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1 | INTRODUCTION

| Fatima Jorge

Abstract

Twenty-five years ago, it was suggested that current-day New Zealand, part of the
largely sunken continent of Zealandia, could have been completely inundated during
the Oligocene marine transgression (OMT) some 25-23 million years ago. Such an
event would, of necessity, imply that all terrestrial, freshwater, and maybe coastal
marine species must have dispersed there since. This idea has generated heated de-
bate, on which geological, palaeontological and molecular data are being brought to
bear. Here, we review the phylogeographic literature in the form of molecular esti-
mates of divergence times between New Zealand lineages and their closest overseas
sister groups. Using an event-based approach, we show that these divergence times
follow approximately a smooth exponential over the last 50 Ma or more.
Approximately 74 of these 248 lineages appear to have survived the OMT in situ;
some of these major lineages comprise multiple additional lineages as a result of au-
tochthonous speciation prior to the OMT. Non-volant terrestrial animals, freshwater
animals and trees are particularly well represented in surviving lineages, whereas
marine animals, herbs and shrubs tend to show more recent arrival times. There is no
evidence for a deficit of pre-Oligocene lineages, nor an excess of ones arriving just
afterwards. The pattern is one of geometric increase in new lineages with more re-
cent time, reflecting a balance between immigration and extinction. Consequently,
this large body of molecular data provides no evidence for complete inundation of
New Zealand during the Oligocene. In conjunction with new geological and palaeon-

tological findings, these data suggest that it is time to put the idea to rest.
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Barnes, Pozo-Andrade, Tapia, & Nicholls, 2014), Hawaiian (Wagner
& Funk, 1995) and Canary archipelagos (Juan, Emerson, Oromi, &

The colonization of islands through long-distance dispersal (LDD)
has long been inferred from observation of the rapid establish-
ment of biota on new volcanic islands (Gillespie et al., 2012), such
as Krakatoa, where over 400 species established in the first decade
after emergence (Emerson, 2002). Molecular analysis has been used
to determine the origins of lineages on older, larger and more iso-

lated volcanic archipelagos, notably the Galapagos (Torres-Carvajal,

Hewitt, 2000). By inference, one might expect the biota of a larger
landmass such as New Zealand to have also been strongly influenced
by LDD, especially given its relative proximity to Australia compared
with smaller, more remote Pacific islands (MacArthur & Wilson,
1967). Although its biogeographers have long recognized many dif-
ferent sources and time depths for the origins of the biota (Fleming,

1979), New Zealand tends to have been characterized as a lost world
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of archaic vicariant lineages, implicit in folk metaphors such as “Moa’s
ark,” “life-raft” and “living fossil,” which have become a cultural icon
for many (McGlone, 2005). This vision is further strengthened by ev-
idence showing Zealandia to be a continental landmass, now largely
submerged (Campbell & Mortimer, 2014), whose separation from
Australia began some 82 Ma.

Over thelast 25 years, however, molecular phylogenetic research
has shown that many New Zealand radiations of plants (Perrie &
Brownsey, 2007; Winkworth, Hennion, Prinzing, & Wagstaff, 2015;
Winkworth, Wagstaff, Glenny, & Lockhart, 2002) and animals de-
rive from more recent arrivals (De Queiroz, 2005; Wallis & Trewick,
2009), lending credence to the earlier provocative suggestion that
New Zealand'’s entire flora might derive from LDD (Pole, 1994). Key
in this debate is the fact that during the Oligocene marine trans-
gression (OMT) ca. 23 Ma, New Zealand was at least reduced to an
archipelago of low-lying islands (Cooper, 1989). Some geologists
have supported the more extreme position of complete inundation
through further documentation of limestone deposits, and showing
that what has been called a peneplain in lower South Island is in fact
a wave-cut surface (Landis et al., 2008). The assumption of a contin-
uous landmass has in some cases been based on the assumption of
archaic elements in the flora and fauna, an argument that has been
characterized as circular (Waters & Craw, 2006). If, indeed, no land
remained, the entire terrestrial and freshwater flora and fauna, and
maybe the coastal marine fauna, must have arrived since (Trewick,
Paterson, & Campbell, 2007). More recently, other geologists have
reported palaeogeographic evidence in support of continuous pres-
ence of land (Kamp, Tripathi, & Nelson, 2014; Mortimer & Strong,
2014; Strogen, Bland, Nicol, & King, 2014), and evidence for shore-
lines coinciding with the OMT maximum (Lee et al., 2014; Scott, Lee,
Fordyce, & Palin, 2014), but the debate is far from resolved.

Fuel has been added to the fire as the vicariant origin of one clas-
sic archaic lineage after another has been seriously challenged (Biffin,
Hill, & Lowe, 2010; Cook & Crisp, 2005; Knapp et al., 2005; Mitchell,
Llamas, et al., 2014; Phillips, Gibb, Crimp, & Penny, 2010), leading
to a rash of papers concerning “Goodbye Gondwana” (McGlone,
2005). An extensive review of New Zealand phylogeography sug-
gested that the molecular data were inconsistent with archaic origins
for most lineages, with the exception of tuatara, leiopelmatid frogs
and wrens (Wallis & Trewick, 2009), paralleling findings for other re-
gions of biogeographic significance (Stelbrink, Albrecht, Hall, & von
Rintelen, 2012). However, it is easier to refute vicariance than it is
to is to refute pre-Oligocene origins of today’s biota, because of the
shallower time depth.

Uncertainty about rates of evolution and rate constancy in cali-
brating molecular clocks (Lanfear, Welch, & Bromham, 2010), choice
of genes and models of molecular evolution (Hillis, Moritz, & Mable,
1996) and stochasticity in nucleotide substitution all impact on the
ability to demonstrate dispersal versus vicariance (Crisp, Trewick, &
Cook, 2011). Further complicating factors are lineage extinction and
incomplete sampling. Whereas genetic divergence implying much
less than 23 Ma between New Zealand (NZ) and, for example, an
Australian lineage demonstrates post-OMT dispersal (though one

4369
MOLECULAR ECOLOGY gA\V\VA I [l A%

might argue about direction), a distance value of much more than
23 Ma is only consistent with surviving the OMT. The main reason
for this imbalance is the possibility of extinction of a more closely
related overseas lineage since the OMT. Wallis and Trewick (2009)
stressed that although many lineages show post-OMT arrival, sev-
eral are consistent with pre-OMT arrival. In the intervening decade,
many more studies have been published on more species groups,
with better data, reconstructions and dating; it is now appropriate to
assess these data en masse.

The premise of our approach is that any one study is prone to
error from the different sources mentioned above, but by consid-
ering a large number of studies together, one might be able to infer
a general process from a general pattern. A classic early analysis of
this sort (Sanmartin & Ronquist, 2004) did not consider dating, and
there have been many studies since this, and other syntheses (Wallis
& Trewick, 2009). There have been other compilations of splits be-
tween NZ and overseas lineages, but they have not resolved direc-
tion of dispersal, and concern plants alone (Perrie & Brownsey, 2007;
Winkworth et al., 2015).

If most lineages arrived in NZ post-OMT, most genetic distances
between NZ lineages and their overseas sister should indicate a time
of <23 Ma. Given the supposed high dispersal rates to NZ, and the
benefits that first arrivals accrue (Lack, 1947), across a large number
of distance values, one would predict a pronounced spike in the dis-
tribution representing times of just under 23 Ma. Radiations should
tend to date back to this point, but not precede it (Cooper & Cooper,
1995), except when there has been extinction of closer sister groups
at source. In this paper, we test for this pattern by gathering 248
published dates for molecular divergences between NZ and over-
seas lineages, where there is good reason to believe that NZ was the
recipient landmass. Additionally, we identify the continental origins
of these lineages (Sanmartin & Ronquist, 2004) and quantify their

provenance against time.

2 | MATERIALS AND METHODS

2.1 | Data collection

We compiled data on the estimated divergence dates of NZ taxa with
their respective sister groups on another landmass, to produce a large
data set of divergence times, representing either vicariance (>65 Ma),
pre-Oligocene dispersal (65-23 Ma) or post-Oligocene arrival. This
compilation was based upon (but not limited to) a search on the ISl
Web of Science” using the string: “phyloge* and (dispers* or vicarian®)
and Zealand.” This search yielded 561 papers on the molecular phy-
logenetics of plant and animal groups since 2009, up to 4 June 2018.
Retrieved studies were excluded in the following cases: (a) the work
focused on invasive species, corals or algae, (b) humans were the likely
agents of introductions, (c) the study did not include molecular data,
and (d) NZ was likely to be the source rather than the recipient. We
examined all publications individually and recorded from all selected
studies: (a) taxon information (NZ and overseas sister group), (b) mark-
ers used, (c) calibration details, (d) estimated divergence date of NZ
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taxon from its non-NZ sister taxon (and confidence intervals where
given), (e) likely ancestral area, and (f) whether any sort of ancestral
area reconstruction (AAR) was carried out. If there were no AAR, di-
rection was inferred from a combination of factors including author
preferences, fossil evidence, geological reconstructions, distribution
of progressively deeper lineages in the group, physical means of dis-
persal (wind, currents) and life history information. If, after considera-
tion of all of these aspects, there was no clear preference for direction
of dispersal, that particular split was not included.

We used the earlier stem sister split rather the later crown
group radiation time presented by some authors (Prebble, Cupido,
Meudt, & Garnock-Jones, 2011), though in practice, this almost
never made a difference to inference of pre- versus post-OMT
status. We exclude dispersive lineages that are likely to be human-
mediated (e.g., Kayaalp, Schwarz, & Stevens, 2013). Where multiple
analyses were presented, we used the one that was better sup-
ported or given primacy by the authors; in occasional cases where
necessary, our preferences were as follows: Bayesian > maximum
likelihood > maximum parsimony. Where multiple calibrations were
used, we used the one favoured by authors, or a mean estimate
where necessary. Whenever there was more than one paper on a
particular species or species group, we preferred the one with the
most extensive data or more reliable ancestral area determination,
usually the most recent. Data were supplemented by Table 1 of
Wallis and Trewick (2009), and estimates of molecular disjunctions
times from a recent synthesis and re-analysis of published data
(Winkworth et al., 2015), unless superseded by newer studies.

To assess the two hypotheses of complete submergence versus con-
tinuous emergent land, we fitted an exponential distribution to divergence
times, as well as to a subset of data centred around the OMT (43-3 Ma).
Complete submergence would result in an excess of times after the OMT
(and a deficit before), resulting in a poor fit around this period. In contrast,
a continuous landmass through the OMT would predict a continuous,
smooth, geometric accumulation of new lineages through time, through
the OMT into more recent time. Analyses were performed in r (R Core
Team 2017), using the “fitdist” function of the r package “fitdistrplus”
(Delignette-Muller, Pouillot, Denis, & Dutang, 2014) for fitting univariate

distributions to non-censored data and goodness-of-fit statistics.

3 | RESULTS AND DISCUSSION

Building upon the database of Wallis and Trewick (2009), we found
~95 new papers giving dates for a total of 248 splits involving NZ
lineages of plants and animals (Table 1). We ranked these from most
archaic to most recent and plotted the divergence times as a univari-
ate to show the relationship between ages of lineages and how com-
monly they occurred (Figure 1).

3.1 | Archaiclineages

Strikingly, this compilation reveals ~25 different lineages whose
taxonomic distinctiveness and/or fossil record is matched by high

2 290
| 11l 1
Triassic Jurassic

S ETIE e | 1

150 100 ! 50
L O L gy Ma
0 Period
Epoch

Paleogene  Neogene]

p Eo Joil i ||

25-23
Oligocene
Marine
Transgression

FIGURE 1 Univariate plot of ranked divergence times between
NZ lineages and their closest overseas relatives (from Table 1).

EC: Early Cretaceous; EJ: Early Jurassic; Eo: Eocene; LC: Lower
Cretaceous; LJ: Lower Jurassic; LT: Lower Triassic; Mi: Miocene; MJ:
Middle Jurassic; MT: Middle Triassic; Ol: Oligocene; Pa: Palaeocene

differentiation at the molecular level consistent with archaic Gondwanan
origins, including tuatara (Hugall, Foster, & Lee, 2007), frogs (Feng et al.,
2017), wrens (Ericson, Klopfstein, Irestedt, Nguyen, & Nylander, 2014),
crayfish (Toon et al., 2010), centipedes (Giribet & Boyer, 2010), ground
weta (Pratt, Morgan-Richards, & Trewick, 2008), dragonflies (Ware
et al., 2014), beetles (Andujar et al., 2016), peripatus (Murienne, Daniels,
Buckley, Mayer, & Giribet, 2014), freshwater mussels (Graf & O Foighil,
2000; Marshall, Fenwick, & Ritchie, 2014), brachiopods (Cohen et al.,
2011), cypress (Crisp et al., 2011), Griselinia (Nicolas & Plunkett, 2014),
mountain rimu (Wardle, Ezcurra, Ramirez, & Wagstaff, 2001) and liv-
erworts (Sun, He, & Glenny, 2014). In mite harvestmen alone (Giribet
et al., 2012), some ten lineages across three extant NZ genera are suffi-

ciently divergent to be vicariant at >65 Ma. The picture is complicated by
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(a) " Empirical & theoretical densities (C) 2 Empirical & theoretical densities
=1 =]
2
2 B
g g
S T T T T T T 1 R T T T 1
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Divergence time Divergence time
(b) Empirical & theoretical CDFs () Empirical & theoretical CDFs
FIGURE 2 Fits of divergence times to < ° |
an exponential distribution. (a,b) for the k& & -
= _] r -
complete data set (N = 248); (c,d) for 43-3 Eg © =
Ma (OMT +20 Ma; N = 137). (a,c) empirical n b
and theoretical densities; (b,d) empirical = ; | : : | | : sS4
and theoretical cumulative distribution 0 50 100 150 200 250 300
functions Divergence time Divergence time
TABLE 2 Details of divergence times X
. R . . Lineages Ages; Ma
binned into some major taxonomic and
ecological groups Group N Post-OMT % Range Median Mean
Reptiles and 4 1 25 18-272 118 131
amphibians
Birds 22 14 64 0.2-73 10.1 19.8
Freshwater 5 1 20 18-80 36.9 59.9
invertebrates
Terrestrial 44 15 34 0.4-270 34.4 44.2
invertebrates
Marine invertebrates 21 15 71 0-40 12.9 18.4
Freshwater fishes 5 3 60 5-24 17.8 15.4
Marine vertebrates 16 16 100 0-2 0 0.3
Trees 35 21 60 1-109 19.2 28.5
Ferns 14 11 79 0.6-50 4.6 11.6
Herbs, vines, shrubs 77 75 97 0-31.6 3.2 6

Note. Shown for each group are number of comparisons (N), number of post-OMT splits; % of that
group represented in post-OMT divergences, range of ages, median age and mean age of

divergences.

uncertainty over when links with Australia were finally severed. Recent
reconstructions (Schellart, Lister, & Toy, 2006) suggest an end to seafloor
spreading, and hence complete separation, at 55-52 Ma (Ho et al., 2015).
The size of the gap, however, crucially depends on the progressive sub-
sidence and submergence of Zealandia through thinning of the continen-
tal crust (Neall & Trewick, 2008). There could also have been island chain
links. Notwithstanding these examples and uncertainty over timing, the
large majority (~90%) of extant lineages appear to have dispersed to NZ

post-Gondwanan break-up (Figure 1).

3.2 | The shape of arrival times in NZ

Looking specifically at the univariate distribution of estimated diver-
gence times with respect to our original question, the overwhelm-

ing picture is one of a smooth decay curve with time (Figure 1); that

is, the number of extant lineages falls off ever more slowly with in-
creasing geological age of origin (or increases exponentially in more
recent time). This pattern is continuous through the Oligocene; that
is, there is no evidence for a spike of arrivals after the OMT, or defi-
cit before it, as would be expected if the land forming current-day
New Zealand was completely inundated. We tested the entire set of
248 divergence times for goodness of fit to an exponential distribu-
tion (Figure 2a-b). The cumulative distribution function (CDF) plot
(Figure 2b) of empirical versus theoretical distribution is very close,
with the actual data falling off slightly more steeply over 0-30 Ma
before joining the theoretical line. The Q-Q plot (Figure S1a), repre-
senting empirical quantiles against theoretical quantiles (emphasiz-
ing any lack of fit at tails), gives a very close fit until just past 50 Ma,
when there starts to be an excess of older divergences. This fea-

ture is evident from a slight inflection at this point in the univariate
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FIGURE 3 Histogram of divergence times grouped by epoch

plot (Figure 1). The P-P plot (Figure S1b), representing the empirical
distribution function evaluated at each data point against the fitted
distribution function (emphasizing any lack of fit at the centre of the
distribution), like the CDF plot, shows an almost immediate depar-
ture from the theoretical in the form of a smooth curve, later joining
the theoretical. We repeated these analyses for 137 values 20 Ma
either side of the OMT (3-43 Ma) for several reasons. First, the num-
ber of zero (or near zero) values is essentially unbounded and hard
to quantify. Any taxon shared between Australia and New Zealand
could be included; for example, we included several marine species
from one paper based on RFLPs (Ward & Elliot, 2001). In some cases,
comparative data were not presented in a form that we could use
(Burnard, Shepherd, Perrie, & Munkacsi, 2016). These zeroes are not
meaningful to our question and could be skewing the distribution.
Second, there is probably a bias (over-representation) of potentially
archaic lineage splits in the literature, since these make attractive
topics for research being the obvious ones to assess first. Finally,
and most importantly, we are specifically interested in the region
either side of the OMT and simply require enough points in this re-
gion to generate a meaningful distribution. Fits of divergence times
to an exponential distribution for the region around the OMT show
an even better fit (Figure 2c-d). As before, the Q-Q plot (Figure Sic)
starts to deviate only at the higher end. The P-P plot (Figure S1d),
which specifically tests lack of fit in the very region in which we are
interested, is now very close, departing only slightly at each end of
the distribution. Key in all of these analyses is the obvious smooth-
ness of the transition from pre-OMT to post-OMT.

Taken together, these analyses show mathematically that there
is no evidence for any spike of arrivals after the OMT or indeed any
sort of irregularity for a period of 40 Ma encompassing the OMT. We
can go further and say that the approximate fit to an exponential dis-
tribution suggests a deterministic process of an equilibrium model of
continuous loss of lineages by extinction through time, balanced by
continual immigration (MacArthur & Wilson, 1967). This is perhaps
a surprising result, as one might have expected a detectable loss of
lineages by reduced land area alone over the duration of the OMT.
The result, therefore, provides circumstantial biological evidence for
a rather considerable landmass through the OMT, in keeping with
recent geophysical reconstructions (Kamp et al., 2014; Strogen et al.,

2014). The fit to an equilibrium model could also be seen as surpris-
ing for an old, remote and large landmass; that is, most lineages in
NZ are well into the late colonization phase, having undergone con-
siderable adaptation and adaptive radiation, yet the landmass is still
recruiting new lineages.

3.3 | Lineages surviving through the Oligocene
marine transgression

Approximately 74 major lineages show divergence times before
23 Ma, suggesting that they survived the OMT in situ. Some lineages
are particularly informative with respect to the central thesis of this
paper. In mite harvestmen once again, at least 26 lineages (enlarged
in number by in situ speciation) are claimed to have survived through
the OMT: Rakaia [16], Aoraki [9] and Neopurcellia [1] (Giribet et al.,
2012). For Hymenophyllum ferns (Del Rio et al., 2017) and Schistochila
liverworts (Sun et al., 2014), slowly evolving cpDNA suggests that
at least 13 and 9-10 lineages, respectively, survived the NZ OMT.
Two lineages of ground weta, tusked weta and possibly tree/giant
weta, appear to have survived in situ (Pratt et al., 2008; Trewick &
Morgan-Richards, 2005). Stoneflies and midges, too, provide exten-
sive evidence for many surviving pre-OMT NZ lineages (Cranston,
Hardy, Morse, Puslednik, & McCluen, 2010; Krosch, Baker, Mather,
& Cranston, 2011; McCulloch, Wallis, & Waters, 2016), although are
probably not archaic. In these two flighted insect groups, there may
be some ambiguity with respect to direction of dispersal involving
NZ and South America, but the timing of NZ lineages is always pre-
OMT, implying widespread continuous existence in NZ through this
period.

3.4 | Lineages arriving post-Oligocene marine
transgression

Groups that show no evidence of pre-OMT existence in NZ, fol-
lowed by extensive NZ radiations soon after, are more indicative of
post-OMT arrival, for example, Oligosoma skinks (Chapple, Ritchie,
& Daugherty, 2009) and some lineages of galaxiid fishes (Burridge,
McDowall, Craw, Wilson, & Waters, 2012). However, it is danger-
ous to make inferences from species numbers and crown ages alone
in this way; extinction of lineages originating prior to the OMT can
cause the root to shift and make it appear that there is a sharp upturn
in speciation subsequently (Sharma & Wheeler, 2013). So just as the
extinction of overseas sister lineages can push back stem divergence
times, the winnowing of crown lineages can push the root of the
crown group forward, leading to inference of more recent radiation.

Summarizing across the broad taxonomic and ecological distri-
bution of lineages of species with post-OMT divergences (Table 2), a
signal of either over- or under-representation is discernible for many
groups. Post-OMT arriving lineages include all marine vertebrates,
97% of all herbs and shrubs (excludes liverworts, hornworts, mosses,
ferns), 79% of ferns, 71% of marine invertebrates and 64% of birds
(excludes penguins). In contrast, 34% of terrestrial invertebrate,
25% of reptile and amphibian and 20% of freshwater invertebrate
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lineages are found in this group. In contrast to other plants, only 60%

of tree lineages arrive post-OMT.

3.5 | Source-sink scenarios and estimation of NZ
lineage age

Even with AAR, itis often difficult to assign ancestral area with con-
fidence, unless there is a large number of taxa and little evidence
for overseas dispersal, such as in phasmids (Buckley, Attanayake,
Nylander, & Bradler, 2010). The styphelioid Ericaceae have over
300 representatives in Australia and only 10 in NZ, 3-4 of which
are also in Australia. Through frugivory and west-wind drift, it is
preferable to assume that each NZ lineage results from a sepa-
rate independent dispersal event (Puente-Leliévre, Harrington,
Brown, Kuzmina, & Crayn, 2013), rather than having existed in NZ
throughout the OMT, before undergoing several countercurrent
dispersal events back to Australia, in the absence of fossil confir-
mation. The fern genus Dicksonia, however, could be archaic in NZ,
though a two-dispersal scenario is preferred (Noben et al., 2017).
The plant genus Coprosma splits from its sister genus (Nertera)
at about 25 Ma and radiates extensively subsequent to evolving
woodiness and dioecy after 15 Ma (Cantley, Markey, Swenson, &
Keeley, 2016). We have included the Coprosma-Nertera lineage as
having pre-OMT NZ roots, but as 30 later dispersal events around
the Pacific are inferred for Coprosma, we cannot have much confi-
dence that the lineage was specifically located in NZ through the
OMT. As with Coprosma, the choice of stem over crown age im-
plies that NZ tateid gastropods survived the OMT in situ (Zielske,
Ponder, & Haase, 2017). Griselinia could well have dispersed to NZ
from Australia in the Miocene, but in the absence of more taxa to
break the long edge, or more fossil information, it is a moot point
(Nicolas & Plunkett, 2014).

In general, we have sought to err on the side of inclusivity, though
improved sampling and analyses may change dates or ancestral areas
in some cases, but that has always been the case in biogeography.
Although we have followed authors preferred scenarios, occasional
authors mention the NZ OMT as at least part of the reason to prefer
amore recent Australian origin in the face of a deeper split (Nicolas &
Plunkett, 2014). AAR is still in its infancy and future methods should
seek to incorporate biological (e.g., dispersal capabilities, habitat
requirements) and physical phenomena (e.g., paleogeology, paleo-
climate, winds, currents) as recommended recently (Sukumaran &
Knowles, 2018).

Any single analysis is open to substantial error when the direc-
tion of dispersal is ambiguous. When a paper either tacitly assumes
dispersal from Australia to NZ in an easterly direction via west-wind
drift, or AAR marginally supports it, a dating for arrival from Australia
is invalidated if in fact dispersal was in the opposite direction. There
is some support for countercurrent drift, or at least dispersal from
NZ to Australia by some route (Donald, Kennedy, & Spencer, 2005;
Donald, Winter, Ashcroft, & Spencer, 2015; Sanmartin & Ronquist,
2004; Swenson & Bremer, 1997), and if this turns out to be widely

applicable, many published estimates of arrival times could be

4391
MOLECULAR ECOLOGY gA\V\VA I [l A%

underestimates. Importantly, this would push back the ages of lin-
eages further, increasing the number apparently surviving the OMT.
Some papers infer countercurrent drift, leaving no estimate of origin
of the group in NZ. In the case of Cominella and related genera of
whelks, for example, AAR narrowly preferred countercurrent disper-
sal, suggesting that the assemblage had been in NZ for >27.6-78 Ma
(Donald et al., 2015). If dispersal had been assumed to be in the more
usual easterly direction, two dispersal events (14.5-40.9 and 18.5-
54.6 Ma) would be indicated. Given the (inferred) missing outgroup,
ambiguity and wide error on dating, it is difficult to know how to pro-
ceed with such studies. In this case, NZ fossil Cominella are known
from 27 Ma, so this date is included so as not to bias omission of sur-
viving pre-OMT lineages (even if two more recent dispersal events
from Australia were inferred, they are close to or pre-OMT anyway).

On balance, though, data strongly suggest that easterly drift
is much more common. For example, only 8% of pollen or spore-
forming plants have a fossil record in NZ earlier than that of south-
eastern Australia (Macphail, 1997). In some groups (e.g., Lagenophora
asters), AAR was so ambivalent about ancestral areas that we did
not use them. In others, AAR gives a preference, but it may not have
much foundation: NZ Libocedrus could have South American or New
Caledonian origins, but species distribution implies continuous exis-
tence in NZ (Crisp et al., 2011). In general terms, we believe that our
approach in synthesizing a large number of analyses largely over-

comes the ambiguities of any single study.

3.6 | The changing face of Zealandia

To highlight the relevant importance of geological epochs, we
binned divergence times and plotted them against geological time
(Figure 3). As our distribution (Figure 1) and analysis show an ever-
increasing likelihood of finding recently arrived lineages, differences
in frequency of arrivals among epochs reflect recency and duration
of epoch. Hence, the relatively long and recent Miocene is a major
period for arrival of currently extant lineages in NZ. This epoch was
warm and stable, with steadily increasing land area, but without
much topography (Wallis, Waters, Upton, & Craw, 2016), housing a
recognizably modern flora and fauna.

To show any general qualitative taxonomic patterns, we tabulate
median divergence times across some major groups (Table 2). The
(four) reptiles and amphibians have the deepest divergences (median;
118 Ma), with freshwater (36.9 Ma) and terrestrial invertebrates
(34.4 Ma) next, both deeper than marine invertebrates (12.9 Ma), re-
flecting perhaps the high larval dispersal capabilities of many marine
invertebrates. Marine vertebrates, however, have much more recent
origins (0 Ma), suggesting high adult motility in these larger species.
As with the invertebrates, freshwater fishes have much deeper over-
seas affiliations (17.8 Ma) than marine vertebrates, in keeping with
the fact that freshwater habitats on different continents are more
obviously disjunct than marine habitats. Ferns (4.6 Ma) show similar
depths to other herbs (3.2 Ma), despite their renowned colonization
ability, with birds (excluding penguins) much deeper (10.1 Ma), and
trees (19.2) deeper again. Note that these patterns are completely
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counter to what would be predicted under extensive submergence,
where marine species might be more likely to survive in shallow sea,
yet elements of the terrestrial fauna would go extinct, necessitating
subsequent re-colonization from elsewhere.

Australia dominates the likely source of lineages across the en-
tire set of data (Table 1), but less so for older divergences. For ex-
ample, from O to 3 Ma, Australia makes up 83% of inferred source
lineages, with no other single region reaching 5%. For the period
3-23 Ma, Australia’s contribution is 61%, South America 15% and
New Caledonia (part of Zealandia) 7%. From 23 to 60 Ma, Australia’s
contribution is only 48%, South America 30% and New Caledonia 7%.
Australia would seem to dominate as a recent source of lineages be-
cause of its proximity. As we go back in time, links to South America
are much stronger, probably because of higher connectivity through a
warmer Antarctica and Subantarctic region, making it a major source
before the southern circulation established (Winkworth et al., 2015).
The dearth of South African links is informative, while not surprising.
Africa was not connected through stepping-stone dispersal along the
edge of a warmer Antarctica because of its greater distance north,
and it has a warmer-adapted flora and fauna.

The extensive group of lineages whose divergence times are
consistent with surviving the OMT in situ, permits some specula-
tion about the likely landscape and ecology of New Zealand prior to
the OMT. The many trees, ferns and liverworts are consistent with
lowland forest, supported by recent description of late Oligocene
fossils derived from coastal forest at Cosy Dell (Conran et al., 2014).
Such habitat could support birds, reptiles, frogs, peripatus, as well
as the many insect lineages identified. To these could be added ex-
tinct Miocene lineages, including perhaps crocodilians and terrestrial
mammals (Worthy et al., 2006), the picture is one of a diverse eco-
system. Components of an expected coastal habitat are there with
marine molluscs and brachiopods, in keeping with the diverse rocky
shore and shallow water fossil assemblage of the period (Buckeridge,
Lee, & Robinson, 2014; Conran et al., 2014; Lee et al., 2014; Scott
etal., 2014). As expected, montane and alpine groups, now well
represented in NZ, are conspicuous by their absence, consistent
with late Miocene or Pliocene origins of the current Southern Alps
(Heenan & McGlone, 2013). All herbs, vines and shrubs (excluding
liverworts, Astelia and Alseuosmia) are later arrivals on the scene too,
consistent with either domination of the lowlands by forest and little
open habitat, or more lineage turnover in these groups.

Definitive evidence of continuous existence prior to, during and
after the OMT could best be derived from the fossil record and dat-
ing techniques. The fossil record, however, is never “complete,” with
respect to either taxonomy or time. Earliest records may have long
been lost with older sediments, and fragmentary records could imply
repeated colonization rather than an incomplete record (Pole, 2001).
Material such as pollen grains can get recycled between sediments
(Mildenhall, Mortimer, Bassett, & Kennedy, 2014). Even with a good
fossil record, it may not be easy to attribute fossils to lineages at
>23 Ma, as evidenced by argument about affinities of much more
recent and extensive hominid fossils. Palaeontologists are making

good headway in finding material offering transects across the OMT

(Conran et al., 2014; Lee et al., 2014; Worthy, De Pietri, & Scofield,
2017), though it might still be difficult to distinguish continuity from
repetitive colonization (e.g., windborne or marine), and light material
such as pollen grains may be carried from some distance away. Taken
together with more recent geological and palaeontological data con-
sistent with continuous landmass, it is our view that complete in-
undation should remain an unsubstantiated concept inferior to the
long-held view that at least some of our flora and fauna survived the
OMT and in some cases appear to be archaic (Jolivet & Verma, 2010).
Our data go further to suggest that the OMT may have had a rela-
tively mild extinction impact on the flora and fauna of New Zealand,
leaving no discernible signature in an apparent equilibrium pattern of

colonization of lineages to New Zealand across the OMT boundary.
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