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Cycles of glacial expansion and contraction throughout the Pleistocene drove
increases and decreases, respectively, in the geographical range and popu-
lation size of many animal species. Genetic data have revealed that during
glacial maxima the distribution of many Eurasian animals was restricted
to small refugial areas, from which species expanded to reoccupy parts of
their former range as the climate warmed. It has been suggested that the
extinct eastern moa (Emeus crassus)—a large, flightless bird from New
Zealand—behaved analogously during glacial maxima, possibly surviving
only in a restricted area of lowland habitat in the southern South Island of
New Zealand during the Last Glacial Maximum (LGM). However, previous
studies have lacked the power and geographical sampling to explicitly test
this hypothesis using genetic data. Here we analyse 46 ancient mitochon-
drial genomes from Late Pleistocene and Holocene bones of the eastern
moa from across their post-LGM distribution. Our results are consistent
with a post-LGM increase in the population size and genetic diversity of
eastern moa. We also demonstrate that genetic diversity was higher in east-
ern moa from the southern extent of their range, supporting the hypothesis
that they expanded from a single glacial refugium following the LGM.

1. Introduction

Climatic and environmental shifts throughout the Pleistocene—associated with
the expansion and contraction of glaciers and ice sheets—significantly impacted
the worldwide distribution and diversity of plants and animals [1,2]. Fossil and
genetic data suggest that the geographical distributions and population sizes of
many species were reduced during glacial maxima [3], with many species only
surviving in refugia—restricted areas that retained favourable conditions or
habitat [1]. Retraction into (and expansion from) glacial refugia has been
extensively studied in animal species across Eurasia (e.g. [4-6]). However, the
presence of humans in Eurasia during the Last Glacial Maximum (LGM)
makes it complicated to disentangle anthropogenic and environmental drivers
of changes in diversity and distribution for megafaunal species that were exten-
sively hunted or otherwise impacted by humans [7]. Conversely, the island
archipelago of New Zealand—which also underwent extensive Pleistocene
glaciation [8]—presents a useful system for studying the responses of megafau-
nal species to the LGM in the absence of humans, who only arrived during the
Late Holocene (approx. 750 years ago [9]).

Many endemic species became extinct rapidly following the arrival of
humans in New Zealand [10-12], including the moa—an order of giant, flight-
less, palaeognathous birds comprising nine Late Quaternary species [13,14].
Moa species appear to have been adapted to different habitats and diets, inhab-
iting a wide range of environments, including subalpine areas, forest, and open
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shrubland—grasslands [15,16]. Consequently, they appear to
have responded differently to climatic changes during the
LGM (29-19 kya in NZ [8])—some moa species were able
to track shifts in the distribution of their preferred habitat
through time, while the distribution of other species may
have been restricted to refugia as their favoured habitats
reduced in area [13,17]. The eastern moa (Emeus crassus) is
one species that may have contracted to a glacial refugium
during the LGM [13]—eastern moa fossils dating prior to
and during the LGM are common in sites across the southern
South Island [18-20] and are absent from similarly aged
deposits elsewhere [21], though they are widely distributed
in post-LGM deposits (e.g. [22]). This distribution supports
data that suggest wet lowland forest habitats preferred by
eastern moa (see [13]) were reduced in extent and distributed
predominantly in the southeastern South Island during gla-
cial maxima, being elsewhere replaced by grassland and
shrubland habitats [8]. However, it is possible that the pattern
observed in the fossil record of eastern moa reflects a tapho-
nomic bias or sampling artefact, rather than a genuine signal
of post-glacial range expansion.

Ancient DNA (aDNA) can be used to explicitly test the
hypothesis that eastern moa expanded from a refugium in
the southern South Island following the LGM. Indeed, ana-
lyses of short fragments of mitochondrial DNA and nuclear
microsatellites from mid- to late-Holocene eastern moa have
revealed low levels of genetic diversity compared to other
moa species and provided little evidence for phylogeographic
structure within eastern moa [13,23]. This has been attributed
to the effective population size of eastern moa being lower
than that of other moa and/or a population bottleneck associ-
ated with the LGM [13,23]. However, the power of these
previous studies to draw conclusions about the existence
and location of a glacial refugium is limited by the low infor-
mation content of short mitochondrial DNA sequences, and
insufficient temporal and geographical sampling. Critically,
few genetic data are available for eastern moa from the Late
Pleistocene and early Holocene, and the putative refugial
area has not been comprehensively sampled.

Here we sequence mitochondrial genomes from 46 east-
ern moa from throughout their geographical distribution—
including the southern South Island—ranging in age from
14 to 0.5 cal. kya. We use these data to test three key predic-
tions of our hypothesis that eastern moa survived the LGM in
a single glacial refugium in the southern South Island: (1) a
recent population size increase consistent with post-LGM
range expansion (e.g. unimodal mismatch distributions,
significantly negative Tajima’s D and Fu's F statistics, and/
or star-like haplotype networks), (2) greater genetic diversity
in samples nearer to the putative refugium consistent with
local population continuity (e.g. expressed as higher local
haplotype and/or nucleotide diversity) and (3) an absence
of deeply divergent haplotypes found exclusively outside of
the putative refugium (the presence of which would refute
a single refugium).

2. Methods summary
(b) Sampling and laboratory protocols

Samples taken from eastern moa bones found throughout
their range and held in New Zealand museum collections
(figure 1; electronic supplementary material, table S1) were

powdered and aDNA was extracted following [24], incorpor- [ 2 |

ating a bleach pre-treatment [25]. PCR was used to screen for
eastern moa mitochondrial DNA, targeting a 69 bp fragment
of the mitochondrial control region [26], with aDNA libraries
subsequently built for positive extracts following [27] and
[28]. Libraries were enriched for avian mitochondrial DNA
using a custom myBaits kit [29]. Enriched aDNA libraries
were amplified, purified, quantified via Qubit and Qiaxcel
and sequenced on an Illumina HiSeq 2500 or NextSeq 550.
DNA extraction, PCR set-up and library preparation were
performed in a dedicated aDNA laboratory at the University
of Otago.

(b) Sequence processing and statistical analyses
Demultiplexed sequencing reads were processed using the
BAM pipeline within Paleomix [30], mapping to the eastern
moa mitochondrial genome (GenBank: NC_002673.1) via
BWA [31], with mapDamage2.0 [32] used to visualize post-
mortem aDNA damage patterns. Consensus sequences
were called in Geneious Prime and aligned using MAFFT
[33], with the control region subsequently trimmed from
the alignment.

Summary and test statistics, mismatch distributions and
estimates of genetic diversity were calculated in DnaSP [34]
for the entire eastern moa dataset, and two separate time
periods (Late Pleistocene: specimens older than 11.65 kya;
Holocene: specimens younger than 11.65 kya) for specimens
of known age. To examine whether eastern moa found
within their potential LGM range (southern South Island) con-
tained higher levels of genetic diversity (i.e. more rare/private
haplotypes) than populations outside of this range, we
repeated these analyses after binning samples within/outside
this putative range, and constructed a median-joining haplo-
type network in PopART [35] to visualize these results. We
also created a separate network incorporating an additional
partial sequence from a pre-LGM individual from within
the potential refugial area using the same methodology as
above. A temporal haplotype network was constructed
using the TempNet script [36] in R, using the same time bins
as the summary statistics/estimates of genetic diversity (Late
Pleistocene and Holocene). Finally, we built a Bayesian skyline
plot using BEAST?2 [37], although a date randomization test
(DRT) conducted using the TipDatingBeast package in R [38]
suggested that the temporal calibration provided by the
samples of known age was uninformative (i.e. not significantly
different to rate estimates following randomization of sample
ages; electronic supplementary material, figure S1).

Please see the electronic supplementary material for
detailed methodologies.

3. Results

We  successfully amplified a short fragment of
mitochondrial DNA from 59 of 80 samples (74%). These 59
samples—plus an additional five from which mtDNA was
not amplified, but that were from an important pre-LGM site
from which a sample had amplified successfully (Kauana
Swamp)—were subsequently analysed via Illumina high-
throughput DNA sequencing (electronic supplemen-
tary material, table S2). We obtained 46 near-complete
eastern moa mitochondrial genomes (97.5-100% coverage,
6.7-2985x average read-depth), which all exhibited patterns
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Figure 1. Map of the South Island of New Zealand illustrating the localities of the eastern moa subfossils from which we obtained mitochondrial genomes.

of nucleotide misincorporation consistent with post-mortem
DNA damage (electronic supplementary material, figure S2).
We also recovered a fragmentary sequence from a single pre-
LGM sample from within the southern refugial area (80% cov-
erage, 3.1x average read-depth), which was excluded from our
primary analyses due to missing data, but for which we per-
formed a separate comparison to our other data in the form
of a haplotype network (electronic supplementary material,
figure S3). This network suggests that pre-LGM eastern moa
from within the refugial area are closely related to post-LGM
individuals.

Analyses of our 46 near-complete sequences revealed no
deeply divergent mitochondrial lineages (figure 2; electronic
supplementary material, figure S4)—two closely related hap-
lotypes occurred in high frequencies in both Late Pleistocene
and Holocene samples from throughout the South Island
(figure 2; electronic supplementary material, table S2 and
figure S4). However, greater nucleotide diversity (1) and hap-
lotype diversity (Hp) were detected in samples from the
putative refugial area—notably, this result is robust to the
inclusion/exclusion of samples from Albury Park, which is
only slightly north of the putative refugial area (data not
shown). Genetic diversity measures were also higher for
Holocene samples than for those from the Late Pleistocene,
consistent with recent population expansion (although this
is based on small sample sizes and limited geographical

coverage). A scenario of recent population expansion is also
supported by unimodal mismatch distributions (electronic
supplementary material, figure S5), statistically significant
negative values of Tajima’s D and Fu’s F (table 1), and our
Bayesian skyline plot (electronic supplementary material,
figure S6), although our results are inconclusive with respect
to the exact timing of this increase (electronic supplementary
material, figure S1).

4. Discussion

Pleistocene glacial periods drove diversification in many NZ
taxa, including some kiwi and moa species [13,17,39], likely
through repeated isolation of populations in multiple inde-
pendent glacial refugia. However, our results are consistent
with the hypothesis that eastern moa expanded from only a
single glacial refugium in the southern South Island follow-
ing the LGM. Firstly our expanded spatio-temporal
sampling reveals that post-LGM eastern moa from the puta-
tive refugial area possessed higher genetic diversity than
those from further north (table 1), suggesting that a greater
proportion of pre-LGM genetic diversity was preserved in
the southern South Island. This result is consistent with
local population continuity within the refugial area through-
out the LGM, which is further supported by fragmentary
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Figure 2. Map of the South Island of New Zealand illustrating samples and sites that fall inside (purple) and outside (green) of the putative refugial area occupied
by eastern moa during the Last Glacial Maximum (purple shading). The accompanying network illustrates the relationships between eastern moa mitochondrial
haplotypes. Circle size is proportional to haplotype frequency, while mutations are represented by hatch marks. Haplotypes are labelled (A-V), please see electronic
supplementary material, table S2 for the haplotype assigned to each sample.

Table 1. Summary statistics and genetic diversity estimates calculated from partial eastern moa mitochondrial genomes. Sample size (n), haplotype frequency
(H), haplotype diversity (Hp), nucleotide diversity (), frequency of segregating sites (S), average number of nucleotide substitutions (k), Tajima’s D-statistic (Tp),

Fu’s F-statistic (F¢). Bold values indicate statistical significance.

subset n H Hyp 11 (SD) S k Tp (p-value) F; (p-value)

all samples 46 22 0.862 0.00013 (0.00002) 28 1.882 —2.358 (0.0006) —20.225 (<0.0000)
Late Pleistocene (>11.6 Kya) 12 4 0.636 0.00005 (0.00001) 3 0.742 —0.828 (0.2376) —1.255 (0.08060)
Holocene (<11.6 Kya) 23 16 0.945 0.00015 (0.00002) 18 2.182 —2.012 (0.0082) —13.492 (<0.0000)
within putative LGM refugium 19 13 0.906 0.00016 (0.00003) 19 2.363 —2.165 (0.0010) —8.883 (<0.0000)

(}spu_t»he‘rn SQuth Island)

outside putative LGM refﬁgiljrh w9 o076l

data from a pre-LGM sample from within the refugial
area that reveals a close relationship to post-LGM individuals
(electronic supplementary material, figure S3). This result
also agrees with the spatio-temporal distribution of Late
Pleistocene eastern moa fossils [18,19] and previous reports
of low genetic diversity in more northern eastern moa
[13,23]. Secondly, we do not observe deeply divergent
haplotypes that are exclusive to eastern moa sampled in the
northern extent of their Holocene range, which would

0.00009 (<0.00000 9

1242 —149 (0.0444)

refute our hypothesis of a single southern refugium. By con-
trast, divergent mitochondrial lineages have been used to
argue that the upland moa (Megalapteryx didinus) and
heavy-footed moa (Pachyornis elephantopus) occupied multiple
independent refugia during glacial periods [13,17].

In addition to greater genetic diversity in eastern moa
from within the refugium and a lack of deeply divergent
haplotypes, our results also provide evidence for an increase

in eastern moa population size (table 1; electronic
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supplementary material, figure S6). Although we are unable
to determine the exact timing of this increase, we suggest
that it corresponds to the expansion of eastern moa from
their southern refugium following the LGM. Although little
is known about the diet of eastern moa (recently reviewed
by [15]), it has been suggested that they perhaps had a similar
diet to stout-legged moa (Euryapteryx curtus subsp.), compris-
ing fruits and leaves from trees and shrubs [15,40]. Thus, a
possible driver of both the population size increase and
range expansion in eastern moa was the post-LGM expansion
of forest cover throughout much of mainland New Zealand
as the climate became warmer and more stable [41]. While
its diet may have been similar, the stout-legged moa—in con-
trast to the eastern moa—appears to have exploited coastal
habitats in addition to lowland forest, which may help to
explain the apparently more complicated LGM history and
greater genetic diversity of Euryapteryx [13,23].

Ultimately, eastern moa appear to have been more
severely impacted by the LGM than other moa species,
with our data suggesting that they contracted to only a
single refugium in the southern South Island during the
LGM. The alternative hypothesis—that eastern moa were
widely distributed across the South Island during the LGM
but were not preserved within the fossil record, perhaps
due to a paucity of Late Pleistocene fossil sites in the north
eastern South Island [21,42]—is not supported by our data.
In contrast to eastern moa, Holocene populations of South
Island giant moa (Dinornis robustus), stout-legged moa and
heavy-footed moa displayed greater levels of genetic diver-
sity [23]. Further, there is evidence that at least three
species—crested (Pachyornis australis), South Island giant
and heavy-footed moa—tracked changes in their habitat

[17,43]. The different responses exhibited by these closely [ 5 |

related species highlight that responses to climatic and
environmental change can be highly species-specific.
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