 
T8 - Morphometrics Female TW Group vs Pair -1.14 / 22 / 0.27 27 
T9 - Morphometrics Female Weight Group vs Pair 0.60 / 22 / 0.56 27 
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T10 - Morphometrics Female To LBI Group vs Pair 0.57 / 25 / 0.57 27 
T11 - Stress All  RTL Group vs Pair 0.35 / 29 / 0.73 32 
T12 - Stress All  Body condition Group vs Pair 0.59 / 40 / 0.56 44 
T13 - Stress All  Weigh loss 2013 Group vs Pair -1.60 / 27 / 0.12 30 

*Male in these cases refers only to males incubating during that season; ** mode of incubation 
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Due to low sample size, female activity could only be analysed by splitting into groups 

versus pairs, and on the number of initiated incubations by associated male(s) (used as a 

proxy for number of eggs laid). I found no significant difference between categories for 

either splitting for Max30 or Lowest4 (Supplementary Figure 2.3.6; Table 2.3.4). 

However, for Min30 there was significant difference found with group females being on 

average 13 minutes more active per night compared to pair females, and zero-egg 

females being on average nine minutes more active per night compared to one-egg 

females (Supplementary Figure S2.3.6; Table 2.3.4). 

2.3.3.3 Incubations 

While shared incubation appeared to reduce the number of days in a full-long 

incubation bout and increase the number of full-long and initiated incubations per year 

compared to other breeding strategies, these differences were not statistically significant 

(Table 2.3.3 and 2.3.4; Supplementary Figures S2.3.7 & S2.3.8). In addition, males that 

shared incubation were not found to have an earlier onset of the breeding season (Table 

2.3.4). 
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Figure 2.3.5. Comparison of the 30 consecutive days of highest (Max30; a) and lowest (Min30; 

b) male activity per night in relation to breeding strategy. The categories are multi-male groups 

observed to share incubation (Help), male-female-female (MFF) groups, male-male-female 

groups never observed to share incubation (No help), and socially monogamous pairs (Pair). 

Only years with a full-long incubation bout were included in the analyses. Different, lowercase 

letters denote statistically significant differences. Numbers in brackets denote sample size in 
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number of bird-years. (c) displays the ratio between Max30 and Min30 to highlight the fact that 

the significant differences in (a) and (b) go in opposite directions. 

 

2.3.3.4 Relatedness 

Pairwise allelic similarity (relatedness) among members of breeding groups (n = all 23 

members of 7 groups) was found to be significantly lower than for known first-degree 

relatives (n = 34 offspring-parent and sibling comparisons) and the same as the average 

relatedness among all sampled individuals (n = 106*106; 14 known offspring excluded; 

Figure 2.3.6; Table 2.3.4). One pairwise relationship suggested possible first-degree 

relatedness between two group members (Kerri and George; Figure 2.3.6b group C). 

Two chicks incubated by George were included in the dataset, and the genetic analyses 

of these suggested that George and Kerri were the biological parents of one and Eco and 

Kerri of the other (confirming the results based on microsatellites by Ziesemann 2011).  

Furthermore, relatedness among birds with overlapping home ranges not part of the 

same breeding unit was found to be as high as the relatedness among all sampled 

individuals (Table 2.3.4; Supplementary Figure S2.3.9). However, when broken down 

further, relatedness was found to be higher than the overall average between same sex, 

but lower among opposite sex pairwise comparisons (Table 2.3.4; Supplementary 

Figure S2.3.9). 
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average relatedness of known first degree relatives (centre arrow; equivalent of the large green 

dot in panel (a)), and relatedness of one (dark arrow to the right). Dots along the scale represent 

each pairwise comparison.  

 

2.3.3.5 Morphometrics and stress 

For males, I found no statistically significant morphometric differences associated with 

breeding in groups or pairs, including no difference in the level of relatedness to the 

Little Barrer Island birds (Table 2.3.4). Neither did I find any clear separation when all 

morphometric parameters were combined into a principal component analysis (Figure 

2.3.7a). However, group-breeding females were found to be smaller than pair breeding 

females (Table 2.3.4). This was mainly driven by a lower bill to tarsus ratio but not by 

their relatedness to birds form Little Barrier Island (Figure 2.3.7b). There appeared to be 

a tendency for group-breeding individuals to better persist drought and stress, as evident 

through a smaller weight loss and longer telomeres, but neither of these differences 

between group- and pair breeding individuals were found to be significant (Table 2.3.4).  
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Figure 2.3.7. Principal component analyses (PCA) comparing the morphometric measurements 

(see Table 2.3.3) of birds breeding in groups to birds breeding in pairs. (a) shows males, (b) 

shows females. Group breeding females were found to be smaller compared to pair breeding 

females.  
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thus, in each case cooperative breeding has evolved, a combination of factors are 

expected to (1) enable individuals to gain fitness by being part of a group, and (2) 

constrain individuals from successfully breeding in independent pairs (Cockburn 2003, 

Baglione et al. 2005, Ekman & Ericson 2006, Cockburn & Russell 2011, Griesser et al. 

2017). Some of the factors driving group breeding in other species can be ruled out for 

A. mantelli. First, Apteryx lack chick provisioning, hence, providing more food or 

reducing parental feeding load cannot be driving breeding strategy in this genus. In 

addition, reducing the risk of parasitism from other bird species seems a very unlikely 

factor. Lastly, with one exception (see below), the levels of relatedness among members 

analysed herein was too low for kin-selection to become an effective driver of group 

breeding.  

Instead, other factors must be generating benefits with group breeding in A. mantelli. 

The long incubation is costly for male A. mantelli, both in terms of personal body 

condition (McLennan 1988) and time sacrificed that cannot be spent on further 

copulation, mate guarding, or other forms of socialising. I found that males in groups 

with shared incubation spent about one hour less active per night during their peak 

activity, likely consistent with less time spent foraging (and to some extent socialising). 

In addition, the males sharing incubation spent more time active during that time, and 

even if the difference was small per night, it added up to about 24 hours of extra activity 

during a full-long incubation bout. As the differences in activity during incubation and 

non-incubation between shared and single incubation went in opposite directions, the 

activity ratio might be the most telling figure; sharing males only reduce their activity 

by about 60% during incubation while males with all other strategies reduce their 

activity by 70%. Thus, I suggest that for males, the benefits of group breeding appear to 

be that (1) the father of the egg can reduce investment in incubation, and (2) the non-
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sources suggest that the Little Barrier Island population might not be pure A. mantelli 

but rather a mix of A. mantelli and one of the other Apteryx species for which group 

breeding is common (Colbourne 2002, 2005). 

The differences within the Apteryx genus suggest that comparative studies of their 

breeding effort, parentage distribution, and nest success would be interesting and highly 

informative for better understanding drivers of breeding behaviour within as well as 

outside this group. A particularly important focus for understanding Apteryx group 

breeding would be determining the distribution of parentage both among breeding unit 

members and non-members. Ideally, such a study would compare lifetime reproductive 

success between all the categories of A. mantelli identified herein: (1) fathers 

transferring some of their incubation burden to others; (2) males partaking in the 

incubation of eggs that are not theirs; (3) males associated with a group who does not 

incubate; (4) males in socially monogamous pairs; (5) females associated with more 

than one male; (6) females sharing male(s) with other females; and lastly, (7) females in 

socially monogamous pairs. However, such study would be challenging, firstly due to 

the long lifespan of A. mantelli (up to at least 40 years). Further, crucial investigations 

would focus on whether Apteryx has a mechanism for kin recognition and/or knowledge 

of the parentage of individual eggs. If a mechanism for the latter is identified, egg-adult 

relatedness could then be compared to individual incubation effort. Perhaps differences 

in relatedness to the individual egg could be the explanation for the noticeable 

difference in incubation effort invested between clutches for some members of multi-

male groups. Other key studies would verify the direct benefits for males sharing 

incubation. A starting point for such work would be measuring bodyweight just before 

and just after the onset of incubation to investigate if sharing incubation allows for a 

smaller weight loss. 
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Should we expect group breeding in A. mantelli to be a Ponui Island specific 

phenomenon? There are several examples of species where the prevalence and format of 

cooperation changes with population density, habitat, and/or limited availability of 

territories (Pribil & Searcy 2001, Walker et al. 2008, Griffith et al. 2010) and of species 

where the prevalence and occurrence of group breeding differ among populations and/or 

areas (Baglione et al. 2002a, Lacey et al. 2016). This suggests that group breeding 

could occur only in some A. mantelli populations. Anecdotal stories from A. mantelli 

practitioners suggests that males in other populations are sometimes observed 

continuously nesting two years straight, incubating new eggs very shortly after a known 

partner has been found dead (Black, J. pers. com. 2020), or attempting to incubate three 

egg-clutches (Rewha, R. pers. comm. 2020). Vieco-Gálvez (2019) found a high degree 

of mixed parentage both within and between years in the A. mantelli population at 

Maungataniwha. This population is managed using Operation Nest Egg, which means 

that eggs are removed from nests and incubated in captivity to improve juvenile survival 

(Colbourne et al. 2005). One possible explanation for the mixed parentage observed in 

this population could thus be that removing eggs resembles repetitive nest failures, 

which have been shown to increase the divorce rate in other monogamous birds (Culina 

et al. 2015). However, the results of Vieco-Gálvez (2019) are more in line with either 

extra pair mating or group breeding than divorces since chick genotypes were mixed 

rather than replaced consecutively. Based on these observations, I suggest that group 

breeding is likely occurring in other A. mantelli populations. 

Our results combined with those of Vieco-Gálvez (2019) highlight the issue that for 

many species data collection on behaviour is limited to unnatural, already diminishing, 

fragmented, human affected, and/or managed populations (Pribil & Searcy 2001, 

Griffith  et al. 2010, Caro & Sherman 2011). A benefit of studying behaviour in the A. 
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mantelli population on Ponui Island is that this is one of few areas experiencing what is 

thought to be historical population densities. However, this population has also been 

vastly affected by humans. For instance (1) Ponui Island is an off-shore island, limiting 

any longer distance dispersal, (2) the mixed origin of this population likely allows for 

pairings among genetically more dissimilar birds than would be expected under natural 

conditions, and (3) just like all Apteryx populations, the Ponui Island population live in 

a habitat with a substantially altered species composition. Along the same lines, while 

Maungataniwha represents a population without a mixed translocation history or ocean 

boundaries, the practice to remove eggs hardly represents natural breeding conditions. 

In addition, humans have likely changed some of the key selection pressures around 

breeding strategies of New Zealand birds (Massaro et al. 2008). For instance, the 

introduction of mammalian predators might have rendered a direct negative effect of 

group breeding for Apteryx if increased bird presence at the nest was linked to increased 

predation risk. In several other cases where cooperative breeding has been lost there 

seems to be a relationship between abandoning group breeding and exposure to a 

harsher, less predictable habitat making the more flexible and mobile strategy of pair 

breeding beneficial (Carmen 2004, Ekman & Ericson 2006, Koenig & Dickinson 2016). 

From an Apteryx perspective, the environment after human arrival to New Zealand 

indeed represents harsher and less predictable habitat. For all these reasons, the current 

prevalence of group breeding in A. mantelli could possibly be quite different from the 

situation a few hundred years ago.  

2.3.5 Conclusion and possible implications 

Herein I provide strong evidence for previously unappreciated flexibility in the mating 

system of A. mantelli. I found strongest support for the drivers of group breeding being 

access to beneficial habitat and opportunity for a smaller behavioural change between 
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breeding and non-breeding season. However, this was only the case for males. This 

study is raising interesting questions regarding the scale at which drivers of breeding 

strategy, such as potential for polygamy, act and whether, even within one population of 

one species, the circumstances in each individual home range is the determining factor. 

In his review on the topic, Klug (2018) highlights that studying drivers of breeding 

strategy choice within species exhibiting multiple strategies is crucial for bringing this 

research field forwards. Thus, further studies of Apteryx breeding are not only needed to 

delimit the conditions under which breeding flexibility in A. mantelli takes effect but 

could provide long-sought knowledge influential far beyond this genus. One key 

question is the role of population density. 

Does it matter if some A. mantelli breed in groups? Many A. mantelli conservation 

projects monitor birds in areas where chick survival is minute due to stoat predation, 

thus, some of these projects rely on catching the chicks at a few days of age and 

translocating it to an area of lower predator density. Such interventions rely on an 

accurately triggered hatching mode on their transmitter fitted males. Our results suggest 

that occurrence of group breeding could lower the accuracy of the hatch trigger and thus 

have a direct effect on the outcomes for these management projects. More generally, 

group breeding frequency is likely to affect the long-sought-after relationship between 

kiwi call counts, the number of breeding units, and population growth rate. Lastly, 

group breeding frequency could warrant reconsideration of previous calculations of 

carrying capacities, recommended founder population sizes, and criteria for determining 

conservation success since the breeding system can have a large effect on the outcome 

of management interventions (Vila et al. 2003, Adams et al. 2011, Bateson et al. 2014, 

Kardos et al. 2018, Thavornkanlapachai et al. 2019). The latter is relevant to 
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translocations aiming to achieve genetic rescue, especially if it turns out that parentage 

within groups is generally mixed or changing over time. 
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Abstract 

Human impact over the last several hundred years has resulted in most Apteryx mantelli 

being confined to isolated populations. Many of these populations have a recorded 

history of translocations, bottlenecks, and/or management. For instance, some 

populations are known to have been founded with few or mixed founders, and there is 

currently confusion around where these fit into the current and future management of A. 

mantelli. Herein, I focus on the mixed, or hybrid, A. mantelli population on Ponui 

Island. I compared the diversity for the Ponui Island population to other island 

populations with a single translocation origin from one area, growing but bottlenecked 

mainland populations, as well as comparatively pristine, large, and dense mainland 

populations. I also compared the genetic identity of the Ponui Island birds to reference 

birds representing the supposed source populations used to found this population in 

1964, i.e., Little Barrier Island and the Waipoua Forest. The results show that Ponui 

Island had the highest diversity and lowest relatedness between individuals of the 

compared populations. At least eighty percent of the Ponui Island birds had a mixed 

genomic makeup, but no birds were found to cluster to 100% with the reference birds 

from Little Barrier Island. I suggest that the large, dense, diverse, and relatively easily 

accessible A. mantelli population on Ponui Island is a successful hybrid swarm that 

likely represents the positive effects of genetic rescue. Consequently, I suggest that 

Ponui Island can be a promising source for future kiwi translocations, depending on the 

goal of such interventions. 

  





205 
 

However, there are also ways in which translocations can result in reduced diversity 

such as (1) genetic homogenisation (also referred to as genetic sweeping or swamping), 

(2) genetic replacement, or (3) when outbreeding depression results in lower fitness of 

mixed progeny. Since these are all caused by genetic, phenotypic, or fitness differences 

between source and target populations, the way to reduce the risk of such unwanted 

outcomes has commonly been minimising the genetic difference between source and 

target populations (Edmands 2007, IUCN/SSC 2013, Ralls et al. 2018). Since genetic 

identity is rarely known, geographic proximity is often assumed to equal genetic 

similarity. When no sufficiently similar source population has been identifiable, 

inaction has often been regarded as the safer option from a conservation perspective 

(Frankham 2015, Ralls et al. 2018). This way of prioritising minimal difference often 

excludes a large proportion of populations from being candidate sources or target for 

translations (Craig et al. 2011, IUCN/SSC 2013, Frankham et al. 2017, Martin et al. 

2017, DOC 2018). One example is that mixed or hybrid populations are often excluded 

from acting as translocation sources and targets, even when admixture has been within 

recognised species (Allendorf et al. 2001, Craig et al. 2011, Scrimgeour & Pickett 2011, 

Germano et al. 2018), particularly if hybrids are the results of human interventions, 

such as historic multi-origin translocations or when one of the parental taxa are 

substantially more common than the other (Love Stowell et al. 2017, van Wyk et al. 

2017).  

These restrictive attitudes towards what constitutes suitable translocation targets and 

sources and the prevailing reluctance of generating hybrids have likely had detrimental 

consequences for the future perseverance of several populations and species (Frankham 

2015, Hamilton & Miller 2016, Love Stowell et al. 2017, Ralls et al. 2018, Bell et al. 

2019). In fact, meta-analyses of over 150 published case studies have suggested that the 
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three most important conditions for translocations successfully generating genetic 

rescue was not similarity between source and target, but rather that (1) the source 

population was not inbred, (2) the target population experienced some level of 

environmental stress, and (3) genetic diversity was maximised in the target population 

after translocation (Zeisset & Beebee 2013, Frankham 2015, Frankham et al. 2017, 

Ralls et al. 2018).  

At the same time, our ability to accurately predict the outcomes of mixed origin 

translocations remains limited (Chapter 1.3; Undin et al. 2021b), and, since 

conservation translocations by default involve threatened species, the opportunity for 

experimentally addressing what constitutes the best translocation strategy are next to 

non-existent (Hilton & Richardson 2004, Janes & Hamilton 2017). Luckily, a promising 

alternative to such studies is revisiting sites of well-documented, historic translocations. 

Increasing evidence also supports that such studies would benefit from utilising 

genomic analyses (Funk et al. 2012, Garner et al. 2016, Galla et al. 2020). This is 

because the resolution provided by genomic analyses enables identification of 

individuals, populations, and species of hybrid origin; quantification of introgression; 

and investigation of how and why lineages differ (Hohenlohe et al. 2013, Ottenburghs 

et al. 2017), which is crucial information for predicting the likely consequences of 

admixture (Frankham et al. 2011, Flanagan et al. 2018). High-density single nucleotide 

polymorphism (SNP) libraries obtained by reduced representation sequencing (RRS) 

methods such as Genotype-by-sequencing (GBS; Elshire et al. 2011) is one type of 

dataset that provides high enough resolution for complex analyses while also avoiding 

the high costs and data complexity associated with whole-genome sequencing (Puckett 

2017). In contrast to traditional genetic markers such as allozymes, microsatellites, and 

mitochondrial sequence, RRS identifies thousands of polymorphic loci from genomic 
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alternatively (3) if the mixed parentage of Ponui Island has generated higher diversity 

and lower levels of inbreeding compared to the reference populations. Finally, I discuss 

how my results relate to Apteryx conservation in general, to the current recovery plan, 

and to the future management of the Ponui Island population. Increased understanding 

of successful translocations, hybridisation, and how to achieve genetic rescue is 

instrumental for conservation management of fragmented populations of all species but 

will be particularly beneficial for Apteryx spp. and other long-lived species with reduced 

dispersal ability (Young & Duchicela 2020). 

3.1.2 Materials and Methods 

3.1.2.1 Study species 

The nocturnal, flightless, ratite genus Apteryx is endemic to Aotearoa New Zealand. 

Genetic analyses recognise five extant species which are further split into 14 MUs or 

taxa; four of these are within A. mantelli and are referred to as Northland, Coromandel, 

Western, and Eastern, respectively. Despite lacking understanding around the nature of 

and history behind the genetic differences (see further Chapters 1.2 and 1.3), current 

conservation focuses on managing and maintain the taxa separately. Historic 

management has resulted in current A. mantelli populations falling along a gradient 

from non-managed to highly managed and from low to extensive influence of 

translocations and/or bottlenecking (Colbourne 2005, Robertson & de Monchy 2012, 

Innes et al. 2015). 

3.1.2.2 Study populations, translocation history, and blood sampling 

The nine focus A. mantelli populations referred to and/or analysed in this study are 

described in detail below (summary in Table 3.1.1 and Figure 3.1.1). In addition, 
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For all populations except Ponui Island, blood sampling was conducted in 2019 and 

2020 under the Massey University Animal Ethics Committee (MUAEC) permits 06/05, 

07/144, 16/92, 18/82, and 18/83 and the Department of Conservation Wildlife permits 

AK-14969-RES, AK-21519-FAU, 50249-FAU, 70826-CAP, and 70875-RES. 

Following the Kiwi Best Practice Manual, blood was sampled by licensed kiwi 

practitioners from the metatarsal vein. With the exception of two birds in the Trounson 

Kauri forest, these were all birds without transmitters; detection and catching involved a 

combination of daytime tracking with a certified kiwi conservation dog and handler, and 

night-time catching relying mainly on encounter capturing but also, to a lesser extent, 

attracting birds using whistle or playback. The method used was found to not influence 

the bird composition sampled or the blood values collected (see further Appendix A2). 

On Ponui Island, blood was sampled in four separate cohorts: in 2004, 2006-2008, 

2010, and 2017-2018 (see further Appendix A1). Most of the sample utilised here was 

sampled in 2017, but older samples were used to increase sample size and spread across 

the island.  

3.1.2.3 Phenotypic diversity 

To investigate patterns of phenotypic diversity consistent with founder effects, additive 

phenotypic diversity, and transgressive segregation, the phenotypic spread of four blood 

and four morphometric parameters was compared between populations. Specifically, the 

spreads of total protein levels, glucose concentration, packed cell volume (PCV) and 

haemoglobin concentration (HB), bill length, tarsus width (TW), tarsus length (TL), and 

bill length to TL ratio were graphically compared using the commands geom_violin and 

geom_jitter within the function ggplot from the R package tidyverse (Wickham et al. 

2019). For the morphometric parameters, only adult birds were included. However, 
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since the focus was on the spread of phenotypes, males and females were analysed 

together despite size differences between the sexes; this allowed for a larger sample size 

per population.  

3.1.2.4 Genetic diversity  

3.1.2.4.1 DNA isolation  

See Chapter 2.2. 

3.1.2.4.2 GBS library preparation and sequencing 

Pair-ended Genotype-by-sequencing (GBS) library and sequencing preparation as well 

as associated quality checks were done by The Elshire Group Limited. GBS libraries 

were constructed using 100 ng of genomic DNA, 1.44 ng of adapters, the restriction 

enzyme EcoT22i, and 18 PCR cycles (Elshire et al. 2011). In total, 282 samples from 

260 unique birds were analysed across three 96-well plates (see further Appendix A1). 

Sample location within plates was randomised and each plate contained one positive 

and one negative control. Sequencing was performed on an Illumina HiSeq XTen with 2 

x 150 bp paired-end reads.  

3.1.2.4.3 SNP calling, filtering, and trimming 

Processing of raw read data, including filtering, trimming, alignment, and SNP calling, 

was done by Tea Break Bioinformatics. Due to the questionable quality of the 

previously published A. mantelli genome (Le Duc et al. 2015), fragments from this 

study were aligned to a re-assembled genome using Meraculous 2.2.5.1 (Chapman et al. 

2011). The 1 538 639 658 raw GBS reads were demultiplexed using Axe (axe-demux; 

Murray & Borevitz 2018), adapters and barcodes were trimmed using the batch_trim.pl 
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script (www.github.com/Lanilen/GBS-PreProcess), and pair matching was carried out 

using Bowtie 2 (Langmead & Salzberg 2012).  

SNP-calling was conducted in STACKS 2.5 (Catchen et al. 2013) using the populations 

program set for the EcoT22i enzyme, bootstrapping, and site merging. The output was 

provided as text files formatted for genepop and STRUCTURE (see below), fasta files 

for loci and samples, and as a single snp file. This was all done using the following 

command line: --vcf -r 0.1 --min-maf 0.1 -e ecoT22I --ordered-export --bootstrap --

merge-sites --genepop --structure --fasta-loci --fasta-samples --fasta-samples-raw --

write-single-snp. Each step was done for each plate separately, after which the graphical 

output from Kinship-using-GBS-with-Depth-adjustment program (KGD; Dodds et al. 

2015) and Tensorflow Projector (www.projector.tensorflow.org/) were used to verify 

the absence of bias or batch effects. Stacks 2.5 was then rerun with the same parameter-

setting for a combined dataset of all three plates. The output from this run was trimmed 

to only include the first variable site per locus. The number of individuals and 

populations utilised differed between populations (see below), thus all loci might not be 

variable within each analysed datasets.  

3.1.2.4.4 Relatedness 

The KGD output (see above) was used to acquire a matrix of pairwise relatedness (also 

referred to as allelic similarity) values accounting for differences in SNP read depth. 

Such relatedness values have previously been shown to be highly correlative with 

known pedigree-based values of relatedness (see for instance Galla et al. 2020). The 

unscaled relatedness value of each bird to all other sample birds from the same 

population were used to compare average relatedness within populations as a proxy for 

inbreeding. Linear model (lm; R core team) was used to test population differences 
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3.1.2.4.6 Structure 

To investigate population structure with the hybrid Ponui Island population, 153 

individuals (120 from Ponui Island, 13 from LBI, and 20 from Trounson) were analysed 

using STRUCTURE 2.3.4 (Pritchard et al. 2000, Hubisz et al. 2009). Each K between 1 

and 8 was explored using the admixture model, a 10000 run burn-in, 90000 generations, 

and 10 iterations. Structure_threader (www.github.com/StuntsPT/Structure_threader) 

was used to automate and parallelize the runs. Best K was evaluated using the Evanno 

method (Evanno et al. 2005) and Structure harvester version v0.6.94 (Earl & vonHoldt 

2012). In order to validate the interpretation of the clustering with the highest statistical 

support as well as the expected number of clusters (three), the results of the structure 

analyses were cross-compared to the relatedness data by (a) comparing the cluster 

identity of each bird and (b) correlating proportional likelihood of assignment to cluster 

one (at K = 3) to average relatedness to the LBI birds for each Ponui Island bird. 
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Figure 3.1.1. Map indicating the location of A. mantelli populations sampled and discussed in 

relation to genetic diversity and translocation history (complementary data in Table 3.1.1). 

Coloured dots indicate islands, and the top right inset their relative size. Patterned area indicates 

the historic distribution of A. mantelli (Shepherd et al. 2012, Germano et al. 2018). Filled areas 

indicate the current distribution, with colours delimiting management units. Arrows indicate the 

origin of translocated founders.  
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3.1.3 Results 

To quantify, evaluate, and compare the diversity of the hybrid A. mantelli on Ponui 

Island, samples from 209 birds from seven focus populations (Table 3.1.1) were utilised 

plus an additional 51 reference samples. The genomic analyses included 51691 loci with 

an average call rate of 0.60 (STD 0.07) and an average sample depth of 24 (STD 12). 

3.1.3.1 Phenotypic diversity 

Overall, the analyses of phenotypic diversity indicate that the Ponui Island population is 

morphologically diverse, consistent with a genomic contribution from both parental 

populations. The distribution of bill lengths and bill length to tarsus length ratios found 

in LBI and Trounson had limited overlap, with Trounson birds being bigger. The 

equivalent distribution for the Ponui Island population spanned values that encompassed 

both LBI and Trounson distributions combined, a pattern consistent with hybridisation 

with additive phenotypic diversity (Figure 3.1.2a & c). The distribution of tarsus widths 

and tarsus lengths in the Ponui Island population included values both larger and 

smaller than that of Trounson and LBI, a pattern consistent with hybridisation followed 

by transgressive segregation resulting in extreme phenotypes (Figure 3.1.2b & d). 

Furthermore, the relatively narrow and offset variation observed in the Moturua and 

Rakaumangamanga, is consistent with so-called founder effect, and can be expected due 

to the tight bottlenecks of these populations (Figure 3.1.2). There were few clear trends 

in the haematology data. However, the wide span of PCV and glucose concentration 

values observed in the Ponui Island population compared to LBI and Trounson is 

consistent with increased phenotypic plasticity associated with transgressive segregation 

(Figure 3.1.3b & c). Notably, the small sample sizes of adult individuals from some 

populations rendered it impossible to quantify the contribution of differences between 

male and female kiwi as well as environmental factors to the phenotypic patterns 
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3.1.3.3 Genetic clustering and structure 

The dendrogram based on allelic similarity (pairwise relatedness) identified a total of 

nine clusters or clades (Figure 3.1.6a). One of the clades consisted only of birds from 

LBI and grouped together with three clades containing only Ponui Island birds. The 

birds from Trounson were split across three clades, one of which contained the 

remaining Ponui birds, and two containing a mixture of Trounson birds and the other A. 

mantelli Northland birds. Together all Ponui, all LBI and most of the Trounson birds 

formed a monophyletic group, while the reference birds from the Eastern and the 

Coromandel taxa and the birds from other Northland populations formed a separate 

group together.  

The structure analyses found the strongest support for a division in five clusters (K = 5). 

At this K-value, almost no individuals had a 100% probability of assignment to a 

particular cluster (Figure 3.1.6b). However, when overlaying the dendrogram based on 

allelic similarity and the cluster-assignment probabilities at K = 5, the results indicated 

coherence; each dendrogram clade was represented by a distinct assignment probability 

profile (Figure 3.1.6c). This coherence between method support that the identified 

clusters represent true genetic lineages.  
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120 birds from Ponui Island, and 20 from Trounson. Each vertical column represents one 

individual, and the colours represent the proportion of the genome or the probability of the 

individual clustering with the 5 (top row) or 3 (lower row) identified clusters (K). K = 5 had the 

strongest statistical support. K = 3 illustrates the gradual representation of genomic identity 

matching LBI heritage in Ponui Island individuals (yellow part of each column). Individuals 

appear in the same order in both graphs. Black lines indicate the limits between populations. 

Compare Figure 2.2.4b. In (b) the individual probability of assignment to cluster one (the 

dominating LBI cluster) has been correlated to the average relatedness to the LBI birds for each 

Ponui Island bird defined by allelic similarity. Error bars indicate STD for relatedness.  

 

3.1.4 Discussion 

The main result presented herein is that the within-species hybrid population on Ponui 

Island was found to be more diverse than all reference populations analysed. 

Specifically, the mixed A. mantelli population on Ponui Island was not only more 

diverse than other bottlenecked populations with single founder origins, but also 

significantly more diverse than large, dense mainland populations with no known 

bottleneck history. This pattern was true for indicators of inbreeding (relatedness and 

heterozygosity; see also Ziesemann 2011) and overall diversity (non-shared alleles). In 

addition, this pattern was supported by the spread of phenotypic diversity. The high 

diversity, impressive density, and rapid population growth observed in the Ponui Island 

population are consistent with the definition of genetic rescue (Frankham 2015, 

Whiteley et al. 2015, Bell et al. 2019), even if this term is generally used to describe the 

outcome after reinforcement rather than introduction translocations. Combined with the 

structure analyses and the wide phenotypic distribution, this suggests that the current 

population on Ponui Island constitutes a successful hybrid swarm where about 80% of 

the sampled individuals (101 out of 120) had a mixed genetic makeup. In fact, this 

percentage represents a conservative estimate since LBI heritage was defined as the 
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Furthermore, these molecular studies would greatly benefit from being combined with 

field studies of fitness parameters such as reproductive success and survival which can 

be correlated to translocation and bottleneck histories as well as to habitat parameters of 

interest. Issues with such studies are, of course, the long lifespan of kiwi and the 

difficulty in accurately determining their age, thus further research into identifying 

fitness markers that are accurate and can be gained without decades of field study 

should also be prioritised (see further Chapters 4.1-4.3). 

Even when found to be high, the diversity of a mixed population is rarely equal to the 

sum of variation in the parental populations (Dresser et al. 2017, Rick et al. 2019, 

Thavornkanlapachai et al. 2019). This can be because translocations inevitably 

constitute bottlenecks excluding some diversity from the source, but can also be due to 

an unequal spread of reproductive success among founders. The structure analyses 

herein suggested that no sampled Ponui Island bird was of 100% LBI identity and that 

the representation of LBI derived allelic diversity across the sampleset was about 40% 

lower than expected, assuming equal success for all founders. Equal success of all 

founders after a translocation is unlikely to be a fair expectation due to, for instance, the 

high sensitivity to stochastic demographic events (random casualties) while the 

population is small. While saying this, the lower than expected representation of LBI 

derived genomic signal is suggestive of a consistently lower reproductive success for 

these birds compared to birds from the second source population. A very similar 

scenario was found in the mixed burrowing bettong (Bettongia lesueur) population at 

the fenced-off mainland area, Matuwa, in Western Australia. One of the sources for this 

population was an island with previous translocation history. Individuals with a >50% 

genetic identity from this bottlenecked population were found to experience lower 

reproductive rates compared to other individuals in the mixed population (Todesco et al. 
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Table 3.2.1. Glossary of terms and abbreviations. 

Term Definition used herein 
Alleles Variants of the same gene that differ in their nucleotide 

sequence. 
Heterozygous Having two different alleles of the same gene; one 

inherited from either parent. Proportion of heterozygosity 
is thus a measure of genetic diversity. The opposite is 
called Homozygous 

Fragmentation The degradation of habitat that results in loss of 
connectivity, i.e., cessation of migration, dispersal, and 
mating, between areas within the distribution of a species. 

Inbreeding Mating between close relatives often due to fragmentation 
and small population size. This increases the risk of 
inheriting the same allele from both parents which 
reduces heterozygosity.  

First-order relative The relationship between either an offspring to a parent or 
between full siblings, i.e., between individuals that 
theoretically share half of their genetic material. 

Translocation  Human-mediated movement of living organisms from one 
area to another. 

Introduction Translocation to an area outside the indigenous range of a 
species. Also referred to as assisted colonisation. As a 
comparison, reintroduction refers to the reestablishment 
through translocation within the know historic range of a 
species. When this results in negative fitness 
consequences, it is referred to as inbreeding depression.   

FGE The number of individuals introduced to an area will be 
larger than the number of Founder Genome Equivalents 
(FGE) if some individuals die before they reproduce, or 
two or more founders are related. The latter means, for 
instance, that if four introduced birds are full siblings, 
they only contribute two FGE to the effective starting 
population. Thus, when estimating, for instance, the risk 
of inbreeding, the number of FGE and their origin is a 
more informative value than the number of birds released.  

Reinforcement Translocation of additional individuals into an existing 
population. Also referred to as Supplementation (see for 
instance the Kiwi Recovery Plan)  

Hybrid Individual resulting from mating between genetically 
distinct parents. Often this refers to mixing separate 
species, but herein I use the word hybrid to refer to 
Apteryx mantelli individuals with heritage from more than 
one management unit (also referred to as taxa). 
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the translocated birds from LBI as unrelated, which is unlikely to be accurate (in fact, 

the genetic analyses suggested that two of the founding males form LBI were closely 

enough related to be brothers). Strictly speaking, all A. mantelli will, of course, be 

related, especially all individuals within an isolated site such as Little Barrier Island, but 

what is meant by unrelated is not defined in the Kiwi Recovery Plan or the Best Practice 

Manual, leaving this parameter open for interpretation (Robertson & Colbourne 2017, 

Germano et al. 2018). 

Consequently, an important question for future Apteryx translocations is whether 40 

released birds is a useful cut off value. The successful, high-density A. mantelli 

population on Ponui Island has been identified as more genetically diverse than large 

mainland populations despite only 14 birds having been released on this island (eight A. 

mantelli Northland and six birds from LBI; see Chapter 3.1). At the same time, Weiser 

et al. (2013) found through computer modelling that an Apteryx population founded 

with 40 individuals would need to receive, on average, one immigrant/supplementary 

bird every two years to retain 90% of the allelic diversity (which is a widely accepted 

goal for genetic management; Batson et al. 2015, Weeks et al. 2015, Frankham et al. 

2017). In general, if comparing across bird introductions worldwide, 30 birds has been 

the median number of individuals released, and the overall success of bird introductions 

have been high (Sutherland et al. 2019, Skikne et al. 2020). Another indicator that the 

number 40 is rather arbitrary is that, for captive Apteryx populations, 20 founders have 

been deemed sufficient (Barlow 2018). Consequently, I stress that the genetic 

composition of the founders, their success after release, and the rate of further 

supplementation are all factors defining for the success and genetic diversity in an 

introduced population; hence, a set number of founders (40 or otherwise) is unlikely to 
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Additional Figure Ad3.1.2. Taxon background and relationships between the Remutaka Forest Park birds from which blood samples were collected.  
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Abstract 

The growing need for conservation calls for accurate and informative ways to evaluate 

and compare populations of threatened species. Increasing interest is turned towards 

molecular markers and one of the candidates receiving the most attention is telomeres. 

Telomere length and the rate of telomere attrition have been found to correlate with age, 

stress exposure, and mortality risk in many species, making these promising markers of 

individual- as well as population-level viability. Apteryx is a long-lived genus relying on 

active conservation management, but for which methods of ageing adult individuals and 

evaluating parameters such as inbreeding and outbreeding depression is currently 

lacking. This first-ever pilot study examined what factors co-vary with telomere length 

in A. mantelli and found large variation among individuals, but no correlation between 

relative telomere length and age, size, growth, or stress. The correlations that were 

found between haemoglobin concentration, packed cell volume, relative telomere 

length, and age suggests that environmental impacts on telomere attrition differ too 

much between populations to infer general patterns. While this does not rule out 

telomere length as an informative marker of health in A. mantelli individuals as well as 

populations, it suggests that further studies are needed and that these require more 

controlled settings. 

4.1.1 Introduction 

Worldwide, conservationists are faced with an ever-increasing number of small, isolated 

populations at risk of local extinction, combined with a limited pot of conservation 

dollars (IUCN 2020). This situation renders the need to prioritize among, and hence to 

somehow evaluate, such populations (Joseph et al. 2009, Malone et al. 2018, McGowan 

et al. 2020). One reason evaluating the viability and conservation status of long-lived 
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all the above together, measuring the telomere length of individuals and length 

distributions in populations could be informative for comparison and evaluation 

regardless of the causality (Haussmann & Marchetto 2010, Monaghan et al. 2018, 

Spurgin et al. 2018). Consequently, telomere length is a marker with great potential be 

informative for evaluating historic translocation success, current translocation needs, 

and the suitability of different populations to act as sources for such translocations 

(Haussmann & Marchetto 2010, Monaghan et al. 2018, Spurgin et al. 2018).  

The kiwi genus Apteryx is an exemplar of an extraordinarily long-lived and threatened 

group for which the lack of methods for (1) evaluating and predicting translocation 

outcomes, and (2) ageing adults beyond the age of four (while the oldest known 

individual is currently 42 years old) are currently limiting further improvements of 

conservation policy (Barlow 2011, Robertson & de Monchy 2012, Innes et al. 2015, 

Innes et al. 2016, Robertson & Colbourne 2017, Germano et al. 2018). Currently, 

Apteryx individuals can at best be split into four, broad age classes based on bill length, 

behaviour, weight, and growth (Table 4.1.1; Sales 2005, Robertson & Colbourne 2017). 

Even these classes are somewhat ambiguous, and a major challenge is that subadult 

females can be mistaken for adult males (Robertson & Colbourne 2017). To explore if 

this can be overcome with molecular methods, I herein present the first ever 

investigation of telomere dynamics in Apteryx. In addition, beyond a potential indicator 

of age and health, Apteryx telomeres warrant attention since a recent genomic analysis 

identified positive selection for a gene named telomere maintenance 2 (TELO2 or 

Tel2P) as a key locus differentiating the Apteryx clade (Ramstad & Dunning 2020).  

This study was conducted in three parts. The first part explored the relationship between 

telomere length and age of A. mantelli individuals from several populations of known 

age ranging from four months to 21 years old. The second part utilised samples from 
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Ponui Island, which is one of the most extensively studied A. mantelli populations. For 

this part, data has been collected for the last 17 years, enabling investigation of the 

relationships between telomere length and size, growth, stress, haematology, activity, 

and habitat utilisation in adult A. mantelli (of unknown age). The third and last step was 

to explore whether any relationships found in the Ponui Island population during step 

two could be verified in adult birds from other populations. Finally, the results are 

discussed from a perspective of the potential for telomere length to act as an informative 

marker of age and/or a worthwhile measurement for population comparisons in Apteryx. 

Specifically, telomere measurements are discussed in the light of improving how 

appropriate target and source populations are identified and how Apteryx translocation 

success is evaluated. 
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Lorenzo Remutaka 2020 18 X  X - Southern 
Tahuna Remutaka 2020 21 X  X - Southern 

Anne Ponui I. 2017 
Uk. 

Adult  X   

Belgarion Ponui I. 2017 
Uk. 

Adult  X   

Betty Ponui I. 2017 
Uk. 

Adult  X   

Blandy Ponui I. 2017 
Uk. 

Adult  X   

Bow Ponui I. 2017 
Uk. 

Adult  X   

Camila Ponui I. 2017 
Uk. 

Adult  X   

Charlie Ponui I. 2017 
Uk. 

Adult  X   

Clea Ponui I. 2017 
Uk. 

Adult  X   

Clel Ponui I. 2017 
Uk. 

Adult  X   

Daphnae Ponui I. 2017 
Uk. 

Adult  X   

Dario Ponui I. 2017 
Uk. 

Adult  X   

Denis Ponui I. 2017 
Uk. 

Adult  X   

Elisabeth Ponui I. 2017 
Uk. 

Adult  X   

Emily Ponui I. 2017 
Uk. 

Adult  X   

Gaven Ponui I. 2017 
Uk. 

Adult  X   

Genesis Ponui I. 2017 
Uk. 

Adult  X   

George Ponui I. 2017 
Uk. 

Adult  X   

Ivan Ponui I. 2017 
Uk. 

Adult  X   

Jacob Ponui I. 2017 
Uk. 

Adult  X   

Jaeden Ponui I. 2017 
Uk. 

Adult  X   

Jenno Ponui I. 2017 
Uk. 

Adult  X   

Jono Ponui I. 2017 
Uk. 

Adult  X   

Kat Ponui I. 2017 
Uk. 

Adult  X   

Ken Ponui I. 2017 
Uk. 

Adult  X   

Kerri Ponui I. 2017 
Uk. 

Adult  X   

Kobi Ponui I. 2017 
Uk. 

Adult  X   
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Leigh Ponui I. 2017 
Uk. 

Adult  X   

Linda Ponui I. 2017 
Uk. 

Adult  X   

Louise Ponui I. 2017 
Uk. 

Adult  X   

Margm Ponui I. 2017 
Uk. 

Adult  X   

Mark Ponui I. 2017 
Uk. 

Adult  X   

Mauro Ponui I. 2017 
Uk. 

Adult  X   

Max Ponui I. 2017 
Uk. 

Adult  X   

Minnie Ponui I. 2017 
Uk. 

Adult  X   

Octavia Ponui I. 2017 
Uk. 

Adult  X   

Olivia Ponui I. 2017 
Uk. 

Adult  X   

Paul Ponui I. 2017 
Uk. 

Adult  X   

Ponui Ponui I. 2017 
Uk. 

Adult  X   

Salome Ponui I. 2017 
Uk. 

Adult  X   

Scott Ponui I. 2017 
Uk. 

Adult  X   

Tako Ponui I. 2017 
Uk. 

Adult  X   

Tashu Ponui I. 2017 
Uk. 

Adult  X   

Tomasina Ponui I. 2017 
Uk. 

Adult  X   

Vaughan Ponui I. 2017 
Uk. 

Adult  X   

PURANG1 Purerua 2019 
Uk. 

Adult   X - Northern 

PURLAN19 Purerua 2019 
Uk. 

Adult   X - Northern 

PURLAN20 Purerua 2019 
Uk. 

Adult   X - Northern 

PURMAL1 Purerua 2019 
Uk. 

Adult   X - Northern 

PURMAL2 Purerua 2019 
Uk. 

Adult   X - Northern 

PURMAL3 Purerua 2019 
Uk. 

Adult   X - Northern 

PURMAL4 Purerua 2019 
Uk. 

Adult   X - Northern 

PURMAL5 Purerua 2019 
Uk. 

Adult   X - Northern 

PURMAT1 Purerua 2019 
Uk. 

Adult   X - Northern 
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RUAMAY10 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY12 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY13 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY14 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY16 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY17 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY18 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY19 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY20 Moturua 2019 
Uk. 

Adult   X - Northern 

RUAMAY21 Moturua 2019 
Uk. 

Adult   X - Northern 

RUANAT4 Moturua 2019 
Uk. 

Adult     X - Northern 
*Rakaumangamanga or Cape Brett 
**Based on weight and size, these juveniles were estimated to be 3 to 9 months old and hence 
and average of 0.5 years was used herein. 

 

4.1.2.2 Factors 

All measuring, handling, and sampling occurred in accordance with the Kiwi Best 

Practice Manual (Robertson & Colbourne 2017) and all samplers, measures, and 

handlers were accredited kiwi handlers or supervised by accredited trainers. All 

handling occurred with permission from the Massey University Animal Ethics 

committee (permit numbers: 18/82, 18/83 and 16/92) and the Department of 

Conservation (permit numbers: 70875-RES, 70826-CAP, and 50249-FAU). When 

blood samples were collected, additional data on weight, bill length, tarsus length, and 

tarsus width were also collected for all populations. From the blood, haemoglobin 

concentration, glucose level, total protein, packed cell volume, and white blood cell 

ratio were determined (for further detail see Table 4.1.3).  
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At any given year since 2004, about 30 to 50 birds in the Ponui Island population have 

been fitted with radio transmitters so that the same individual could be followed over 

time. These birds had the listed morphometric factors measured every year together 

with the annual transmitter replacement. Additional data from these birds utilised herein 

were downloaded activity data from the transmitters (see further Chapter 2.2), and 

proportional time spent in different habitat types based on Dixon (2015). Due to lack of 

among bird variation, only two of the habitat types analysed by Dixon (2015) were 

utilised here: forest and scrub. The year 2013 was extraordinarily dry, hence extra 

consideration was given to the loss of weight in that year and the recovery the following 

year as an indicator of stress exposure and tolerance. Together, these data resulted in 17 

factors to which the relative telomere length of adult Ponui Island birds in 2017 could 

be compared (Table 4.1.2). For the birds of known and unknown age from other 

populations, morphometric data were only available for the year of sampling. Hence no 

measures related to growth or changes over time were analysed for these birds. 

 

Table 4.1.3. The morphometric, molecular, and haematologic factors compared to relative 

telomere length of adult birds from Ponui Island. 

Factor Definition  
Bill Length Bill length measured in 2017. All length measurements taking with 

callipers.  

Bill/TL Ratio Bill length measured in 2017 divided by tarsus length measured in 
2017 

Weight/TL 
Ratio 

Weight measured in 2017 divided by tarsus length measured in 
2017 

Weight 2017 Weight measured in 2017. All weights were taken using Pesola 
hanging scale in accordance with the Kiwi Best Practice Manual. 
Weight are in grams.  

Body 
Condition 

Calculated based on weight in 2017 and tarsus width in 2017 
following Taborsky and Taborsky (1999). 
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the concentration of DNA was measured using the Qubit 2.0 fluorometer and the 

dsDNA High Sensitivity assay (Life Technologies, CA, USA). 

4.1.2.4 qPCR 

For telomere amplification, I used the protocol developed by Cawthon (2002) and 

adapted for birds by Criscuolo et al. (2009). The generic (and consistently used) bird 

telomere primers tel1b 

(CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT) and tel2b 

(GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT; Criscuolo et al., 

2009) were used. The single-copy control or housekeeping gene used was GAPDH 

(Glyceraldehyde 3-phosphate dehydrogenase). The primer set used for the control gene 

was a combination of a previously published reverse primer developed in Zebra finch 

(GAPDHR: CCATCAGCAGCAGCCTTCA; Criscuolo et al. 2009), and a specifically 

developed forward primer (GAPDHF_kiwi_n2: CTTGCACAGCTGACACAATTTG) 

based on the published A. mantelli GAPDH sequence (NCIB accession number 

XM_013958036; Le Duc et al. 2015). Primers were manufactured by Integrated DNA 

Technologies (Ames, IA, USA). Primer function and efficiencies were verified using 

standard PCR. 

For telomere analysis, 1 ng of template DNA per reaction was amplified under the 

following conditions: 1x Hot FIREPol EvaGreen qPCR Supermix (Solis, Biodyne, 

Tartu, Estonia), 250 nM of each primer, made to a total volume of 20 µl with nuclease-

free water. For GAPDH analysis, 4 ng of template DNA per reaction was amplified 

under the following conditions: 1x Hot FIREPol EvaGreen qPCR Supermix (Solis, 

Biodyne, Tartu, Estonia), 200 nM of each primer, made to a total volume of 20 µl with 

nuclease-free water. Amplification for both primer sets occurred in a LightCycler 480 II 

(Roche, Basel, Switzerland) with the following program: Pre-incubation at 95°C for 12 
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Table 4.1.4. Results from linear models of the relationship between relative telomere length in 

adult Apteryx mantelli from Ponui Island and 17 factors of morphometrics, stress response, 

activity, and habitat. For definitions see Table 4.1.3. Bold p-values highlights significance 

(p<0.05) and italics indicate 0.05<p>0.1. For significant correlations, the intercept and the slope 

of the relationship are included.  

Factor      F         P        R2  adj R2 n Intercept Slope 

Bill Length 0.72 0.40 0.02 -0.01 44 
  

Bill/TL Ratio 0.01 0.43 0.01 -0.01 44 
  

Weight/TL Ratio 0.86 0.36 0.02 0.00 42 
  

Weight 2017 0.14 0.71 0.00 -0.02 42 
  

Body Condition 0.23 0.63 0.01 -0.02 42 
  

Bill Growth 0.57 0.45 0.02 -0.01 38 
  

Tarsus Growth 0.33 0.57 0.01 -0.02 38 
  

Weight Change Rate 1.49 0.23 0.04 0.01 39 
  

Weight Loss 2012-2013 0.14 0.71 0.01 -0.03 29 
  

Recovery 2014/2012 0.34 0.56 0.01 -0.02 30 
  

Packed Cell Volume 5.13 0.03 0.12 0.10 39 1.79 -0.02 

Total Plasma Protein 0.02 0.88 0.00 -0.03 38 
  

Haemoglobin Conc. 5.58 0.02 0.14 0.12 35 1.67 -0.04 

White Blood Cell Ratio 3.12 0.09 0.08 0.05 38 
  

Activity  0.35 0.56 0.01 -0.02 35 
  

Time Spent in Forest 0.02 0.90 0.00 -0.04 29 
  

Time Spent in Scrub 0.19 0.67 0.01 -0.03 29 
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Figure 4.1.1. Scatterplot illustrating the lack of correlation between known age and relative 

telomere length (RTL) in Apteryx mantelli. 

 

For haematological parameters, packed cell volume (PCV) as well as haemoglobin 

concentration (HB) were both significantly negatively correlated with RTL in adult A. 

mantelli from Ponui Island (Table 4.1.4; Figure 4.1.2a and b). The remaining 

haematological parameters showed no correlation (Table 4.1.4). Correlations between 

RTL and/or known age to PCV and HB was hence the focus of the third step of the 

study. No correlation was found between HB and RTL for Northern or Southern adults 

(F = 1.61, df = 18, R2 = 0.08, p = 0.22, n = 11, and F = 2.59, df = 9, R2 = 0.22, p = 0.14, 

n = 11, respectively; Figure 4.1.2c). PCV showed no correlation with relative telomere 

length for adult birds from the Northern populations (F = 0.05, df = 18, R2 = 0.003, p = 

0.83; Figure 4.1.2d), while for the Southern populations, a positive correlation was 

found (F = 6.70, df = 9, R2 = 0.43, p = 0.03; Figure 4.1.2d). When looking at HB and 

PCV compared to known age, a strong, negative correlation was found with HB (F = 

11.43, df = 23, R2 = 0.33, p = 0.002; Figure 4.1.2e) but no correlation was detected with 

PCV (F = 1.56, df = 23, R2 = 0.06, p = 0.22; Figure 4.1.2f).   
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Figure 4.1.2. Scatterplots of relationship between relative telomere length (RTL; a-d), age (e-f), 

haemoglobin concentration (or HB; a, c, e), and packed cell volume (or PVC; b, d, f). 

Trendlines indicate significant correlations with associated line equations and R2 values 

indicated. See Table 4.1.2 for details on sample origins and splits into sample sets.  
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to such change. Regardless of the cause and the relationship with age, population-wide 

short telomeres could be seen as an indicator of issues that might warrant active 

management, due to the well supported association between shorter telomeres and 

reduced longevity or increased mortality. However, to effectively plan conservation 

management of such populations deemed at risk, identifying exactly which stressors 

and/or habitat components cause the accelerated attrition would be strongly beneficial 

since this would hopefully allow conservation practitioners to limit translocations to 

areas where such stressors are at effect or to reduce the issue prior to initiation of 

translocation efforts. 

The most promising ways to further our understanding of telomere dynamics in A. 

mantelli would be to study larger sample sets within populations or to study birds under 

otherwise equivalent conditions. Ideally, such birds should be of known and varied age. 

This could be done in multiple datasets, the effects of individual environmental factors 

could be investigated to allow for accounting for these statistically in future population 

comparisons (Dugdale & Richardson 2018). One study system with high potential is the 

rather large captive population of A. mantelli in New Zealand. Another key study would 

be a longitudinal study quantifying the change of telomere length over time, preferably 

in individuals from the same population and with as much background data as possible. 

In particular, since some authors argue that the rate of change rather than telomere 

length is the more informative marker (Boonekamp et al. 2014). The Ponui Island 

population utilised herein is likely one of the best suited study systems for such 

research. A third highly informative study would be measuring telomerase enzyme 

activity in somatic Apteryx cells. Considering the extraordinarily lifespan of Apteryx, 

such research would have wide ecological as well as evolutionary significance.   



299 
 

Chapter 4.2  

The role of DNA integrity in opportunistic longitudinal 
telomere studies. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

This Chapter has been submitted to Ecology and Evolution. All supervisors provided 
feedback on one or more drafts of this chapter. The expertise of Kristene Gedye, the 
help from Brianna Nelson and Trish McLenachan, and the hard work of previous 
members of the Ponui Island team were crucial for this chapter. See further Appendix 6.  










































































































































































































































































































































































































































































































































































































































