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Background. Animal conservation often requires intensive management actions to improve
reproductive output, yet any adverse effects of these actions may not be immediately apparent,
particularly in threatened species with small populations and long lifespans. Hand-rearing is an example
of a conservation management strategy which, while boosting populations, can cause long-term
demographic and behavioural problems. It is employed in the recovery of the critically endangered
kākāpō (Strigops habroptilus), to improve the slow population growth that is a result of infrequent
breeding, low fertility and low hatching success.

Methods. We applied Bayesian mixed models to examine whether hand-rearing and other factors were
associated with clutch fertility in kākāpō. We used projection predictive variable selection to compare the
relative contributions to fertility of the parents' rearing environment, their age and previous mating
experience, the parental kinship, and the number of mates and mating attempts. We also explored how
multiple mating behaviour varied with kākāpō density.

Results. Female multiple mating behaviour and father hand-rearing status were the dominant factors in
predicting fertility. Clutches produced by females mating with different males were more likely to be
fertile than those from repeated matings with one male, which were more likely to be fertile than those
from a single mating. The likelihood of multiple matings increased with female:male adult sex ratio,
perhaps as a result of female mate guarding. Clutches were less likely to be fertile if the father was hand-
reared compared to wild-reared, but there was no similar effect for mother rearing origin. Parental
kinship, previous mating experience and parent age all had negligible associations with clutch fertility.

Conclusions. These results provide a rare assessment of factors affecting fertility in a wild threatenedPeerJ reviewing PDF | (2021:11:67634:0:1:NEW 19 Nov 2021)
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bird species, and have implications for conservation management. The increased fertility due to multiple
mates, together with sperm morphology and evidence for mate guarding, suggests that an evolutionary
mechanism exists to optimise fertility through sperm competition in kākāpō. The high number of clutches
from a single mating in the contemporary population may therefore represent an unnatural state,
perhaps due to too few females. This suggests that the opportunity for sperm competition should be
maximised by increasing population densities, optimising sex ratios, and the use of artificial
insemination. The lower fertility of hand-reared males may result from behavioural defects due to lack of
exposure to conspecifics at critical development stages, as seen in other taxa. This potential negative
impact of hand-rearing must be balanced against the short-term benefits it provides. In addition, these
results of multiple matings and sex ratio affecting fertility in a lek-breeding species provide a useful test
of hypotheses for avian mate-guarding and polyandry.
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12Te Rūnanga o Ngāi Tahu, Christchurch, New Zealand20

Corresponding author:21

Andrew Digby1
22

Email address: adigby@doc.govt.nz23

ABSTRACT24

PeerJ reviewing PDF | (2021:11:67634:0:1:NEW 19 Nov 2021)

Manuscript to be reviewed



Background. Animal conservation often requires intensive management actions to improve reproduc-

tive output, yet any adverse effects of these actions may not be immediately apparent, particularly in

threatened species with small populations and long lifespans. Hand-rearing is an example of a con-

servation management strategy which, while boosting populations, can cause long-term demographic

and behavioural problems. It is employed in the recovery of the critically endangered kākāpō (Strigops

habroptilus), to improve the slow population growth that is a result of infrequent breeding, low fertility and

low hatching success.
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Methods. We applied Bayesian mixed models to examine whether hand-rearing and other factors were

associated with clutch fertility in kākāpō. We used projection predictive variable selection to compare

the relative contributions to fertility of the parents’ rearing environment, their age and previous mating

experience, the parental kinship, and the number of mates and mating attempts. We also explored how

multiple mating behaviour varied with kākāpō density.

32

33

34

35

36

Results. Female multiple mating behaviour and father hand-rearing status were the dominant factors in

predicting fertility. Clutches produced by females mating with different males were more likely to be fertile

than those from repeated matings with one male, which were more likely to be fertile than those from a

single mating. The likelihood of multiple matings increased with female:male adult sex ratio, perhaps

as a result of female mate guarding. Clutches were less likely to be fertile if the father was hand-reared

compared to wild-reared, but there was no similar effect for mother rearing origin. Parental kinship,

previous mating experience and parent age all had negligible associations with clutch fertility.
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Conclusions. These results provide a rare assessment of factors affecting fertility in a wild threatened

bird species, and have implications for conservation management. The increased fertility due to multiple

mates, together with sperm morphology and evidence for mate guarding, suggests that an evolutionary

mechanism exists to optimise fertility through sperm competition in kākāpō. The high number of clutches

from a single mating in the contemporary population may therefore represent an unnatural state, perhaps

due to too few females. This suggests that the opportunity for sperm competition should be maximised

by increasing population densities, optimising sex ratios, and the use of artificial insemination. The lower

fertility of hand-reared males may result from behavioural defects due to lack of exposure to conspecifics

at critical development stages, as seen in other taxa. This potential negative impact of hand-rearing must

be balanced against the short-term benefits it provides. In addition, these results of multiple matings

and sex ratio affecting fertility in a lek-breeding species provide a useful test of hypotheses for avian

mate-guarding and polyandry.
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INTRODUCTION56

Factors affecting fertility in conservation-managed populations57

Conservation strategies for wild-living threatened species rely on improving survival and productivity to58

increase population growth. Methods such as habitat restoration and predator control are used to enhance59

survival, but often it is problems with reproductive output which most limit growth (Bunin et al., 1997;60

Gage et al., 2006; Comizzoli and Holt, 2019) and can have wide-ranging implications (Findlay et al.,61

2019). Management techniques used to address these problems include translocations, supplementary62

feeding and artificial insemination (Lloyd and Powlesland, 1994; Castro et al., 2003; Houston et al., 2007;63

Armstrong and Seddon, 2008; Blanco et al., 2009; Heber et al., 2012; Dogliero et al., 2017; Schneider64

et al., 2019). However, there has been little study of whether the conservation actions used to promote65

population growth of threatened species can in fact themselves impact productivity. This is at least66

partially due to any unintended consequences not being immediately apparent, especially in threatened67

species for which the ability to recognise significant trends is hampered by small data sets resulting from68

long life spans and small populations (Garamszegi, 2016). Here we consider factors which can affect69

fertility in conservation-dependent species, including the conservation management actions intended to70

improve population growth.71

Rearing environment72

Captive breeding and hand-rearing are often used in threatened species conservation programmes73

(Klusener et al., 2018). We distinguish between hand-rearing, in which animals are raised in cap-74

tivity by humans, and captive breeding, in which animals mate and raise young in captivity. Since in the75

literature there is often little distinction between captive breeding and hand-rearing, here we consider76

effects of both of these interventions combined.77

In bird species, eggs are sourced from either wild or captive clutches, and are artificially incubated78
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(Assersohn et al., 2021b). The young are hand-reared in artificial environments before release to the79

wild, primarily to increase productivity through improved survival during the precocial stage (Alagona,80

2004; Heezik et al., 2005). As well as improving reproductive success, captive breeding and hand-rearing81

can lead to other benefits such as increased advocacy opportunities, and population supplementation82

and re-establishment to maintain genetic and demographic stability (Collazo et al., 2003; Joustra, 2018;83

Gilbert and Soorae, 2017).84

Captive breeding and hand-rearing have well-documented diverse negative impacts (Snyder et al.,85

1996). Captive-bred or hand-reared juveniles can suffer from physiological, morphological and mobility86

differences compared to their wild counterparts (Heezik and Seddon, 1998; Liukkonen-Anttila et al.,87

2000; Prier et al., 2013). Captive-bred or hand-reared individuals may also have lower long-term survival88

rates (Aourir et al., 2013; Hampson and Schwitzer, 2016), including through loss of anti-predatory89

behaviour (Carrete and Tella, 2015). Survival impacts in animals raised and kept in captive environments90

can be multi-generational and highly variable across species (Heezik et al., 2005; Fustukjian et al.,91

2018; Farquharson et al., 2021). Captive individuals may also have altered microbiomes, with potential92

long-term health implications (West et al., 2019; Juan et al., 2021). Behavioural issues are common93

in captive-raised juveniles, which tend to exhibit altered social structure (Pacheco and Madden, 2021),94

fewer social behaviours and more aggression towards conspecifics (Meretsky et al., 2000; Utt et al., 2008;95

Jones, 2008), and lack of avoidance of humans (Berry, 1998; Snyder et al., 1996). These can have strong96

implications for threatened species management, as hand-reared individuals may be unsuited to life in the97

wild (Meretsky et al., 2000).98

Captive breeding and hand-rearing can also affect productivity in a range of taxa. Lack of access99

to conspecifics in the first year is related to lower reproductive success in primates and felids, probably100

as a result of behavioural differences (King and Mellen, 1994; Beck and Power, 1988; Hampson and101

Schwitzer, 2016). Captive rhinoceroses have lower reproductive output than wild ones (Edwards et al.,102

2015). Captive-born animals have an overall 42% lower chance of reproductive success in captivity103

compared to wild-born counterparts, although impacts on fertility, hatchability and reproductive yield104

were not strongly significant (Farquharson et al., 2018).105

Few studies have examined the effect of the captive development environment on reproductive fitness,106

especially in birds — perhaps due to the difficulty of monitoring reproductive success in the wild across107

successive generations. Most studies of fertility in birds have focussed solely on captive environments,108

and the majority of these have been on the single order of Galliformes. Very few studies (only 5%)109

have compared fertility in wild and captive reared populations (Assersohn et al., 2021a); but those have110

reported likely fertility impacts of captive rearing, albeit from small samples (Hemmings et al., 2012b).111

Since early life events can negatively impact a range of behaviours in several taxa (Anisman et al., 1998;112

Murgatroyd et al., 2018), it is likely that behavioural differences arising from rearing method influences113

reproductive behaviour in birds as it does in other taxa.114

Polyandry115

Differences in mating behaviour, in terms of the number of mates and mating attempts, can directly116

affect fertility in birds. An example of this is polyandry, which is likely to be driven by not only direct117

benefits such as increased access to resources (Parker and Birkhead, 2012), but also by indirect benefits,118

such as providing fertility advantages from post-copulation mate selection and increased likelihood of119

egg fertilisation — the “fertility assurance hypothesis” (Birkhead et al., 1987; Rivers and DuVal, 2019;120

Santema et al., 2020). There is evidence that mating with different mates improves reproductive success121

across many bird species (Reding, 2014), although this is not universal (Morrow et al., 2002; Rivers and122

DuVal, 2019). This advantage can also extend to females mating repeatedly with a single male, which can123

increase the likelihood of fertility (Zhang et al., 2019) and reproductive output (Heeb, 2001).124

Polyandry is highly variable among species (Lank et al., 2002; Lebigre et al., 2007; Taylor et al., 2014)125

and among individuals of a species (Hess et al., 2012). The incidence of multiple matings (either with the126

same or different individuals) is likely to be affected by the number of available mates. Polyandry is likely127

to be more frequent with increased male density (Taylor et al., 2014), although this may be offset by other128

factors such as female range size (Kvarnemo, 2018). Adult sex ratio can also influence the likelihood129

of multiple mating, perhaps as a result of consequent changes in mate guarding (Grant and Grant, 2019;130

Birkhead and Montgomerie, 2020). Since fertility can be influenced by the frequency of multiple matings,131

which is in turn influenced by adult density and sex ratios, understanding the implications of changes132

in demography is particularly important in conservation-dependent bird species which have managed133
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meta-populations.134

Age135

Birds commonly experience reproductive senescence, with evidence for breeding performance and output136

decreasing or levelling off with age in passerines, raptors, waterfowl and cranes (McCleery et al., 2008;137

Bouwhuis et al., 2010; Hammers et al., 2012; Murgatroyd et al., 2018; Brown et al., 2019). The likelihood138

of breeding also declines in some species (Berman et al., 2009), but in others there is no apparent139

reproductive senescence (Zhang et al., 2014; Fay et al., 2020). In many wild species the effect of ageing140

on reproductive output has not been measured.141

Mating experience142

Although increasing age can reduce reproductive output, this can be offset by experience (DuVal, 2012).143

In some species more experienced males have greater reproductive success (Kokko, 1997; DuVal, 2012),144

and as a result females select for these individuals (Kokko et al., 1999; Jouventin et al., 1999). In some145

species, females mating with inexperienced males may mate with more individuals to offset the lower146

chance of fertility, and are more likely to produce mixed broods (Rivers and DuVal, 2019). In other147

species, female experience is unrelated to multiple paternity (Hess et al., 2012). Collectively, there is148

evidence to suggest that more experienced individuals may have a higher likelihood of producing a fertile149

clutch (Assersohn et al., 2021a).150

Inbreeding151

Matings between closely related individuals (inbreeding), which is expected to occur in species that have152

undergone severe and prolonged population bottlenecks (Bergner et al., 2014), can lead to increased153

homozygosity and subsequent negative fitness consequences (inbreeding depression; Charlesworth and154

Willis 2009). Reduced survival and reproduction, attributed to unavoidable inbreeding in small populations,155

can increase extinction risk by further driving population decline (O’Grady et al., 2006; Feng et al., 2019;156

Hammerly et al., 2016; Harrisson et al., 2019; Robinson et al., 2019). In birds, reduced fertility due to157

inbreeding can be attributed to fertilization failure or very early embryo death, yet most studies to date158

categorise all undeveloped eggs (identified by candling) as infertile (Hemmings et al., 2012a; Assersohn159

et al., 2021b). Furthermore, the mechanisms causing infertility and early embryo death are poorly160

understood.161

Diet162

Diet is an important factor in avian reproductive output (Selman and Houston, 1996; Klasing, 1998).163

Macro- and micro-nutrients including proteins, minerals and vitamins can affect both fertility and egg pro-164

duction, which is also influenced by under- or over-feeding (Assersohn et al., 2021a). However, examples165

of nutritional impacts on reproductive success in birds are dominated by those in captivity, particularly166

the poultry industry, and wild populations are much less well studied (Klasing, 1998; Assersohn et al.,167

2021a).168

Factors potentially affecting fertility of kākāpō169

Low productivity is one of the major issues affecting population recovery of the kākāpō (Strigops170

habroptilus), a critically endangered, nocturnal and flightless parrot which is endemic to Aotearoa/New171

Zealand. Infrequent breeding, high infertility and low hatching success have hampered conservation efforts172

(Clout, 2006), although intensive management increased the population from 51 in 1995 to approximately173

200 individuals in 2021. Conservation management of kākāpō is led by the Kākāpō Recovery Programme174

(KRP) of the New Zealand Department of Conservation (NZDOC), in partnership with Ngāi Tahu, a175

Māori iwi (tribe).176

High infertility is the major limitation to kākāpō population growth, with approximately half of eggs177

considered infertile from visual inspection (candling). However, a recent fluorescence microscope study178

from one breeding season showed that 72% of ‘apparently infertile’ kākāpō eggs were actually fertile,179

and instead failed due to very early embryo death (Savage et al., 2021). This supports findings from other180

studies which suggest that infertility may be commonly over-estimated and that very early embryo death181

may be more common than suspected (Hemmings et al., 2012b; Assersohn et al., 2021b).182

In this study we conduct the first assessment of the relative impacts of multiple factors on kākāpō183

fertility, including behavioural considerations. In order to target this analysis, we first use the information184

from other species listed above to consider the facets most likely to influence fertility in kākāpō.185
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Inbreeding186

The contemporary kākāpō population was founded by 35 individuals, from a total of 62 transferred to187

offshore predator-free islands in the 1980s (Powlesland et al., 1995). Genetic studies revealed first order188

relationships (e.g., full siblings or parent-offspring) amongst founders assumed to be unrelated (Bergner189

et al., 2014), and found low level of genetic diversity overall (Bergner et al., 2016; Dussex et al., 2018).190

White et al. (2014) found that decreased female heterozygosity was correlated with lower hatching success191

and smaller clutch size. However, the same study found that male heterozygosity had no impact on192

fertility, perhaps because most males with the lowest heterozygosity may not mate at all (White, 2012).193

Rearing environment194

Another potential factor influencing fertility is hand-rearing, which is widely practised in kākāpō conser-195

vation, with 52% of chicks hatched since 1981 having been hand-reared for at least 10 days. All breeding196

occurs in the wild, since kākāpō cannot be bred in captivity, but eggs are often incubated artificially to197

maximise hatching success, and chicks are removed from nests for hand-rearing when they would likely198

die if left in the nest.199

There are examples of behavioural issues arising from hand-rearing in kākāpō, with two male chicks200

reared individually in 1997 and 1998 exhibiting imprinting behaviours. This issue appears to affect201

males more adversely than females, since some females have been reared alone without imprinting, but202

nevertheless all kākāpō requiring prolonged hand-rearing are no longer reared alone. Alterations in203

behaviour might have a particularly pronounced effect in the kākāpō breeding programme since the entire204

population lives in the wild, whereas other psittacine breeding programmes usually take place ex situ205

where behavioural problems can be more easily mitigated.206

Multiple matings207

Mate choice may also affect fertility in kākāpō. The species is polygynandrous, with multiple mates and208

repeated matings quite common. Mating is driven by female choice at leks and so polyandry is therefore209

apparently unnecessary, but this occurs in kākāpō as it does in other lekking species (Lebigre et al., 2007;210

Rivers and DuVal, 2019). Repeated mating is poorly understood in lekking species since it requires211

intensive monitoring (Kempenaers, 2020), but it provides a strong test of theories of polyandry (Rivers212

and DuVal, 2019; Parker and Birkhead, 2012) and may have implications for fertility (Zhang et al., 2019).213

Age214

As in other bird species, age may also influence fertility in kākāpō. Young age is certainly a barrier: the215

minimum age at which both sexes have been recorded mating is just under five years old, but although216

females at this age have produced fertile clutches, no males younger than seven have. Impacts towards the217

end of life are much less certain due to difficulty in ageing kākāpō. Kākāpō are long-lived, but there is218

currently no method of determining their age if hatch date is unknown (Horn et al., 2011). At the time219

of the current analysis (2021), 23 of the extant population were of unknown age, having been found as220

adults from 24 to 41 years earlier. All other individuals were less than 40 years old — much less than the221

expected lifespan. As calculated from the number of deaths over the total period of monitoring, the mean222

life expectancy in the managed population is estimated to be about 60 years (KRP, 2021, unpublished223

data) — but this is likely to be an underestimate. In an analysis of kākāpō which included the founders224

and assumed they were five years old at first capture, White (2012) found no impact of male age on egg225

fertility. However, age-specific impacts can be difficult to measure (Clutton-Brock and Sheldon, 2010),226

with additional difficulties in polygynous birds (Clutton-Brock and Isvaran, 2007).227

Mating experience228

As a lek-breeding species, there is a high skew in kākāpō reproductive success (Eason et al., 2006). This229

extends to mating attempts, particularly for males, with a small number of individuals dominating the230

total copulations. This effect is mitigated by some over-represented and some unproductive males being231

removed from the breeding population (Eason et al., 2006). Yet there is still a large variation in mating232

experience in the breeding population, and it is possible that this may affect fertility, as in other bird233

species (Kokko, 1997; DuVal, 2012). There is no clear evidence that females select for more experienced234

males, although this has not been quantified.235

Diet236

As part of conservation management, kākāpō are supplementary fed during breeding years to optimise237

productivity (Elliott et al., 2001; Clout et al., 2002). Although feeding does not influence breeding238
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frequency, it does increase the proportion of females nesting and clutch size and leads to a higher239

likelihood of mothers successfully rearing chicks (Elliott et al., 2001; Houston et al., 2007). However,240

there is no evidence that it affects fertility, and it is not considered here for several reasons. As a241

supplemental food, it may not constitute a significant proportion of an individual’s diet: nutrition impacts242

on productivity are considered less important in wild populations — even those in modified habitats243

(Jamieson, 2003). A study of kākāpō showed that energy requirements obtained from feeding stations244

ranged from 6% to complete substitution, but that supplements constituted on average about a third of245

daily metabolised energy of kākāpō on the main breeding island of Whenua Hou (Bryant and Bryant,246

2006). There are also incomplete feeding records for some years, and even in years where consumption247

was recorded, sharing of feeding stations meant it was not always possible to determine how much each248

individual had eaten (Bryant and Bryant, 2006). In addition, in islands on which food was provided, there249

were very few individuals which were not fed, and so the data were highly imbalanced.250

Other factors251

Other factors which can affect productivity in birds include injury, disease, stress, hormonal disruption,252

pollution and climate change (Assersohn et al., 2021a,b), but these were not considered in the current study.253

Pollution can strongly influence production in bird species (Fritsch et al., 2019; Belskii and Belskaya,254

2021) but is not likely to be significant in kākāpō, which all live on offshore island sanctuaries which255

have had little post-industrial human habitation. Although global heating may affect kākāpō through256

factors such as changes to habitat availability and tree masting cycles (Hacket-Pain and Bogdziewicz,257

2021), these are not thought to be significant on the timescale of this study. Other influences such as258

injury, stress and hormonal disruption have not been able to be measured in the wild-ranging kākāpō259

population. Kākāpō are affected by a range of diseases, such as exudative cloacitis (Jakob-Hoff et al.,260

2009; Jakob-Hoff and Gartrell, 2010) and erysipelas (Gartrell et al., 2005), but there is no evidence that261

they impact reproduction. Aspergillosis severely impacted kākāpō nesting on one island in 2019, but this262

occurred after chicks had hatched and so did not affect fertility.263

MATERIALS AND METHODS264

Kākāpō management265

Population transfers and breeding management266

Remnant populations of kākāpō were discovered in Fiordland and on Rakiura/Stewart Island in the 1970s267

and translocated to predator-free island sanctuaries in the 1980s (Powlesland et al., 1995). Intensive268

breeding monitoring and management began in 1995, and breeding has since occurred on five of these269

refuge sites: Whenua Hou/Codfish Island, Hauturu-o-Toi/Little Barrier Island, Te Pākeka/Maud Island,270

Pearl Island and Anchor Island/Pukenui (Elliott et al., 2006). Translocations are used among these and271

other, non-breeding islands for demographic and genetic management purposes.272

Kākāpō breed irregularly in response to mass-fruiting (masting) of certain tree species. In southern273

New Zealand, breeding is synchronised with the masting of the rimu tree (Dacrydium cupressinum),274

which occurs every 2–4 years (Harper et al., 2006). The number of females which nest and the number of275

eggs laid is proportional to the abundance of rimu fruit (Elliott et al., 2001; Eason et al., 2006; Harper276

et al., 2006). In some years the rimu masts but the fruit does not ripen, and in these years supplementary277

food is important in enabling mothers to sufficiently provision their chicks (Cottam, 2010).278

Supplementary feeding is controlled through use of ‘smart’ feeding stations, which allow individual279

rationing and weight management. This was implemented to correct a male-dominant sex bias in the280

population, after it was discovered that heavier females produce more male offspring (Clout et al., 2002).281

As a result of this management, the female:male sex ratio of the entire population changed from 0.68 in282

2000 to 0.95 in 2013 (KRP, 2021, unpublished data).283

Kākāpō are the only parrot species with a lek mating system, in which males maintain a network of284

‘track and bowl’ systems, usually at areas of higher elevation (Merton et al., 1984). They display from285

these sites with low-frequency, tonal ‘boom’ and frequency-modulated ‘ching’ calls (Kelman, 2017), and286

during breeding seasons females visit the leks to mate (Eason and Moorhouse, 2006). The mating system287

is polygynandrous, with both sexes sometimes mating with multiple partners. After mating, the female288

returns to her home range to nest, and the male plays no part in raising the brood.289
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Mating and nesting detection290

Kākāpō are subject to intensive conservation management in order to maximise survival and productivity.291

Since 1995 nearly every kākāpō has worn a VHF transmitter to enable recapture and determination of292

location. Mating was originally detected by checking for mating sign at lek sites and nesting inferred293

by daily triangulation of adult females using VHF telemetry. Increasing use of remote sensing methods294

improved the quality of mating data and the efficiency with which these were collected. Proximity sensors295

were installed at lek sites from 1997 to record male presence, and from 2012 the transmitters were296

fitted with activity sensors to detect and record mating and nesting behaviour. These data were initially297

transmitted via coded pulses received by observers using telemetry units in the field. Then from 2016 the298

mating and nesting data activity on Whenua Hou and Anchor Island were monitored remotely via a radio299

frequency data network connected to the island base and internet.300

The use of VHF transmitters ensured that all nesting attempts since 1994 were detected, except for a301

very small number of cases when a female’s transmitter failed. The addition of activity sensors ensured302

that nearly all matings since 2014 were recorded. A small number of matings were not detected by the303

transmitters due to hardware failure or an unusual mating activity, but subsequent nesting was detected.304

In addition, paternity of all offspring since 1997 was determined from microsatellite genetic testing305

(Robertson et al., 2000) and in 2019 by genotyping by sequencing of blood samples taken from fertile306

eggs or chicks.307

Artificial insemination has been attempted in kākāpō during every breeding season since 2005,308

primarily to override genetically-unsuitable matings. This is subject to significant logistical challenges,309

but in 2009 three chicks were produced by artificial insemination in two clutches — a first for a wild310

bird species. Subsequent attempts failed, until 2019 when three successful inseminations produced three311

chicks, of which one survived past fledging age (KRP, 2021, unpublished data).312

Fertility assessment313

Fertility of eggs was assessed by trained observers using ‘candling’: a hand-held torch was used to314

illuminate the egg and inspect for signs of development (e.g. embryo or blood vessels visible). This was315

conducted either in the nest or in an incubation facility, and was sufficient for detecting development316

from approximately four days after laying. Microscopic methods can detect earlier development (Savage317

et al., 2021), but these have only been conducted for a single breeding season for kākāpō, and so could318

not be used in the current study which spans multiple years. As a result of using apparent fertility in our319

analyses, approximately a quarter of the eggs (Savage et al., 2021) in which embryos died at very young320

age (before four days) will have been classed as infertile.321

Nest management322

Kākāpō lay 1–5 eggs per clutch, and typically two or three. Since 1997, most eggs (73%) were removed323

for artificial incubation, to maximise hatching success. A day or two before or after hatching, the eggs324

or chicks were returned to nests where possible, and closely monitored. The weight and health of each325

chick was recorded each night for the first week, with frequency of checks decreasing with age. Chicks326

were frequently cross-fostered among nests to maximise the number and growth of chicks in nests. As327

as result, each chick may have had several foster mothers and usually was not raised by its biological328

mother. Chicks fledged from nests at a mean of 73 days, but were still checked regularly until they were329

independent at around 219 days (Farrimond et al., 2006).330

Hand-rearing331

Artificial hand-rearing of kākāpō chicks was required due to health issues or if there were insufficient332

numbers of nests available (Eason and Moorhouse, 2006). In years when the rimu fruit didn’t ripen and333

there was therefore less natural food, each nesting female could usually support only one chick, and334

surplus chicks were hand-reared. Where possible, chicks were reared on islands and then returned to335

nests, but some chicks required hand-rearing until fledging age. This long-term hand-rearing took place at336

a mainland facility.337

Hand-reared chicks were placed first in brooders, then as they grew were kept in plastic tubs before338

being moved to open-topped pens with an area of approximately 3–6 m2. To avoid imprinting, chicks339

were not penned individually where possible, particularly males, and were usually kept in groups of 2–6.340

Chicks requiring all of their developmental period in captivity were normally returned to the kākāpō341

islands at an age of 80 days, where they were weaned in large outdoor pens before being released into the342

wild at an approximate age of 119 days.343
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Data collation344

All data were collected as part of routine kākāpō conservation management conducted by NZDOC, and345

so this study was exempt from animal ethics approval required under NZDOC’s obligations to the New346

Zealand Animal Welfare Act (1999).347

Clutch data348

Clutch data were collated from the KRP database for the breeding years between 1981 and 2019 (Table 1349

and Data S1). The database contained all observed events for each individual, including transmitter350

activity data, captures, health checks, feeding records as well as mating attempts. These were combined351

with fertility data collated in a separate spreadsheet, which contained information for each clutch since352

management began in 1981. This recorded clutch size, number of fertile eggs (apparent fertility), number353

of eggs hatched, and the number of chicks fledged, as well as the potential and confirmed paternity. Data354

prior to 1990 were excluded from the analysis since there was insufficient information for each nesting355

attempt. This yielded an initial data set of 242 clutches.356

This data set contained first (n = 174), second (n = 31) and third (n = 1) clutches. Kākāpō will357

naturally re-nest if a nest fails early enough, and double clutching is used as a management method to358

improve productivity.359

Year Island Clutches Matings Fertile eggs Infertile eggs Hatched Fledged

1981 Rakiura 2 0 4 0 4 3

1985 Rakiura 3 0 3 6 2 0

1990 Hauturu 2 2 2 1 2 0

1991 Hauturu 4 3 6 2 4 2

1992 Whenua Hou 4 1 9 2 6 1

1993 Hauturu 2 3 1 3 1 0

1995 Hauturu 2 2 0 5 0 0

1997 Whenua Hou 6 6 7 5 4 3

1998 Maud 1 1 3 0 3 3

1999 Pearl 8 8 11 5 8 6

2002 Whenua Hou 24 34 42 25 26 24

2005 Whenua Hou 10 16 11 15 6 4

2008 Whenua Hou 5 12 10 0 8 6

2009 Whenua Hou 28 52 54 18 36 33

2011 Anchor 1 0 2 0 0 0

2011 Whenua Hou 8 13 14 4 11 11

2014 Hauturu 1 3 3 0 2 2

2014 Whenua Hou 7 14 6 9 5 4

2016 Anchor 22 32 32 38 21 15

2016 Hauturu 2 4 1 2 0 0

2016 Whenua Hou 20 31 30 19 26 20

2019 Anchor 37 60 56 67 42 37

2019 Whenua Hou 43 64 63 66 44 36

Total 242 361 370 292 261 210

Table 1. Breeding attempts since modern records began in 1981. Only data after 1990 were used in

this study, since in previous years breeding information was incomplete. Note that fertility reported here

is apparent fertility; not true fertility. This is the full dataset; some of these clutches were excluded from

the fertility model. See text for further details.

Paternity assignment360

Confirmation of paternity from DNA was available for 122 out of all 242 clutches since 1990. Of the 120361

which did not have DNA paternity, 28 clutches were excluded for which multiple males were confirmed or362

assumed to have mated with the female, or the number of males was unknown — because in these cases363

the father couldn’t be identified. From the 214 clutches remaining, seven with mixed paternity and/or364

produced by artificial insemination were excluded, since the clutch wasn’t the product of a single mother365
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and father. A further clutch without any eggs was also removed, leaving 206 clutches from a total of 59366

females and 51 males.367

Rearing status368

For each clutch, the hand-rearing history of the mother and father was established from database records.369

Kākāpō were assigned as hand-reared if they had spent more than 10 days being hand-reared, at any period370

of their development; otherwise they were classed as wild-reared. This threshold was chosen to distinguish371

individuals which were only hand-reared for a short period of time: many chicks are hand-reared for just372

a few days to enable them to recover from ill health or weight loss. This is particularly common between373

the ages of two to three weeks, when chicks fed by mothers receiving supplementary food often require374

removal to hand-rearing for a change of diet for up to five days. There were 110 kākāpō mothers and375

fathers in the filtered data set of 206 clutches, of which 57 were hatched after intensive management and376

hand-rearing began. Of these, 18 (32%; 11 females and 7 males) were hand-reared for less than one day;377

3 (5%; 1 female and 2 males) were hand-reared for between 1–10 days, and 36 (63%; 25 females and 11378

males) were hand-reared for more than 10 days.379

Age assignment380

The ages of the male and the female producing the clutch were calculated from hatch dates if these were381

known. The kākāpō of unknown age comprised 17 of the 59 females and 23 of the 51 males which382

contributed to the 206 clutches. The ages of these individuals were estimated by assuming their hatch383

date was ten years prior to the discovery date, which is a typical age of first breeding for males and384

females. Although the inclusion of the kākāpō of unknown age introduced errors due to inaccuracies385

in the estimated ages, these would have been relatively small compared to the absolute ages, and the386

alternative of omitting these individuals would have rendered the data set too small for robust analysis.387

This age assumption results in the oldest kākāpō breeding at 48.5 years of age (Fig. S1), which is younger388

than the current best estimate of mean life expectancy in the contemporary managed population of 60389

years. However, the remnant populations from which the unknown age kākāpō were sourced were under390

extreme predation pressure (Karl and Best, 1982; Atkinson and Merton, 2006), so would be expected to391

have had shorter life expectancies than the current protected population.392

Previous matings393

A mating history for each kākāpō was obtained from records of mating sign at display sites (‘track and394

bowls’), genetic paternity analysis, and electronic mating detections. This provided an estimation of the395

number of matings for the clutch mother and father, prior to the mating which yielded the clutch. This396

number was a lower limit, since not all matings were detected — even with the electronic mating detection397

system — and since it was assumed that all founder individuals had not previously mated at the time of398

their discovery. This was clearly an underestimate, but unavoidable given the lack of observation data399

prior to their discovery.400

Parental kinship401

Pairwise kinship for all male-female combinations of living and recently-deceased kākāpō were obtained402

from a pedigree generated from the kākāpō studbook in PMx (Lacy et al., 2012). To address the assumption403

of founders being equally unrelated to one another (Ballou, 1983), founder relatedness was incorporated404

into the kākāpō studbook using genomic-based estimates of relatedness. In this process whole genome405

resequencing data from 169 birds was used to discover SNPs using the reference-guided Deep-Variant406

pipeline (Poplin et al., 2018). A stringent filtering protocol using BCFTools (Li et al., 2009) and VCFTools407

(Danecek et al., 2011) was applied to include biallelic SNPs with a minimum coverage of three, a maximum408

coverage of 100, a minimum Phred quality score of 10, a genotyping rate > 90%, a minor allele frequency409

of 0.05, and pruning for linkage disequilibrium with an r2 of 0.8 and a sliding window of 1000 sites.410

This filtering resulted in 8,407 high confidence markers with high depth (average = 19.88± 8.08SD)411

and low missing data (average = 0.0002±0.0001 SD) across individuals. Initial testing was performed412

to evaluate estimators for accuracy and precision with mother-offspring relatedness, including: KING413

(Waples et al., 2019), estimated through the package NGSrelateV2, Hanghøj et al. 2019), KGD (Dodds414

et al., 2015), KGD with a correction for self-relatedness (as per Galla et al. 2020, Rxy (Hedrick and Lacy415

2015, estimated through NGSrelateV2), and TrioML (WANG 2007, estimated through the R program416

related, Pew et al. 2015). Rxy was chosen as the best relatedness estimator, given its high accuracy417

for mother-offspring relatedness and the benefit of bounding between 0 – 1 for ease of entry into PMx418
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(Lacy et al., 2012). Final relatedness estimators were calculated between the 35 founders identified in419

the kākāpō studbook and were incorporated into PMx as kinship (half of the relatedness value). Parental420

kinship for the clutches in this study were produced in PMx using the founder-corrected studbook. These421

values were in the range 0 – 0.265, with a distribution that was positively skewed (Fig. S1).422

Statistical analyses423

Bayesian model structure424

A Bayesian generalised linear mixed model was used to assess factors contributing to clutch fertility.425

The explanatory variables considered to have potential effects on clutch fertility were chosen from data426

exploration and knowledge of kākāpō ecology. These were: the age and hand-reared status of both mother427

and father; the number of matings and the number of different males the female mated with to produce428

the clutch; the parental kinship; and the male’s previous mating experience (number of previous matings;429

Table 2). As previously noted, other parameters which can affect fertility in other species, such as diet,430

stress, injury, pollution and disease, were not included.431

The mother and father hand-rearing status were set to a binary variable: one if the individual had432

been hand-reared for more than 10 days and zero otherwise. The number of mates/matings for the female433

was a categorical variable with three levels: one mating with one male, more than one mating with the434

same male, and multiple mates. The value ‘multiple mates’ included clutches in which a female mated435

with different males more than once (n = 12). Parental kinship was a continuous variable in the range 0 –436

0.265. Mating experience was defined as the number of previous matings detected, prior to the matings437

which produced the clutch. This was calculated for both the clutch mother and father.438

The numeric explanatory variables were scaled and centred to have mean of one and standard deviation439

of 0.5 (Gelman et al., 2008); the categorical variables were defined as factors. No interactions of the440

covariates were considered relevant. Collinearity of predictors was examined with correlation plots and441

paired posterior plots: no significant correlation among predictors were found, so none were excluded.442

The response variable was the binary fertility status of each clutch (0/1), with a Bernoulli error443

distribution. This was used instead of the proportion of eggs fertile in a clutch, because the fertility of444

each egg was not independent of the fertility status of others in the clutch (Fisher exact test for association445

between categorical variables, p < 0.001).446

Random effects were included for male and female identity to account for pseudo-replication, and for447

year, to account for unmeasured environmental variation. No effect was included for island, since this448

predictor was highly imbalanced, with two of the five breeding islands dominating the number clutches:449

Whenua Hou (126) and Anchor Island (52) produced 90% of the clutches.450

Component Variable Type Values (frequency)

Response Clutch fertility Binary 0 (66) / 1 (131)

Fixed

Mother hand-reared Logical true (54 clutches; 25 females) / false (143 clutches; 34 females)

Father hand-reared Logical true (36 clutches; 11 males) / false (161 clutches; 38 males)

Mother age (years) Continuous range = 4.8 – 48.5, mean = 21.4, median = 18.7

Father age(years) Continuous range = 4.8 – 43.4, mean = 23.0, median = 22.9

Number of matings/males Categorical 1 mating (104) / > 1 mating 1 male (50) / Different males (43)

Female previous matings Integer range = 0 – 17, mean = 4.4, median = 3

Male previous matings Integer range = 0 – 33, mean = 6.6, median = 5

Mother/father kinship Continuous range = 0 – 0.265, mean = 0.0188, med = 0.0072

Random

Mother Categorical 59 individuals, 1 – 9 repeats, mean = 3.3, median = 3

Father Categorical 49 individuals, 1 – 16 repeats, mean = 4.0, median = 3

Year Categorical range = 1990 – 2019, 16 levels

Table 2. Model predictors. Parameters used in the Bayesian model relating clutch fertility to mother

and father characteristics. See Fig. S1 for distributions of the numeric variables.

Observations with missing values for any of the predictors were excluded. From the initial set of 206451

clutches, the final model data contained 197 clutches with complete values for all eleven input variables.452

This resulted in an overall number of events per variable of 17.9: greater than the minimum of 10 – 15453

recommended for linear regression modelling (Heinze et al., 2018).454
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Bayesian model variable selection455

Small datasets are common in threatened species research, leading to statistical challenges such as low456

precision, low accuracy and instability masking true relationships between variables (Garamszegi, 2016).457

To prevent the model from overfitting to the data due to the large ratio between number of parameters458

and number of observations, it is often necessary to limit the number of variables in the model (Heinze459

et al., 2018). Methods such as penalized regression and shrinkage priors are commonly used to this effect460

(Piironen and Vehtari, 2017b; Vehtari et al., 2017; Erp et al., 2019; Carvalho et al., 2010; Hastie et al.,461

2015; Narisetty and He, 2014). However, these methods do not really produce truly sparse solutions, as462

every variable has a non-zero probability of inclusion. Instead, we applied projection predictive variable463

selection (Piironen et al., 2020; Catalina et al., 2020), which effectively selects a subset of variables from464

a previously fitted reference model. This method ranks the variables in order of their contribution to the465

model predictions, replacing the posterior of the model with a constrained projection which provides466

predictive performance equivalent to the full model (Piironen et al., 2020; Catalina et al., 2020), as467

measured by the Kullback-Leibler divergence of their predictions (Goutis, 1998). Projection predictive468

variable selection has been shown to outperform other more established variable selection methods469

(Piironen and Vehtari, 2017a). Furthermore, it can be applied not only to generalised linear models, but470

also to generalized linear and additive multilevel models, allowing the projection of random (additive)471

effects.472

In order to rank the variables during model search, projection predictive variable selection uses forward473

search for multilevel or additive models and a faster L1-like heuristic for generalised linear models. Since474

the model structure included random effects per individual in the sample, we restricted the search to first475

select the fixed effects, and only then added the random effects. This was to ensure that the predictive476

variance would not be completely saturated by the individual random effects and properly measure the477

effect of the biologically-relevant terms.478

Bayesian model execution and validation479

All analyses were conducted in R (version 4.0.3; R Core Team 2020), with the Bayesian model imple-480

mented in R package brms version 2.15.0 (Bürkner, 2017) and projection predictive variable selection481

applied with package projpred version 2.0.5.9 (Piironen et al., 2020). A regularised horseshoe prior482

was used (Piironen and Vehtari, 2017b), with one degree of freedom for the student-T prior for the local483

and global shrinkage parameters, and a scale of one for the global shrinkage and regularisation parameter484

(Bürkner, 2017). The model was run with four chains, with 15,000 iterations and 15,000 warm-up485

iterations per chain. Model code and results are available in Data S1.486

Projection predictive variable selection was then used to provide a reduced model with equivalent487

predictive performance to the full model. The variables included in the reduced model were selected by488

the improvement they provided to the model. As criteria for the selection of variables we checked the489

ELPD improvement and each variable’s marginal posterior, and selected those whose posterior mass was490

clearly non-zero and whose ELPD improvement was significant.491

Model validity was assessed by Pareto k estimates (Vehtari et al., 2017, 2019), and by graphical492

residual and posterior predictive checks using the bayestestR package (Makowski et al., 2019b).493

The relative influence on clutch fertility of each predictor was assessed by the amount of intersection494

of the full posterior distribution of the constrained projection with the region of practical significance495

(ROPE; Makowski et al. 2019a,b). This region of “practically no effect” provides an equivalence test496

for the “importance” of a parameter, based on the proportion of the posterior which overlaps the ROPE.497

This is quantified by the probability of direction (p.d., the certainty of the direction of the effect) and498

probability of significance (p.s., the proportion of the distribution outside the ROPE). If there were values499

of the distribution both above and below the ROPE, the probability of significance was reported as the500

higher probability of a value being outside the ROPE. A range of [-0.18, 0.18] was used for the ROPE, as501

recommended for logistic models (Kruschke and Liddell, 2018).502

Multiple matings and population density503

In addition to the Bayesian fertility model, we also investigated the incidence of multiple mating with504

kākāpō abundance. We merged repeated matings with one male and matings with different males into505

a single category of ’multiple mating’, in order to retain sufficient sample sizes. We correlated the506

proportion of clutches produced by multiple matings with the number of adult females and male kākāpō,507

and the adult sex ratio, for Whenua Hou for each year since 1990. This analysis was confined to a single508
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island to avoid inter-island effects, and Whenua Hou was chosen as it produced a large proportion of509

all clutches from 1990 – 2019 (64%). Correlations were assessed using the correlation package510

(Makowski et al., 2020) in R, using the Pearson correlation coefficient and Holm adjustment method511

(Holm, 1979).512

RESULTS513

Factors affecting fertility514

Projection predictive variable selection in the Bayesian mixed model showed that of the fixed terms, the515

multiple mating variable explained most of the variance of the model, followed by male hand-rearing516

status (Fig. 1). These were the only two fixed terms which had projected posterior distributions unlikely517

to be zero (Fig. 2). All other fixed terms had negligible impact on the model fit, and had projected518

posterior distributions likely to be zero (Figs. 1 and 2). Of the random terms, father and mother identity519

contributed most significantly to the variance, with father identity the most important of all fixed and520

random parameters. Random effects dominating fixed effects is common in mixed models, and can521

obscure the underlying fixed model structure. It suggests that there was substantial variation in the model522

due to individual effects which were not captured by the fixed variables. A reduced model containing523

number of mates/matings, father hand-rearing status and random terms for father, mother and year524

provided predictive performance equivalent to the full model (Fig. 3).525
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Figure 1. Projection predictive variable selection results. The contribution to the expected log

predictive densities (ELPD) from each model parameter. Fixed terms are ordered in their contribution to

the model variance, with random terms selected last. The dashed line shows the ELPD for the full model.

The reduced model containing fixed parameters of mating and father rearing, and random terms of father,

mother and year, provided equivalent predictive performance to the full model. HR = hand-rearing.

Clutches in which females mated with different males were associated with the highest increase in526

fertility (p.d. = 1.00; p.s. = 1.00 in the reduced model), followed by clutches in which females mated527

more than once with the same male (p.d. = 0.86, p.s. = 0.70; Fig. 3). Hand-reared fathers were associated528
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with lower clutch fertility (p.d. = 0.93, p.s. = 0.88). The remaining fixed terms of mother rearing status,529

mother and father age, genetic relatedness of the parents, and female and male mating experience were530

not included in the reduced model as they all had a very low impact on clutch fertility compared to male531

hand-rearing status and female number of matings and mates.532
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Figure 2. Posterior coefficient distributions of the coefficients for the full projected model. The

less of the posterior distribution which intersects the ROPE (shaded vertical bar), the stronger the

association of that parameter on fertility. Posterior medians are shown by filled yellow circles, with thick

and thin horizontal blue bars denoting the 50th and 95th percentiles respectively. Of the fixed effects, only

the female multiple mating behaviour and father hand-rearing parameters had posteriors likely to be

non-zero. The multiple mating variable is split into its factor levels, with the reference level a single

mating. For rearing, wild-reared (not hand-reared) is the reference level. Considering the posteriors and

the projection predictive variable selection results, only these two fixed parameters were retained in the

reduced model. HR = hand-rearing.

Model predictions showed that females mating with multiple males had a high probability of producing533

a fertile clutch, and that those mating with a single male more than once had a higher likelihood of clutch534

fertility than those mating just once (Fig. 4). Regardless of the number of matings and mates for a female,535

mating with a hand-reared male decreased the likelihood of clutch fertility.536

Multiple matings and kākāpō density537

The likelihood of females engaging in multiple matings (either with the same male or different males)538

was strongly positively correlated (Pearson correlation, r = 0.92, p < 0.001, t = 6.46,d.o.f. = 8) with the539

size of the adult female population on Whenua Hou from 1990 – 2019 (Fig. 5). The association between540

multiple matings and male abundance was much weaker (Pearson correlation, r = 0.61, p = 0.062, t =541

2.17,d.o.f. = 8), but there was a strong correlation between multiple matings and the female:male sex542

ratio (Pearson correlation, r = 0.89, p < 0.001, t = 5.61,d.o.f. = 8).543

There was substantial variation in multiple mating behaviour among females. Of the 59 females in the544

model data set, 28 (47%) mated with different males at least once, 27 (46%) had repeated matings with545
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Figure 3. Posterior distributions of the coefficients for the projected reduced model. This model

contained the two fixed effects with the highest variance contribution: female multiple mating behaviour,

and father hand-rearing status. Compared to the reference level (not shown) of a single mating, the

projected posterior distribution for females mating with different males was very strongly positive (p.d. =

1.00) and fully outside the ROPE (vertical shaded bar; p.s. = 1.00), indicating a very strong positive effect

on clutch fertility. For clutches in which females mated with the same male more than once (‘> 1 mating

1 male’), the parameter distribution was strongly positive (p.d. = 0.86, p.s. = 0.70). Compared to

wild-reared fathers (the reference), hand-reared fathers were much more likely to be associated with

lower clutch fertility (p.d. = 0.93, p.s. = 0.88). Symbols as in Fig. 2.

the same male at least once, and 52 (88%) produced at least one clutch from only a single mating.546

DISCUSSION547

Low productivity is one of the main obstacles to recovery for the critically endangered kākāpō. Using all548

available reproductive data for the species, this study shows that the dominant factors affecting clutch549

apparent fertility are female mating behaviour, in terms of the number of matings and number of males,550

and male hand-rearing status. Fertility was lower in clutches produced by a hand-reared father, higher if551

the female mated more than once with one male, and highest if the female mated with different males.552

Rearing environment553

This is a rare demonstration of hand-rearing affecting productivity in a bird species. In fact, evidence of554

similar effects across all taxa is extremely limited, in contrast to examples of the impact of captivity or555

rearing method on other traits such as survival (Farquharson et al., 2018). This is likely a result of the556

difficulty of measuring these effects, which usually requires longitudinal data of reproductive success557

across several generations (Clutton-Brock and Sheldon, 2010). This is compounded by a strong bias in558

fertility studies towards commercial bird species, and a tendency to focus on male reproductive issues559

(Assersohn et al., 2021a).560
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Figure 4. Fertility model predictions for the interaction of female multiple mating and male

rearing status. Predictions from the reduced model of the likelihood clutch fertility with the number of

mates and matings of the female, and the father rearing environment. Model predictions are shown as

filled circles, with 95% highest posterior density intervals denoted by vertical bars. Filled circles denote

the observational data, coloured by rearing status and jittered along both axes for clarity.

Examples from other taxa suggest that the reason for hand-rearing affecting fertility in kākāpō is561

likely to be behavioural. In primates, lack of access to conspecifics lowers reproductive output through562

suspected behavioural mechanisms (King and Mellen, 1994; Beck and Power, 1988; Hampson and563

Schwitzer, 2016). There is also qualitative evidence that hand-rearing affects aspects of kākāpō behaviour564

related to reproduction, with one individual hand-reared alone in 1997 (from three to 15 weeks of age)565

apparently unable to mate as a result of strong imprinting (KRP, 2021, unpublished data). Another566

male hatched in 1998 was also hand-reared individually for the same period and is partially imprinted,567

attempting to mate with humans, and although is able to mate with kākāpō, has not yet naturally produced568

fertile eggs. These imprinting behaviours appear to most strongly affect male chicks: females have been569

similarly hand-reared alone without any observed negative reproductive impacts, although these may570

be less immediately apparent (Harper and Joice, 2006). As a result, kākāpō chicks are not hand-reared571

separately from other individuals, unless it is unavoidable due to particular health issues, in which case572

the time that they are hand-reared without conspecifics is minimised.573

The impact of the timing and length of hand-rearing on male kākāpō fertility could not be investigated574

in this study due to the limitations of the data set. Examples from other species demonstrate that even575

a short hand-rearing period may influence behaviour. In raptors, imprinting or even partial imprinting576

can affect pair behaviour and therefore reduces egg fertility (Jones, 2008; Lierz, 2008). Male falcons577

reproduce less effectively if reared by hand for more than the first week of their life (Lierz, 2019). Whereas578

it is clear that a fully hand-raised bird might not be able to reproduce with conspecifics, there is uncertainty579

over the impact of shorter hand-rearing periods. It is feasible that any time during the development period580

that an individual is not raised by conspecifics might later lead to behavioural alterations (Irwin and Price,581

1999). Assessing whether there is a particular kākāpō life stage at which the impact of hand-rearing is582
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Figure 5. Multiple matings rates with the number and sex ratio of adult kākāpō. The association

between the incidence of multiple matings with (A) female and male kākāpō abundance and (B)

female:male sex ratio, on Whenua Hou from 1990 – 2019. The likelihood of multiple matings was

strongly correlated with increasing female abundance (r = 0.92, p < 0.001, t = 6.46,d.o.f. = 8) and

female:male sex ratio (r = 0.89, p < 0.001, t = 5.61,d.o.f. = 8), and moderately correlated with male

abundance (r = 0.61, p = 0.062, t = 2.17,d.o.f. = 8).

most pronounced should be a focus for future analyses when sufficient data are available.583

Hand-rearing reduces reproductive output in takahē (Porphyrio hochstetteri, a threatened endemic584

New Zealand rail), although it does not affect fertility. Hand-raised individuals fledge approximately 50%585

fewer offspring than their wild-reared counterparts, even though egg fertility is similar (NZDOC, 2014,586

unpublished data). This suggests that hand-reared takahē have reduced chick-rearing ability and that a587

behavioural mechanism is responsible. It supports the hypothesis that behavioural changes are responsible588

for the association between hand-rearing and clutch infertility in kākāpō.589

The evidence for negative impacts of hand-rearing on kākāpō fertility may have profound consequences590

for the conservation of the species. Hand-rearing is a key part of management, used to prevent loss of591

chicks which would naturally have died through starvation or ill health. More than half of the 261 chicks592

hatched since 1981 have been hand-raised for at least 10 days, usually in the first four weeks. Hand-rearing593

has made the strongest contribution to population growth than perhaps any other management method.594

There have been no other apparent negative effects of this management to date: from 32 hand-reared595

females which have bred, 25 (78%) have fledged chicks, and all that have hatched chicks have fledged596

some.597

Steps are already taken to avoid imprinting in kākāpō: chicks not reared alone, are only hand-reared if598

there is no alternative and are released from captivity soon after weaning. But the additional impact on599

fertility identified here may add greater pressure to avoid hand-rearing of males. This is at odds with the600

current management policy which prioritises leaving female rather than male chicks in nests, since the601

availability of breeding-aged females is considered one of the primary factors limiting population growth.602

Multiple matings603

Mating with different males604

This study shows that female mate choice — in terms of the number of copulations and males mated with605

— has a significant effect on clutch fertility in kākāpō. To infer the conservation management implications,606

we first consider the consequent inferences on polyandry in this lek species.607

The increase in clutch fertility from matings with different males supports the hypothesis of direct608

benefits from polyandry (Reding, 2014). With no male parental care in the kākāpō as a lek species, there609

are no clear benefits from increased access to resources from multiple mates. Therefore, improved fertility610

is instead likely to be the key driver for polyandry (Birkhead et al., 1987). This is apparent in other species:611
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for example, in the passerine blue tit (Cyanistes caeruleus), extra-pair copulations ensure a higher fertility612

when the partner is infertile (Santema et al., 2020). This effect is also likely to apply to lekking species,613

as mating with one single male, which might be infertile, has a higher risk of clutch infertility.614

Competition between sperm from different males in the female reproductive tract might also be615

important for increasing egg fertility in kākāpō through post-copulatory sperm selection (Birkhead et al.,616

1987; Pizzari and Birkhead, 2000; Calhim et al., 2008; Santema et al., 2020). Evidence supporting this617

“sperm competition hypothesis” in kākāpō is provided by sperm morphology. Carballo et al. (2019)618

demonstrated that parrot species which are gregarious, sexually dichromatic and/or have a high level of619

extra-pair paternity all have longer sperm, and thus a higher level of sperm competition, than monogamic620

psittacine species. Their results therefore support the hypothesis that variation in sperm morphology is621

driven by sperm competition in psittacines, as it is in passerines. Interestingly, they also demonstrated622

that kākāpō sperm morphology is longer than many other parrots, and in the range of species with a high623

level of sperm competition. This suggests that the kākāpō has a naturally high level of sperm competition,624

which is in accordance with their polyandrous lek breeding system.625

Further support for the sperm competition hypothesis driving female kākāpō to mate with multiple626

males is provided by the incidence of mixed paternity broods. Under the hypothesis, mating with multiple627

males should be common, but mixed-paternity within broods should be rare (Rivers and DuVal, 2019).628

This is the case for kākāpō: only 2% (one out of 48) of multiple matings resulted in broods with mixed629

paternity.630

Mating with multiple males may also be a result of mate guarding, which is common in polygamous631

species (Birkhead and Montgomerie, 2020). In a mating system driven by female choice, it could be632

expected that since females can assess male quality before mating, there would be little driver for mating633

with multiple males (Balmford, 1991). However, if mate guarding takes place, then copulations with634

multiple males can result from females having to ‘wait’ to mate with their preferred male, and mating635

with a non-preferred male first (Petrie et al., 1992). There is also observational evidence that kākāpō mate636

guard: at least 13 females have been detected at the display sites of males either the night before and/or637

after mating (KRP, 2021, unpublished data).638

The correlation of the likelihood of multiple matings with increasing female:male sex ratio supports639

the hypothesis that female kākāpō mate guard. As the threat of competition for mates grows with a640

changing sex ratio, there may be more mate guarding through monopolisation of preferred males with641

repeated matings, and subsequently more instances of females mating with different males when their642

preferred choice is not available (Petrie et al., 1992). Similar variations in mate guarding behaviour with643

changing levels of competition from varying sex ratio are evident in other species (Grant and Grant, 2019;644

Birkhead and Montgomerie, 2020).645

Multiple matings with the same male646

The kākāpō reproductive data provide a rare opportunity to assess fertility benefits of females mating647

repeatedly with the same male. Close observation of individual mating behaviour is rare in wild bird648

species, so there have been limited opportunities to assess the impact of repeated matings to help determine649

the reason for this behaviour. Some of the hypotheses for repeated matings require a pair bond or paternal650

investment, which are not present in kākāpō (Hunter et al., 1993). Remaining explanations include: to651

reduce the likelihood that the male can mate successfully with other females, to devalue the sperm from652

an inferior male, or by increasing fertility through a higher likelihood of the female receiving sufficient653

sperm (Petrie et al., 1992; Heeb, 2001; Hunter et al., 1993). The first of these hypotheses is less likely to654

apply to kākāpō, since males mate relatively infrequently, despite apparently having the capacity to do655

so more often. The second explanation is not supported by examples in which female kākāpō mate only656

with one male, or with one male before and after a second (n = 6). The final explanation, the increased657

fertility hypothesis (Birkhead et al., 1987), is supported in flycatchers, in which repeated inseminations658

from the same individual increased the number of sperm reaching the perivitaline layer (PVL; Torok et al.659

2003). Savage et al. (2021) provided evidence for this in kākāpō, reporting that multiple matings may660

increase sperm reaching the PVL. There is not accordance across all species: Rivers and DuVal (2019)661

reported that the number of matings did not affect reproductive success in a lek-breeding bird, and Hunter662

et al. (1993) found no evidence to support the hypothesis from a review of several species. However, our663

observed association of higher kākāpō clutch fertility with multiple matings, together with that of Savage664

et al. (2021), suggests that the fertility assurance hypotheses for multiple matings applies to kākāpō.665

Mate guarding can also explain the instances in which females mate with the same male multiple666
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times. With competition for preferred males, female kākāpō may monopolise their preferred mate with667

repeated courtship and matings, as hypothesised in other lekking species (Petrie et al., 1992). That study668

reported approximately half of feral female peahens engaged in multiple matings, which is the same669

proportion as we found in kākāpō (47%).670

Conservation implications of multiple mating effects671

From their sperm morphology, mating system and our finding of lower fertility from single matings, we672

speculate that it is usual for female kākāpō to copulate multiple times and with multiple males. The673

current situation in which females usually mate with just one male (53% of clutches) may therefore674

represent an abnormal state.675

This situation may be the result of management practices, in which the density of kākāpō on breeding676

islands (15 – 20 ha/bird; Whitehead et al. 2011) has been limited to reduce the likelihood of male deaths677

from fighting, to ensure sufficient habitat for females, and to reduce nest interference. If the subsequent678

density of kākāpō was lower than their natural state, particularly for females, this may have resulted in679

fewer multiple matings. Coupled with possible behavioural deficiencies in hand-reared males, this could680

have led to reduced sperm competition and lower fertility in the contemporary population.681

Having sufficient males available at leks was previously assumed to be important to encourage females682

just to visit and mate, but now takes greater significance in ensuring sufficient sperm competition by683

encouraging multiple matings. Kākāpō sites should therefore be stocked with high densities of breeding684

males, while recognising that too many males on leks can lead to higher mortality among males due685

to fighting. However, the potential impact of female density on fertility, not previously considered in686

management, appears to be more important. Female densities should be kept as high as the habitat can687

support, with a high female:male adult sex ratio. There is no evidence of reduction in the number of688

multiple matings at high sex ratios, so it appears that adult female:male ratios could be at least as high as689

1.6. However, this must be balanced against ensuring that nesting females have sufficient quality habitat690

to enable them to rear chicks in nests.691

Artificial insemination should also be continued, as a way to introduce sperm competition when692

females copulate with only one male. Savage et al. (2021) demonstrated that artificial insemination had a693

significant impact on numbers of sperm reaching the PVL in kākāpō, and this is also true in other species694

(Brown et al., 2019). Increasing sperm competition may be as important as the primary reason artificial695

insemination was initiated in kākāpō, which was to override any natural matings with a genetically696

unsuitable (e.g., highly relatedness) mate.697

Finally, from our finding of lower fertility of clutches produced by hand-reared males, hand-rearing698

should be reduced as much as possible, particularly for males.699

Age effects700

There was no strong impact of either mother or father age on clutch fertility. This is not particularly701

surprising given the relatively young age of the contemporary population (mean age = 19.1 and 23.0702

respectively for females and males in the model clutch data), and considering that factors such as individual703

condition, food availability and population density can outweigh age effects (Hammers et al., 2012; Oro704

et al., 2014).705

Accordingly, there were no strong differences in the contribution of mother and father age to clutch706

fertility. Sex differences in senescence are often more pronounced in polygamous vertebrate species, with707

males tending to have declining reproductive success at an earlier age than females (Clutton-Brock and708

Isvaran, 2007). This is thought to be a result of males being less likely to win fights as they age, and709

are excluded access to females (Clutton-Brock and Isvaran, 2007). This might be expected in kākāpō,710

with older, less fit males less able to defend their position in the lek and attract females. However, with711

the ‘exploded’ lek system in kākāpō (Merton et al., 1984), direct competition among males may be less712

important.713

It was not possible to investigate differences in fertility with increasing age between hand-reared and714

wild-reared kākāpō since all hand-reared kākāpō were under 25 years old. However, this should be a focus715

of future analysis when the data set is sufficiently large, since the development environment, including716

rearing method, has been shown to affect reproductive senescence in other bird species (Balbontı́n and717

Møller, 2015; Murgatroyd et al., 2018; Cooper and Kruuk, 2018).718
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Mating experience719

Mating experience (in terms of the number of previous matings) no impact on clutch fertility in kākāpō for720

either sex, unlike in other species (DuVal, 2012; Kokko, 1997). This is in accordance with observational721

evidence which indicates that females kākāpō do not preferentially select for the most experienced males722

(KRP, 2021, unpublished data). Some males have displayed for decades, but have never or rarely mated723

and produced offspring, despite being visited at the lek by females (Eason et al., 2006). Conversely, other,724

younger males have produced offspring from first-time matings.725

Inbreeding726

Our model showed no discernible effect of parental kinship on apparent infertility. This combines727

both ‘true’ infertility and very early embryo deaths, but the results of Savage et al. (2021) suggest that728

our sample was likely to dominated by the latter. Embryo death has been attributed to maternal and729

environmental effects as well as genetic incompatibility (Savage et al., 2021; Assersohn et al., 2021b),730

one measure of which can be parental kinship. However, our results suggest that parental kinship is not a731

strong driver of early reproductive failure in kākāpō, relative to the behavioural effects.732

This appears to be in contrast with findings from another bird species with low rates of fertility, the733

whooping crane (Grus americana), in which higher parental kinship values are a dominant predictor of734

apparent egg infertility (Brown et al., 2019). Similarly, Jamieson and Ryan (2000) reported that takahē on735

islands with higher apparent infertility than their mainland counterparts was at least partially attributable736

to genetic factors. However, environmental factors were considered to dominate in takahē fertility, and737

both the whooping crane and takahē studies did not distinguish true infertility from early embryo death738

(Assersohn et al., 2021b).739

The results of most other studies assessing effects of parental kinship on fertility cannot be compared740

to ours, since they use different measures of reproductive success, such as fledging rates (Morrison, 2020).741

In addition, in the majority of bird species, small sample sizes combined with low rates of infertility have742

led to reduced statistical power to detect genetic effects on fertility (Garamszegi, 2016; Assersohn et al.,743

2021b).744

Our analyses of kākāpō fertility were not limited by sample sizes and low rates of infertility, but were745

unavoidably restricted by a low kinship range (0 – 0.265) with a positively skewed distribution. This was746

perhaps at least partially a result of genetic management methods such as translocations reducing the747

likelihood of closely related matings. Survivorship bias may have also contributed to the low kinship748

values: in cases when females mated with different males, only clutches with DNA confirmed paternity749

were included, so males which mated but did not produce fertile eggs were excluded. However, the750

whooping crane data also had low kinship values (a median of zero), yet still detected a strong association751

between parental kinship and apparent fertility (Brown et al., 2019). It is unclear why this was not the case752

with kākāpō, although their different breeding ecology could have led to a different relative contribution of753

genetic and behavioural effects. Regardless, future studies should more closely examine the relationships754

between other genetic metrics and low rates of fertility in kākāpō. For example, very early embryo death755

can also be attributed to gross chromosomal abnormalities (Assersohn et al., 2021a) which would not756

have been detected in our study.757

Sperm quality758

Many male kākāpō in the contemporary population have poor sperm quality, with low concentration and759

morphological abnormalities (White et al., 2014). This is quite unusual for polyandrous parrots. Bublat760

et al. (2017) demonstrated that Eclectus parrots, which also have a polyandrous breeding strategy, had a761

high sperm density, very high total sperm count and few morphological issues compared to monogamous762

macaws, which had a low sperm density, low total sperm count, lower motility and many altered sperm763

cell. The authors speculated that sperm competition in polyandrous birds is an evolutionary force for764

high semen quality. Therefore the low semen quality and quantity found in the contemporary kākāpō765

population is not expected from their breeding biology, and may instead be due to other reasons such as766

inbreeding (White et al., 2014) or diet.767

Recent evidence suggests that male sperm quality may not be such a limiting factor in kākāpō fertility.768

The microscopic egg analysis of Savage et al. (2021) showed that the true egg infertility rate in 2019769

was 14%, rather than the 52% assumed. Infertility was still higher in males than females (17% and 2%770

respectively), but this suggests that embryo deaths, rather than insufficient sperm reaching the egg, are the771

biggest factor in kākāpō infertility.772
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Environmental impacts773

The year random effect in the fertility model accounted for only a relatively small amount of the total774

variance compared to the random effects of father and mother identity. This suggests that variation among775

years was less important than among individuals, and that unmodelled individual effects dominated776

unmodelled inter-annual ones. Factors which varied among years would have included environmental777

factors such as climatic conditions, which may affect fertility, although this is poorly studied in wild778

species (Walsh et al., 2019). Inter-annual variation would also have occurred in food supply, particularly779

rimu abundance and whether ripe rimu fruit was available. Rimu abundance is correlated with clutch780

size in kākāpō (Harper et al., 2006), but our results indicate that it is not strongly associated with clutch781

fertility, along with any other environmental dietary or climatic variations.782

Small samples sizes and longitudinal data783

The effect of small data sets must be considered when evaluating these results. Small sample sizes are784

often an unavoidable consequence in threatened species analysis, which can lead to imprecise, inaccurate785

or unstable results, and important effects being missed due to apparently non-significant results arising786

from high uncertainty (Garamszegi, 2016). This is why robust statistical methods which provide reliable787

and useful uncertainty measures and can rank predictors by their contribution to the response are important788

for these data, such as the Bayesian predictive projection variable selection utilised here. Even with these789

methods, the impact on fertility of the effects reported here is likely to be underestimated. This must be790

considered when using these results to make conservation management decisions, and emphasises the791

importance of reanalysis when data sets become larger with further monitoring.792

The sample size of 197 clutches in this study is statistically small, but represents a substantial and793

long-term monitoring effort utilising advanced technologies. Few wild species are monitored as intensively794

as the kākāpō, with individuals closely followed over decades, so that nearly all mating attempts are795

recorded. This longitudinal data set has enabled analysis of potential impacts on fertility, highlighting796

the importance of adequate monitoring to assess the effects of management methods which may not be797

apparent, and the importance of long-term, individual-based studies (Clutton-Brock and Sheldon, 2010).798

Other species799

The implications from this study can also be considered in conservation programmes on other species,800

particularly the impacts of hand-rearing. In a review of global psittacine re-establishment projects, Joustra801

(2018) reported that nearly a quarter (24%) used hand-reared individuals, with two-thirds of those relying802

on them entirely. Although there are widely-reported negative impacts on behaviours such as predator-803

avoidance, increased human interactions and aggression or avoidance to conspecifics (Carrete and Tella,804

2015; Utt et al., 2008; Joustra, 2018), further attention should be paid to the more subtle but potentially805

more damaging impacts on fertility.806

CONCLUSION807

Determining the cause of their low productivity is the highest research priority for kākāpō conservation.808

This analysis of a long-term mating data set suggests that the biggest factors affecting apparent clutch809

fertility are behavioural: female mating behaviour and male developmental environment. Clutch fertility810

increased with the number of mates and mating attempts a female had, and was lower for hand-reared811

males compared to those which were wild-reared.812

Together with sperm morphology and a mating system which indicates high levels of sperm com-813

petition, these results suggest that current kākāpō mating frequencies are lower than those which have814

previously been selected for, and that this is perhaps a result of low population size which may have been815

compounded by management. The sex difference in hand-rearing impacts indicates that hand-rearing816

affects mating behaviour in males more than females, in accordance with imprinting behaviours found in817

hand-reared male but not female kākāpō. Age, previous mating experience and parental kinship were818

found not to be important predictors of apparent clutch fertility.819

These findings have immediate applications in kākāpō conservation management. Hand-rearing should820

be limited as much as possible for males; a reversal from previous strategies in which retaining female821

chicks in nests was prioritised. Population densities should be maximised so that there are sufficient males822

at leks to ensure adequate mate choice for females, but that the female:male sex ratio is kept as high823
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as the habitat can support. Artificial insemination should also be continued, to ensure sufficient sperm824

competition as well as maximizing founder representation.825

That female mate choice affects fertility in the lek-breeding kākāpō also has implications for hypothe-826

ses for polyandry and repeated matings. Our results, combined with those on kākāpō sperm morphology,827

indicate that these behaviours are driven by high levels of sperm competition in kākāpō to improve the828

likelihood of fertilisation. The increase in multiple matings with increasing female:male adult sex ratio829

also provides evidence that female mate guarding occurs in this species.830
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has been contributed to by hundreds of NZDOC staff and volunteers over more than 40 years. Huge837

respect and admiration are especially due to the personnel who worked under difficult field conditions838

without the benefit of remote monitoring methods, often for low kākāpō productivity, from the 1970s839

to early 2000s. Particular thanks also go to Daryl Eason, Graeme Elliott and Ron Moorhouse for the840

generation, maintenance and accessibility of this data set.841

The genetic data relied upon the Kākāpō 125+ Project, which generated genomic sequences for all842

living and recently-deceased kākāpō. The generation and availability of these data owed much to the843

Genetic Rescue Foundation who coordinated funding; Ngāi Tahu who provided advice on Mātauranga844

Māori (indigenous knowledge) and cultural safety and provided governance; Bruce and Fiona Robertson845

(University of Otago, Dunedin, New Zealand) who performed DNA extractions; Erich Jarvis (Rockefeller846

Institute, NY, USA) and Jason Howard (Duke University, USA) who provided genetic advice; many847

staff members at NZDOC who collected samples; and Genomics Aotearoa who provided advice on848

conservation genetics and governance.849
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Figure S1. Model predictor distributions. Distributions for the numeric fixed parameters in the

Bayesian model of clutch fertility.

Supplementary Information871

Animal Ethics872

The following information was supplied relating to ethical approvals:873

The data used in this study were collected as part of routine kākāpō conservation management874

conducted by NZDOC as required by the New Zealand Conservation Act (1987), and so this study was875

exempt from the requirement of animal ethics approval under NZDOC’s obligations to the New Zealand876

Animal Welfare Act (1999).877
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Correlation Analysis in R. Journal of Open Source Software, 5(51):2306.1154

McCleery, R. H., Perrins, C. M., Sheldon, B. C., and Charmantier, A. (2008). Age-specific reproduction1155

in a long-lived species: the combined effects of senescence and individual quality. Proceedings of the1156

Royal Society B: Biological Sciences, 275(1637):963–970.1157

Meretsky, V. J., Snyder, N. F. R., Beissinger, S. R., Clendenen, D. A., and Wiley, J. W. (2000). Demography1158

of the California Condor: Implications for Reestablishment. Conservation Biology, 14(4):957–967.1159

Merton, D. V., Morris, R. B., and Atkinson, I. A. (1984). Lek behaviour in a parrot: the kakapo Strigops1160

habroptilus of New Zealand. Ibis, 126(3):277 – 283.1161

Morrison, C. E. (2020). Evaluating genetic diversity in the critically endangered orange-bellied parrot:1162

informing species management. PhD thesis, University of Sydney, Australia.1163

Morrow, E. H., Arnqvist, G., and Pitcher, T. E. (2002). The evolution of infertility: does hatching rate1164

in birds coevolve with female polyandry?: Evolution of infertility in birds. Journal of Evolutionary1165

Biology, 15(5):702–709.1166

Murgatroyd, M., Roos, S., Evans, R., Sansom, A., Whitfield, D. P., Sexton, D., Reid, R., Grant, J., and1167

27/29PeerJ reviewing PDF | (2021:11:67634:0:1:NEW 19 Nov 2021)

Manuscript to be reviewed



Amar, A. (2018). Sex-specific patterns of reproductive senescence in a long-lived reintroduced raptor.1168

Journal of Animal Ecology, 87(6):1587–1599.1169

Narisetty, N. N. and He, X. (2014). Bayesian variable selection with shrinking and diffusing priors. The1170

Annals of Statistics, 42(2):789–817.1171

Oro, D., Hernández, N., Jover, L., and Genovart, M. (2014). From recruitment to senescence: food shapes1172

the age-dependent pattern of breeding performance in a long-lived bird. Ecology, 95(2):446–457.1173

O’Grady, J. J., Brook, B. W., Reed, D. H., Ballou, J. D., Tonkyn, D. W., and Frankham, R. (2006).1174

Realistic levels of inbreeding depression strongly affect extinction risk in wild populations. Biological1175

Conservation, 133(1):42–51.1176

Pacheco, X. P. and Madden, J. R. (2021). Does the social network structure of wild animal populations1177

differ from that of animals in captivity? Behavioural Processes, 190:104446.1178

Parker, G. A. G. and Birkhead, T. R. T. (2012). Polyandry: the history of a revolution. Philosophical1179

Transactions of the Royal Society B: Biological Sciences, 368(1613):20120335 – 20120335.1180

Petrie, M., Hall, M., Halliday, T., Budgey, H., and Pierpoint, C. (1992). Multiple mating in a lekking bird:1181

why do peahens mate with more than one male and with the same male more than once? Behavioral1182

Ecology and Sociobiology, 31(5):349 – 358.1183

Pew, J., Muir, P. H., Wang, J., and Frasier, T. R. (2015). related: an R package for analysing pairwise1184

relatedness from codominant molecular markers. Molecular Ecology Resources, 15(3):557–561.1185

Piironen, J., Paasiniemi, M., and Vehtari, A. (2020). Projective inference in high-dimensional problems:1186

Prediction and feature selection. Electronic Journal of Statistics, 14(1):2155–2197.1187

Piironen, J. and Vehtari, A. (2017a). Comparison of Bayesian predictive methods for model selection.1188

Statistics and Computing, 27(3):711–735.1189

Piironen, J. and Vehtari, A. (2017b). Sparsity information and regularization in the horseshoe and other1190

shrinkage priors. Electronic Journal of Statistics, 11(2):5018–5051.1191

Pizzari, T. and Birkhead, T. R. (2000). Female feral fowl eject sperm of subdominant males. Nature,1192

405(6788):787–789.1193

Poplin, R., Chang, P.-C., Alexander, D., Schwartz, S., Colthurst, T., Ku, A., Newburger, D., Dijamco,1194

J., Nguyen, N., Afshar, P. T., Gross, S. S., Dorfman, L., McLean, C. Y., and DePristo, M. A. (2018).1195

A universal SNP and small-indel variant caller using deep neural networks. Nature Biotechnology,1196

36(10):983–987.1197

Powlesland, R. G., Roberts, A., Lloyd, B. D., and Merton, D. V. (1995). Number, fate, and distribution of1198

kakapo (Strigops habroptilus) found on Stewart Island, New Zealand, 1979–92. New Zealand Journal1199

of Zoology, 22(3):239 – 248.1200

Prier, E. A., Gartrell, B. D., Potter, M. A., Lopez-Villalobos, N., and McLennan, J. (2013). Characterization1201

of hatch-size and growth rates of captive and wild-reared brown kiwi (Apteryx mantelli) chicks. Zoo1202

biology, 32(5):541–8.1203

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna, Austria.1204

Reding, L. (2014). Increased hatching success as a direct benefit of polyandry in birds. Evolution,1205

69(1):264–270.1206

Rivers, P. R. and DuVal, E. H. (2019). Multiple paternity in a lek mating system: Females mate multiply1207

when they choose inexperienced sires. Journal of Animal Ecology, 89(5):1142–1152.1208

Robertson, B. C., Millar, C. D., Minot, E. O., Merton, D. V., and Lambert, D. M. (2000). Sexing the1209

Critically Endangered Kakapo (Strigops habroptilus). Emu, 100(4):336.1210
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