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to approximately 18% of its current area. It has been hypothesized that this event,
known as the Oligocene Drowning, caused population bottlenecking and mass extinction. Using phylogenetic methods, we examine the effect of this and other environmental events on the hyper-diverse Zopheridae beetles (162 morphospecies),
which largely inhabit leaf litter and dead wood.
Location: New Zealand.
Taxon: Zopheridae, Coleoptera.
Methods: Here we use a fossil-calibrated phylogenetic tree estimated from mitochondrial cytochrome c oxidase subunit I and nuclear large subunit rRNA genes to identify
monophyletic New Zealand zopherid lineages and date the age of these lineages. We
used Bayesian diversification models (compound Poisson process on mass extinction
times) to test the hypothesis that the New Zealand zopherids underwent a mass extinction in the late Oligocene followed by an increase in speciation rate in the Miocene.
We also used these data to estimate the age of these lineages in New Zealand.
Results: We demonstrate that 15–20 zopherid lineages survived the Oligocene
Drowning depending on the calibration scheme. Of these lineages from 3 to 11 have
posterior intervals that encompass the rifting of New Zealand from Gondwana in
the late Cretaceous, again depending on the calibration scheme. The diversification model shows no evidence of an increase in extinction rate during the Oligocene
Drowning or during any other period since the Cretaceous. Furthermore, rather than
recovering an increase in speciation rate during the Miocene and Pliocene, due to
environmental changes, we instead recovered a large drop in the speciation rate during this time.
Main conclusions: The New Zealand zopherid fauna is a combination of lineages,
some of which may have existed on New Zealand since the rifting from Gondwana
and other more recent arrivals. The late Oligocene reduction in land area was insufficient to cause a mass extinction in the Zopheridae. This suggests the amount of
emergent land was great enough to support a diverse invertebrate fauna. Our study
demonstrates the different biogeographic patterns evident in cryptic, hyper-diverse,
and poorly dispersing invertebrate species relative to more mobile plants and animals.
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1 | I NTRO D U C TI O N

an increase in speciation rate during other periods of environmental change during the Cenozoic. For example the Miocene climatic

The origins and age of the New Zealand terrestrial biota has long

optimum, the expansion in land area and subsequent niche availabil-

been a focal point of Southern Hemisphere biogeographic debates.

ity (May et al., 2016; Pybus & Harvey, 2000) and the Late Miocene

Arguments have fluctuated between a strong focus on ancient vi-

cooling, all provide different contexts and predictions regarding spe-

cariant origins (Heads, 2009) to the claim that the entire biota is

cies diversity (Heenan & McGlone, 2019). Furthermore, the relative

the result of overseas long-distance dispersal (Landis et al., 2008).

effects of these environmental changes on different elements of the

In particular this debate focussed on the ‘Oligocene Drowning’ or

biota are still not clear. Much biogeographic debate has been driven

‘Oligocene Bottleneck,’ where the land area of New Zealand was re-

by phylogenetic data from vertebrates (Worthy et al., 2017) and

duced to approximately 18% of its current size (Cooper & Cooper,

plants (Heenan & McGlone, 2019; Winkworth, Wagstaff, Glenny,

1995) during maximum marine transgression (Mildenhall, Mortimer,

& Lockhart, 2005), but with a growing number of studies on inver-

Bassett, & Kennedy, 2014). It was initially hypothesized that this

tebrates (Buckley et al., 2015). Animal biodiversity is dominated by

event caused extinction of lineages in the vertebrate fauna (Cooper

hyper-diverse invertebrate groups dwelling in saproxylic and soil en-

& Cooper, 1995). But later authors argued for complete submergence

vironments, which are poorly known taxonomically and biologically

based on an increasing number of molecular phylogenetic studies

(Stork, 1988). Nevertheless, an understanding of the origin and evo-

that showed recent arrival of lineages in New Zealand (Landis et

lution of biotas requires an examination of such groups in addition

al., 2008; Waters & Craw, 2006). However, phylogenetic and fos-

to less diverse vascular plants and vertebrates (Sharma & Wheeler,

sil studies have shown many lineages with origins in New Zealand

2013).

much older than the Oligocene and New Zealand lineages that are

Here we reconstruct phylogenetic relationships, divergence

deeply nested within geographically widespread groups (Boyer

times and patterns of diversification among New Zealand species

& Giribet, 2009; Buckley et al., 2011; Letsch, Balke, Toussaint, &

from the beetle family Zopheridae (Ślipiński & Lawrence, 1997). The

Riedel, 2019; Murienne, Daniels, Buckley, Mayer, & Giribet, 2014;

Zopheridae is the fourth most species-rich beetle family in New

Wallis & Jorge, 2018). Furthermore, sedimentological studies show

Zealand, with 190 species described from New Zealand (Lord &

continual deposition of terrestrial material in marine basins, indicat-

Leschen, 2014; Macfarlane et al., 2010; Ślipiński & Lawrence, 1997).

ing the continual presence of land through the Oligocene (Strogen,

Approximately half of the species-level diversity of the family oc-

Bland, Nicol, & King, 2014). Therefore, both vicariance and dispersal

curs in the Austropacific region with high rates of local endemism

have likely been important in the biotic assembly of New Zealand

(Ślipiński & Lawrence, 1997; Turco, Ślipińksi, & Lambkin, 2012,

(Buckley, Krosch, & Leschen, 2015; Wallis & Jorge, 2018; Worthy,

2013). It also contains numerous undescribed species and there-

De Pietri, & Scofield, 2017). Following the Oligocene Drowning, tec-

fore the total species diversity is likely to be much higher than the

tonic uplift of land associated with movement along plate boundar-

current number of available names suggests (Leschen & Lord, 2017;

ies, led to greater habitat heterogeneity, an increase in land area, and

Lord & Leschen, 2014). Zopherid beetles are mainly mycophagous or

likely more opportunity for speciation (Heenan & McGlone, 2013).

saprophagous (Ślipińksi & Lawrence, 2010) and in New Zealand they

Cenozoic climatic changes also led to extensive floral turnover (Lee,

are leaf litter or deadwood specialists, with some species occurring

Lee, & Mortimer, 2001), which in turn may have driven some in-

in montane areas and often lacking hindwings, which makes them

vertebrate species to extinction and opened new ecological niches

poor dispersers and therefore sensitive to large-scale environmental

(Leschen, 2006), especially as subtropical groups departed.

changes. Some species are widespread across both main islands of

The emerging biogeographic consensus supports a complex colonization history for the formation of the New Zealand biota, in-

New Zealand (Marske, Leschen, & Buckley, 2011), whereas others
are known from only single locality (Leschen & Lord, 2017).

cluding autochthonous elements representing Gondwanan lineages.

We sampled zopherid beetles from throughout New Zealand, in-

Although the hypothesis of a mass extinction or bottlenecking of

cluding several nearshore and more distant offshore islands known

lineages during the Oligocene has been examined by analysing the

to be local biodiversity hotspots. Because the group is largely unre-

distributions of divergence times across taxa (Heenan & McGlone,

vised in New Zealand (Leschen & Lord, 2017; Lord & Leschen, 2014;

2019; McCulloch & Waters, 2019; Wallis & Jorge, 2018), it has not

Makita & Leschen, 2017), we sampled multiple individuals within

been tested using explicit models of diversification (May, Hohna,

species to ensure we were able to accurately identify monophyletic

& Moore, 2016; Pybus & Harvey, 2000). These models enable the

groups and allowing application of species delimitation methods

detection of an increase in the extinction rate and/or a decrease in

(Pons et al., 2011). This data set therefore comprehensively covers

speciation rate, which we can predict to have occurred during the

taxonomic diversity of a species-rich lineage from a discrete geo-

Oligocene Drowning. These same models also allow detection of

graphic area, thus allowing for detailed analyses of diversification
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patterns. Phylogenetic relationships were estimated using partial

specimen for vouchering. Individual beetles were removed from

sequences from two loci—mitochondrial cytochrome c oxidase sub-

ethanol and air dried before being placed in DNA extraction buffer

unit I (COI) and nuclear large subunit ribosomal RNA (28S) genes.

and incubated at 56°C overnight. Genomic DNA was extracted

Divergence times were recovered using a combination of fossil cal-

using QIAxtractor (Qiagen) following digestion. The 3′ end of the

ibrations and a constraint from published beetle phylogenies. We

COI gene was amplified using the primers C1-J-2183 or C1-J-2195

used these reconstructions to address the following questions; (a)

with TL2-N-3014 (Simon et al., 1994) following polymerase chain

is there evidence for clades in New Zealand that split from their sis-

reaction (PCR) conditions previously published (Marske, Leschen,

ter groups due to Gondwanan vicariance; (b) are there New Zealand

Barker, & Buckley, 2009). A region of the 28S gene was amplified

clades that are survivors of the Oligocene Drowning event; (c) is

using the primers 28SZophF (CCTCAGTAGCGGCGAGCGAA) and

there evidence of a decrease in speciation rate or an increase in

28SZophR (ATCTTTCGGGTCCCAGCGTGT). DNA Cycle sequencing

extinction rate during the Oligocene Drowning and (d) is there ev-

was performed bidirectionally using BigDye™ Terminator Version

idence of an increase in speciation or diversification rate following

3.1 (Applied Biosystems, Thermo Fisher Scientific), purified using

the re-emergence of land and the generation of new habitats in the

BigDye XTerminator™ Purification Kit (Thermo Fisher Scientific) and

Miocene and Pliocene?

ran on a 3130xL Genetic Analyzer (Thermo Fisher Scientific). We
also included previously published COI sequences from E. lawsoni

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Species sampling
We sampled zopherids throughout New Zealand including offshore

and Pristoderus bakewelli (Marske et al., 2011), and Tarphiomimus
(Buckley & Leschen, 2013).

2.3 | DNA sequence alignment, phylogenetic
analysis and molecular dating

islands (Three Kings, Poor Knights, Te Hauturu-o-Toi/Little Barrier
Island, Takapourewa, Kapiti Island and the Chatham Islands). With

DNA sequences were edited and managed using GENEIOUS v.5.1.4

the single exception of Tarphiomimus miyakadoi (Makita & Leschen,

(Kearse et al., 2012). Alignment of the COI sequences was straight-

2017) from the Snares, zopherids are absent from the Subantarctic

forward due to the length conservation of this gene. The 28S gene

islands. Specimens were collected under permits issued by the

did contain length variation and we aligned these sequences using

New Zealand Department of Conservation (CA-31615-OTH, NO-

the MUSCLE (Edgar, 2004) program as a plug-in to GENEIOUS with

21083-FAU, NO-23262-FAU, 37619-FAU, CA-5160-OTH), Direction

default settings. We used a three partition model because insect

du dévelopment économique et de l'enviornnement, Assemble de

mitochondrial COI first and second position have different evolu-

la Province Nord, Nouvelle-Caledonie (no. 60912-846-2007/JJC)

tionary dynamics relative to the third codon positions (Simon et al.,

and Direction des Ressources Naturelles, Province Sud, Nouvelle-

1994). The nuclear 28S sites also evolve under different constraints.

Caledonie (no. 6024). Specimens were collected either by hand from

There were not enough varied second codon positions to warrant a

fungi or dead wood, beating vegetation, or by leaf litter and dead

unique partition despite these sites being the least free to vary.

wood sifting, followed by extraction through Winkler or Berlese fun-

Bayesian phylogenetic analyses were performed using BEAST

nels. Zopherids were removed from the residue and sorted to mor-

v.2.4.6 (Bouckaert et al., 2014). We used a Yule prior on tree shape

phospecies or described species by comparison with type material

and an uncorrelated exponential relaxed clock on divergence times.

(Lord & Leschen, 2014). All New Zealand specimens have been acces-

Preliminary analyses under the log normal relaxed clock showed

sioned into the New Zealand Arthropod Collection (NZAC, Manaaki

inferior marginal likelihoods. We used exponential priors on the

Whenua – Landcare Research, Auckland, New Zealand) with acces-

gamma shape parameter for among-site rate variation (mean = 1.0).

sion numbers NZAC04217328 to NZAC04218227. We also sampled

For relative rate matrix parameters, we used gamma distributions

exemplars from other countries in the south-west Pacific including

(mean = 1.0). A uniform prior from 0 to 1.0 was placed on the pro-

New Caledonia, Fiji, Indonesia and Australia and more distant areas

portion of invariable sites. The mean rate from the uncorrelated

including North America, South America, Central America and Africa.

exponential relaxed-clock distribution had a mean of 1.0 with an

All the taxa included here are in the tribe Synchitini (Colydiinae) ex-

unbounded uniform prior. The prior on the birth rate for the Yule

cept for Pycnomerus, Pycnomerodes and Docalis, which are from the

model was normal with mean = 0 and sigma = 1.0. Base frequencies

subfamily Zopherinae. Approximately 80% of New Zealand zopherid

were fixed at their empirical values. Maximum likelihood phyloge-

species are synchitines (Lord & Leschen, 2014).

netic analyses were performed using RAxML v.8.2.11 (Stamatakis,
2014) as implemented in GENEIOUS v.5.1.4 (Kearse et al., 2012). We

2.2 | DNA sequencing

applied the GTRCAT model with separate parameter estimates for
the three partitions as used for the Bayesian analyses. Support was
estimated using 100 rapid bootstraps.

All specimens, with the exception of some Epistranus lawsoni (Marske

Our molecular dating was based on four fossil calibrations

et al., 2011), were extracted non-destructively so as to preserve the

and a previously published age estimate of the Zopheridae. We

4
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constrained the age of the root using two approaches. The first ap-

2014) and set the burn-in at 50% of the chain length. For each analy-

proach used the age of the Zopheridae estimated by Toussaint et al.

sis, the chains were then combined prior to generating marginal dis-

(2017). These authors performed a reanalysis of the divergence time

tributions of topologies and associated parameters in TRACER. All

dating of McKenna et al. (2015), which included five zopherid taxa;

sequences and associated BEAST settings are including in Appendix

Colydium, Pristoderus, Pycnomerus, Phellopsis and Hyporhagus and

S1.

obtained an age for the deepest split among these taxa of 178 myr
(0.95 posterior intervals: 165–193 myr). Because our taxon sampling
included Pristoderus and Pycnomerus, we used the posterior distri-

2.4 | Species delimitation

bution from Toussaint et al. (2017) to constrain the age of the root.
Here we used a normal prior for the root age with a mean of 178 myr

Because the zopherid fauna is unrevised, the delimitation and iden-

and standard deviation of 8.5 myr. The 8.5 myr standard deviation

tification of species is problematic. We therefore applied three

was selected as this generated a prior distribution that was equiv-

different species delimitation methods. The first method was a con-

alent to the posterior distribution of this node from the analysis of

ventional morphological approach using published species descrip-

Toussaint et al. (2017).

tions and comparison with type material (Lord & Leschen, 2014). The

The second approach to constraining the age of the root was

second was the GMYC (Pons et al., 2011) method as implemented

based on fossil calibrations. Fossil Synchitini are reported from

in the R package (R Core Team, 2017) SPLITS (Ezard, Fujisawa, &

Upper Cretaceous Burmese amber (Alekseev & Bukejs, 2016; Deng,

Barraclough, 2009). This method uses a likelihood approach to de-

Ślipiński, Ren, & Pang, 2017; Rasnitsyn & Ross, 2000). Radiometric

tect the shift between interspecific and intraspecific branching

dating indicates an age of approximately 100 myr for Burmese

patterns as estimated by fitting Yule and coalescent models. The

amber (Shi et al., 2012) and we therefore constrained the root age

complete phylogeny was inputted into SPLITS for fitting of the

to be 100 myr with the same standard deviation of 8.5 myr as the

likelihood models and estimation of species boundaries. The third

alternative root calibration. A more recent phylogeny of Coleoptera

method was an analysis where we used a 1% pairwise sequence di-

(Zhang et al., 2018) obtained a divergence of the two zopherid gen-

vergence threshold for species delimitation.

era Bitoma (Colydiinae) and Monomma (Zopherinae) from their sister
taxa at approximately 132 mya, a date that lies between our two root
age constraints.

2.5 | Diversification analyses

To constrain the ages of internal nodes we used three additional
fossils calibrations. The first calibration was based on specimens of

We performed diversification analyses on six data sets that repre-

Pycnomerus described from Baltic amber (Alekseev, 2015; Alekseev

sented the different combinations of the two molecular clock calibra-

& Bukejs, 2016; Bukejs, Alekseev, Cooper, King, & McKellar, 2019).

tion schemes and the three different species delimitation methods.

Baltic amber has been dated at 33.9 mya (Alekseev & Bukejs,

These were referred to as GMYC-NZ (GMYC species delimitation

2016) and we therefore constrained the age of the node separat-

and all calibrations), Morpho-NZ (morphological species delimitation

ing Pycnomerus from its sister taxon Pycnomerodes to be greater

and all calibrations), 1% cut-off NZ (1% cut-off species delimitation

than 33.9 mya. The second calibration was based on a Bitoma fos-

and all calibrations), Fossil-GMYC-NZ (GMYC species delimita-

sil from Baltic amber, and we constrained the age of the node sep-

tion and fossil calibrations only), Fossil-Morpho-NZ (morphological

arating Bitoma from its related taxa Colydium and Phorminx, to be

species delimitation and fossil calibrations only) and Fossil-1% cut-

greater than 33.9 mya. The third calibration was based on a speci-

off NZ (% cut-off species delimitation and fossil calibrations only).

men of Eucicones from the Florissant Shale, which is approximately

Topologies were obtained by pruning taxa including the removal of

33.9 mya old (Alekseev & Bukejs, 2016). We therefore used an age of

all non-New Zealand taxa in PAUP* v.4.0161a (Swofford, 2002). The

33.9 mya to calibrate the node uniting this genus with its sister taxon

diversification analyses were performed on topologies with branch

Microsicus. For each of these three calibrations we used log normal

lengths scaled to time, where the tree was pruned according to the

distributions with M = 1, S = 1.25.

six criteria above yet preserving the original branch lengths. Lineage

We therefore performed two molecular dating analyses. The

through time (LTT) plots (Nee, Holmes, Rambaut, & Harvey, 1995)

first used the calibration from Toussaint et al. (2017) for the root of

were calculated using the R (R Core Team, 2017) package ‘APE’

the tree and the three internal fossil calibrations. The second used

(Paradis, Claude, & Strimmer, 2004). We also used the compound

a fossil calibration for the root and the three internal fossil calibra-

Poisson process on mass extinction times (CoMET) model as imple-

tions. These two schemes differ only in how the root is calibrated.

mented in the R (R Core Team, 2017) package ‘TESS’ (Hohna, May,

By using the younger fossil calibration at the root, we are providing

& Moore, 2016; May et al., 2016) to estimate speciation and extinc-

a more conservative analysis for the testing of divergence times. For

tion rates through time. This compound Poisson process allows us

both analyses we ran five independent Markov chain Monte Carlo

to detect shifts in speciation or extinction rates that may be corre-

(MCMC) chains for 200 million generations with a thinning inter-

lated with large-scale environmental changes in New Zealand since

val of 10,000 generations. Following completion of the runs we in-

the Cretaceous. For each of the six data sets we ran a constrained

spected log files in TRACER (Rambaut, Suchard, Xie, & Drummond,

MCMC analysis where the mean speciation rate (λ), mean extinction

|
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rate (μ) and their standard deviations are set to zero, which gener-

the Bayesian analysis (pp = 1.0; Figure 1), but less so from maximum

ated the posterior distributions of these hyper-priors (May et al.,

likelihood (<50% bp; Figure 1). However, this clade is supported by

2016). These distributions were then used as hyper-priors in a full

the lack of labial palpi (Ślipiński & Lawrence, 1997), a synapomor-

Bayesian analysis. We set the sampling probability (ρ) at 0.9, which is

phy for all members of this clade that represents a very rare char-

justified by our comprehensive sampling of the New Zealand zoph-

acter state in Coleoptera. The deeper backbone nodes in this clade

erid fauna. The prior on the number of mass extinction events was

are poorly supported, but most of the sampled Australian taxa fall

set to 1.0. The reversible jump MCMC chains were run for 1 million

near the base. This clade contains the genera Ablabus, Allobitoma,

generations with a burn-in of 25% and sampling thinning interval of

Heterargus, Norix, Pristoderus, Syncalus, Tarphiablabus, Tarphiomimus

100.

and Zebitoma. Of these genera only Heterargus, Tarphiablabus and
Zebitoma are monophyletic, with Norix and Tatakiteana being monotypic. Pristoderus is wildly polyphyletic, forming 12 separate group-

3 | R E S U LT S

ings and Ablabus forms four.

3.1 | Species delimitation and phylogenetic
relationships

3.2 | Divergence times

We obtained DNA sequences from 765 individuals. We were un-

We obtained divergence times under two separate analyses. The first

able to obtain complete sequence data for all individuals due to poor

analysis included a set of fossil calibrations as well as the addition

PCR amplification or failed DNA sequencing reactions. For this rea-

of an age constraint at the root derived from a beetle phylogenetic

son, 12.6% and 4.6% of the individuals from the COI and 28S align-

study (Toussaint et al., 2017). The second analysis included only the

ments were coded as missing data respectively. The total length

fossil calibrations. From the first analysis, we recovered 20 lineages

of the combined alignment was 1,503 base pairs (bp), comprised

of New Zealand zopherid beetles with 0.95 posterior intervals that

of 753 bp from the COI gene and 750 bp from the 28S gene. The

predate the Oligocene Drowning, which peaked 23 mya (Figure 2d).

different species delimitation methods yielded different estimates

From the second analysis we recovered 15 nodes with 0.95 poste-

of diversity. The morphological approach, the GMYC algorithm and

rior intervals that are older than the Oligocene Drowning (Figure 2c).

using a 1% cut-off indicated 162, 268 and 337 New Zealand species

We also examined the crown diversification ages of monophyletic

respectively.

New Zealand lineages. This revealed 12 and 8 clades that began

The root position recovered by the Bayesian relaxed clock was

to speciate before the Oligocene Drowning from the two calibra-

not between the Colydiinae and Zopherinae, as predicted by classifi-

tion schemes (Figure 2a,b). Furthermore, several of these lineages

cation, but between a clade containing several Colydiinae genera and

have crown group radiation ages that are much older than 23 mya

all remaining taxa. However, this root position was supported by a

under both calibration schemes, including Chorasus, E. lawsoni and

posterior probability (pp) of less than 0.5 and a bootstrap percentage

Heterargus, among others.

(bp) of less than 50% (Figure 1; Appendix S2). The Zopherinae genera

Eleven lineages have posterior intervals on their divergence

Pycnomerus, Pycnomerodes, Docalis and the Colydiinae Megataphrus

times from overseas relatives that extend beyond 82 mya (Figure 2)

all formed a clade (pp = 1.0; bp = 94%; Figure 1) that was separated

using the fossil and Toussaint et al. (2017) calibrations. Of these

from the root by only two nodes. Therefore, the estimated root posi-

eleven lineages, Rytinotus and Chorasus have lower 0.95 posterior

tion lies very close to that predicted by the classification.

intervals that exclude the 82 mya date.

The New Zealand species of Epistranus and the New Caledonian

The second analysis with only the fossil calibrations yielded

and New Zealand species of Ciconissus form a weakly supported clade

younger divergence times (Figure 2). Three lineages have posterior

(pp = 0.56, <50%; Figure 1). The Australian Epistranus and Ciconissus

intervals on their divergences from overseas relatives that extend

also form a clade (pp = 1.0, 68%; Figure 1) rendering both genera

beyond 82 mya. These include Epistranus, Tarphionivea and Chorasus.

non-monophyletic. The New Zealand Glenentela are sister group to

None of these three New Zealand lineages has a lower 0.95 poste-

the Australian Epistranodes (pp = 1.0; bp = 73%; Figure 1). The New

rior interval that excludes the 82 mya date.

Zealand Notocoxelus groups with Coxelus from South America and
Isotarphius from New Caledonia. The phylogenetic position of the
New Zealand endemic genus Chorasus is poorly supported in the

3.3 | Patterns of diversification

tree. Likewise, the morphologically distinct Rytinotus (Figure 1) from
New Zealand has a poorly supported phylogenetic position. New

For each of the six analyses we calculated the γ statistic and its signif-

Zealand species from the two cosmopolitan genera Lasconotus and

icance (Pybus & Harvey, 2000) as an estimate of the change in diver-

Bitoma, group with their relatives from Australia, New Caledonia and

sification rate over the phylogeny. For the Morpho-NZ, GMYC-NZ,

other landmasses, as predicted by the classification.

1% cut-off NZ, Fossil-Morpho-NZ, Fossil-GMYC-NZ and Fossil-1%

Most of the sampled New Zealand species fall into a large clade

cut-off NZ analyses these were −6.144633 (p = 8.014864 × 10–10),

with relatives from New Caledonia and Australia, well supported by

−5.623696 (p = 1.869144 × 10–8), 0.6267341 (p = 0.5308336),

6
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F I G U R E 1 Phylogenetic relationships among Zopheridae species with divergence times estimated using the Toussaint et al. (2017)
calibration at the root. Branches are coloured according to geographic area (orange = New Zealand, blue = New Caledonia, red = Australia,
black = all other areas). Nodes labelled A-ZA represent the point at which monophyletic New Zealand lineages diverged from their
sister taxa. Nodes with a purple circle are calibration points as described in the text. Proportions above branches are Bayesian posterior
probabilities followed by maximum likelihood bootstraps. Branch lengths are drawn proportional to time following the axis below each
figure. The genera Pycnomerus, Pycnomerodes, Docalis are outgroups from Zopherinae and all other taxa are from the Colydiinae: Synchitini.
The two vertical dashed lines represent the rifting of New Zealand from Australia (82 mya) and the Oligocene Drowning (23 mya)
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FIGURE 1

Continued
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F I G U R E 2 Divergence times of nodes A-ZA labelled in the phylogeny in Figure 1. The middle point is the mean node height and the
error bars encompass the 0.95 posterior intervals on node height. Two critical biogeographic events are marked on each graph; rifting of
New Zealand from Australia 82 mya (blue dashed line) and the Oligocene Drowning 23 mya (red dashed line). (a) Crown divergence times
estimated using the fossil calibration at the root, (b) crown divergence times using the Toussaint et al. (2017) calibration at the root, (c) stem
divergence times using the fossil calibration at the root and (d) stem divergence times using the Toussaint et al. (2017) calibration at the root

−6.446095 (p = 1.147684 × 10–10), −5.638232 (p = 1.718046 × 10–8)

4 | D I S CU S S I O N

and 3.823877 (p = 0.0001313692) respectively. The LTT plots all
show a steady increase in the number of lineages followed by a flat-

Our reconstruction of the pattern and timing of zopherid evolution

tening off in lineage accumulation rate, with the exception of the

since the late Cretaceous is inconsistent with several hypotheses

Fossil-Morpho 1% cut-off-NZ method (Figure 3). The time point at

on the history of the New Zealand biota. The analyses show that

which the lineage accumulation rate changed varied depending on

the New Zealand zopherid fauna consists of lineages of a wide va-

the calibration scheme.

riety of ages ranging from the Miocene to the Cretaceous and in-

The TESS analysis showed a relatively constant extinction rate

cluding lineages that are candidates for a vicariant origin. We also

for both the GMYC and morphologically delimited species phylog-

discovered that many lineages predate the Oligocene Drowning

enies since the Mesozoic (Figure 4; Appendix S3). Using TESS we

event, indicating continuous presence in New Zealand. We find no

did not detect any support for a mass extinction event during the

evidence of an Oligocene mass extinction event or other shifts in

Oligocene Drowning event or during climate cooling in the Miocene.

the extinction rate in the New Zealand zopherid fauna since the

However, there was strong evidence for a dramatic drop in speciation

Cretaceous, contrary to previous predictions (Cooper & Cooper,

rate, supported by a Bayes factor greater than 10. This decrease in

1995). We find no evidence of an acceleration in speciation rate in

speciation rate occurred less than 20 mya under the Morpho-NZ and

the Miocene or Pliocene, contrary to predictions based on geologi-

GMYC-NZ analyses, less than 10 mya under the Fossil-Morpho-NZ,

cal reconstructions that show an increase in habitat heterogene-

Fossil-GMYC-NZ analyses and even more recently under the 1%

ity in New Zealand since the Oligocene. Instead we infer a large

species delimitation method (Figure 4; Appendix S3). There was no

drop in the speciation rate during the Neogene with the exact tim-

evidence of an increase in speciation rate during the uplift of land in

ing dependent on the calibration scheme and species delimitation

the early Miocene.

method.
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F I G U R E 3 Lineages through time
plots. Two critical biogeographic events
are marked on the figure; rifting of
New Zealand from Australia 82 mya
(vertical blue dashed line) and the
Oligocene Drowning 23 mya (vertical red
dashed line). The coloured lines show
diversification rates estimated under
different dating assumptions and species
delimitation methods

4.1 | Gondwana and the Oligocene Drowning

In addition to the older zopherid lineages, others show a broad
range of divergence times through the Cenozoic and into the

Our study adds to the list of invertebrate lineages in New Zealand

Miocene. These include, for example, Bitoma sp. 2 (9.4–34.0 mya)

with ages that date back to the late Cretaceous. These include

and Lasconotus nov. sp. 1 (12.6–43.6 mya). Bitoma and Lasconotus are

Onychophora (Allwood et al., 2010; Murienne et al., 2014), mite

cosmopolitan or widespread in distribution respectively (Ślipiński &

harvestmen (Boyer & Giribet, 2009; Giribet, Vogt, Gonzalez,

Lawrence, 1997). Their young age in New Zealand relative to sister

Sharma, & Kury, 2010), aniline carabids (Andujar et al., 2016), the

taxa is therefore consistent with the presence of functional hind-

enigmatic genus Rhizonium (Zhang et al., 2018) and endemic beetle

wings and flight in Bitoma and Lasconotus and these genera are likely

families Chalcodryidae and Agapythidae (McKenna et al., 2015) and

to have dispersed to New Zealand. These results show that like other

the beetle subfamily Lenacinae (Monotomidae). Until recently, the

elements of the New Zealand biota, the zopherids are a composite

Cyclaxyridae and Lenacinae (Monotomidae), were considered en-

group with different lineages that arrived in New Zealand or origi-

demic to New Zealand, but were recently described from Burmese

nated in Gondwana at different points in time from the Cretaceous

amber (Liu et al., 2019), a finding consistent with divergence dates

to the Cenozoic.

of the former (Toussaint et al., 2017). In addition to these inver-

It has often been predicted that the Oligocene Drowning event

tebrate taxa there are the well-known examples from the verte-

triggered a mass extinction event in New Zealand (Cooper & Cooper,

brate fauna reviewed elsewhere (Wallis & Jorge, 2018; Worthy et

1995) that was shortly followed by a burst of speciation following

al., 2017).

the emergence of land (Hickson, Slack, & Lockhart, 2000; Sharma

Although our analyses have recovered orphan lineages with di-

& Wheeler, 2013), the generation of new habitats and the allopatric

vergence times stretching back to the Cretaceous (e.g. Rytinotus and

fragmentation of widespread species through climate shifts, moun-

Tarphionivea), the biogeographic significance of such lineages has

tain building and later glaciation (Heenan & McGlone, 2013; Lee et

been previously questioned (Grandcolas, Nattier, & Trewick, 2014;

al., 2001). This biogeographic model predicts at least two increases

McCulloch & Waters, 2019; Sharma & Wheeler, 2013; Waters & Craw,

in extinction rate since the Cretaceous. The first coinciding with the

2006). It is often argued that extinction of sister taxa inhabiting neigh-

Oligocene Drowning, and the second during the large-scale changes

bouring areas yields long orphan branches that erroneously appear to

in plant diversity caused by a cooling climate in the Pliocene (Lee

have exclusively existed in an area, such as New Zealand. While unde-

et al., 2001). This model also predicts a decrease in speciation rate

tected extinction events can never be excluded due to the vagaries of

during the Oligocene Drowning, as the land area decreased and op-

the fossil record, it is the frequency at which these lineages are pres-

portunities for allopatric speciation similarly decreased. It also pre-

ent in an area that is informative. It becomes increasingly untenable to

dicts a steadily increasing speciation rate from the Miocene to the

disregard such lineages as biogeographic artefacts as they continue to

present day, as an expanding land area and fragmentation of habitats

accumulate in the case of New Zealand (Buckley et al., 2015; Giribet

during the uplift triggered allopatric speciation.

& Boyer, 2010). However, endemic clades that have crown diversifica-

The γ statistic values from four of the six analyses were signifi-

tion ages predating the biogeographic event of interest are more pow-

cantly negative, indicating a deceleration in the net diversification

erful indicators of long-term endemism. In our reconstructions we see

rate over the entire time span of the phylogeny (Pybus & Harvey,

numerous lineages with crown diversification ages that predate the

2000). The γ statistics from the 1%-cut-off data sets were positive,

Oligocene Drowning and even a few that pre-date the rifting from

and significantly so in one test, suggesting an increase in diversifica-

Gondwana under one of our calibration schemes.

tion rate in this case. However, it is known that this test has limited

10

|

BUCKLEY et al.

F I G U R E 4 Diversification analyses from TESS showing (a) speciation and (b) extinction rates under ‘Morpho-NZ’ species delimitation and
full calibration dating scheme

power for revealing bursts of diversification that occur near the root

4.2 | Post-Oligocene diversification

of the phylogeny (Fordyce, 2010). The LTT plots are largely consistent with the γ statistic values as they show a levelling-off in the

The Cenozoic history of New Zealand makes further predictions

accumulation of lineages through time. However, the point at which

about species diversification rates. The emergence of land following

this levelling-off occurs appears to be post-Oligocene. To tease apart

the Oligocene Drowning coupled with uplift causing habitat hetero-

the relative influences of shifts in speciation and extinction rates and

geneity and fragmentation is predicted to have triggered bouts of

their timing on the pattern of diversification, we implemented the

allopatric speciation during the Miocene (Heenan & McGlone, 2013).

more powerful CoMET model from TESS (May et al., 2016). Each

Furthermore, the cooling climate during the Pliocene is known to

of the six methods we used to calibrate the phylogeny and delimit

have caused the extinction of many plant groups (Lee et al., 2001;

species gave very similar results for the pattern of speciation and ex-

Reichgelt, Lee, Lusk, & Kennedy, 2017), which may in turn have trig-

tinction. They all show a relatively constant speciation rate followed

gered extinction in the insect fauna dependent on them. Therefore,

by a dramatic decrease in rate in the recent past (<20 mya). Although

we might have expected (a) an increase in speciation rate during the

all methods showed a very low and constant rate of extinction, the

Miocene and/or (b) an increased extinction rate. Model-based di-

Bayes factor tests showed no support for a mass extinction event

versification methods have rarely been applied to the New Zealand

across the phylogeny.

biota (Heenan & McGlone, 2019; Marshall, Hill, Cooley, & Simon,

Our results are contrary to the usual predictions of the Oligocene

2011), so there are very few explicit tests of these predictions.

Drowning hypothesis where it is often assumed that extinction rates

However, numerous studies have indeed shown that many species

increased and speciation rates decreased during the late Oligocene,

radiations date back to the Miocene and Pliocene, in agreement with

at least for vertebrates (Cooper & Cooper, 1995). Depending on the

the second key prediction about speciation rates (Buckley & Simon,

calibrations applied, we have recovered between 15 and 20 zopherid

2007). Our analyses do not show any increase in speciation rate dur-

lineages that have divergence times from their sister taxa predating

ing the Miocene for Zopheridae.

the Oligocene Drowning. Furthermore, between 8 and 12 clades

Why do we not see an increase in zopherid speciation rate follow-

have diversification ages that predate the Oligocene Drowning.

ing the Miocene as predicted by the large increase in land area and

These lineages are therefore candidates for survival on New

habitat diversity? Zopherid beetles, like much of the hyper-diverse

Zealand through the drowning event. The survival of many lineages,

soil and saproxylic fauna often have extremely large population sizes

in addition to a constant rate of extinction, through the Oligocene

(Carlton & Robison, 1998) and so are likely less susceptible to extinc-

Drowning suggests that the amount of emergent land was sufficient

tion. Furthermore, unlike many insect groups, zopherids and other

to maintain relatively high levels of diversity of micro-invertebrate

saproxylic, fungus feeding, or leaf litter beetles, are not host-plant

groups such as zopherid beetles. Lee et al. (2001) reported that at

specific and have not faced the same selective pressures to switch

the height of the Oligocene Drowning, the land area of New Zealand

host or become polyphagous during the extensive floral turnover

would have been similar to that of modern New Caledonia, which

events during the Cenozoic and especially since the late Miocene

itself harbours a highly diverse invertebrate biota with many evolu-

(Leschen, 2006). However, we note the diversification methods that

tionary radiations (Buckley, Attanayake, Nylander, & Bradler, 2010;

explicitly reconstruct speciation and extinction rates have yet to be

Chazeau, 1993; Espeland & Johanson, 2010). It is therefore not sur-

widely applied to New Zealand invertebrates and therefore the hy-

prising that at least some invertebrate clades were able to maintain

pothesis about a connection between the degree of floral turnover,

diversity through the reduction in land area, unlike the pattern origi-

invertebrate host-plant specificity and extinction rate, has not been

nally envisaged for vertebrates (Cooper & Cooper, 1995).

widely tested.
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4.3 | Molecular dating, diversification and species
delimitation

11

analyses on a data set where we binned sequences into clusters that
were less than 1% divergent from one another, which as expected
yielded even more species. We note this last approach is not grounded

Our analyses are dependent on three major steps; accurate dating of

in a robust theory of speciation or species concepts. Not surprisingly

the phylogeny, delimitation of species and the diversification analy-

the morphological approach yielded fewer New Zealand species (162)

ses. Calibrating phylogenies is widely acknowledged as a difficult

than the GMYC method (268), which in turn yielded fewer species

process with numerous sources of error, the most significant being

than the percent divergence cut-off (337). For example, our prior

the selection and application of calibrations (Parham et al., 2012).

work assumed a single species of Epistranus within New Zealand

We have sought to minimize this by using the age of a fossil that has

based on external and internal examination, despite the presence of

been assigned to a genus to calibrate the node uniting that genus

well-defined haplotype lineages (Marske et al., 2011), but 21 species

with its sister taxon, rather than the crown group node of that genus.

were delimited by GMYC. However, the LTT plots and estimated spe-

This provides a conservative calibration and likely leads to under-

ciation and extinction rates showed similar patterns between these

estimation of node ages assuming the fossil is correctly classified.

methods, with the difference being a slight shift in the timing of the

We also assessed the sensitivity of our results to the root calibration

decrease in speciation rate during the Neogene. Nevertheless, these

using two approaches. First, we constrained the age of the root using

methods all showed a large decrease in the speciation rate during the

a previous age estimate from a phylogenetic study of Coleoptera

Neogene. Varying the method of species delimitation had no appre-

(Toussaint et al., 2017). Second, we used only the fossils to provide

ciable effect on the extinction rate which was constant across all our

a younger and therefore more conservative calibration at the root.

reconstructions.

Not surprisingly these two sets of assumptions yielded quite different sets of node ages. However, both calibration methods revealed
at least some lineages that date back to the Cretaceous and a larger

5 | CO N C LU S I O N S

number that predate the Oligocene Drowning, therefore allowing us
to test our key hypotheses. Furthermore, many of the deeper nodes

Our analyses show the New Zealand zopherids, a significant com-

in the phylogeny are poorly supported, likely due to the combination

ponent of the beetle fauna that remains largely taxonomically unre-

of ancient divergences, short and long branch lengths and the sam-

vised, is comprised of lineages with varying ages of presence in New

pling of only two genes. We expect that future studies, using phy-

Zealand. Significantly, some of these lineages (e.g. Rytinotus, Chorasus,

logenomic data (Baca, Alexander, Gustafson, & Short, 2017), would

Glenentela, Tarphionivea and Epistranus) may have occupied New

resolve a much greater number of internal nodes.

Zealand since the late Cretaceous and are candidate taxa for a vicari-

The power of the CoMET model to detect mass extinction events

ant origin. Many other zopherid lineages have ages that predate the

is limited in the last ≈15% of the tree height (May et al., 2016). This

Oligocene Drowning event and therefore likely survived on emergent

corresponds to 26 and 15 mya, under the two calibration schemes,

land. Under a range of assumptions and methods of analysis we were

which in the first case overlaps with the timing of the Oligocene

unable to detect any shifts in speciation or extinction rate during the

Drowning event. This places a potential limit on our conclusions;

Oligocene Drowning event. This suggests that for large elements of

however, we note that the method did not detect any shift at all in

the New Zealand biota, such as terrestrial invertebrates, the Oligocene

the extinction rate. Our conclusions from the diversification analy-

Drowning did not result in an environmental crisis or mass extinction.

ses are also dependent on how we have delimited species. In large,
hyper-diverse and taxonomically unrevised groups, species delimita-
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