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ABSTRACT

We review the major phylogeographic patterns in Aotearoa New
Zealand's terrestrial flora and fauna that have been associated
with the Otira Glaciation of the Pleistocene, the end of which
coincides with the global Last Glacial Maximum (LGM). We focus
on (1) the complexity of biogeographic histories of New Zealand
species, with LGM-driven phenomena overlaying the impacts of
mountain-building and other drivers of phylogeographic
structure; (2) the locations of glacial refugia and sets of taxa
which may have shared refugia; and (3) the role of glaciation in
driving diversification. We end with a brief focus on the next
directions, including what can we leam about New Zealand’s
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glacial history by expanding our phylogeographic toolbox to
include genomic methods and hypothesis-driven inference
methods. We provide follow-up questions which take advantage
of the wealth of phylogeographic data for New Zealand.

Introduction

The origin of Aotearoa New Zealand’s remarkable fauna and flora has long fascinated
naturalists and biogeographers (e.g. Nelson 1975, Diamond 1990). Prior to the wide-
spread use of DNA and phylogeographic methods, the impact of the Pleistocene ice
ages and particularly the Last Glacial Maximum (LGM) was considered critical in
shaping the distribution of New Zealand’s biota, including variation in floral richness
patterns (McGlone 1985), the locations of biotic gaps or regions of high species turnover
(Wardle 1963), and diversification of endemic New Zealand lineages (Fleming 1979).
Thanks to subsequent advances in palaeoecology and phylogeography, we now know
that both the LGM in New Zealand, and its impacts on the distributions of species
and genetic variation, afford a striking contrast to the ‘model’ glacial systems of the
Northern Hemisphere (Hewitt 2000 and 2004; Wallis and Trewick 2009; Trewick et al.
2011; Wallis et al. 2016). While the extent of glaciation and other climate change
impacts were distinctly different from Eurasia and North America, this period also
impacted an archipelago which had been reshaping itself since the Miocene (Lu et al.
2005; Bland et al. 2019). In this dynamic landscape, species had to survive the glacial
period largely in situ, placing an additional survival filter over a biota already shaped
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by change (e.g. Lee et al. 2001). The result is that many New Zealand lineages show high
levels of genetic divergence, often over relatively small geographic space, with each new
study adding to a picture of a biota that has assembled over long periods of time and geo-
logically complex conditions (Trewick et al. 2011; Buckley et al. 2015; Wallis and Jorge
2018).

The glacial cycles of the Pleistocene, and particularly the LGM, played a critical role in
shaping the modern distributions of species worldwide (Provan and Bennet 2008). While
the LGM was a global phenomenon, the precise timing of the coldest period varied at
different locations around the planet. In New Zealand, the global LGM coincided with
the final advance of the Otira Glaciation approximately 20,500-19,000 years ago
(Suggate and Almond 2005; Alloway et al. 2007; updated by Newnham et al. 2013);
sea level was depressed by ~120-135 m below present level, and colder temperatures
and increased aridity during this time resulted in major shifts in the extent and distri-
bution of various biomes across New Zealand (Newnham et al. 2013, Ellis et al. 2015).
Today’s North and South Islands were connected. In today’s South Island, glaciers
covered the Southern Alps from Fiordland to north Westland (Vandergoes and Fitzsi-
mons 2003) (Figure 1). As elsewhere, vegetation cover varied significantly between gla-
cials and interglacials: McGlone (1985) has characterised New Zealand as alternating
between dominance of two main types of vegetation during Pleistocene glacial cycles:
a lowland to montane ‘forest flora’ during warmer periods, and a montane to alpine
‘non-forest flora’ during colder periods.

While there is certainly agreement that New Zealand’s vegetation cover was drastically
altered during the LGM, the past two decades have seen debate concerning the extent to
which woody vegetation persisted during this period (Newnham et al. 2013). Some
researchers have argued that evidence from the fossil record of beetles suggests much
greater extent of woody vegetation than has been inferred from the pollen record
(Burge and Shulmeister 2007; Marra and Leschen 2011). In response, McGlone,
Newnham, and colleagues re-evaluated New Zealand’s LGM pollen record and provided
a new reconstruction of vegetation cover (McGlone et al. 2010; Newnham et al. 2013).
They describe a North-South cline in forest dominance; in North Island, only Northland
and coastlines north of 38° were covered by tall podocarp-broadleaf and beech forest; the
abundance of shrubland increased to the south, and dry open grassland dominated the
southeast. In South Island, the area with the most significant forest cover would have
been along the edge of Nelson, in what is now Karamea Bight, consisting of a shrub-
land-grassland mosaic with interspersed patches of beech and rare conifer, while in
southern South Island glaciers reached the western coastline in most areas, with only a
few small patches of shrubland-grassland-forest mosaic persisting on the western
shore. To the east of glaciated areas, throughout the great majority of South Island,
shrubs, tussock, and herbfield were extensive, with dry open grassland and rare forest
patches closer to the coast (Newnham et al. 2013) (Figure 1). The fauna would also
have experienced repeated shifts in the sizes and locations of their distributions, period-
ically persisting in small habitat refugia. Over the past generation, the tools of phylogeo-
graphy have been used to interrogate the signature that this history has left on the
present-day biota of New Zealand.
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Figure 1. Distribution of major vegetation types during the LGM, adapted with permission from
Newnham et al. (2013); see their map for finer spatial resolution of habitat patches and transitions.
Despite the restriction of forest habitats relative to their distribution prior to intentional clearing, phy-
logeographic evidence supports persistence of forest species in scattered refugia throughout North
and South Islands. In contrast, species associated with open habitats likely experienced expanded geo-
graphic ranges during the glacial period.

Phylogeography in New Zealand

Phylogeography, described as the bridge between population genetics and systematics
(Avise et al. 1987), provides a tool for exploring the geography of diversification that
is ripe for integration with evidence from other disciplines (Hickerson et al. 2010),
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such as the timing of geological events (Craw et al. 2016), paleo-records such as sub-
fossils or pollen (Shepherd et al. 2007), or complementary methods such as Ecological
Niche Models (ENMs; Marske et al. 2012). While phylogeographic patterns have tra-
ditionally ranged from detection of intraspecific genetic lineages to clarifying the evol-
utionary relationships among recently diverged sister species, an increase in the
diversity of genetic/genomic tools is broadening the purview of phylogeography to
include features of landscape genetics (Rissler 2016) and phylogenetics (Edwards et al.
2016). Indeed, defining phylogeography as distinct from these other disciplines is par-
ticularly complicated for New Zealand, where divergences among sister species (e.g.
Baker et al. 2020) and even among intraspecific lineages (Marske et al. 2011; Tardelli
Canedo et al. 2021) can exceed millions of years. Here, we largely restrict our focus to
the impacts of Pleistocene glaciation on New Zealand’s flora and fauna, although that
necessarily includes discussion of diversification events initiated before the glacial period.

In a landmark review of New Zealand phylogeography, Wallis and Trewick (2009)
identified several widely shared phylogeographic patterns that illuminate the complex
impacts of New Zealand’s recent geological history. First, many taxa radiated or under-
went speciation in association with Pliocene uplift of the Southern Alps and North Island
ranges, resulting in diverse lineages that persisted through the Pleistocene. Second, Pleis-
tocene isolation contributed to divergence across the Southern Alps in the South Island
and potentially shaped an east-west phylogeographic disjunction in the North Island
across the axial mountain range extending from Wellington Harbour to East Cape.
Third, despite expectations that southern South Island would have been inhospitable
for much of the biota, taxa from a variety of habitats (including forest) show significant
phylogeographic structure, including deep lineages, in southern South Island. While this
pattern is not universal, it contrasts from the expected ‘northern richness, southern
purity’ pattern hypothesised for lowland temperate habitats based on early Northern
Hemisphere phylogeographic studies, where high latitude areas heavily impacted by gla-
ciation harbour lower genetic variation than low latitude areas (Hewitt 2000). Wallis and
Trewick’s (2009) overarching finding, from their extensive literature review, was that
many New Zealand taxa harbour significant phylogeographic structure, much of it pre-
dating the Pleistocene, that must have survived all or part of the glacial period in multiple
distinct refugia. Given the richness of their review and the wealth of subsequent phylo-
geographic research, our goal with the current review is to pick up where they left off. We
therefore synthesise key findings from the last ~1.5 decades and point to next directions
in New Zealand phylogeography.

Phylogeographic patterns and the LGM: North Island (Te lka-a-Maui)

The histories of North and South Islands are quite different from each other, with one
notable contrast being the much more recent widespread marine inundation in North
Island. Much of North Island has emerged from marine inundation over the last
1.5 Ma, whereas most of South Island has been above sea level since the late Miocene;
consequently, the emergent geomorphological landscape of North Island is effectively
much ‘younger’ than South Island. Substantial geological changes took place in North
Island during the late Miocene, including volcanic activity and the creation of mountains
and basins. Much of North Island was subsequently inundated during the early Pliocene.
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Northern reaches of today’s North Island were divided into smaller islands (Morgan-
Richards et al. 2001), and most of the southern half was submerged, with the exception
of the Wellington area (the far south of today’s North Island), which was geographically
part of eastern Marlborough (the far north of today’s South Island) for several million
years prior to the formation of the Cook Strait some 500 Ka (Bunce et al. 2009;
Trewick and Bland 2012; Ellis et al. 2015). Mountain-building continued throughout
the Pliocene and Pleistocene, with later uplift of the axial ranges in the southern part
of North Island occurring approximately 340 ka. During the Pleistocene, in addition
to climatic and vegetation changes described earlier, central North Island was affected
by major volcanic eruptions that caused habitat destruction and isolation of populations
in allopatry (Ellis et al. 2015).

Many studies of North Island’s biota have focused on biogeographical boundaries that
bisect the landmass either north-south (the Northland Line, the Kauri Line, and the
Taupd Line) or east-west (e.g. Cockayne’s Line) (Figure 2). Ellis et al. (2015) helpfully
contrast two different phenomena that may be described by such biogeographical
lines: (1) a division between sister clades isolated by dispersal barriers (ecological or phys-
ical), and (2) a boundary between areas of older, genetically diverse populations and
newer, less diverse populations. Below, we consider the major biogeographical bound-
aries identified by previous researchers.

North-south patterning

The Kauri Line, so named because it represents the southern limit of the kauri tree
(Wagstaff and Clarkston 2012), marks examples of both divisions between sister clades
(e.g. Winterbourn et al. 2017) and a demarcation between areas of relatively lower and
higher diversity (e.g. Ellis et al. 2015; Wallis and Trewick 2009). During the LGM, con-
tinuous forest habitat in North Island was restricted to areas north of the Kauri Line
(Figure 1). Many widespread taxa exhibit the expected pattern of ‘northern richness
and southern purity’-higher genetic diversity north of the Kauri Line, and higher
genetic uniformity to the south—consistent with the expectations of the effect of an
LGM refugium in the north (e.g. the Auckland weta Hemideina thoracica, Morgan
Richards et al. 2001; the stick insect Clitarchus hookeri, Buckley et al. 2009, Morgan-
Richards et al. 2010; the cicada Kikihia ochrina, Ellis et al. 2015; and the giraffe weevil
Lasiorhynchus barbicornis, Painting et al. 2017). In some cases, researchers have comple-
mented phylogeographic work with ENMs and demonstrated that areas north of the
Kauri Line are indeed predicted as a major LGM refugial area for their study taxa (e.g.
Buckley et al. 2009, Marske et al. 2011).

Within the northern region bounded by the Kauri Line (Figure 2), land north of the
Northland Line is unique, due at least in part to its ultramafic rock soil, rich in iron and
magnesium. During the Pliocene, this area was divided into an archipelago of small
islands, isolating populations of terrestrial animals and perhaps driving lineage diver-
gence, e.g. leading to the fixation of chromosome rearrangements in different popu-
lations in the Auckland weta Hemideina thoracica (Morgan-Richards et al. 2001).
Today, the Northland peninsula harbours a notably high level of endemism in both
plants (McGlone 1985) and insects (Buckley et al. 2015). Ellis et al. (2015) found that
nearly every cicada taxon in their study exhibited unique haplotypes north of the
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Figure 2. Widely recognised biogeographic lines and other features that recur in the phylogeographic
literature. In North Island, the Northland, Kauri, Taupé and Cockayne's Lines define regions of phylo-
geographic turnover for many species. In South Island, the Southern Alps and Beech Gap are widely
recognised geographic features shaping lineage turnover. Less recognised areas of biogeographic
interest that appear frequently in the phylogeographic literature are the Central Otago region, includ-
ing the highlands and major rivers such as the Waitaki and Clutha, and the Kaikoura region. In north-
eastern South Island, many species either have geographically distinct lineages in the Kaikoura region
or experience lineage turnover across the region (e.q. Kikihia subalpina, Agyrtodes labralis, Brachynopus
scutellaris, Pseudopanax ferox), while in southeastern South Island, many species undergo lineage turn-
over across the Otago region (e.g. Agyrtodes labralis, Maoricicada campbelli, Niveaphasma annulata,
Pachyornis elephantopus, Dinornys robustus). (Background digital elevation model from Ollivier &
Co, CC-by-3, accessed at koordinates.com)
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Northland Line, and Painting et al. (2017) found the same in the giraffe weevil Lasior-
hynchus barbicornis.

The Taupo Line (Figure 2) was originally discussed as marking a boundary between an
area of greater diversity of endemic plants to its north and lower to its south (Wardle
1963); researchers have noted similar patterns in animals (Buckley et al. 2009, 2010,
2015; Marske et al. 2011; Bulgarella et al. 2014; Painting et al. 2017). This line has
been drawn at locations between 38.5° and 39.5° by various researchers (see Figure 1
in Ellis et al. 2015). Hypotheses invoked to explain a biogeographic break around this
latitude include Pliocene sea-strait flooding and various Pleistocene processes: tectonic
uplift, volcanic activity, and glacial cycling. Some animals exhibit divergences around
the Taupd Line that predate the Pleistocene: for example, the zopherid beetle Epistranus
lawsoni (Marske et al. 2011), some native Oligosoma skink species (Chapple et al. 2009),
and the near-flightless North Island rifleman bird Acanthisitta chloris granti (Withers
et al. 2021). In other groups, structure associated with the Taupd Line is Pleistocene in
origin (e.g. the giraffe weevil Lasiorhynchus barbicornis; Painting et al. 2017). In the wide-
spread stick insect Clitarchus hookeri, Buckley et al. (2009) found that the lineage that
dominates lower North Island and South Island post-dates Pliocene emergence of land
from marine inundation, but predates the LGM. They suggest that the species may
have colonised areas south of the Taupé Line as marine inundation abated, but
endured subsequent near-extirpation from lower North Island.

Of course, the scale on which biogeographic boundaries such as the various named
North Island ‘lines’ impact biota depends on the dispersal capabilities of organisms
under consideration. For example, the dispersal-limited frog Leiopelma hochstetteri is
found only north of the Taupo Line (sensu Wardle 1963); however, within that range,
Fouquet et al. (2010) found strong genetic structure suggestive of multiple species,
with divergence times dating back to the Pleistocene. At a much larger geographic
scale, in a study of kiwi birds, Weir et al. (2016) found evidence for four genetically dis-
tinct lineages of North Island species Apteryx mantelli, restricted to Northland, the Cor-
omandel Peninsula, Taranaki, and Gisborne/Hawke’s Bay. For each lineage, they found
evidence of a population bottleneck dating to the Pleistocene.

East-west patterning

Ellis et al. (2015) identified a previously unnamed major biogeographic boundary, which
they dubbed Cockayne’s Line (Figure 2), following the axial mountain range that extends
from Wellington Harbour to East Cape. Elevations are highest in the south and decrease
to the north, establishing a gradient proposed to affect the likelihood of dispersal across
the range (Cockayne 1911, 1917). Uplift of this range was initiated around 2 Ma, with the
most recent mountain-building occurring during the last 500,000 years (Te Punga 1954,
Rogers 1989; Bunce et al. 2009). This boundary marks a genetic break in organisms in a
wide variety of species, including cicadas, geckos, moas, stick insects, and flightless birds
(Ellis et al. 2015; Withers et al. 2021). As with many geographical barriers, Cockayne’s
Line reflects processes that operated both long prior to the LGM (e.g. diplodactylid
geckos, Nielsen et al. 2011, and certain species of Kikihia cicadas, Ellis et al. 2015) as
well as in the wake of the LGM (Ellis et al. 2015).
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Cockayne’s Line is not the only east-west biogeographical boundary in the North
Island. McLay et al. (2022) described a division to its west within the parasitic plant Dac-
tylanthus taylorii, and noted that it is similar (but not identical) to patterns in the forest
fern Asplenium hookerianum (Shepherd et al. 2007). The coastal whau tree (Entelea
arborescens) shows an east-west split dated to the Pleistocene that is unlike patterns
seen even in other coastal plants (Shepherd et al. 2019).

Generalizations and exceptions

Within North Island, several major geographic divisions demarcate patterning both in
terms of splits between lineages and boundaries between areas of relatively higher and
lower genetic diversity in a wide variety of organisms. In some cases, the origin of
these patterns can be dated to the LGM; however, in other cases relevant splits predate
the LGM (or dates have not been estimated). Finally, some organisms exhibit little-to-
no geographic structure or genetic diversity across North Island; e.g. lancewood/
horoeka (Gemmell et al. 2022), and the mite harvester Aoraki tumidata (Boyer et al.
forthcoming).

Phylogeographic patterns and the LGM: South Island (Te Waipounamu)

South Island landscapes are dominated by the Southern Alps, and the biota is therefore
shaped by the joint impacts of Pliocene uplift followed by Pleistocene glaciation. Many
species radiated in response to the appearance of novel alpine habitats or to the sundering
of populations by new dispersal barriers, (see below), and creation of novel habitats, fol-
lowed by shifting of these habitats during subsequent glacial cycles, offered opportunities
for hybridisation for some taxa (Shepherd et al. 2022, this issue). While the Pleistocene
had a profound impact on the distributions of South Island species, Wallis and Trewick
(2009) identified multiple South Island taxa with phylogeographic results at odds with a
picture of South Island refugia largely restricted to the Nelson region, the region of South
Island with the highest density of forest trees during the LGM (e.g. Newnham et al. 2013),
instead finding that lineages of diverse taxa emerged from the glacial period without
sharp clines in genetic diversity, consistent with survival in multiple habitat refugia,
and with high levels of phylogeographic structuring which often predates the Pleistocene
period.

Rise of the Southern Alps: setting the stage for glaciation

Uplift of the Southern Alps (Figure 2), which began 8-10 Ma and accelerated around 6
Ma (Lu et al. 2005), radically transformed both South Island and its characteristic biota.
Species which colonised and radiated within this new alpine zone include the remarkable
alpine flora, in which relatively few colonisers gave rise to a diversity of species and mor-
phologies (reviewed in Heenan and McGlone 2013; Gibbs 2016; and sources therein),
and alpine insect radiations among cicadas (Maoricicada; Buckley and Simon 2007),
wetas (Trewick and Morgan-Richards 2005), cockroaches (Cellatoblata; Chinn and
Gemmell 2004), stoneflies (McCulloch et al. 2010) and grasshoppers (Koot et al.
2020). For some species, diversification predates the period of orogeny: for example,
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all of the alpine grasshoppers had speciated well before the origin of their alpine environ-
ments (Koot et al. 2020), and divergence among the alpine members of the beetle genus
Syrphetodes (Ulodidae) predates the origin of the alpine flora (Leschen and Buckley
2015). Likewise, geckos and skinks, which comprise the vast majority of New Zealand’s
herpetofauna, both experienced their main period of diversification within the Miocene,
subsequently radiating into nearly every available habitat type, including the alpine zone
(Chapple et al. 2009; Nielsen et al. 2011), and even intraspecific variation among South
Island populations often predates the Pleistocene (e.g. Greaves et al. 2007; Chapple et al.
2011; Chapple et al. 2012). Some alpine species may have experienced expanded ranges
during the Pleistocene, as suggested by ENMs and high, localised haplotype diversity for
the grasshopper Sigaus australis (Carmelet-Rescan et al. 2021), high population structure
in the cicada Maoricicada campbelli (Hill et al. 2009), and the persistence of numerous
lineages across diverse taxa that are today characterised by relatively small geographic
ranges.

Alpine habitats weren’t the only novel opportunities generated by uplift: rather,
orogeny resulted in the appearance of diverse habitats at multiple elevations, and
many lineages radiated in response, including tiger beetles (Neocicindella; Pons et al.
2011); aquatic beetles (Hydrophilidae: Berosus; Seidel et al. 2021); the Kikihia, Maorici-
cada and Amphipsalta-Notopsalta lineages of cicadas (Buckley and Simon 2007; Marshall
et al. 2008, 2012), and New Zealand’s iconic moas (Bunce et al. 2009). Evolution of the
freshwater fish fauna also reflects the impact of South Island’s dynamic geology, begin-
ning in the Miocene and extending through the glacial period. Craw et al. (2016)
described ‘direct tectonic controls’ on evolution of New Zealand’s freshwater fish, includ-
ing radiation within the genus Galaxias, speciation within the mudfish genus Neochanna,
and intraspecific divergence within the upland bully Gobiomorphus breviceps. Within the
galaxiids, the distributions of different species groups are closely related to the history of
the geomorphic zones on which they occur, with lineages sundered by the rise of the
Southern Alps and structured by glacial activity (Craw et al. 2016; Waters et al. 2020).
Phylogeographic studies have revealed the importance of river capture events in
shaping gene flow and isolation among species and lineages (e.g. Waters et al. 2007, Bur-
ridge et al. 2008; Waters et al. 2020). In particular, river reversals and capture events
across the Pleistocene drove variation within the Galaxias vulgaris complex in Otago
and Southland, and simultaneous divergence within Galaxias divergens and Gobiomor-
phus breviceps in Marlborough (summarised by Waters et al. 2020). Similar geological
controls drove the mid-Pleistocene isolation and divergence of three distinct lineages
of the stonefly Zelandoperla maungatuaensis, whose entire distribution spans four kilo-
metres of the Maungatua Range (McCulloch et al. 2022). Finally, intra- and inter-specific
lineages across nearly all groups considered (insects, birds, lizards, fish) have phylogeo-
graphic breaks across the Southern Alps, indicating their role as an isolating mechanism
as well as a novel habitat (Wallis and Trewick 2009).

The beech gap: separating north and south

While North Island is bisected by numerous biogeographic lines, South Island biogeogra-
phy has focused on the central waist of South Island, the region most heavily impacted by
glaciation, resulting in a region of relatively high biotic turnover (e.g. Wallis et al. 2016),



10 K. A. MARSKE AND S. L. BOYER

low species richness (Wardle 1963), and disjunct distributions for many species (Leschen
et al. 2008). For example, southern beeches, which constitute more than half of New Zeal-
and’s standing native forest, are disjunct across central South Island, and this break is
widest in the west (Rawlence et al. 2021) The central South Island ‘beech gap’ (Figure
2) has been hypothesised as glacial in origin, with beech forest expanding across southern
South Island from small local refugia rather than dispersing from the north (e.g.
Newnham et al. 2013). Rawlence et al. (2021) tested this hypothesis most recently
using chloroplast DNA, and despite finding that Silver Beech was most genetically
diverse in northern South Island, with only a single (genetically distinct)
haplotype south of the beech gap, divergence modelling indicated that this pattern was
more consistent with a history of distinct refugia, rather than postglacial expansion
across the gap.

Numerous other species from a range of habitats show complex phylogeographic pat-
terns with respect to the beech gap region. Wallis et al. (2016) found evidence for a
north-south pattern of lineage divergence coincident with the onset of glaciation
(~2Ma) in alpine genera including rock wrens (Xenicus; Weston and Robertson
2015), moas (Megalopteryx; Bunce et al. 2009), scree wetas (Deinacrida connectans,
Trewick 2001); alpine cicadas (Maoricicada campbelli; Hill et al. 2009); three genera of
grasshopper (Trewick 2001; Trewick and Wallis 2001) and six genera of stonefly, includ-
ing winged and wingless taxa (McCulloch et al. 2010). Numerous other species also show
varying depths of divergence across this region, including among forest leaf litter weevils
of the genus Etheophanus (Davis et al. 2019) and among intraspecific lineages within two
open-habitat tiger beetles of the genus Neocicindela (Pons et al. 2011), the saproxylic
forest beetle Agyrtodes labralis (Leiodidae; Marske et al. 2009, 2012), and the aquatic
beetle Tormus helmsi (Hydrophilidae; Fikdcek et al. 2013).

A few arthropods show phylogeographic patterns that are enigmatic with respect to
the beech gap: for example, the saproxylic forest beetle Brachynopus scutellaris (Staphy-
linidae) is either disjunct or occurs at extremely low abundance across the western beech
gap, despite occurring in non-beech forests elsewhere, yet divergence across the gap is
relatively recent (late Pleistocene; Leschen et al. 2008; Marske et al. 2012, 2020). At the
other extreme, two arthropods appear to have persisted in refugia in the heart of the
gap region. The forest litter mite harvester Neopurcellia salmoni, which occurs only
along the west coast from Lake Kaniere through south Fiordland, comprises two
clades which likely diverged following the Oligocene Marine Transgression, including
a lineage spanning the beech gap region (Tardelli Canedo et al. 2021). Deep divergences
within this species, including geographically distinct lineages within these two clades that
range from Pliocene to mid-Pleistocene in age, point to a species that is extremely dis-
persal limited, necessitating survival of each lineage very close to its current distribution
(Tardelli Canedo et al. 2021). On the eastern side of the gap, Hill et al. (2009) found two
relict populations of Maoricicada campbelli that diverged as part of the main species radi-
ation ~1 Ma. Finally, the distribution of the alpine tree weta Hemideina maori falls
almost entirely within the gap region, and divergence among intraspecific lineages
initiated pre-Pleistocene, indicating that this species must have persisted within multiple
refugia within the gap itself (King et al. 2020). This suggests that the gap region would
likely have been suitable for alpine species, despite the intensity of glaciation in the
region (e.g. Hill et al. 2009; Carmelet-Rescan et al. 2021).
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Microrefugia and dynamic habitats

The studies above have reinforced the necessity of numerous South Island microrefugia
to explain patterns of strong geographic structuring among widely distributed species
plus maintenance of a high number of small-range endemic species which radiated
prior to the Pleistocene. Some of these refugia likely existed in close proximity to glaciers:
for example, Weir et al. (2016) implicated tiny coastal refugia in the Haast region and
northern and southern Fiordland in driving Pleistocene diversification within southern
brown kiwi/Tokoeka (Apteryx australis; larger refugia likely existed in Stewart Island/
Rakiura and Canterbury). These fit with patterns noted for other species: ENMs for
the saproxylic beetles A. labralis, B. scutellaris, and E. lawsoni all indicate a potential refu-
gium in the Haast region, as well as 2-3 refugia in northern South Island. For A. labralis
and B. scutellaris, two dispersal reconstruction methods on different datasets (mitochon-
drial CO1 and genomic SNPs; Marske et al. 2012, 2020) identified the Haast region as a
potential source for colonisation of southern South Island. For B. scutellaris, the Haast
corridor is also home to a mitochondrial lineage otherwise restricted to North Island
(Leschen et al. 2008), while three out of the four mitochondrial lineages within the Etheo-
phanus optandus/E. nitidellus complex occur within the Haast region (Davis et al. 2019).

While eastern South Island was mostly open habitats, with smaller, more dispersed
patches of forest (Figure 1), some forest species maintained distinct lineages in the
east. Microsatellite data for the tree Pseudopanax ferox indicate that genetic variation
and endemism are widely distributed throughout its range, including in southeastern
South Island (Shepherd and Perrie 2011). Distinct genomic clusters were detected
within the Nelson-Marlborough region and from Kaikoura to Southland-the first
lowland tree for which evidence exists of long-term glacial persistence at high latitudes
in southeastern South Island (Shepherd and Perrie 2011). Microsatellite turnover in
P. ferox is consistent with patterns found in the forest beetles A. labralis, which has dis-
tinct mitochondrial lineages in Nelson and Marlborough to Kaikoura (Marske et al.
2009), and B. scutellaris, which has a distinct genomic cluster which expanded from Kai-
koura down eastern South Island (Marske et al. 2020) (Figure 2).

While forest refugia would have been scattered among habitat patches during glacial
cycles, eastern South Island species from mixed or open habitats likely benefited from
Plio-Pleistocene expansion of dry habitats. For the cicada Amphipsalta strepitans,
which favours dry slopes and riverbeds, ENMs suggested little range reduction during
the LGM, and genetic evidence is consistent with persistence in multiple eastern
refugia (Marshall et al. 2012). Several species of Neocicindella, which also occupy open
habitats, are wholly or mostly distributed in eastern South Island, suggesting histories
of persistence (Pons et al. 2011). The stick insect Niveaphasma annulata, an ecological
generalist, is largely restricted to southern and eastern South Island, with phylogeo-
graphic breaks across Otago and the Waitaki River, and persistence of suitable habitats
along coastal margins may have facilitated gene flow during the glacial period (O’'Neill
et al. 2009). A distinct southern South Island gene pool detected for manuka (Leptosper-
mum scoparium) via pooled whole-genome sequencing likely expanded during the Plio-
Pleistocene, taking advantage of the extensive distribution of tussock grasslands and
shrublands (Koot et al. 2022). Together with southern beech, manuka are associated
with sooty mould fungi, which host multiple endemic beetles (Buckley et al. 2015).
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The widespread distribution of manuka in southern South Island during the LGM may
shed light on the puzzling mitochondrial history of the sooty mould feeder Hisparonia
hystrix (Nitidulidae), which-aside from late Pleistocene divergence of a Stewart Island
lineage from all remaining populations-shows little phylogeographic structure across
South Island (Marske et al. 2012).

Retreat of forests and expansion of grass-and shrublands also shaped phylogeographic
patterns for moas across a variety of habitats in the east and south. The heavy-footed moa
(Pachyornis elephantopus) occurred mostly in grassland, shrubland and forest margins,
and likely experienced significant changes to its distribution during glacial cycles (Raw-
lence et al. 2012). However, environmental change appears not to have impacted popu-
lation size for heavy-footed or crested moas (Pachyornis australis; Nelson region)
(Rawlence et al. 2012), consistent with evidence from four other moa species (Allentoft
et al. 2015). Lineage divergence in the heavy-footed moa delimits northeastern and
southern/southeastern populations, likely reflecting fluctuations in habitat and connec-
tivity across central Otago and the Clutha River drainage (Rawlence et al. 2012). A hap-
lotype network for South Island giant moa, Dinornys robustus, also indicates greater
haplotype turnover between southern Canterbury and Otago than within either region
(McCallum et al 2013). This contrasts with phylogeographic patterns for Emeus
crassus, which is also eastern in distribution, but favoured wet forests; a lack of popu-
lation structure suggests range restriction to a single glacial refugium, likely in the south-
east (Bunce et al. 2009). The coastal moa Euryapteryx curtis would have experienced
extensive habitat shifts across the Pleistocene, and haplotype variation in this species
shows little geographical structure (McCallum et al. 2013).

Shifting habitat mosaics drove population divergence for many species, but for some,
they provided opportunities for genetic mixing, resulting in complex phylogeographic
patterns. The cicada genus Kikihia began to diversify during increased mountain build-
ing and appearance of varied habitats, but most lineages appeared in the Pleistocene
(Marshall et al. 2008), when the geographic extent of different vegetation types would
have been in flux. Several South Island lineages show extensive hybridisation, particularly
the Kikihia ‘westlandica’ group, defined using mtDNA, which now appears to be the
result of a mitochondrial capture event early in the radiation followed by hybridisation
among lineages which now occupy three distinct vegetation types (Banker et al. 2017; see
also Shepherd et al. 2022, this issue). As with the alpine grasshoppers, some Kikihia
lineages diverged prior to the availability of the habitats they now occupy, necessitating
habitat-switching, which would have facilitated contact among recently diverged popu-
lations (i.e. Kikihia muta group; Banker et al. 2017). These South Island histories, which
show the effects of glacial cycles, are more difficult to disentangle than relationships
among North Island lineages, which experienced more directional environmental
change (i.e. continued uplift; Banker et al. 2017).

Cradles and museums

Finally, South Island is characterised by extreme phylogeographic contrasts. On the one
hand, the island has served as cradle and museum for deep phylogeographic lineages,
including the geckos, skinks, alpine grasshoppers, and mite harvester Neopurcella. A
second mite harvester, Aoraki denticulata, also restricted to native forests, shows
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similarly deep intraspecific divergence at the mitochondrial CO1 locus (up to 20%; Boyer
et al. 2007) and likely began radiating in the proto-Southern Alps (Fernandez and Giribet
2014). Two zopherid beetles also show phylogeographic patterns consistent with extreme
dispersal limitation: Epistranus lawsoni is flightless and less than 2 mm in length, yet is
widely distributed across New Zealand, with lineage evolution that reflects both the
complex topographic history of North Island and long term persistence in South
Island; deep structuring within South Island lineages indicates divergence that predates
the Pleistocene in the west, and may reach back into the Miocene in the east (Marske et al.
2011, 2012). The larger-bodied Pristoderus bakewelli shows a similar pattern of early
Pleistocene divergences nested within older, geographically distinct intraspecific lineages,
as well as a lineage detected only in Southland and the Chatham Islands which dates to
the early Pliocene or late Miocene (Marske et al. 2011). While these scenarios all rely on
mitochondrial DNA, which has well-known limitations, these results for disparate
species point to a wealth of lineages entering the LGM already highly structured, requir-
ing multiple distinct refugia spread throughout western South Island or populations large
enough to retain polymorphism through glacial cycles. Many other litter-dwelling
arthropods have complex phylogeographic histories that-while less extreme-point to
extensive glacial persistence in multiple refugia throughout South Island (Buckley
et al. 2015).

On the other hand, some species do reflect patterns consistent with latitudinal retreat
and expansion (‘northern richness, southern purity’). For the forest cicada Kikihia sub-
alpina, which is distributed in South Island and southern North Island, evidence for up to
three refugia were detected in northern South Island (Nelson, Marlborough and Kai-
koura), while much less variation was detected in clades occurring farther south (Mar-
shall et al. 2009). The stick insects Argosarchus horridus (Buckley et al. 2009) and
Clitarchus hookeri (Buckley et al. 2010) are also distributed across both islands and
have reduced genetic diversity in the south; together with the cicadas, they present an
interesting contrast between leaf litter and arboreal arthropods in the impacts of glacia-
tion on species from these highly distinct niches. The distribution of the wéta Hemideina
crassidens straddles Cook Strait, and reduced nucleotide diversity moving away from the
core of its range is consistent with northward expansion during glacials and southern
expansion during interglacials (Bulgarella et al. 2014). Similarly, the trees Pseudopanax
crassifolius (Gemmell et al. 2022) and Sophora spp. (Shepherd et al. 2017) have severely
reduced genetic diversity in South Island and may have recolonised post-LGM.

Summary and future directions: new data types, analyses and
expectations

In the ~1.5 decades since Wallis and Trewick 2009, phylogeographic studies have
reinforced their initial portrait of a biota characterised by significant phylogeographic
structure, and significant variation in how that structure is geographically partitioned.
Phylogeographic patterns across phylogenetically diverse lineages from a variety of habi-
tats together reflect all of the archipelago’s dynamic geological history from the late
Miocene onward, including glacial histories characterised by persistence in multiple
refugia and maintenance of extensive structure. Our review is biased toward species
with extensive geographic sampling and strong phylogeographic structure, but there
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are notable exceptions, including species with comparatively little structure at all (e.g.
Kerer, Goldberg et al. 2011; Kaka, Dussex et al. 2015; Karearea, Trewick and Olley
2016; the cicadas Amphipsalta zelandica, A. cingulata and Rhodopsalta leptomera, Mar-
shall et al. 2011, Bator et al. 2021) or those which show divergence across Cook Strait but
little other intraspecific variation (e.g. Whio, Robertson et al. 2007; Weka, Trewick et al.
2017; the cicadas Rhodopsalta cruentata and R. microdora, Bator et al. 2021; the stonefly
Stenoperla helsoni, McCulloch et al. 2019). Notably, many birds show relatively little phy-
logeographic structure, potentially indicating stronger impacts of habitat reductions
(compared to arthropods and lizards, which may have maintained higher population
sizes and been able to persist in smaller refugia) as well as higher dispersal ability. Striking
contrasts in phylogeographic structure exist even within genera (e.g. Pseudopanax ferox/
P. crassifolius; Shepherd and Perrie 2011; Gemmel et al. 2022) and among ecotypes
within radiations (e.g. mesic- versus dry-habitat cicadas in each of the cicada genera
Kikihia, Rhodopsalta and Amphipsalta; see Bator et al. 2021). Nevertheless, these com-
bined histories point to a biogeography that continues to make the archipelago a rich
natural laboratory for all aspects of the evolutionary process.

Over the past decade, new approaches to generating and analyzing large genetic data-
sets have permitted researchers to expand far beyond single-locus or few-locus
approaches. In 2011, Trewick et al. predicted that ‘[tJhe emergence and availability of
next generation sequencing will be a boon to phylogeography’. However, aside from
those using ancient DNA, New Zealand studies that leverage next-gen technologies
remain rare. Weir et al. (2016) use genome-wide SNP data in their phylogeographic
analysis of kiwis, Shepherd et al. (2019) use ddRAD-seq in their study of Dicksonia
tree ferns, Marske et al. (2020) used ddRAD-seq to revisit patterns for two saproxylic
beetles, Koot et al. (2020, 2022) used mitochondrial genomes (in grasshoppers) and
pooled whole genome resequencing (in manuka) to ask phylogeographic-scale questions,
and McCulloch et al. (2022) used genotyping-by-sequencing to test for spatial structure
in a range-restricted stonefly, but to our knowledge, these are the only genome-scale phy-
logeographic studies of New Zealand biota to date. Target enrichment of ultra-conserved
elements permits phylogenomic analysis of non-model organisms on phylogeographic
scales of time and taxonomy; for example, this approach has been used in species deli-
mitation of dispersal-limited arachnids (Derkarabetian et al. 2022) and shows promise
for resolving long-standing questions in New Zealand’s mite harvester fauna, (manu-
script in prep, SLB). We urge researchers to adopt these novel approaches widely-
while noting a greater preponderance of multi-locus datasets since Wallis and Trewick
(2009), with many papers building and deepening existing datasets to include more
species and greater geographic coverage.

Given the complex assortment of phylogeographic histories described above, it will be
particularly important for researchers to consider multiple working hypotheses and to
explicitly compare statistical support for alternative biogeographical scenarios. While
there has been progress on this front, many phylogeographic studies continue to base
their conclusions largely on phylogenetic and network-based methods, likely due to a
lasting emphasis on identifying species boundaries and quantifying the extent of
spatial structuring. As has been noted by previous authors, the questions and approaches
of phylogeography can lend themselves to biogeographic story-telling (Crisp et al. 2011,
Trewick et al. 2011). This is part of the appeal of the discipline; many of us are eager to
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‘know what happened’ and to explain present-day patterns in the distribution of biodi-
versity in ways that make intuitive sense. However, this aspect of our field can also tempt
researchers to look for the patterns they wish to see, and we encourage students of New
Zealand’s biogeographic history to maintain skepticism of easy explanations.

Researchers have documented high phylogeographic structure in many New Zealand
taxa, but pinpointing the causes of that structure has often proved challenging, highlight-
ing the importance of robust dating strategies for identifying key periods of change
within and across lineages. For example, Seidel et al. (2021) found that dated phylogenies
for the aquatic beetle Berosus that were based on widely-used beetle substitution rates sig-
nificantly underestimated dates of colonisation and divergence compared to analyses
based on multiple fossil calibration schemes. While obtaining appropriate fossil cali-
bration points is likely to remain a significant challenge, they will likely be key to deci-
phering how New Zealand’s dynamic landscape has driven evolution of its biota. In
systems for which a robust fossil record is not currently available, researchers should con-
tinue to interpret molecular clock estimates with caution.

Finally, while the expectation a generation ago may have been that co-distributed
organisms would display identical phylogeographic patterns reflecting shared geographic
history, it is now clear that idiosyncratic variation across taxa is the rule rather than the
exception (e.g. Trewick et al. 2011). This creates opportunities to test new questions
about key drivers of this variation, including how variation in species’ traits (Zamudio
et al. 2016) or the impacts of biotic interactions (Waters et al. 2013) shape differences
in the orientation of intraspecific lineages and phylogeographic breaks, or differences
in population dynamics within lineages. It also creates opportunities for a consideration
of the mechanisms most likely to lead to concordance or discordance, given landscape
history and variation in dispersal opportunities among species (e.g. Marske et al.
2020). This may be particularly relevant for North Island, where the same or geographi-
cally close biogeographic lines may connect to very different hypotheses on the drivers of
genetic variation (e.g. Ellis et al. 2015). Finally, given the richness of phylogeographic
datasets of high spatial resolution, predictive phylogeographic methods (Espindola
et al. 2016) could be leveraged to hasten the detection of cryptic lineages, aiding in
species discovery and biodiversity conservation.
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