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The Fairy Tern Sternula nereis is an Australasian tern that
breeds in Australia, New Caledonia and New Zealand, with
the last having the smallest breeding population, listed as
‘Threatened – Nationally Critical’ by the New Zealand
Department of Conservation. Here, we investigate the
genetic relatedness and level of endemism (gene flow) of
the New Zealand Fairy Tern S. n. davisae population com-
pared with the larger breeding populations in Australia, S.
n. nereis, and New Caledonia, S. n. exsul, using the NADH
subunit 2 (ND2) region of the mitochondrial DNA. We
found that the three main populations (n = 86) were genet-
ically distinct, with a different fixed haplotype restricted to
New Zealand (n = 15) and New Caledonia (n = 16), and
that the estimated gene flow was low to zero, indicating no
interbreeding between the populations. The current genetic
evidence is consistent with observations of morphological
and behavioural differences among the populations, and we
suggest continued independent management of the popula-
tion in New Zealand and further surveys and independent
management of the New Caledonia population.
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The Fairy Tern Sternula nereis is an Australasian species,
ranging widely from Australia to New Caledonia and
several other Pacific Islands (Tarburton 2001, Borsa
et al. 2010, BirdLife International 2018) (Fig. 1a). There
are three main breeding populations, distributed across
three countries, each with a geographically restricted
population/subspecies of Fairy Tern: Sternula nereis ner-
eis (Australia), Sternula nereis exsul (New Caledonia)
and Sternula nereis davisae (New Zealand) (Higgins &
Davis 1996). The current subspecies status is based on
morphological differences and geographical distances of
the main breeding populations from each other (Hitch-
cock 1959, 1967, Hill et al. 1988, Higgins & Davis
1996).

The New Zealand Fairy Tern S. n. davisae has the
smallest population size, with c. 29 individuals and c. 11
active breeding pairs (three breeding pairs in 1983, Fer-
reira et al. 2005). This population is endemic to New
Zealand and is considered one of the rarest and most
threatened birds in New Zealand (Parrish & Honnor
1997, Taylor et al. 2004, Hansen 2006). The current
national conservation status is ‘Threatened – Nationally
Critical’ (Robertson et al. 2017). However, the New
Zealand subspecies of Fairly Tern has received little
attention internationally despite its alarmingly low popu-
lation size because the overall species status is listed as
‘Vulnerable’ in the IUCN Red List (BirdLife Interna-
tional 2018). This perceived lower conservation value is
due to the general assumption that the New Zealand
population is a recent colonist to the country and is
thereby considered a peripheral population of the larger
and more stable Australian population (Kinsky 1970,
Falla et al. 1979, BirdLife International 2018).

Currently, it is unknown whether the breeding popu-
lations in Australia, New Zealand and New Caledonia
interbreed. Some colour-ringed New Zealand Fairy Tern
fledglings and adults that were recorded absent for sev-
eral years appeared again at later dates at known breed-
ing sites and successfully bred in New Zealand (Ferreira
et al. 2005). It is possible that the terns are moving large
distances outside of the commonly monitored areas,
potentially migrating out of New Zealand. Such long-
distance movement has been observed in New Caledo-
nia Fairy Terns, which have appeared along the northern
coast of Australia (Hill et al. 1988, Higgins & Davis
1996, Garnett & Crowley 2011). However, there has
been no observation of a colour-ringed New Zealand
Fairy Tern mixing with either the Australian or the New
Caledonian breeding populations.

Previous genetic research (12S ribosomal RNA and
cytochrome b) showed that New Zealand and Australian
Fairy Terns had low levels of differentiation between the
two populations (Coddington 1996, Chambers & Cod-
dington 1998). Partial sequences of cytochrome b
(257 bp) showed only one nucleotide substitution
between New Zealand (n = 1) and Australian (n = 1)
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Figure 1. (a) Distribution of Fairy Terns (in red, modified from Birdlife International, 2018). Arrows indicate locations where tissue
samples were collected during the 2003–2004 season. (b) Minimum spanning network of the six ND2 haplotypes of Fairy Tern found
in three countries: Australia (subpopulations Western Australia n = 31, Eastern Australia n = 24), New Zealand (n = 15) and New
Caledonia (n = 16). The sizes of the circles indicate the sample size for each population, with the proportions marked for each sub-
population for Australia. The lengths of the connecting lines between the circles are distances calculated according to pairwise differ-
ences. The number of bisecting lines on the connecting lines indicates the number of nucleotide substitutions separating haplotypes.
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Fairy Terns (Coddington 1996). Later, a partial
sequence of 12S rRNA (382 bp) was also obtained, but
at that time the authors did not have sequences from
closely related species to confirm that the sequence was
Fairy Tern (Chambers & Coddington 1998). In sum-
mary, the sample sizes were small for these studies and
did not include samples from the New Caledonia popu-
lation, making it hard to determine the taxonomic status
of the New Zealand Fairy Tern.

The objectives of our study were to assess the genetic
variability of Fairy Terns within and among New Zeal-
and, New Caledonia and Australia, and to estimate the
level of migration per generation (female gene flow)
among the populations. We expected that genetic varia-
tion would be higher in the larger mainland populations
than in the smaller breeding island populations and that
there would be some degree of genetic isolation of the
New Zealand population.

METHODS

Study sites and fieldwork

We analysed Fairy Tern populations from four locations:
New Zealand, New Caledonia, Western Australia and
southeast Australia. The Australian population was split
into two because we assume, based on previous studies,
that these subpopulations have little to no gene flow
between them (Hill et al. 1988, Higgins & Davis 1996).
We conducted fieldwork in the 2004/2005 season at
nesting colonies in the Southern Lagoon of New Caledo-
nia (Baling et al. 2008, 2009), in the southern parts of
Western Australia (hereafter ‘Western Australia’), as
well as in Tasmania, New South Wales and Victoria
(hereafter the latter three Australian states are referred
to as ‘Eastern Australia’) (Fig. 1a). We also obtained
Australian samples from the Launceston Museum, Tas-
mania. New Zealand Fairy Tern samples comprise a
mixture of bird carcasses (e.g. chicks), abandoned eggs
and feather samples (originally acquired for DNA sex-
ing) collected by the New Zealand Department of Con-
servation (DOC) together with those that were stored
long-term at Victoria University of Wellington and Mas-
sey University (Supporting Information Table S1).

We conducted surveys in New Caledonia and Australia
to search for Fairy Tern nesting colonies. At each colony,
we first watched birds’ behaviours and then collected
feather samples from chicks, abandoned eggs (out of a nest)
and freshly moulted feathers within nesting grounds. We
captured adult Fairy Terns using metal cage traps within
the nesting colonies. Once captured, we processed these
birds (collected feather samples) outside of the colony to
minimise disturbance to nesting birds. After release, the
terns were monitored briefly to determine their condition
and that they were exhibiting normal behaviour.

Laboratory methods

Genomic DNA was isolated from 0.5 mm of the cala-
mus of each feather, extending up to the superior
umbilicus (Horv�ath et al. 2005), using a total of two or
three feathers per individual. We also used 0.2 g of mus-
cle tissue of embryos or egg membranes from abandoned
eggs. We only sampled one egg or chick from each
clutch to avoid pseudo-replication. Samples were
digested in 1.25 mm dithiothreitol (DTT) and 1.0 mg/
mL proteinase K, and then subjected to standard phe-
nol–chloroform extractions and ethanol precipitation.

We investigated the NADH dehydrogenase subunit 2
(ND2) region of the mitochondrial DNA genome using
primers L5216 and H6313 (1097 bp) (Sorenson et al.
1999, Sorenson 2003). PCR amplifications were under-
taken in a total volume of 50 lL: 1.5 units Platinum Taq
Polymerase (Invitrogen, Carlsbad, CA, USA), the manu-
facturer’s buffer, 2.5 mM MgCl2, 0.2 mM of each dNTP,
0.4 lM of each primer, and c. 100 ng genomic DNA. The
PCR temperature profile consisted of one cycle of 94 °C
for 7 min, 36 cycles of 94 °C for 15 s, 55 °C for 20 s and
72 °C for 1 min, followed by an extension of 72 °C for
10 min. The PCR products were run on a 1.6% agarose gel
for size and concentration estimation. PCR products were
purified using Exonuclease I/Shrimp Alkaline Phosphatase
(GE Healthcare, Little Chalfont, UK), under profiles of
37 °C for 30 min and 80 °C for 15 min (Werle et al.
1994). Sequencing was performed in both directions using
1/8 reaction BigDye Terminator v3.1 (Applied Biosystems,
Beverly, MA, USA) under basic ABI protocols. Reaction
products were run on an ABI 3100 analyser.

Statistical analyses

Sequences for forward and reverse strands were examined
and reconciled using Sequencher 4.2.4 (Genes Code
Corp., Ann Arbor, MI, USA). Confirmation of species
identity was conducted using BLAST (Benson et al. 2005)
and compared with sequences from Bridge et al. (2005).
We also compared the sequences and their translated pro-
teins with available ND2 sequences of the same or other
species to check for stop codons and to help ensure that
we had not obtained nuclear copies of mitochondrial
genes (NUMTs; Sorenson & Quinn 1998).

Multiple alignments of the sequences were performed
using ClustalW (Thompson et al. 1994). We calculated
basic genetic diversity among the populations using DnaSP
4.10 (Rozas et al. 2003). We then quantified within-
population variation as haplotype diversity (Hd) and nucleo-
tide diversity (p) in percentages, according to Nei (1987,
eqn 10.6). Tajima’s D test for neutrality was done for each
population (Tajima 1989). Large significant D-values, either
negative or positive, indicate a deviation from neutrality.

We constructed a minimum spanning network (MSN)
in Arlequin v2.0 (Schneider et al. 2000) using the
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haplotypes identified. Population differentiation (ФST) was
tested using an analysis of molecular variance (AMOVA;
Excoffier et al. 1992), with Kimura 2-parameter distances
(Kimura 1980). The significance of the fixation index (FST)
was tested with 5000 permutations. We used pairwise ФST

to estimate the genetic distance between the populations.
The average gene flow among the four populations was
estimated using ФST (M = Nm; Slatkin 1995) as imple-
mented in Arlequin v2.0.

RESULTS

We collected 142 Fairy Tern samples in Australia and
New Caledonia. The New Zealand samples obtained were
collected from 1992 to 2005 (n = 48). We had a total of
86 sequences (1041 bp) that were good quality and iden-
tified as Fairy Terns, which were used in the final analyses
(Supporting Information Table S2). Overall, we identi-
fied six haplotypes in the three countries (Fig. 1b). All
haplotypes differed in transitions (Ti = 10) except for one
that had a transversion substitution (Tv = 1, between
haplotypes 1A and 5Z) (Supporting Information
Table S3). Sequences were deposited in GenBank (Ben-
son et al. 2005; Supporting Information Table S4).

Genetic structure and variation

There was only one haplotype observed within each of
New Zealand, New Caledonia and Eastern Australia,
and four haplotypes in Western Australia (Fig. 1b).
Therefore, estimates of haplotype diversity, nucleotide
diversity and their variances were zero within each
group, with the exception of Western Australia
(Hd = 0.555, p = 0.08%). Polymorphism in Western
Australia was consistent with neutral expectations and
was not significant (D = –0.337). Tajima’s D could not
be calculated for Eastern Australia, New Caledonia or
New Zealand due to the lack of genetic diversity within
each population (Table 1).

The overall genetic structure among the Fairy Terns
was high (91.41%, ФST = 0.914, AMOVA P < 0.001),
which can be explained by the isolation of each breeding
population from one another. New Zealand (haplotype
5Z) and New Caledonia (haplotype 6C) each consist of
unique haplotypes (Fig. 1b). The difference between
populations was very low (three to eight nucleotide sub-
stitutions) (Fig. 1b) but genetic differentiation of New
Zealand Fairy Terns was still significant between Aus-
tralia and New Zealand (ФST = 0.91–1.00, P < 0.001),
and New Caledonia and Australia (ФST = 0.84–1.0,
P < 0.001; Table 2). The most common haplotype, 1A,
was observed in 52% of the Australian Fairy Tern indi-
viduals (n = 86) and was shared between the two sub-
populations in Australia. The genetic distance was small
between Western Australia and Eastern Australia sub-
populations (ФST = 0.087; Table 2).

Gene flow between populations

The estimated gene flow (M) between the four locations
was very low (Table 2), with the lowest calculated aver-
age of 0.05 migrants per generation between New Zeal-
and and Western Australia. In contrast, the highest rate
of gene flow was 5.25 between the two Australian sub-
populations.

DISCUSSION

Overall, we found single unique haplotypes in New
Zealand and New Caledonia, with shared haplotypes
between the two subpopulations in Western and Eastern
Australia. The Australian haplotype 1A had the highest
number of mutational connections and therefore was
presumed to be the oldest haplotype in this lineage
(Crandall & Templeton 1993). The central position of
A1 in the network suggests that the ancestors of the
New Zealand Fairy Tern may have originated from the
Australian population and later diverged. The network

Table 1. Estimates of within-population variability of the NADH 2 region of Fairy Tern from three populations: Australia (with two sub-
populations; Eastern Australia and Western Australia), New Caledonia and New Zealand. The estimated population size (Ne) in 2002
–2005, the total number of sequences (NS), number of haplotypes (Nh), haplotype diversity (Hd), nucleotide diversity in percentage
(p) and its associated variance (Var), and Tajima’s D (D) within each of the populations.

Population Ne NS Nh

Haplotype diversity Nucleotide diversity (%)

DHd Var p Var

Eastern Australia 3000a 24 1 0.000 0.0000 0.000 0.000 N/A
Western Australia 6000a 31 4 0.555 0.0081 0.083 0.000 –0.337
New Zealand 30a,b 15 1 0.000 0.0000 0.000 0.000 N/A
New Caledonia 300a 16 1 0.000 0.0000 0.000 0.000 N/A
Overall – 86 6 0.675 0.0017 0.003 0.000 0.728

aWetlands International (2002, p. 202). bFerreira et al. (2005).
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structure we have recovered (Fig. 1) suggests that the
New Caledonia population diverged from New Zealand.
The lack of genetic overlap and the restricted migration
rate among tern populations breeding in the three coun-
tries supports our hypothesis that the main breeding
populations of Fairly Tern are not interbreeding.

Phylogeography

The phylogeographical patterns of colonially nesting sea-
birds within Australia and across greater distances typi-
cally show no structure across geographical distance (e.g.
Austin et al. 1994, Friesen et al. 1996, Lombal et al.
2020). However, there are a few exceptions in some
colonial seabird species (see Avise et al. 2000, Frugone
et al. 2021), including the Fairy Tern. There are two
potential reasons for the observed phylogeographical
patterns of the Fairy Terns: historically, there was lim-
ited dispersal of Fairy Terns from Australia to New Zeal-
and and New Caledonia, and these populations had
varying degrees of isolation due to vicariance, and there
was frequent migration (i.e. constant gene flow)
between the three breeding populations in the past,
although gene flow is now restricted due to anthro-
pogenic factors (e.g. predation, human disturbance).

Our sampled Fairy Tern populations seem to encom-
pass a structured phylogeographical pattern despite their
relatively comparable geographical distances. Spatial dis-
tance between the two Australian subpopulations (East-
ern Australia and Western Australia) is similar to
distances from Eastern Australia to New Zealand and
from New Zealand to New Caledonia populations.
However, we did not observe any genetic structure
between populations in Eastern Australia and Western
Australia. Thus, it seems that the land connectivity in

Australia supported gene flow between Eastern Australia
and Western Australia subpopulations. Additionally, the
Fairy Tern ancestor split from its closest relative, Little
Tern Sternula albifrons, between 1 and 2 million years
ago (Bridge et al. 2005), so it is likely that Fairy Terns
would have had to reach New Zealand and New Cale-
donia across the sea. Thus, the ocean could pose a sig-
nificant dispersal barrier.

Another possible explanation for the structured phy-
logeographical pattern is the difference in the availability
of seasonal sources between the main populations. Fairy
Terns are shallow-water feeders and therefore do not
travel far from the breeding grounds to forage. They
have been observed foraging in estuaries, sea wrack
zones, reef flats and lagoons (Baling et al. 2009, Ismar
et al. 2014, Dunlop 2018). The difference in availability
of food sources among the breeding locations is at pre-
sent unknown, but the nesting seasons vary in some
populations (New Zealand: October–January; New
Caledonia: June–October; Western Australia: October–
January) (Baling et al. 2009, Ismar et al. 2014, Dunlop
2018, Greenwell et al. 2021). Populations that have dif-
ferent breeding times are less likely to interbreed with
one another.

The New Zealand Fairy Tern has a long record of
low population size and small numbers of breeding
pairs, leading to some speculation that this population
may have originally existed in low numbers (Parrish &
Honnor 1997, Ferreira et al. 2005). This record matches
the hypothesis of low occurrences of Fairy Terns arriving
in New Zealand via the sea. However, we still unknown
do not know the extent of genetic diversity of the New
Zealand Fairy Tern pre-human arrival, whether the pop-
ulation originally had higher diversity (similar to the
Australian population) and whether the effective popu-
lation size has become reduced after the arrival of
humans.

The New Caledonia Fairy Tern was expected to have
higher genetic diversity due to having a considerably lar-
ger estimated population size than New Zealand
(n = 100–200 breeding pairs, BirdLife International
2018) but, instead, the genetic diversity is similar to the
New Zealand population. Pandolfi-Benoit & Bretagnolle
(2002) described the New Caledonia Fairy Tern as on
the ‘verge of extinction’. The Tern was absent in the
Southern Lagoon from 1993 to 1996 (Pandolfi-Benoit &
Bretagnolle 2002) but nesting colonies were later found
in 2004 (<25 breeding pairs, Baling et al. 2009). Addi-
tional colonies were discovered in the northwest of New
Caledonia in 2018 (c. 50 pairs, Villard et al. 2020). The
question of whether the overall New Caledonia popula-
tion size has dramatically decreased over time or the
colonies have moved outside of known survey areas
needs further investigation.

Based on our current results, geographical distances
and existing records of population size and tern

Table 2. Population pairwise distances (ФST) and estimation
of migration rate (M = Nm) between Fairy Tern populations:
Australia (subpopulations in Eastern Australia and Western
Australia), New Caledonia and New Zealand. Above the diago-
nal and in bold: ФST, P < 0.001**, P < 0.01*. Below diagonal:
M = Nm.

Populations

Australia

New
Zealand

New
Caledonia

Eastern
Australia

Western
Australia

Eastern
Australia

– 0.087* 1.000** 1.000**

Western
Australia

5.260 – 0.913** 0.837**

New
Zealand

0.000 0.048 – 1.000**

New
Caledonia

0.000 0.098 0.000 –
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movement, we cannot choose between the scenarios of
declining populations and persistence of small popula-
tions of Fairy Terns in New Zealand and New Caledo-
nia. Specifically, we cannot determine whether these
populations had larger genetic diversity in the past or
have persisted with small effective population sizes.
However, we do know that the current populations have
distinct haplotypes specific to each country. Future
detailed investigations using genome sequencing may be
useful in constructing long-term demographic trends or
a dated phylogenetic tree to tease out the effects of
divergence due to anthropogenic vs. vicariance-induced
causes (Vianna et al. 2020, Robinson et al. 2021).

Movement and migration

The estimated gene flow was restricted, meaning very
low to no (matrilineal) interbreeding between the three
main populations. Although gene flow between Western
Australia and both New Zealand and New Caledonia
was estimated to be low (0.048 and 0.098, respectively),
these values could be a consequence of intrapopulation
diversity calculated by ФST. The lack of shared haplo-
types suggests strongly that there is no female gene flow
between New Zealand, New Caledonia and to either
Australian region. This result is also congruent with the
lack of records of Fairy Terns moving among the three
populations during the breeding season. Although there
are records of New Caledonia Fairy Terns in northeast
Australia, there is no record of them staying to breed
(Hill et al. 1988, Higgins & Davis 1996, Garnett &
Crowley 2011). One exception was a sighting of a fledg-
ling New Caledonian Fairy Tern begging food from an
adult, which prompted suspicion of breeding in an islet
at Australia’s Coral Sea Territory (East Diamond Islet) c.
800 km from a known New Caledonian Fairy Tern
breeding area (Carter & Mustoe 2007).

Strict philopatry is not often seen in seabirds (Ser-
venty & Curry 1984). Although bird banding recoveries
in Australia show that Fairy Terns generally return to
historical breeding sites in the vicinity of their natal col-
ony (see Higgins & Davis 1996), observers in some Aus-
tralian states also described the terns as being seasonally
migratory (Hill et al. 1988, Higgins & Davis 1996, Dun-
lop & Greenwell 2020). Hence, we expect a low degree
of intermixing within the Australian population. Our
study supports this hypothesis with the estimation of
five migrants per generation between Western Australia
and Eastern Australia. The estimated gene flow and low
genetic differentiation within the two Australian sub-
populations are also consistent with the lack of morpho-
logical divergence and degree of movement observed
between Eastern and Western Australia Fairy Tern pop-
ulations (see Higgins & Davis 1996). However, South
Australia and the tern population situated in the

northern part of Western Australia were not sampled in
our study, and these populations may contain additional
genetic variation.

Implications for New Zealand Fairy Tern
conservation

The aim of conservation is not only to protect a popula-
tion in its current range but also to conserve the genetic
integrity of the whole species. The potential disappear-
ance of small populations such as the New Zealand Fairy
Tern could mean the loss of a portion of the evolution-
ary diversity within this species.

We recommend that the main populations (New
Zealand, New Caledonia and Australia) continue to be
considered as distinct breeding populations and continue
to be managed as separate evolutionary significant units.
Our results are consistent with current information on
past genetic studies, described morphology, distribution
and movements of Fairy Terns. Both the ND2 and cyto-
chrome b (Chambers & Coddington 1998) loci showed
low but significant genetic differentiation (i.e. one
transversion nucleotide mutation) between New Zealand
and the larger Australian population. Despite larger sam-
ple sizes, our study was limited to using one gene to
investigate the matrilineal variation and movement
between populations. Additionally, Chambers & Cod-
dington (1998) concluded that the genetic distance
between New Zealand and Australia Fairy Terns was less
or equal to the distances to the species’ closest relative,
Little Tern. Incorporation of additional markers, particu-
larly nuclear DNA (Moritz 1994) and genome sequenc-
ing will help increase the resolution of detailed
movements among populations. Further investigations
re-assessing the subspecies’ taxonomic status should
include quantitative comparisons between Fairy Tern
genetic variation and their morphology.

We also strongly support the continuation of the New
Zealand Fairy Tern as a single management unit. The
low genetic diversity in these terns highlights the impor-
tance of reducing the external (i.e. predation and storms)
and intrinsic (i.e. inbreeding depression) threats to the
breeding population. The case of high infertility (33% of
eggs) within this population (Ferreira et al. 2005, Hansen
2006) may be the result of inbreeding depression due to
low effective population size. We suggest further genetic
study to determine the degree and implications of
inbreeding for the New Zealand population.
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SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of the
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Table S1. List of New Zealand Fairy Tern samples
acquired from New Zealand Department of Conserva-
tion, Massey University and Victoria University of
Wellington. Remaining samples are stored at Unitec
Institute of Technology.

Table S2. List of Fairy Tern samples from New Zealand
(n = 48), New Caledonia (n = 41) and Australia (n = 102).

Table S3. Distribution of the six observed ND2
region haplotypes (n = 86) of Fairy Tern from three
breeding populations: Australia (subpopulations of
southeast Australia, Western Australia), New Caledonia
and New Zealand.

Table S4. List of Fairy Tern sequences from New
Zealand (n = 15), New Caledonia (n = 16) and Aus-
tralia (n = 55).
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