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Background: Kiwi (Apteryx spp.) are flightless ratites from New Zealand whose numbers and distributions have
declined following human arrival. Some of the kiwi species are known to hybridise but the extent of hybridization is

Methods: We reviewed hybridisation in kiwi (Apteryx spp.) and present new genetic data examining the extent of
hybridisation between Rowi (A. rowi) and Little Spotted Kiwi (A. owenii) at Okarito, the location of the only remaining
natural population of the threatened Rowi. We also genetically examined the syntype specimens of A. haastii Potts,
1872, collected from near Okarito in the 1870s, which have unusual morphologies.

Results: We found evidence of recurrent hybridisation between Rowi and Little Spotted Kiwi over the last 150 years,
including one F1 hybrid found in the last 15 years, despite Little Spotted Kiwi's likely extinction on the mainland in the
1970s. However, we found little evidence of introgression of Little Spotted Kiwi alleles into the extant Rowi popula-
tion. The syntype specimens of A. haastii were also found to be hybrids between Little Spotted Kiwi and Rowi.

Conclusions: Our genetic analyses indicate that, although we detected multiple instances of hybridisation between
Rowi and Little Spotted Kiwi, it does not appear to be an ongoing threat to Rowi. Because the syntype specimens of
A. haastii are hybrids and therefore not representative of the prevailing usage of the name for the Great Spotted Kiwi
(A. haastii), we resurrect the nomen oblitum A. maxima Sclater and Hochstetter, 1861 for the large spotted kiwi species.

Keywords: Apteryx, Apteryx haastii, DNA, Hybridisation, Kiwi, Taxonomy

Background

Hybridisation between species is a common phenom-
enon in the animal kingdom. Birds show particularly high
levels of hybridisation with more than 16% of bird spe-
cies known to hybridise with at least one other species in
nature, and this number increases to 21% when hybridi-
sation in captivity is also included (Ottenburghs et al.
2015).
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Hybridisation is a natural part of the evolutionary
process and can have positive and negative outcomes
(Allendorf et al. 2012; Marques et al. 2019). It can lead
to increased genetic diversity, provide a source of adap-
tive genetic variation (Hedrick 2013) or even result in
the formation of a new species (Lamichhaney et al. 2018;
Masello et al. 2019). However, hybridisation can also lead
to the merging of distinct evolutionary lineages and the
genomic extinction of populations or species (Todesco
et al. 2016). Rates of hybridisation have greatly increased
in response to anthropogenic disturbance (Anderson and
Stebbins Jr 1954; Allendorf et al. 2012). Human-induced
habitat modification, including disturbance and fragmen-
tation, as well as introductions of organisms outside their
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native range have all been shown to increase hybridisa-
tion (Allendorf et al. 2012; Todesco et al. 2016).

History of kiwi

Kiwi are flightless ratites that are endemic to New Zea-
land. Currently five species of kiwi are recognised, and
molecular dating has variously estimated that they
diverged from one another within the last four million
years (Weir et al. 2016), 12 million years (Yonezawa et al.
2017) or 13 million years (Grealey et al. 2017). These spe-
cies fall into two morphological groups: brown colored
kiwi, comprising North Island Brown Kiwi (A. mantelli;
Bartlett, 1852), Rowi (A. rowi; Tennyson et al. 2003) and
Tokoeka (A. australis; Shaw, 1813); and spotted kiwi,
which have barred feathers, comprising Little Spotted
Kiwi (Apteryx owenii; Gould, 1847) and Great Spotted
Kiwi (A. haastii; Potts, 1872).

From this point forward we use Great Spotted Kiwi to
refer to the large spotted kiwi that occurs in the north-
west of the South Island, following the prevailing usage
(e.g. Gill et al. 2010; Heather et al. 2015; Germano et al.
2018). There is uncertainty over what the name A. haastii
refers to because the two syntype specimens of A. haastii
(Canterbury Museum (CM) AV2828 and AV2829; Sco-
field 2004), which were collected inland from Okarito
in 1870-1871, have unusual morphologies with shorter
and finer legs than Great Spotted Kiwi (Additional file 1:
Table S1). This feature, combined with their collection
locations, which are outside the known range of Great
Spotted Kiwi and in the vicinity of where recent Lit-
tle Spotted Kiwix Rowi hybrids have been found (see
“Hybridisation in kiwi” section below), hints that they
may have hybrid ancestry.

Prior to human arrival, kiwi were found across New
Zealand. Little Spotted Kiwi were found in both the
North and South Islands (Shepherd et al. 2012) but
Great Spotted Kiwi were restricted to the northwest of
the South Island (Shepherd and Lambert 2008). Brown
kiwi were distributed across New Zealand with North
Island Brown Kiwi located in the central and northern
North Island, Rowi in the southern North Island and cen-
tral west to northwest South Island, and Tokoeka in the
southern and eastern South Island and Stewart Island
(Shepherd and Lambert 2008). Therefore, Little Spotted
Kiwi previously overlapped in distribution with the other
four kiwi species. Great Spotted Kiwi and Rowi were
also previously sympatric (Shepherd and Lambert 2008).
However, the distributions of the three brown kiwi spe-
cies apparently had no overlap.

Since human arrival, kiwi numbers and distribution
have declined throughout New Zealand, mainly because
of predation by introduced mammals (McLennan et al.
1996). The reduced and fragmented distribution of kiwi
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(Fig. 1) means that there is currently no natural overlap
between any of the species, although Little Spotted Kiwi
may have been sympatric with Great Spotted Kiwi, Rowi
and Tokoeka within the last 50 years (Shepherd et al.
2012; Colbourne pers. obs.).

Hybridisation in kiwi

Interspecific kiwi hybrids are known from the wild and
a translocated population. In the wild most of the sus-
pected hybrids have been found recently in the vicinity
of Okarito (Fig. 1) and are thought to be hybrids between
Little Spotted Kiwi and Rowi. These two species are no
longer sympatric, with Little Spotted Kiwi last recorded
from the South Island in 1978 (Shepherd et al. 2012). Kiwi
are long-lived for birds, e.g. the mean life expectancy of
adult Little Spotted Kiwi is 45 years (95% CI 27-83 years;
Robertson and Colbourne 2004), thus theoretically early
generation hybrids could still be alive at Okarito, despite
Little Spotted Kiwi no longer occurring there.

The translocated population of brown kiwi on Kapiti
Island has been shown through allozyme analysis to have
a hybrid origin, with both Tokoeka and North Island
Brown Kiwi ancestry (Herbert and Daugherty 1990).
Both of these species, as well as Little Spotted Kiwi, were
introduced to Kapiti Island in the early twentieth century
(Colbourne 2005 and references therein; Ramstad et al.
2013).

A number of mixed provenance kiwi populations
(intraspecific hybrids) have been formed through trans-
locations of genetically distinct lineages within North
Island Brown Kiwi (e.g. Ponui Island and Little Barrier
Island; Colbourne 2005). Although these lineages are
all currently considered to be North Island Brown Kiwi,
future taxonomic changes are possible given the level of
distinctiveness detected between them (Weir et al. 2016).
Mixed provenance North Island Brown Kiwi also occur
in captivity, although such populations are being phased
out (Barlow 2018).

Hybridisation is a potential threat to kiwi diversity
(Ramstad and Dunning 2020) because it could result
in the genomic extinction of small populations. For
example, the entire natural distribution of Rowi, whose
threat status is vulnerable (BirdLife International
2017), is restricted to a single population at Okarito.
At the same time, hybrids may harbor genetic vari-
ation that is no longer found within current popula-
tions, particularly in Little Spotted Kiwi, which suffer
from inbreeding depression and extremely low genetic
variation owing to a species-wide bottleneck of at
most five individuals (Ramstad et al. 2013). The con-
servation value of such hybrids is controversial—is it
better to create a hybrid population that is genetically
more diverse than the extant bottlenecked populations
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Fig. 1 The present-day distributions of the five kiwi species. The largest and oldest Little Spotted Kiwi population is on Kapiti Island but a number of
other translocated populations have been established via translocation (not shown). Locations mentioned in the text, including where kiwi hybrids
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or retain genetically depauperate purebred popula-
tions (Ramstad et al. 2021; Undin et al. 2021)?

In this study we examine hybridisation between Lit-
tle Spotted Kiwi and Rowi. Our objectives are to (1)
determine the extent of past and present introgres-
sion between wild populations of Rowi and Little
Spotted Kiwi at Okarito; and (2) investigate whether
the syntype specimens of A. haastii Potts, 1872 are
hybrids and discuss the taxonomic implications of our
findings.

Methods

Sampling

We refer to individual sampled kiwi by their names or
museum registration numbers (Table 1). AllportsM is
a male kiwi first caught near Franz Josef township in
1992 and moved to Mana Island in 1992 (Hugh Rob-
ertson, pers. comm.; Fig. 1). He was initially thought
to be a Great Spotted Kiwi when first discovered (Jim
Jolly, unpubl. report) based on the presence of barred
feathers, which are characteristic of spotted but not
brown kiwi. However, subsequent allozyme analyses
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Table 1 Details about individual kiwi (Apteryx sp.) analysed in this study
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Name/museum registration number

Past species identification Species identification

(this study)

Collection location

AllportsM

Jess
AllportsChick
BC0102_3
NMNZ OR.30701

CM AV2828
(A. haasti syntype)
CM AV2829
(A. haasti syntype)

Rowi x LSK (F1)
Rowi x LSK (F1)
Rowi x LSK (F2)

(Rowi x LSK) x Rowi (BCT)
Rowi x LSK or Rowi x GSK

GSK

GSK

Rowi x LSK (F1)
Rowi x LSK (F1)
Rowi x LSK (F2)
Rowi x LSK (BC3 +)

Later generation hybrid
between Rowi x GSK or
Rowi x LSK

Rowi x LSK

Rowi x GSK or Rowi x LSK

GSK

Allports Island (ex. Franz Josef)

Allports Island (ex. Okarito)

Allports Island (offspring of Jess and AllportsM)
Okarito

Okarito (1945-1947)

Between Lake Mapourika and the Southern
Alps (1870-1871)

Upper reaches of the Okarito River (1870-1871)

Near Charleston

A_maxima neotype (NMNZ OR.22663)  GSK

Past species identification is based on morphology and/or published genetic results. Species identification in this study is based on all available information
LSK Little Spotted Kiwi, GSK Great Spotted Kiwi, NMINZ Museum of New Zealand Te Papa Tongarewa

and mtDNA sequencing suggested that he was a hybrid
between a female Rowi and a male Little Spotted Kiwi
(Herbert and Daugherty 2002). In 2006, AllportsM was
moved to Allports Island in Queen Charlotte Sound
(Miskelly 2010; Fig. 1). Jess is a female kiwi found at
Okarito in 2005 and subsequently also moved to All-
ports Island. Based on morphology (barred feathers),
Jess was considered to be a hybrid between a Rowi and
Little Spotted Kiwi. AllportsM and Jess produced two
known chicks, of which one, AllportsChick, was sam-
pled. An Okarito bird, BC0102_3, was thought to be
the offspring of Jess and a Rowi male, produced before
Jess was moved to Allports Island. If confirmed, this
would make BC0102_3 a first generation Rowi back-
cross. Feathers were plucked for DNA analyses from
AllportsM, Jess, AllportsChick and BC0102_3.

NMNZ OR.30701 is a kiwi from Okarito whose
feathers were sampled on several occasions in the wild
between 1945 and 1947, and sent to Robert Falla who
was Director of the Canterbury Museum at the time.
Labels by Falla include information such as “Okarito
Kiwi Cross” and “Feathers of the Okarito kiwi (austra-
lis? x haasti?)”. We analyzed the base of one of these
feathers.

Three kiwi museum skins were sampled by removing
a sliver of approximately 3 mm? of footpad tissue from
the underside of a toe with a clean razor blade. These
were the two syntype specimens of A. haastii (CM
AV2828 and CM AV2829), both of which are thought
to be females based on their long bills (Scofield 2004)
and the neotype specimen of A. maxima Sclater and
Hochstetter, 1861, which was collected near Charles-
ton in 1981 and determined to be female by dissection
(NMNZ OR.22663; Palma et al. 2003). Apteryx maxima

is currently considered to be an invalid name (nomen
oblitum) for Great Spotted Kiwi (Palma et al. 2003).

DNA extraction

Feather samples from living kiwi were processed in a lab-
oratory where only modern samples and PCR products
are processed. DNA from historic samples was handled
in an ancient DNA laboratory, physically isolated from
areas where modern DNA and PCR products were han-
dled. Potential contamination was monitored by the use
of negative extraction and PCR controls.

Genomic DNA was extracted from the feathers and
footpad samples with a Qiagen DNEasy® Blood and Tis-
sue extraction kit. The manufacturer’s instructions were
followed, except that for the historic samples the final
elution used 50 pl of Buffer AE and was spun through the
column twice (i.e. the first elution was placed back on the
column and spun through a second time).

Mitochondrial DNA sequencing and analyses

Variable fragments of two mitochondrial genes were tar-
geted. A 200-base pair (bp) fragment of domain 1 of the
control region was amplified using the kcf and ker prim-
ers of Shepherd and Lambert (2008). A 471 bp fragment
of the cytochrome b was amplified in two overlapping
fragments and one non-contiguous fragment using the
primers of Shepherd et al. (2012).

PCRs were performed in 12 pL volumes with 1 x Mytaq
mix (Bioline, Australia), 5 pmol of each primer and 2
mg/mL bovine serum albumin (BSA). PCR thermocy-
cling conditions were an initial denaturation of 95 °C
for 1 min followed by 45 cycles of 95 °C for 20 s, 50 °C
for 20 s, and 72 °C for 20 s and a final extension at 72 °C
for 5 min. PCR products were visualised by agarose gel
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electrophoresis then purified by digestion with 0.5 U
shrimp alkaline phosphatase (SAP, New England Biolabs,
MA, USA) and 2.5 U exonuclease I (Exol, New England
Biolabs, MA, USA) at 37 °C for 15 min, followed by inac-
tivation of the enzymes at 80 °C for 15 min. PCR frag-
ments were sequenced in both directions with the ABI
Prism Big Dye Terminator cycle sequencing kit version
3.1 on an ABI 3730 DNA sequencer (Massey Genome
Service, Massey University, Palmerston North, New
Zealand).

Sequence files were edited with Sequencher version 5.2
(Gene Codes Corp., Ann Arbor, MI, USA). Sequences
contained no indels and were aligned by eye to 56 pub-
lished mitochondrial control region and cytochrome
b sequences (Additional file 1: Table S2) representing
the genetic diversity discovered to date in modern and
ancient kiwi (Baker et al. 1995; Burbidge et al. 2003;
Shepherd and Lambert 2008; Shepherd et al. 2012; Weir
et al. 2016).

Maximum likelihood (ML) analyses were performed
with the PhyML v3.0 web server (http://www.atgc-montp
ellier.fr/phyml/; Guindon et al. 2010), with the best-fit
model of sequence evolution determined with Smart
Model Selection (HKY85) and the Akaike information
criterion (Lefort et al. 2017). Heuristic searches were per-
formed with 10 random addition sequence replicates and
SPR branch-swapping. Branch support was assessed with
1000 bootstrap (BS) pseudoreplicates.

MrBayes v3.2.1 (Ronquist et al. 2012) was used to
perform Bayesian analyses (BA). Two concurrent anal-
yses were run, each with four Markov chains of ten mil-
lion generations and sampling every 1000 generations,
nst=6, rates=invgamma, the default priors, and the
substitution model parameters unlinked across the two
loci. The first 20% of samples were discarded as “burn-in’
after this point the standard deviation of split frequen-
cies was below 0.01 and convergence was confirmed by
checking plots of—In L across generations and ESS for
each parameter (>200 for all cases) with Tracer v.1.71
(Rambaut et al. 2018).

Microsatellite genotyping and analyses of modern samples
The three suspected hybrid kiwi on Allports Island,
plus BC0102_3 from Okarito, were genotyped at 36
published microsatellite loci (Apt35, Apt59 and Apt68
from Shepherd and Lambert 2006; KMS1, KMS18,
KMS37 and KMS74B from Jensen et al. 2008; Aptowel,
Aptowe2, Aptowe3, Aptowe7, Aptowe8, Aptowe23,
Aptowe24, Aptowe28, Aptowe29, Aptowe31, Aptowe34,
Aptowe35 and Aptowe39 from Ramstad et al. 2010;
Rowil, Rowi2, Rowi6, Rowil0, Rowil4, Rowil6, Rowil7,
Rowil8, Rowi22, Rowi23, Rowi28, Rowi33, Rowi46,
Rowi63, Rowi69 and Rowi77 from Jia et al. (2021).
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PCR amplification and genotyping were performed as
described in supplementary file 2 of Jia et al. (2021).

In order to examine potential introgression between
Little Spotted Kiwi and Rowi at Okarito, data for 36
microsatellite loci from 300 Rowi, 10 Little Spotted
Kiwi (Ramstad et al. 2013, 2021) and the recent puta-
tive hybrids (AllportsM, Jess and AllportsChick) were
included in our analyses (data deposited in Dryad:
https://doi.org/10.5061/dryad.ghx3ftbnz). The Rowi sam-
pling represented 70% of individuals of the entire species
at the time that these samples were collected. Of the 36
loci included in this paper, 20 were previously published
and vetted for null alleles and reliable amplification
(Shepherd and Lambert 2006; Jensen et al. 2008; Ramstad
et al. 2010), while 16 were recently developed in Rowi (Jia
et al. 2021) and are genotyped broadly for the first time
here. For the 16 Rowi loci included in this analysis, evi-
dence of null alleles was assessed in MICROCHECKER
(v2.2.3; van Oosterhout et al. 2004) and gametic disequi-
librium (GD) was assessed by calculating the standard-
ized composite linkage disequilibrium coefficient (D’) in
GDA (v1.1; Lewis and Zaykin 1999) without assuming
Hardy Weinberg proportions (Weir 1996; Schaid 2004).

We used HYBRIDLAB (Nielsen et al. 2006) to simu-
late 50 first generation Rowi backcrosses (BC1) and 50
second generation Rowi backcrosses (BC2) for these 36
microsatellite loci. BC1 individuals represent genotypes
that would result from a cross between a first genera-
tion Little Spotted Kiwi x Rowi hybrid and a pure Rowi,
while BC2 genotypes are expected from a cross between
a BC1 hybrid and a pure Rowi. BC1 individuals were sim-
ulated from crosses between the adults on Allports (All-
portsM and Jess, which are first generation Little Spotted
Kiwi x Rowi hybrids) and the 300 genotyped Okarito
Rowi (parents randomly selected). BC2 genotypes were
simulated as resulting from crosses between the 50 sim-
ulated BC1 birds and the 300 genotyped Okarito Rowi.
Evidence of introgression was assessed with principal
components analysis (PCA) and Bayesian admixture
analysis of the resulting simulated microsatellite geno-
types. PCA was conducted for individuals in GENALEX
(v 6.4; Peakall and Smouse 2006) with the algorithm
of Orléci (1975) and using the standardized covari-
ance matrix calculated from a genetic distance matrix
described in Smouse and Peakall (1999). The propor-
tion of admixture within individual birds was assessed in
STRUCTURE v2.3.4 (Pritchard et al. 2000; Falush et al.
2007) assuming an admixture model and independent
allele frequencies between Little Spotted Kiwi and Rowi,
and by constraining individuals to fit into one of two
genetic groups (K=2). The analysis was run with a burn-
in of 10,000 generations followed by 100,000 Markov
Chain Monte Carlo (MCMC) iterations. A hybrid index


http://www.atgc-montpellier.fr/phyml/
http://www.atgc-montpellier.fr/phyml/
https://doi.org/10.5061/dryad.ghx3ffbnz

Shepherd et al. Avian Res (2021) 12:24

score (g) results from this analysis, which is the relative
probability that the multilocus genotype of an individual
arose by random mating within each of the parental taxa
(0=Rowi and 1=Little Spotted Kiwi; Allendorf et al.
2001).

Microsatellite genotyping and analyses of historic samples
A subset of 13 microsatellite loci (Aptowel, Aptowe2,
Aptowe3, Aptowe7, Aptowe8, Aptowe23, Aptowe24,
Aptowe28, Aptowe31l, Aptowe34, Aptowe35, Aptowe39
and Apt59) were genotyped in the historic samples
(A. maxima neotype, OR.30701, CM AV2828 and CM
AV2829). These loci were selected because they had been
previously shown to amplify in all kiwi species and had
also been broadly surveyed in Little Spotted Kiwi. For the
analyses of this reduced dataset, the Allports male and
female were also included, as well as published micros-
atellite genotypes from 6 samples each of North Island
Brown Kiwi, Tokoeka and Great Spotted Kiwi (Ram-
stad et al. 2010), 10 randomly selected samples of Rowi
(Ramstad et al. 2021) and 13 samples of Little Spotted
Kiwi (7 from the extant population on Kapiti Island and
6 historic samples from the South Island; Ramstad et al.
2021). PCA was conducted for individuals in GENALEX,
as described above.

STRUCTURE v2.3.4 was used to examine genetic
structuring within the reduced dataset, without a priori
inferences. The number of genetic clusters (K) was set
between one to seven, with ten permutations for each.
The admixture model with independent allele frequen-
cies was used with a burn-in of 100,000 generations fol-
lowed by 500,000 MCMC iterations. The optimal number
of genetic clusters (K) was determined by calculating
the AK statistic (Evanno et al. 2005) in STRUCTURE
HARVESTER web v.0.6.94 (Earl and vonHoldt 2012).
All clustering results that had a biologically interpret-
able pattern were also examined, following Meirmans
(2015). CLUMPP v.1.1.2 (Jakobsson and Rosenberg 2007)
was used to average the 10 permutations and the results
graphed with STRUCTURE PLOT v.2.0 (Ramasamy et al.
2014).

Morphology

We collated measurements for the five kiwi species,
as well as for the A. haastii and A. maxima type speci-
mens (Palma et al. 2003; Scofield 2004). However, useful
standard external measurements are difficult to obtain
for kiwi (Marchant and Higgins 1990). Measurements
of kiwi taken by different observers are likely to differ
because kiwi have tiny wings, robust legs that are fleshy
around the joints, and there is exposed flesh at the base
of their beaks between the rampthotheca and feathers.
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Furthermore, measurements from dried kiwi specimens
are difficult to compare to those from living birds.

Results

DNA sequence analysis

The alignment of the concatenated mitochondrial
control region and cytochrome b DNA sequence frag-
ments was 661 base pairs (bp) in length. Only the con-
trol region fragment (190 bp) could be amplified from
the A. haastii syntype specimens (CM AV2828 and
CM AV2829) and translation of these ancient DNA
sequences into protein showed that they did not con-
tain any stop codons. Cytochrome b was coded as miss-
ing data for these two specimens in the phylogenetic
analyses.

The maximum likelihood (ML) and Bayesian phy-
logenies had similar topologies to each other and to
published mtDNA phylogenies (Burbidge et al. 2003;
Shepherd et al. 2012; Weir et al. 2016), with no strongly
supported conflicting nodes. The Bayesian phylogeny,
with support values from both analyses, is shown in
Fig. 2. The sequences of the putative hybrids clustered in
different parts of the phylogeny. CM AV2829, OR.30701,
Jess and AllportsM grouped with Rowi in the phylogeny
(0.96 posterior probability (PP)), specifically in a clade
with Rowi from Okarito, which is the only extant popula-
tion of this species (97% ML bootstrap support (BS)). The
sequences from CM AV2829, Jess and AllportsM were
identical to each other and to published Rowi sequences
from Okarito. OR.30701 differed from the most closely-
related Rowi sequence by one mutation (a transition) in
the control region.

CM AV2828 had a sequence identical to that found
in Little Spotted Kiwi from the South Island and Kapiti
Island, and grouped with spotted kiwi with high support
(1.00 PP and 100% ML BS) in the phylogeny. The A. max-
ima neotype specimen grouped with Great Spotted Kiwi
in the mtDNA phylogeny (1.00 PP/89% ML BS), and was
identical to published Great Spotted Kiwi sequences.

Microsatellite analyses of modern sample (36
microsatellite dataset)

We found no evidence of null alleles and only weak
gametic disequilibrium among loci (D’<0.2). Thus, no
loci were excluded from further analysis. With the 36
microsatellite locus dataset, both the PCA and STRU
CTURE analyses indicated that Rowi and Little Spot-
ted Kiwi are genetically distinct (Figs. 3, 4). In the PCA,
Little Spotted Kiwi, first generation hybrids (Fls; All-
portsM and Jess), BCls and Rowi could all be clearly
distinguished from one another on the first principal
component, which explains 13% of the total variation in
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Fig. 2 Midpoint rooted Bayesian phylogeny of the concatenated control region and cytochrome b DNA sequences. Numbers above the branches
represent Bayesian posterior probabilities (PP) and maximum likelihood bootstrap support values (BS), respectively. Only PP > 0.90 and BS > 70% are
shown. Putative hybrids are shown in bold

genotypes. However, it is difficult to distinguish between
simulated first (BC1) and second generation (BC2) back-
crosses and between simulated BC2s and Rowi (Fig. 3).
BC0102_3, thought to be the offspring of Jess and a
Rowi male before Jess was moved from Okarito to All-
ports Island, did not group with the simulated BC1s and

only had two of the 24 ‘Little Spotted Kiwi’ alleles found
in Jess, suggesting that Jess was not the mother and that
BC0102_3 may be a third or later generation Rowi back-
cross (BC3+). The PCA suggests that none of the other
300 Okarito birds genotyped are first generation back-
crosses or more recent hybrids.
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Microsatellite genotyping and analyses of historic samples
(13 locus dataset)

The A. haastii syntypes, CM AV2828 and CM AV2829,
only amplified at six and two loci, respectively, so these
specimens were excluded from the PCA and STRUCTU
RE analyses. Despite the low success rate, genotypes at
several loci proved informative for the ancestry of CM
AV2828. If we assume one Little Spotted Kiwi parent
(the mother based on mtDNA), then five loci support
CM AV2828 being a Rowi x Little Spotted Kiwi hybrid
with two of these loci indicating this result exclusively
(at Aptowe24 and Aptowe31l CM AV2828 has one allele
found in Rowi but not in Little Spotted Kiwi, and another
allele not found in Rowi but found in Little Spotted Kiwi).
However, this is based on alleles detected in extant popu-
lations of Great Spotted Kiwi, North Island Brown Kiwi,
Tokoeka and Rowi because no historical samples were
genotyped for these species.

The two loci genotyped in CM AV2829 were less
informative. One locus (Apt59) had two alleles not
detected in our sampling of Great Spotted Kiwi, Rowi or
Little Spotted Kiwi. The other locus (Aptowe28) was fixed
for an allele not found in our sampling of Little Spotted
Kiwi but present in Great Spotted Kiwi and Rowi. The
Rowi mtDNA sequence and barred feathers of this speci-
men indicates that it has hybrid ancestry between Rowi
and a spotted kiwi but it is difficult to determine its par-
entage further based solely on this data.

The A. maxima neotype amplified at 12 of the 13
loci, and OR.30701 amplified at all 13 loci. Principal

Page 9 of 13

components 1 and 2 accounted for 35% of the total vari-
ation in the PCA of the 13 locus dataset (Fig. 5). All of
the kiwi species are distinguished in the PCA, although
Tokoeka and North Island Brown Kiwi are very close to
each other (Fig. 5). As in the expanded dataset, both Jess
and AllportsM fall between Little Spotted Kiwi and Rowi,
indicating that F1 Rowi x Little Spotted Kiwi hybrids can
be distinguished, even with this reduced microsatellite
dataset. The neotype specimen of A. maxima clusters
within the Great Spotted Kiwi diversity. OR.30701 falls
between Rowi and Tokoeka/North Island Brown Kiwi
in the PCA. Given the lack of sympatry between Rowi
and North Island Brown Kiwi or Tokoeka, the PCA indi-
cates that OR.30701 is most likely to be a later generation
hybrid between a Rowi x spotted kiwi.

For the STRUCTURE analyses of the 13 locus dataset,
AK indicated that the optimal number of genetic clus-
ters (K) was 4 (Fig. 6). At K=4, most individuals were
assigned with high probability to a single cluster. North
Island Brown Kiwi and Tokoeka were assigned to a sin-
gle cluster, and Rowi, Great Spotted Kiwi and Little Spot-
ted Kiwi each formed separate clusters. OR.30701 was
assigned to the Rowi cluster. All the alleles genotyped
in this specimen were detected in Rowi but 9 alleles at
8 loci were also found in Great Spotted Kiwi, 4 alleles at
4 loci were also found in Little Spotted Kiwi, and alleles
at 11 loci were also found in North Island Brown Kiwi
and/or Tokoeka, potentially explaining the position of
this individual in the PCA. The A. maxima neotype clus-
tered with Great Spotted Kiwi. At 2 loci, this specimen

PC2 (15%)

Rowi

North Island Brown Kiwi
Tokoeka

Little Spotted Kiwi
Great Spotted Kiwi

A. maxima

OR.30701

AllportsM

Jess

<
<
4> 0O 0 « By

AAg

PC1 (21%)

Fig. 5 Principal components analysis of genotypes at 13 microsatellite loci in North Island Brown Kiwi (n =6), Tokoeka (n =6), Great Spotted Kiwi
(n=6), Rowi (n=10), Little Spotted Kiwi (n=13), the A. maxima neotype and putative hybrid kiwi
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Fig.6 STRUCTURE plot showing the assignment of individual kiwi to four clusters (K=4) based on 13 microsatellite loci. Each vertical bar

represents one individual, and different colors within each bar indicate genetic admixture

was homozygous for an allele fixed in Great Spotted Kiwi
(Aptowe3, Aptowe7), one of which was not found in our
sampling of any other kiwi species. Another 4 alleles at
4 loci in the A. maxima neotype have not been found in
any other kiwi species other than Great Spotted Kiwi.
Jess and AllportsM were assigned equally to the Rowi
and Little Spotted Kiwi clusters. When K was set at>4,
additional clusters were partitioned across multiple sam-
ples so that many individuals were assigned to multiple
clusters.

Morphology

There is much overlap in size between kiwi species
(Additional file 1: Table S1). The bill measurements of
the two A. haastii syntype specimens (CM AV2828 and
CM AV2829) are within the recorded range of measure-
ments for this character for female Great Spotted Kiwi.
However, the tarsometatarsus length of both syntype
specimens was much smaller than recorded for this spe-
cies, with only male A. owenii having similarly short tar-
sometatarsi. The tarsometatarsus and bill measurements
of the A. maxima neotype specimen are within the range
recorded for female great spotted kiwi.

Discussion

Hybridisation between Rowi and Little Spotted Kiwi
Combined, our morphological, mtDNA and microsatel-
lite analyses suggest that hybridisation between Rowi and
Little Spotted Kiwi, two species that may have diverged
up to 13 Mya, has been occurring in the vicinity of Oka-
rito for at least the last 150 years, with the most recent
hybrid, Jess, found in 2005. The Allports Island birds
AllportsM and Jess are F1 Rowi x Little Spotted Kiwi
hybrids and each has a Rowi as their mother. It is even
possible that they share the same parents because their

mtDNA sequences are identical. These recent hybrids
provide support for the survival of pure-bred Little Spot-
ted Kiwi into the 1950s (or later) on the west coast of the
South Island (McLennan and McCann 1990; Shepherd
et al. 2012). The timing of the extinction of Little Spotted
Kiwi in the South Island was poorly documented and has
been the subject of considerable debate (Shepherd et al.
2012; Ramstad et al. 2021).

Not surprisingly, the sampled chick on Allports Island
(AllportsChick) is confirmed as the offspring of All-
portsM and Jess, the only other kiwi on the island, indi-
cating that F1 Rowi x Little Spotted Kiwi hybrids are able
to successfully reproduce. Although our analyses show
that BC0102_3 is not the offspring of Jess, they do sug-
gest that this bird may have a more distant hybrid origin
(a third or later generation Rowi backcross).

Whether OR.30701, which is only preserved as feathers
collected in the 1940s, has a hybrid origin is unclear from
its genetic make-up alone. OR.30701 has a Rowi mtDNA
genome, all of its microsatellite alleles are also found in
Rowi and it grouped strongly with Rowi in the STRU
CTURE analysis. However, its barred feathers indicate
that it is a likely hybrid. The unique position of OR.30701
in the PCA in relation to the reference Rowi samples may
also be a result of hybridisation in its ancestry. It is likely
to be a later generation backcross with a Rowi, given its
genetic affinity to Rowi in our analyses.

Hybridisation in A. haastii syntypes

The syntype specimens of A. haastii (CM AV2828 and
CM AV2829), which were collected inland from Oka-
rito in 1870-1871, are apparently also hybrids. Their
mtDNA genomes are from what we assume are Little
Spotted Kiwi (CM AV2828) and Rowi (CM AV2829). We
did not sequence the primary type specimens of either
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Little Spotted Kiwi or Rowi. The holotype of A. owenii
Gould, 1847 is missing or unidentifiable (J.A. Bartle pers.
comm.), so it could not be sampled, and the holotype of
A. rowi Tennyson et al. 2003, was found dead in 2002 in
Okarito, so is presumed to cluster within the modern
genetic range of this species. The microsatellite genotypes
and morphology of the A. haastii syntype specimens are
also inconsistent with them being pure-bred Great Spot-
ted Kiwi. Therefore, A. haastii is not the correct name of
the taxon now generally called the ‘Great Spotted Kiwi.
Potts’ (1872) description of A. haastii is based on speci-
mens that are hybrids, with parentage from two different
species. For the taxonomic implications of this conclu-
sion see the “Resurrection of Apteryx maxima Sclater
and Hochstetter, 1861” section below.

Conservation and taxonomic implications of hybridisation
in kiwi

We suggest that the decline of kiwi in the South Island
contributed to the level of hybridisation that we docu-
ment here. Hybridisation tends to be more common in
areas where one species is rare, resulting in restricted
mate choice (Hubbs 1955; Randler 2002). It has been sug-
gested that in such situations it tends to be the females of
the rarer species that choose heterospecific mates (Wirtz
1999). We found evidence that both sexes of Little Spot-
ted Kiwi were parents of hybrid offspring (reciprocal
hybridisation; Wirtz 1999), although Rowi was the mater-
nal parent for most of the hybrids we examined. Our
results indicate that hybridisation in kiwi is not limited
by body size differences. Wirtz (1999) reports that the
female of the smaller species tends to mate with males of
the larger species but Randler (2002) found no evidence
for this hypothesis in a review of bird hybridisation. We
found more kiwi hybrids with Rowi, which are larger
than Little Spotted Kiwi, as the maternal parent (Addi-
tional file 1: Table S1). However, kiwi exhibit reverse
sexual dimorphism (with females larger than males) and
therefore females are used to selecting smaller mates.

Despite our finding of recurrent hybridisation between
Rowi and Little Spotted Kiwi around Okarito over the
last 150 years, our microsatellite data, combined with our
hybrid data simulations, suggest that there are no known
F1 Little Spotted Kiwi x Rowi hybrids, or first or second
Rowi backcross hybrids, currently within the Rowi popu-
lation at Okarito. Therefore, the genetic integrity of the
last remaining Rowi population at Okarito has not been
compromised by significant recent introgression of Little
Spotted Kiwi alleles.

There are no known hybrids between Little Spotted
Kiwi and Great Spotted Kiwi, which previously had over-
lapping distributions. Hybridisation between them may
be possible given that Tokoeka, which can reach a similar
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size to Great Spotted Kiwi, and Little Spotted Kiwi, can
hybridise (Jason Weir, pers. comm), despite Tokoeka
and Little Spotted Kiwi being more distantly related. If
hybridisation does occur between Little Spotted Kiwi
and Great Spotted Kiwi then hybrids would be difficult
to distinguish morphologically because the two parent
species are very similar apart from body size. The dis-
tributions of Little Spotted Kiwi and Great Spotted Kiwi
no longer overlap but several historical specimens may
represent hybrids between them. These specimens host
unexpected feather lice, suggesting that they could have
hybrid ancestry because the phylogenetic relationships of
lice often parallel those of their hosts (Pilgrim and Palma
1982). NMNZ OR.1174, found in 1952 at Rough River in
Westland, and NMNZ OR.23043, found at Smyth River
in South Westland in 1978 both have Little Spotted Kiwi
mtDNA (Shepherd et al. 2012) but a feather louse species
(Rallicola (Aptericola) gracilentus Clay, 1953) that is oth-
erwise only associated with Great Spotted Kiwi (Palma
2017). Alternatively, the R. gracilentus on these speci-
mens may be ‘stragglers’ (Pilgrim and Palma 1982), which
have been transferred via interactions apart from mating,
such as fighting or the use of the same nest or roost sites.

Resurrection of Apteryx maxima Sclater and Hochstetter,
1861

Our genetic analyses demonstrate that Potts’ (1872)
description of A. haastii was based on two hybrid indi-
viduals and therefore this name does not represent what
is commonly known today as the ‘Great Spotted Kiwi!
The next available name for the ‘Great Spotted Kiwi’
is A. maxima Sclater and Hochstetter, 1861, which was
declared a nomen oblitum by Palma et al. (2003) under
Article 23.9 (the Reversal of precedence) of the Inter-
national Code of Zoological Nomenclature (Ride et al.
1999) in order to conserve nomenclatural stability. Our
genetic data from the type specimen of A. maxima
(NMNZ OR.22663) confirms that it is (1) not a hybrid,
and (2) representative of the species today known as the
‘Great Spotted Kiwi. Therefore, we resurrect the name
Apteryx maxima for the ‘Great Spotted Kiwi’ under Arti-
cle 23.3.5.

Conclusions

Our morphological and genetic analyses of kiwi revealed
that hybridisation between Rowi and Little Spotted Kiwi
has likely been occurring at Okarito for the last 150 years.
This is surprising given estimates of the time of diver-
gence between the two species range from 4 to 13 mil-
lion years ago. Despite this hybridisation we found no
evidence of F1, first or second generation Rowi back-
cross hybrids within the extant Rowi population. We also
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demonstrate that the syntype specimens of A. haastii are
apparently also hybrids so we resurrect the name A. max-
ima for the ‘Great Spotted Kiwi!
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