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New Zealand's unique biodiversity is the product of at least 55 million years of geographic isolation, supplemented by persistent transoceanic migration. Palaeontological and genetic evidence suggest most New Zealand avifauna has colonized from Australia. We synthesize evolutionary genetic studies to show a previously unrecognized clustering of divergence times in Australian and New Zealand bird species pairs, across the avian phylogeny at the beginning of the Pleistocene, around 2.5 million years ago. The timing coincides with major climatic and vegetation changes with the initiation of the Plio-Pleistocene glacial cycles. Recent anthropogenic impacts and environmental modifications are replicating in some important ways Pleistocene glacial landscapes, resulting in a new wave of avian “native invaders” into New Zealand.
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BACKGROUND

New Zealand has long been regarded as a model system for understanding Southern Hemisphere biogeography and evolution. It is one of the most isolated continental fragments (Zealandia; Mortimer et al., 2017) of the supercontinent Gondwana that was completely severed by ocean around 55 million years ago (Mya) (Roelants and Bossuyt, 2005). It has an excellent fossil record (Worthy and Holdaway, 2002; Worthy et al., 2017), and is home to extant taxa that are known from the old supercontinent (e.g., Giribet and Boyer, 2010; Easton et al., 2017; Wallis and Jorge, 2018).

While its geographic isolation and geological history appears to demand a vicariance explanation for the origin of its biodiversity, there is increasing evidence that New Zealand is rather a “fly paper of the Pacific” (McGlone, 2005) with a constant flow of immigrant taxa (Flemming, 1962; McDowall, 2008; Gibbs, 2017; Wallis and Jorge, 2018). Many New Zealand plants and animals, once considered ancient, have been shown to be more recent transoceanic immigrants arriving long after the separation of Zealandia from eastern Gondwana (e.g., Knapp et al., 2005; Mitchell et al., 2014). The oceans surrounding the New Zealand archipelago are a permeable barrier (e.g., McCulloch et al., 2017) and, while the focus has been on species mobility, establishment and persistence of immigrants is just as important (Boessenkool et al., 2009; Collins et al., 2014; Rawlence et al., 2015, 2017a; Grosser et al., 2016; Waters and Grosser, 2016; Waters et al., 2017).

Birds are often highly mobile and many are adept at forming breeding populations after crossing ocean barriers (e.g., white eyes Zosterops spp.; Cornetti et al., 2015). Most post-Gondwanan avian immigration to New Zealand is from the closest landmass, Australia (e.g., Scofield et al., 2017; Wallis and Jorge, 2018), which is favorably situated with regard to prevailing winds and ocean currents, although some taxa have their nearest relatives in Asia (e.g., Gibb et al., 2015) or Melanesia (e.g., Boon et al., 2001).

New Zealand has endured more profound geological, topographic, and climatic changes since its separation from eastern Gondwana than any other continental landmass, Antarctica aside (Mortimer et al., 2017). Shortly after the separation of Zealandia, thinning and cooling of its continental crust as rifting ceased resulted in a loss of buoyancy and submergence. No more than 7% of the original Zealandian landmass remained emergent (Mortimer et al., 2017). The portion that was to be the New Zealand archipelago sank; weathering and erosion wore down the original mountainous landmass, and rising sea levels completed a process that culminated in the near-complete marine inundation (up to 80% of New Zealand) during the Oligocene 35–25 Mya (Worthy et al., 2017). Zealandia is therefore best thought of not as a coherent terrestrial entity, but rather as a region of the ocean where diverse geological processes have created a scatter of archipelagos and ephemeral islands (Grandcolas, 2017). While a complete submergence of the New Zealand region has been suggested (Landis et al., 2008), recent geological, palaeontological (e.g., Conran et al., 2014; Scott et al., 2014; Worthy et al., 2017) and genetic research (e.g., Carr et al., 2015; Wallis and Jorge, 2018) strongly favors a small emergent archipelago at that time. Wallis and Jorge (2018) synthesized previous evolutionary genetic studies and found around 75% of 248 New Zealand lineages survived the marine transgression in situ, the majority non-volant terrestrial and freshwater taxa, and trees.

A highly diverse flora and fauna (e.g., Saint Bathans Fauna, Worthy et al., 2017) flourished under the subtropical climate of the early to middle Miocene. The first significant mountain ranges in the South Island arose in the middle Miocene (Nathan et al., 1986). Rapid uplift along the Alpine Fault system (which runs the length of the Southern Alps) began ca. 8 Mya. These rising ranges intercepted the prevailing westerly wind flow, creating rain-shadow climates in the east from the late Miocene onwards (Chamberlain et al., 1999). Climatic change, disruption of the previous low-lying stable landscape and an ever-changing archipelago configuration accelerated biotic turnover with the loss of earlier taxa and a continuing influx of new types (McGlone et al., 2016). An abrupt reorganization of the plate tectonic regime ca. 5 Mya was followed by rapid uplift of erosion-resistant greywacke that began ca. 4 Mya in the far south, and propagated northwards, with tall mountainous relief as late as 1.3 Mya in the northwest of the South Island (Batt and Braun, 1999).

Mountains of the northeastern South Island, the axial ranges of the North Island and the Volcanic Plateau arose later, and in the southern North Island, mountain ranges began to form only about 500, 000 years ago (McGlone et al., 2001). Global cooling from 2.7 Mya initiated the Pleistocene cycles of cold glacials and warm interglacials (Wallis et al., 2016; Craw et al., 2017). Local rain shadow aridification intensified in the southern and eastern regions of New Zealand (Craw et al., 2013). During the Pleistocene glacials the dense evergreen forests that had dominated the archipelago since separation from eastern Gondwana were fragmented into coastal fringes or inland patches on favorable sites from the middle of the North Island southwards, with continuous forest largely confined to northern New Zealand (Newnham et al., 2013). Over most of the archipelago during glacial maxima, shrubland-grassland, and bare ground mosaics prevailed (Newnham et al., 2013).

Human arrival around 750 years ago (Wilmshurst et al., 2008, 2011), during a period of relative climatic stability (Wanner et al., 2008; Allen, 2012; Waters et al., 2017), resulted in the extinction of nearly 50% of the unique avifauna (Tennyson and Martinson, 2007) and widespread destruction of forests (McWethy et al., 2014). Fire induced open shrub and grassland habitats structurally similar to those of the Pleistocene glacials (McGlone, 2009).

Much of the non-endemic indigenous biodiversity of New Zealand is of Australian origin (for example, over 200 plant species are shared between Tasmania and New Zealand; Jordan, 2001) and typical of open habitats, which suggests the Plio-Pleistocene glacials created new opportunities for Australian biota (McGlone et al., 2001; McGlone, 2006; Wood et al., 2017). Here, through a synthesis of molecular dating studies utilizing modern and ancient DNA, we can demonstrate the effect of Plio-Pleistocene environmental changes on the New Zealand avifauna, but also narrow down the timing for the start of the avian influx.

PLIO-PLEISTOCENE CLIMATIC CHANGES AND THEIR IMPACT ON THE NEW ZEALAND AVIFAUNA

To establish a breeding population in New Zealand, an immigrant Australian bird species requires an ecological niche similar to that of its home range, be that niche broad or restricted (e.g., Grosser et al., 2016), but with time and isolation is likely to develop new, distinctive niches. The Australasian black-winged stilt (Himantopus himantopus leucocephalus), for example, is the Indo-Australian representative of a widespread species, while its New Zealand sister taxa the black stilt (Himantopus novaezelandiae) has specialized in braided river ecosystems.

While a large number of Australian bird species are regular vagrants to New Zealand (Gill et al., 2010; Miskelly et al., 2015), establishment rates are very low. However, the chances of a significant subset of these vagrants establishing over geological time is high. All else being equal, establishment over the Neogene, that is the last 23 Mya (Wallis and Jorge, 2018), should have resulted in an even spread of divergence times between Australian and New Zealand sister species. During most of the Neogene southern Australia and New Zealand were at similar latitudes and shared a similar moist, warm climate and dense forest cover (Heenan and McGlone, 2013). This niche compatibility would have favored immigration. However, New Zealand lacked mammalian predators and the avian fauna had to contend with aerial predation alone. The extant native avifauna expends less energy on anti-predator strategies and therefore tends to be more resource-efficient than exotic birds (Worthy and Holdaway, 2002). For instance, low clutch sizes are typical of deep-endemic New Zealand bird species (Worthy and Holdaway, 2002). We argue that this factor reduced the probability of Australian birds establishing. Of the 15 New Zealand–Australasian avian sister species pairs examined by Wallis and Jorge (2018), seven had mean divergence dates prior to the Plio-Pleistocene transition, ranging in age from ~33 to 7 Mya. Most of these species pairs were forest specialists, with a small proportion of wetland and marine species (Marchant and Higgins, 1990). Examples include New Zealand's tui (Prosthemadera novaeseelandiae) and bellbird (Anthornis melanura), and Australia's white-fronted chat (Epithianura albifrons), with divergence times of approximately 15 Mya; and New Zealand and Australian Petroica robins—divergence time 3.5 to 5 Mya (Gibb et al., 2015; Kearns et al., 2018).

While Neogene divergences are relatively few and spread over a long period of time (Wallis and Jorge, 2018), a number of divergence times between well-accepted Australian and New Zealand avian sister species (see also Rawlence and Waters, 2018) converge around the Late Pliocene and Early Pleistocene (Figure 1; Table 1). The majority of Australian birds in these species pairs (see Table 1) are open habitat specialists (Marchant and Higgins, 1990). The pairs are spread across the avian phylogeny and include raptors (spotted harrier Circus assimilis and the extinct Eyles' harrier C. teauteensis [diverged 2.4 Mya]; little eagle Hieraaetus morphnoides and the extinct Haast's eagle Hieraaetus moorei [diverged 2.2 Mya]; Knapp et al., 2019); rails (Southwest Pacific swamp-hen Porphyrio melanotus and the Moho P. mantelli [diverged 1.47 Mya]; Southwest Pacific swamp-hen and South Island takahe P. hochstetteri [diverged 2.4 Mya]; both Garcia and Trewick, 2015), and ravens (the Australian forest raven Corvus tasmanicus and the extinct New Zealand raven C. antipodum [diverged 1.7 Mya]; Scofield et al., 2017). Waders (Australasian black-winged stilt H. himantopus leucocephalus and the black stilt H. novaezelandiae; Chambers and MacAvoy, 1997; Wallis, 1999) are perhaps an outlier to this general pattern, with an estimated mean divergence time of only about 1 Mya. However, the Australasian black-winged/black stilt split is an estimate based off percentage sequence divergence (i.e., 5% partial D-loop/control region equating to a divergence time of ca. 1 Mya; Wallis, 1999)—all other divergence dates are based off partial or whole mitogenome phylogenetic analyses incorporating fossil calibration points.
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FIGURE 1. Large scale synchronous biological turnover in avifauna during the Plio-Pleistocene transition and Late Holocene of New Zealand. Schematic of the Australian avian lineages that colonized New Zealand ca. 2.5 Mya with the increase in open habitat in New Zealand, and after the arrival of humans due to widespread Holocene forest clearance and species extinction. The Last Glacial Maximum vegetation of Australia and New Zealand (green bar), as a proxy for the onset of Pleistocene glaciations 2.7 Mya; pre-human Holocene forest cover (ca. 1000 years ago; tan bar); and post-human vegetation (ca. 500 years ago; blue bar) are shown above the timeline to illustrate the amount of available open vs. closed habitat (modified from Goldberg et al., 2015). Divergence time estimates are mean values based on published molecular divergence dates. The red bar represents the megafaunal extinction period in New Zealand, from the arrival of humans ca. 1280 AD to the consequent extinctions ca. 1450 AD, while the blue bar represents the post-extinction era, when numerous Australian avian species colonized New Zealand.




Table 1. Divergence time estimates for splits between Australian and New Zealand avian species pairs.
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While the number of Australian-New Zealand sister species for which we have divergence times is limited, the emerging pattern of early Pleistocene divergences appears to represent a watershed moment in avian evolution in New Zealand. This being so, which factors have driven the increased establishment success for the Australian avifauna?

The aridification of Australia and the expansion of open habitats intensified from around 10 Mya onwards (MacPhail, 1997; McLeish et al., 2007) while New Zealand remained wet and densely forested (Heenan and McGlone, 2013). The Australian avifauna gained a large number of open-country birds while the New Zealand avifauna remained largely forest-dwellers. The onset of the Pleistocene glacial cycles led to the periodic reduction and fragmentation of forest in New Zealand and the development of open shrubland-grassland habitats, particularly in the rain-shadow region to the east. With the contemporaneous rapid rise of the Southern Alps, increased eastern aridity and formation of fast-flowing braided rivers provided permanent, although limited open country niches during otherwise forested interglacials (Rawlence et al., 2012; Newnham et al., 2013).

Cooling and mountain building meant that by the early Pleistocene New Zealand has, for the first time, extensive expanses of open habitats functionally comparable to those prevalent in Australia since 10 Mya. The arriving pre-adapted open habitat specialists from Australia therefore encountered niches familiar to them, but alien to the largely forest-adapted New Zealand avifauna. While some indigenous forest specialists may have evolved to occupy these new niches, we suggest they were largely filled by immigration of Australian specialists—a much more rapid process. Once isolated in New Zealand in the absence of terrestrial mammalian predators, these colonizers evolved into distinctive species different from both their Australian ancestors and the older endemic New Zealand avifauna (Rawlence and Waters, 2018).

Some other Australian-New Zealand avifaunal species pairs are likely to have divergence times ca. 2.5 Mya. The largest group of candidate species pairs are waterfowl and rails including the Australian coot (Fulica atra australis) and the extinct New Zealand coots (F. prisca and chathamensis; Trewick, 1997); Australian black swan (Cygnus atratus) and the extinct Pouwa (C. sumnerensis; Rawlence et al., 2017a); Cape Barren goose (Cereopsis novaehollandiae) and the extinct North/South Island goose (Cnemiornis gracilis and calcitrans); Australian shelduck (Tadorna tadornoides) and paradise shelduck (Tadorna variegata); and several other Anseriform species pairs (e.g., Tennyson and Martinson, 2007). Some of these species pairs are controversial (see Dussex et al., 2018 cf. Rawlence and Waters, 2018), but future research focusing on lineage divergence within a rigorous statistical framework will resolve these issues.

HISTORY REPEATS: AVIFAUNAL COLONIZATION IN THE POST-EXTINCTION ERA

The arrival of Polynesians in the late thirteenth century AD (Wilmshurst et al., 2008, 2011), and later Europeans and their commensal animals, dramatically reshaped New Zealand ecosystems (McGlone et al., 1994; Worthy and Holdaway, 2002; Tennyson and Martinson, 2007). Nearly 50% of New Zealand's endemic avifauna (including taxa such as the New Zealand raven, Eyles' harrier, Haast's eagle, Moho, New Zealand coot and the Pouwa) were extinct by ca. 1450–1500 AD within a few hundred years of Polynesian settlement (Tennyson and Martinson, 2007; Boessenkool et al., 2009; Rawlence et al., 2017a,b). Avifaunal extinctions and habitat modification occurred during a period of climatic stability (Wanner et al., 2008; Allen, 2012; Waters et al., 2017) and we can be sure extinction resulted from hunting, habitat destruction and predation by introduced predators (e.g., Polynesian dog/kuri, Canis familaris; Polynesian rat/kiore Rattus exulans; Tennyson and Martinson, 2007; Seersholm et al., 2018). The disappearance of native birds dramatically increased niche availability (e.g., Collins et al., 2014; Grosser et al., 2016; Waters and Grosser, 2016; Waters et al., 2017). Mammalian predators would have also increased the competitive status of avian colonists which, unlike endemics, have predator avoidance behaviors and larger, more frequent clutches.

Widespread burning led to the loss of at least 30% of Holocene forests (covering 85–90% of New Zealand) and their replacement by fast growing open shrubland-fern-grassland mosaics subject to repeated fire (McGlone, 1989). The loss was more complete in the drier, eastern, “rain shadow” areas, and fire-prone tussock grassland and shrubland spread across the foothills and plains (McGlone, 1989, 2001; Perry et al., 2012). Such habitat was restricted in the Holocene and the interglacials but was widespread during the glacials (Newnham et al., 2013). While by no means identical to the grasslands, shrublands, and wetlands of the glacial periods, functionally this newly transformed habitat resembled them closely (McGlone, 2006; Newnham et al., 2013). Loss of forest decreased catchment level evapotranspiration leading to higher water yield and thus the proliferation of open, fire-swept sedge and reed swamps where previously wooded wetlands had prevailed (McGlone, 2009). Fire had been restricted and infrequent before human arrival and few New Zealand plants were adapted to it (McGlone, 2009; McGlone et al., 2014; Perry et al., 2014). Conspecific Australian plants (most already present) or endemic species closely related to Australian plants were among the few adapted to fire and spread rapidly, including bracken fern (Pteridium esculentum), raupo (Typha orientalis), tussock grasses, manuka (Leptospermum scoparium), kanuka (Kunzea ericoides), and cabbage tree (Cordyline australis). Forest clearance by European settlers from the early nineteenth century onwards converted large areas to pasture or shrubland (McWethy et al., 2014).

Human transformation of the New Zealand landscape, and increased niche availability, increased the number of Australian avifauna establishing (Waters and Grosser, 2016) to levels not seen since the early Pleistocene. As many as 16 species of Australian avifauna self-introduced (Holdaway et al., 2001; Waters and Grosser, 2016), often filling the niches vacated by extinct or decimated native species. Examples of such extinction-recolonisation patterns include rails (Southwest Pacific swamp-hen/pukeko Porphyrio melanotus replacing Moho/South Island takahe P. hochstetteri/mantelli), raptors (swamp harrier Circus approximans replaced Eyles' harrier C. teauteensis), and waders (pied stilt Himantopus leucocephalus replacing black stilt H. himantopus) (Worthy and Holdaway, 2002; Waters and Grosser, 2016). None of these occur in either natural or early archaeological sites (1280-1450 AD) that date to before the decline of their New Zealand congeners (Worthy and Holdaway, 2002; Gill et al., 2010). A similar pattern may have occurred between the subantarctic islands and the New Zealand mainland. Many current coastal and marine species were sparsely represented as occasional subantarctic vagrants in coastal archaeological middens but only established breeding populations after the demise of their mainland congeners due to Polynesian exploitation (e.g., Boessenkool et al., 2009; Rawlence et al., 2015, 2017a; Waters et al., 2017).

McGlone (2006) noted that the more transformed New Zealand lowland habitats were the more likely the dominant taxa are generalist indigenous species of Australian and southwest Pacific origin. These include the same “species” that first colonized during the early Pleistocene (e.g., Rawlence et al., 2017a). For example, 1–2.5 Mya, the Australian ancestors of the Southwest Pacific swamp-hen and Australasian black-winged stilt evolved into South Island takahe, Moho, and black stilt. Since human settlement, Southwest Pacific swamp-hen and pied stilt have reappeared. For some self-introductions there was a lag period of up to several hundred years before population expansion (e.g., spoonbills cf. black-fronted dotterels; Gill et al., 2010). Not all have been successful: numerous species regularly occur as vagrants but have not been able to form breeding populations (e.g., cattle egret, fairy martin; Gill et al., 2010).

Some recent Australian colonists may have been competition-limited generalists in their native Australia whereas the endemic New Zealand birds they replaced were habitat specialists (Worthy and Holdaway, 2002). The endemic Eyles' harrier was a specialist forest harrier, whereas the ancestral swamp harrier in Australia is only found within ca. 15 km of swamps. However, after its recent arrival in New Zealand the swamp harrier has adapted to closed forest, open farmland and the sub-Antarctic islands (Worthy and Holdaway, 2002; Knapp et al., 2019).

If open land habitat facilitates the establishment of Australian birds in New Zealand, why do divergences cluster in the early-mid Pleistocene and in the last few centuries, rather than spiking during each of the Pleistocene glaciations? A constant stream of Australian avifauna must have arrived as vagrants during Pleistocene glaciations when suitable open habitat was maximized and yet, as far as can be told, few if any established. A possible contributing factor to this pattern may be that we have not yet identified all the early colonizers as the pre-late Pleistocene record is rather sparse. We know some did not survive until human arrival. For example, the large, flightless Fleming's rail (Pleistorallus flemingi) is only found, to date, in strata approximately 1 Mya (Worthy, 1997). Nevertheless, we suggest that this pattern largely resulted from ecological “founder takes all” and “density dependent blocking” processes (Waters et al., 2013) once available niches were filled in the early Pleistocene. Polynesian settlement and then European colonization emptied many of these niches via extinctions.

A different pattern of colonization has occurred in species associated with habitats that have always been shared between New Zealand and Australia, for example coastal/marine and some swamp species (cf. forest specialists; McGlone, 2006; Gill et al., 2010; Gibb et al., 2015; Waters and Grosser, 2016; Wallis and Jorge, 2018). Endemism is lower and less deep in these groups, and there has been more regular contact. For example, during 2013–2014 AD interval, nine vagrant taxa of open habitat/wetlands were recorded in New Zealand vs. 26 vagrant seabird taxa (Miskelly et al., 2015).

CONCLUSION

While Australia has always been a major source for the New Zealand avifauna, the lack of mammalian predators in New Zealand kept Neogene avian immigration to a trickle through competition from the endemic resource-efficient forest specialists. The onset of the Pleistocene glacial cycles at 2.7 Mya and associated mountain building, reduced the forest cover and created new, open habitats similar in many respects to those widespread in Australia over millions of years. As a result, there was an influx of open habitat specialists from Australia representing a watershed moment in the evolution of New Zealand's avifauna. Human settlement from the thirteenth century on has, as with the Pleistocene glaciations, created a vast amount of open habitat and has further tilted the balance in favor of immigration through the introduction of mammalian predators. Elimination of 50% of the previous terrestrial avifauna and failure of many of the surviving species to adapt to mammalian predation has resulted in a fresh wave of self-introduced avian invaders.
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Species split Gene* Sequence  Meandivergence  95% Cl (Mya)  References
Divergence date (Mya)

New Zealand raven! vs. Australian ~ Mitogenome na 1.73 1.14-2.41 Scofield et al., 2017

forest raven

Haast's eagle! vs. little eagle MIDNA Gyt b 1.25% n/a 07-18 Bunce et al., 2005

Haast's eagle! vs. little eagle Mitogenome n/a 222 1.41-3.25 Knapp et al., 2019

Eyles’ harier! vs. spotted harrier Mitogenome na 237 1.4-854 Knapp et al., 2019

South Island takahe vs. Southwest  mtDNA 125, 168, Gyt b, CR/D-loop;  W/a 2.4 4907 Garcia and Trewick, 2015

Pacific swamp-hen nDNA BFG-7, RAG-1

Moho vs. Southwest Pacific MIDNA Cyt b n/a 147 0.4-3 Garcia and Trewick, 2015

swamp-hen

Black stilt vs. Australasian mtDNA CR/D-loop 5% 1.0 n/a Wallis, 1999

black-winged stift

*mtDNA, mitochondrial DNA; nDNA, nuclear DNA. TSpecies is extinct.
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