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Phylogeographic structure and its underlying causes are not necessarily shared among community members, with important

implications for using individual organisms as indicators for ecosystem evolution, such as the identification of forest refugia.

We used mitochondrial DNA (cox1), Bayesian coalescent ancestral state reconstruction (implemented in BEAST), and ecological

niche models (ENMs) to construct geospatial histories for four codistributed New Zealand forest beetles (Leiodidae, Nitidulidae,

Staphylinidae, and Zopheridae) to examine the extent to which they have tracked environmental changes together through

time. Hindcast ENMs identified potential forest refugia during the Last Glacial Maximum, whereas ancestral state reconstruction

identified key geographic connections for each species, facilitating direct comparison of dispersal patterns supported by the data

and the time frame in which they occurred. Well-supported geographic state transitions for each species were mostly between

neighboring regions, favoring a historical scenario of stepping stone colonization of newly suitable habitat rather than long

distance dispersal. No geographic state transitions were shared by all four species, but three shared multiple projected South

Island refugia and recent dispersal from the southernmost refugium. In contrast, strongly supported dispersal patterns in the

refugia-rich northern South Island suggest more individualistic responses to environmental change in these ecologically similar

forest species.

KEY WORDS: Ancestral state reconstruction, Brachynopus scutellaris, coalescent phylogeography, Hisparonia hystrix,

New Zealand, Nothofagus gap.

Comparative phylogeography seeks to understand ecosystem

evolution by identifying shared responses to historical events

among disparate taxa (Bermingham and Moritz 1998). The late-

Pleistocene Last Glacial Maximum (LGM), which had a major

influence on the past and present distributions of the global biota,

has been a particular focus of comparative phylogeographic stud-

ies (Waltari et al. 2007). Although “classical” patterns of species

response to Pleistocene climate change have been identified, such

as the “southern richness, northern purity” distribution of genetic

diversity in Europe (Hewitt 2000), a growing body of data on
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codistributed taxa indicate that phylogeographic structure and its

underlying drivers are not necessarily shared among community

members (e.g., Soltis et al. 2006), with important implications for

using individual organisms as indicators for ecosystem persistence

(e.g., forest refugia). Sullivan et al. (2000) found that species with

qualitatively similar phylogenies shifted neither in concert nor as

differently as expected under independent responses to climate

change (here “concerted evolution” refers to shared phylogeo-

graphic histories in different species, after Sullivan et al. (2000),

rather than genetic evolution within a species), whereas Carstens

et al. (2005) observed that looking for genetic concordance among

codistributed species assumes they were codistributed in the past,

which is rarely tested. Soltis et al. (2006) highlighted the issue

of pseudocongruence, in which spatially similar genetic patterns

can be generated at different times by different causes.

Subsequent applications of coalescent methods and/or eco-

logical niche models (ENMs) have identified specific instances

of cryptic incongruence among species with superficially simi-

lar histories: Carstens and Richards (2007) detected similar phy-

logeographic patterns and modern distributions in species from

different ancestral refugia, whereas Leaché et al. (2007) inferred

different time scales for vicariance around a “common” phylogeo-

graphic barrier. In the marine realm, Ilves et al. (2010) detected

different patterns of persistence and colonization in members of

the North Atlantic intertidal community, whereas McGovern et al.

(2010) found different temporal population histories underlying

apparently similar genetic variation in two codistributed species.

To understand the biogeography of an ecosystem, not just the in-

dividual taxa inhabiting it, these results emphasize the need for

rigorous phylogeographic methods, validation of assumptions of

ancestral congruence (such as ENMs or fossils), and comparative

studies across a broad spectrum of available taxa (e.g., Carstens

and Richards 2007).

We address the difference between the biogeography of an

ecosystem and those of its constituent species. New Zealand is

an ideal setting for comparative phylogeography and evolutionary

studies because of its turbulent geological history, in which Pleis-

tocene glaciation overlaid 10 million years of significant tectonic

reorganization of the landscape and uplift of the major mountain

ranges (King 2000; Pulford and Stern 2004). New Zealand experi-

enced montane and valley glaciation, rather than major ice shields

(Suggate and Almond 2005), and exposed continental shelf from

lowered Pleistocene sea levels may have been more important for

glacial refugia than extant terrestrial areas (e.g., Alloway et al.

2007). Evidence for temperate forest refugia in the higher lati-

tudes of the South Island (McGlone 1985; Shepherd et al. 2007;

Leschen et al. 2008; Shepherd and Perrie 2011) and in close

proximity to glaciers (Marra and Thackray 2010) suggests that

latitudinal retreat is inadequate for describing phylogeographic

patterns.

We will examine whether four codistributed forest beetles

from similar temperate lowland forest microhabitats comprise an

“evolutionary cohort”, members of a community who track envi-

ronmental changes together through time (Carstens and Richards

2007), or whether climate change response is more species-

specific. Recently developed coalescent phylogeography methods

and ENMs will be implemented to identify LGM forest refugia

and patterns of gene flow utilized by each species. Assuming

similar LGM refugia among species, three scenarios are possi-

ble: (1) if temporal and spatial patterns of colonization concur,

species likely moved through the Pleistocene together as a semi-

intact community; (2) similar spatial patterns but different time

scales suggest an intermediate scenario, in which glaciation or

older processes may drive superficially similar patterns; and (3)

different spatial patterns suggest separate evolutionary trajecto-

ries in response to Pleistocene climate change. Each scenario has

distinct implications for understanding community formation and

temporal stability, and how ecosystems are likely to respond to

future climate change.

Methods
SAMPLING

Focal taxa include Agyrtodes labralis (Broun) (Leiodidae),

Brachynopus scutellaris (Redtenbacher) (Staphylinidae), and

Epistranus lawsoni (Sharp) (Zopheridae), which feed on fungi

in dead wood and leaf litter, but are not limited to a specific

wood type and are widely distributed in New Zealand forests,

making them useful indicator species of any native forest estab-

lished long enough to generate woody debris (Löbl and Leschen

2003; Marske et al. 2009; Marske et al. 2011). Hisparonia hystrix

(Sharp) (Nitidulidae) is an arboreal feeder on sooty moulds, which

grow primarily on southern beech (Nothofagus spp.; Nothofa-

gaceae) and manuka (Leptospermum scoparium Forst. & Forst.;

Myrtaceae) trees fed upon by honeydew-secreting scale insects

(Carlton and Leschen 2007), and is present in scrub, forest mar-

gin, and tall forest. A. labralis is absent from the North Island

(Seago 2009), but B. scutellaris, E. lawsoni (the only flightless

species included), and H. hystrix are widely distributed throughout

New Zealand, although B. scutellaris is absent from the Westland

Nothofagus gap, an area of the South Island’s west coast across

which the distribution of Nothofagus is disjunct (Leathwick 1998;

Leschen et al. 2008). Specimen collection protocols followed

Leschen et al. (2008) and Marske et al. (2009, 2011). Geographic

information system (GIS) locality information was recorded for

each collection site.

ECOLOGICAL NICHE MODELING

ENMs were generated in Maxent 3.3.1 (Phillips et al. 2006;

Phillips and Dudı́k 2008), and were subject to tenfold
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Table 1. Genbank accession codes and best-fit models of sequence evolution for each species. For Epistranus lawsoni, models were

fitted to individual codon positions (1 + 2 and 3).

Genbank Sequence Population growth and
Taxon N accession number evolution model molecular clock model

Agyrtodes labralis 189 GU017127-GU017315 GTR+I+� Exponential growth
JQ245441-JQ245442 Strict clock

Brachynopus scutellaris 340 EU145131-EU145243 GTR+I+� Exponential growth
JQ266926-JQ267152 Relaxed clock

Epistranus lawsoni 168 JF278627- JF278794 HKY+I+ � (1 + 2) Constant size
GTR+I+� (3) Relaxed clock

Hisparonia hystrix 308 EU145025-EU145130 K81uf+I+� Exponential growth
JQ267153-JQ267354 Relaxed clock

cross-validation to ensure consistency of model predictions and

ecological variable response among repeated runs. The final ge-

ographical projections represent the mean point-wise strength of

prediction over 10 model runs applied to modern and LGM en-

vironmental layers. Climate variables for current and LGM pro-

jections included mean annual rainfall, mean February (summer)

rainfall, mean annual solar radiation, mean annual temperature,

mean February temperature, minimum temperature of the coldest

month, and October (winter) vapor pressure deficit, all at 100-m

resolution (Leathwick et al. 1998; Leathwick et al. 2003). LGM

(about 22,000 calibrated years ago) projections were based on

temperature depression estimates from marine isotope stages and

LGM topography estimates from lowering the modern DEM to

the 120-m bathymetry (J. R. Leathwick, unpubl. data; see Marske

et al. 2009 for details).

Localities for A. labralis were the same (91) as in Marske

et al. (2009), including DNA specimens plus additional collection

records, and results for E. lawsoni are reported in Marske et al.

(2011) based on 173 localities. For B. scutellaris and H. hystrix,

which were subject to focused sampling over multiple years (e.g.,

Leschen et al. 2008), localities for DNA specimens were visually

“thinned” in ArcGIS ver. 9.2 (Environmental Systems Research

Institute, Redlands, CA), so that the resulting localities (139 and

134, respectively), were separated by at least 5 km. This was to

reduce spatial autocorrelation from sampling some sites multiple

times, obtaining a slightly different GIS reading each time. Maps

of input localities are shown in Figure S1.

Model performance was evaluated using the threshold-

dependent binomial omission tests and the Area Under the (Re-

ceiver Operating Characteristic; ROC) Curve (AUC) calculated

by Maxent; AUCs > 0.75 are typically considered adequate for

species distribution modeling applications (Pearce and Ferrier,

2000). To ensure that significant AUCs represented true differ-

ence from random, rather than collection bias (e.g., sampling

only from native forests; Raes and ter Steege 2007), and due to

concerns over whether subdividing the data for training and test-

ing, as above, constitutes a statistically independent test (Phillips

et al. 2009; Veloz 2009), null models were developed to compare

our species’ model performance against points randomly drawn

from areas with native forest cover. For each species, 99 sets of

the same number of localities were randomly drawn from areas

of native forest (e.g., 99 sets of 173 localities for E. lawsoni; see

Marske et al. 2011 for details). We modeled all 99 randomly-

drawn datasets plus actual data from each target species, without

setting aside test data, and ranked the 100 AUCs for each species.

Empirical AUCs within the top 5% were considered significantly

different from random (after Raes and ter Steege 2007).

The current distributions of A. labralis, B. scutellaris, and

E. lawsoni were also modeled with the addition of three vegeta-

tion layers, Nothofagus spp., Podocarpaceae, and Myrtaceae (all

in stems/hectare), to assess whether beech forest was a strong

predictor of the distribution of B. scutellaris and, if so, whether

this predictive relationship was unique to B. scutellaris. Vegeta-

tion layers were generated using Generalized Additive Models

and survey data from 14,540 forest plots (see Leathwick 2001;

Leathwick and Austin 2001 for details).

DNA SEQUENCING AND SEQUENCE STATISTICS

Published mitochondrial DNA sequences were compiled for all

species from our previous work (Table 1), and combined with

genomic DNA extracted from an additional 2 A. labralis, 227

B. scutellaris, and 203 H. hystrix from the North, South, and

Stewart Islands. Total genomic DNA extraction, purification, and

sequencing of new specimens followed the protocol in Marske

et al. (2009), with the entire specimen ground for digest. The 3′

end of the mtDNA cytochrome oxidase subunit 1 (cox1) gene

region (approximately 800 base pairs) was amplified using the

primers C1-J-2195 and TL2-N-3014 (Simon et al. 1994) under

PCR conditions in Leschen et al. (2008) and Marske et al. (2009).

Sequences were aligned and edited using BioEdit 7.0.5 (Hall

1999). Tajima’s D was calculated using DnaSp 5.0 (Rozas et al.

2003) to test for evidence of selection, and was nonsignificant
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for all species. The best-fit model of sequence evolution for each

species (Table 1) was determined using the Akaiki Information

Criterion implemented in Modeltest 3.7 (Posada and Crandall

1998) and PAUP∗4.0b10 (Swofford 1998).

COALESCENT PHYLOGENETIC AND MOLECULAR

CLOCK ANALYSES

To select appropriate molecular clock and population growth

models for coalescent phylogeography implementation (see be-

low), molecular clock analyses were conducted in BEAST 1.5.3

(Drummond and Rambaut 2007) using the sequence evolution

models in Table 1. As no external calibration points exist for any of

these species, we utilized Papadopoulou et al.’s (2010) Coleoptera

mitochondrial sequence divergence rate of 3.54% My−1. Unlike

the heavily utilized Brower (1994) rate of 2.3% My−1, which

was derived using both protein-coding and ribosomal markers,

the rate of 3.54% My−1 was estimated specifically for cox1 un-

der a relaxed clock (Papadopoulou et al. 2010). Markov chain

Monte Carlo (MCMC) analyses were performed under both the

strict and relaxed (uncorrelated lognormal) clock, under both the

constant size and exponential growth population models. We al-

lowed some rate flexibility even under the strict clock model by

setting a normal prior distribution for clock rate (mean = 0.0177,

SD = 0.00177), rather than a fixed rate. Under the relaxed clock,

we used a normal prior for mean rate (mean = 0.0177, SD =
0.00177) and exponential priors for coefficient of variation and

covariance (mean = 1.0).

Each BEAST profile ran five times for 50 million gener-

ations, logging every 2000 (except E. lawsoni, which ran for

20,000, logging every 1000), and log files from each set of runs

were combined using LogCombiner (Drummond and Rambaut

2007). To select among clock and population growth models, log

files were imported into Tracer 1.5 (Rambaut and Drummond

2009) to assess whether the marginal posterior distribution of

Euclidean standard deviation or the growth rate parameter in-

cluded zero. Tree files were reduced in size and combined (burn-

in = 6250, thinning interval = 5000; 2000 and 2000 for E. law-

soni) using LogCombiner and TreeAnnotator (Drummond and

Rambaut 2007) to yield a Maximum Clade Credibility (MCC)

consensus tree for each set of analyses.

COALESCENT PHYLOGEOGRAPHIC

RECONSTRUCTION

Coalescent ancestral state estimation in a Bayesian framework

provides a probabilistic inference of phylogeography from phylo-

genetic data by estimating both the location and date of each node

while accounting for the stochastic nature of evolution (Lemey

et al. 2009). Geographic localities of sampled populations are

inferred as character states, and historical dispersal between pop-

ulations is estimated along the branches of the phylogeny using a

continuous-time Markov chain (CTMC), which estimates discrete

states as a continuous function of time (Lemey et al. 2009). For k

localities, k(k−1) geographic state transitions (dispersal patterns)

are possible, most of which are unrealistic in nature (e.g., the rate

at which geographic state transitions directly connect the north-

ernmost North Island with Stewart Island is most likely zero). To

identify the optimal subset of geographic state transitions which

explain the data, Bayesian stochastic search variable selection

(BSSVS) assigns a binary indicator variable to each geographic

state transition parameter, imposing a prior probability of zero on

all possible transitions (Lemey et al. 2009; Lohse et al. 2011). This

allows a more efficient exploration of MCMC space, identifying

both well-supported historical dispersal events and geographic

state transitions with a probability of zero (Lemey et al. 2009).

Results are a posterior probability estimate for each possible ge-

ographic state for each node of the resulting MCC tree. Bayes

factors (BF) can then be implemented to identify well-supported

nonzero BSSVS parameters; in practice, this identifies geographic

state transitions with strong posterior support, typically a subset

of all geographic state transitions identified in the phylogeny. In a

comparative phylogeography setting, well-supported geographic

state transitions can be compared among species to detect whether

similar dispersal patterns characterize their phylogeographic his-

tories. Well-supported transitions shared by multiple species can

be investigated further, although differences are immediately

apparent.

Ancestral state reconstruction was conducted in BEAST

1.5.3 using the relaxed clock and population growth models deter-

mined above. Following Lemey et al. (2009), we imposed expo-

nential and gamma priors on the CTMC process and a truncated

Poisson prior on the number of nonzero rates. We did not impose

(geographic) distance-informed priors because of the complex

topography within and between regions; dispersal routes are es-

timated solely by the genealogical process. Each profile ran five

times for 50 million generations, logging every 2000 (except for

B. scutellaris and H. hystrix, which ran for 60 million), and repli-

cate tree files were examined for convergence and combined as

above to generate a MCC consensus tree for each species, except

for B. scutellaris and H. hystrix, for which individual tree files

were reduced (burn-in = 7500, thinning interval = 5000) and then

combined (thinning interval = 4000) due to file size. Discrete rate

matrices from all five runs were combined (burnin as above), and

the BF test (script available at BEAST website) was applied to

the nonzero rates, with BF > 3.0 indicating well-supported geo-

graphic state transitions.

To define geographic states for the coalescent analysis, we

pooled locality data for A. labralis, B. scutellaris, and E. law-

soni and generated ENMs for the species assemblage using the
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methods previously described for individual species. As those

methods failed to yield ENMs for H. hystrix (see Results), local-

ities for that species were excluded from the pooled dataset. We

set a threshold for climatic suitability of ≥0.2, which was near

the average lowest prediction for a test locality among the ENM

pooled-dataset runs (after Pearson et al. 2007; McCormack et al.

2010). Because modeled refugia include areas no longer above

sea level (see Results and Fig. 1), geographic state boundaries

encompass all land areas contiguous to the refugia under the as-

sumption that the nearest extant populations will most closely

reflect the refugial haplogroups (see Fig. 5 for details). Bound-

aries are also consistent with mountain barriers for many regions.

We used the same geographic states in the coalescent analysis for

H. hystrix to facilitate comparison of results.

Results
ENMS

Models of the distributions of A. labralis and B. scutellaris were

significantly better than random in binomial omission, ROC, and

null model tests. For A. labralis, cross-validation runs yielded an

average AUC of 0.868 (SD = 0.042, range = 0.803–0.927) and

performed significantly better than random at all but the lowest

threshold for all runs. Very little “clamping” was detected during

LGM projection—this is where environmental conditions in the

projection (LGM) climate data exceed those on which the model

was trained (e.g., colder temperatures, less precipitation). Maxent

treats conditions in these areas the same as the closest observed

values (e.g., if training temperatures range from 10 to 20◦C, a pixel

with LGM temperature of 8◦C will be treated the same as one of

10◦C) (Anderson and Raza 2010). In the null model test, the AUC

for A. labralis (0.910) ranked higher than all models for random

forest localities (AUC range = 0.844–0.904). For B. scutellaris,

cross-validation runs yielded an average AUC of 0.831 (SD =
0.079, range = 0.7255–0.9057) and performed significantly better

than random across most thresholds and runs. Clamping during

LGM projection was restricted to high-elevation areas where the

species is absent. In the null model test, B. scutellaris (AUC

0.885) ranked higher than models for random forest localities

(AUC range = 0.820–0.878).

Projected modern distributions were nearly identical for

A. labralis and B. scutellaris and were broadly congruent to the

distribution previously obtained for E. lawsoni (see Marske et al.

2011) (Fig. 1). Notably, the central west coast was predicted as

highly suitable for all three species, even though B. scutellaris is

absent there. Adding vegetation layers as predictors reduced suit-

ability for B. scutellaris in this area but did not remove Westland

from the projected range (Fig. 1B), and Nothofagus spp. became

the top predictor for the distribution of both B. scutellaris (28.5%)

and A. labralis (27.9%), which is present in the Nothofagus gap.

Glacial refugia at Karamea and small areas of relatively higher

climatic suitability near the Haast River mouth were projected

for all three species (Fig. 1). Each species also had a projected

refugium between Nelson and Marlborough and/or in Kaikoura;

these northeastern refugia were relatively more climatically suit-

able than those on the west coast.

Models for H. hystrix were not significantly better than ran-

dom. Cross-validation runs yielded an average AUC of 0.758

(SD = 0.042, range = 0.705–0.83), but in the null model test,

H. hystrix (AUC 0.823) ranked lower than most models for ran-

dom forest localities (AUC range = 0.822–0.877). Clamping was

detected over substantial parts of the South Island during LGM

projection, including regions of interest based on the genetic data,

indicating model uncertainty in these areas. Therefore, no projec-

tions are presented for H. hystrix.

PHYLOGENETIC RELATIONSHIPS AND MOLECULAR

DIVERGENCE

Root coalescence for A. labralis was estimated at 1.95 Ma (95%

CI = 1.31–2.61 Ma), roughly 72% as old as that estimated using

the Brower (1994) substitution rate (2.69 Ma; Marske et al. 2009).

Well-supported regional haplogroups were consistent with those

previously identified, including Kaikoura-Marlborough, Nelson,

Buller-Canterbury, northern west coast, southern west coast, and

southern South Island-Stewart Island (Fig. 2A). Topology was

consistent with that previously reported except that the northern

west coast comes out as sister to the southern South Island (with

low support; posterior probability, hereafter, pp = 0.28), rendering

the southern half of the South Island polyphyletic. All clades were

allopatric except in the southwestern South Island.

For B. scutellaris, root coalescence was estimated at 2.03 Ma

(1.31–2.85 Ma), giving rise to four major lineages, although their

relationship to each other, with the exception of the root place-

ment, was not well-supported (Fig. 2B). Regional haplogroups

are consistent with those identified by Leschen et al. (2008), in-

cluding eastern South Island, North Island-Brady Creek (Haast

River, South Island), and two lineages (A and B, Fig. 2B) which

are sympatric through Marlborough and the western South Is-

land. Both A and B straddle the Nothofagus gap, although the

geographic break was only well-supported in a subclade of B

(pp = 0.73), in which lineages north and south of the gap di-

verged at 0.33 Ma (0.18–0.51 Ma).

An older history was reconstructed for E. lawsoni, for which

root coalescence was estimated at ∼18 Ma (Fig. 3A; Marske

et al. 2011). Clades present in the North Island and northern and

eastern South Island were broadly sympatric, whereas all sam-

ples from the western and southernmost South Island fell into a

single clade also present in the northern North Island. With the ex-

ception of one individual from northern Nelson, all South Island

lineages within this clade formed a well-supported group (pp = 1),
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Figure 1. Ecological niche models for (A) Agyrtodes labralis, (B) Brachynopus scutellaris (C) Epistranus lawsoni, and (D) the log-dwelling

beetle assemblage, averaged across 10 cross-validation runs, including current and LGM (about 22,000 calibrated years ago) projections

and an enlargement of the Haast refugium. Current distributions were modeled with the addition of three vegetation variables, and

the central Westland portion of the resulting B. scutellaris model is shown (B). Even including Nothofagus as a predictor, the projected

distribution of B. scutellaris includes the Nothofagus gap. South Island refugia (labeled in (D)) were shared by at least two of the three

species, with the west coast refugia shared by all three, allowing us to test scenarios of concerted versus independent dispersal histories.

The LGM projection for the assemblage indicated potentially suitable regions within the Southern Alps, but because these areas were

not predicted by any of the single-species models, they were not used to inform the phylogenetic analysis.
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Figure 2. Distributions of (A) Agyrtodes labralis and (B) Brachynopus scutellaris populations sampled for molecular analysis, and

summary of Bayesian coalescent trees with branch lengths drawn proportional to time (millions of years). Clade symbols correspond

with map location markers and are next to the number of individuals from each collapsed clade. Map (B) shading indicates the distribution

of Nothofagus forest (stems/hectare; Leathwick & Austin 2001). Clade labels for B. scutellaris follow Leschen et al. (2008).

with divergence from the North Island estimated at 5.61 Ma

(4.54–6.71 Ma).

Divergences were much shallower for H. hystrix, with little

support along the backbone of the tree and no well-supported

regional haplogroups within the South Island (Fig. 3B). Root

coalescence (pp = 1) was between five individuals from Stew-

art Island and the rest of the tree, estimated at 0.29 Ma (0.15–

0.45 Ma). Two North Island clades, comprising northwestern and
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Figure 3. Distributions of (A) Epistranus lawsoni and (B) Hisparonia hystrix populations sampled for molecular analysis, and summary

of Bayesian coalescent trees with branch lengths drawn proportional to time (millions of years). Clade symbols correspond with map

location markers and are next to the number of individuals from each collapsed clade. Map (B) shading indicates topographic relief. Note

that the H. hystrix “clade” indicated by the white triangle is not well-supported.

EVOLUTION JUNE 2012 1 8 6 9



KATHARINE A. MARSKE ET AL.

southeastern lineages, respectively, coalesced at 0.20 Ma (0.12–

0.31 Ma, pp = 0.93). Both are also present in the northeastern

South Island. Little phylogenetic structure differentiated the re-

maining South Island lineages.

COALESCENT PHYLOGEOGRAPHIC

RECONSTRUCTION

Phylogeographic ancestral state reconstruction for A. labralis

yielded a scenario slightly different from that outlined in Marske

et al. (2009), likely due to the unstable placement of the north-

ern west coast clade (Fig. 2A). Root location was placed in

the northern South Island (Kaikoura, state probability, hereafter

sp = 0.42; or Nelson–Marlborough, sp = 0.33). The three northern

South Island localities were connected first, followed by disper-

sal to Haast from Nelson via Canterbury, rather than via a west

coast route as proposed in Marske et al. (2009) (Fig. 4A). Well-

supported rates of geographic state transition for A. labralis con-

nected Nelson–Kaikoura, Buller–Canterbury, Canterbury–Haast,

Haast–Southland, and Southland–Stewart Island, a subset of the

dispersal routes represented in the phylogeny (Table 2; Fig. 5A).

All well-supported connections were between neighboring re-

gions, consistent with a stepping-stone dispersal pattern (Lemey

et al. 2009).

The matrix of well-supported geographic state transitions

relates to the reconstructed dispersal history as follows: Within

the MCC tree for A. labralis, deep dispersal events connected

Kaikoura to Nelson and Nelson to Buller (Fig. 4A, Fig. S2),

yet only Kaikoura to Nelson was strongly supported by BSSVS

(Table 2, Fig. 5A). The Kaikoura–Nelson transition within the

most basal clade was preceded by two nodes where Kaikoura was

the best-supported state (sp > 0.7), plus the root (also Kaikoura,

sp = 0.42). In contrast, Nelson was relatively weakly supported as

the ancestral state (sp = 0.34) at the node giving rise to the Buller–

Canterbury clade (Fig. 2A), and the remaining Buller populations,

although descended from Nelson, did not have Nelson as their

most recent common ancestor (MRCA) (dispersal via Nelson–

Canterbury–Haast–Buller, Fig. 4A).

The highest BFs indicated state transitions which occurred

multiple times in the MCC tree (e.g., Buller–Canterbury, BF =
33,394.2) and/or where one geographic state was estimated as

the only MRCA of another state (e.g., Haast–Southland, BF =
17,809.3), whereas (relatively) lower significant BFs (BF > 3)

indicated well-supported but nonexclusive ancestor/descendent

relationships (e.g., between Canterbury–Haast, BF = 275.0; Can-

terbury was both ancestor and descendent of Haast, but Haast was

not the only MRCA for Canterbury, which occurred in multiple

clades). The matrix of well-supported geographic state transitions

is thus an indicator of those dispersal patterns estimated with the

greatest confidence throughout the demographic process.

Mapping the phylogeographic history of B. scutellaris sug-

gested an early dispersal from the northern South Island to south-

ern North Island (about ∼2.5–2 Ma), followed by recent repeated

dispersal from the northern to central and southern South Is-

land, largely within the last 0.5 Ma (Fig. 4B). One other dis-

persal event connected the North (Taranaki) and South (Haast)

Islands within the last 0.5 Ma; however, neither interisland event

was well-supported by BSSVS, possibly due to ambiguous geo-

graphic location of the root state (Nelson, sp = 0.20; Canterbury,

sp = 0.14; Haast, sp = 0.14) and low posterior support for the

placement of Haast populations within the predominately North

Island clade (pp = 0.27). Taranaki, Manawatu, and Northland all

had root state probabilities ≤0.05, strongly supporting a South

Island origin. Unlike for A. labralis, no direct connection was de-

tected between Haast and Canterbury, suggesting that gene flow

across the central South Island has been via the coasts rather

than across the middle, and dispersal between Buller and Haast

was strongly supported, suggesting that opening of the Nothofa-

gus gap is too recent (<0.5 Ma) for lineage sorting into distinct

halves (Table 2; Fig. 5B). Well-supported geographic state transi-

tions largely represented a subset of the dispersal events captured

by the MCC tree; however, Buller–Stewart Island (BF = 4.3) and

Taranaki–Northland (BF = 3.8) were well-supported by BSSVS

even though neither represented a MRCA relationship.

The dispersal history of E. lawsoni largely predated the Pleis-

tocene, with no direct gene flow between the eastern and west-

ern South Island throughout the time spanned by the phylogeny.

Ancestral state reconstruction using fewer regions than Marske

et al. (2011) also identified Northland as the root location (sp =
0.47); all South Island locations had state probabilities ≤0.1 at the

root. Three dispersal events originating >4Ma were detected be-

tween Northland and the northern South Island, the most recent of

which gave rise to the west coast populations (Fig. 4C). However,

none of these were strongly supported by BSSVS—likely because

increasing the depth of the root (relative to other nodes) increases

uncertainty of the root state (Lemey et al. 2009)—leaving Buller–

Haast–Southland as an independent network (Table 2; Fig. 5C).

Geographic state transitions with BF > 3 comprised a subset of

those initiated ≤4Ma and connected neighboring regions, sug-

gesting a recent history of stepping-stone expansion following

earlier long-distance dispersal events.

The geographic history of H. hystrix was a complex network

of recent dispersal events, all within the last 0.5 Ma (Fig. 4D),

but low posterior support even for the spine of the MCC tree

(Fig. 3B) makes these results difficult to interpret. Nelson received

the strongest support as the root location (sp = 0.41), followed

by Buller (sp = 0.19); Stewart Island, sister to the rest of the tree,

received low support as the ancestral state (sp = 0.03) and is con-

nected to no other regions by BSSVS. Well-supported geographic
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Figure 4. Spatial summary of Bayesian ancestral state reconstruction for (A) Agyrtodes labralis, (B) Brachynopus scutellaris, (C) Epistranus

lawsoni, and (D) Hisparonia hystrix, rendered for visualization in Google Earth (http://earth.google.com) using code available at the BEAST

website. Root location is indicated by a cross. Lines connecting locations indicate branches along which geographic state transitions occur.

Note that dispersal is bidirectional between some locations, indicated by double lines. Dispersal is north-south except where indicated

by arrows. The transition indicated by ∗ indicates a dispersal pattern shared contemporaneously among the three log-dwelling species

but not detected for H. hystrix.
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Table 2. Bayes factor tests for well-supported (BF>3.0) geo-

graphic state transitions. Order of location names does not infer

directionality.

Species
Bayes
factor Locations

Agyrtodes labralis 33,394.2 Buller×Canterbury
Agyrtodes labralis 17,809.3 Haast×Southland
Agyrtodes labralis 3256.0 Southland×Stewart Island
Agyrtodes labralis 727.8 Kaikoura×Nelson
Agyrtodes labralis 275.0 Canterbury×Haast
Brachynopus scutellaris 765.8 Manawatu×Taranaki
Brachynopus scutellaris 358.9 Haast×Southland
Brachynopus scutellaris 116.4 Canterbury×Southland
Brachynopus scutellaris 38.9 Canterbury×Kaikoura
Brachynopus scutellaris 38.7 Buller×Canterbury
Brachynopus scutellaris 13.0 Buller×Haast
Brachynopus scutellaris 9.9 Kaikoura×Nelson
Brachynopus scutellaris 6.8 Canterbury×Stewart Island
Brachynopus scutellaris 5.0 Buller×Nelson
Brachynopus scutellaris 4.3 Buller×Stewart Island
Brachynopus scutellaris 4.2 Manawatu×Northland
Brachynopus scutellaris 3.8 Northland×Taranaki
Epistranus lawsoni 15,097.4 Manawatu×Taranaki
Epistranus lawsoni 2320.0 Canterbury×Kaikoura
Epistranus lawsoni 971.1 Haast×Southland
Epistranus lawsoni 36.5 Canterbury×Nelson
Epistranus lawsoni 11.9 Manawatu×Northland
Epistranus lawsoni 8.2 Buller×Haast
Epistranus lawsoni 7.7 Manawatu×Nelson
Hisparonia hystrix 1603.2 Buller×Haast
Hisparonia hystrix 212.6 Buller×Nelson
Hisparonia hystrix 174.9 Manawatu×Taranaki
Hisparonia hystrix 63.1 Canterbury×Kaikoura
Hisparonia hystrix 15.6 Canterbury×Nelson
Hisparonia hystrix 7.8 Manawatu×Northland
Hisparonia hystrix 7.0 Canterbury×Southland
Hisparonia hystrix 4.4 Manawatu×Nelson
Hisparonia hystrix 3.4 Kaikoura×Manawatu

state transitions were largely consistent with a stepping-stone dis-

persal pattern (Table 2; Fig. 5D).

Discussion
SHARED REFUGIA, DIVERGENT HISTORIES

We proposed three scenarios to explain the response of New

Zealand’s forest community to Pleistocene glaciation: (1) con-

current spatial and temporal patterns of colonization, suggesting

an evolutionary cohort relationship; (2) similar spatial patterns

on different time scales, suggesting convergent spatial patterns;

and (3) different spatial patterns, suggesting independent evolu-

tionary trajectories. Ecological niche modeling projected broadly

congruent spatial histories for A. labralis, B. scutellaris, and

E. lawsoni at the LGM (Fig. 1), and Bayesian ancestral state

reconstruction with BSSVS identified key geographic connec-

tions for each species, facilitating direct temporal comparison of

dispersal patterns. In the northern South Island, no well-supported

geographic state transitions were shared by more than two of the

three log-dwelling species (e.g., Buller–Canterbury, A. lawsoni

and B. scutellaris; Canterbury–Kaikoura, B. scutellaris and E.

lawsoni), and shared dispersal routes were not always concurrent

(e.g., Buller–Haast, B. scutellaris and E. lawsoni) or in the same

direction (e.g., Kaikoura–Nelson, A. labralis and B. scutellaris).

However, all three shared a strongly supported dispersal event

from Haast–Southland during the last 0.5 Ma. While BSSVS

does not attribute geographic state transitions to specific events,

differing patterns in the northern South Island likely represent in-

dividual responses to the evolving topography, preserved through

multiple glacial cycles, while a shared, recent dispersal event in

the heavily glaciated south is likely an expansion from a sin-

gle LGM refugium. Given this combination of concerted versus

independent response to glaciation and earlier events, plus ev-

idence for multiple shared glacial refugia, the second scenario

(similar spatial patterns on different time scales) better describes

the evolutionary relationship among the three log-dwellers, which

have repeatedly converged upon similar geographic distributions

through a variety of routes.

For the arboreal H. hystrix, all geographic state transitions—

well-supported or not—occurred <0.5 Ma, and contemporane-

ous dispersal routes were shared with B. scutellaris (Kaikoura–

Canterbury, Nelson–Buller–Haast) and E. lawsoni (Kaikoura–

Canterbury). It is difficult to interpret these results in light of

the proposed refugia, as failure of the ENM for H. hystrix indi-

cates a niche determined by other factors than the tested climatic

variables, such as the distribution of the sooty mould ecosys-

tem, which is in turn driven by the distribution of another insect

(Carlton and Leschen 2007). However, phylogenetic results were

not qualitatively consistent with refugia hypothesized for the other

species, and the only well-supported geographic state transition

shared by all three log-dwellers—Haast–Southland—was not de-

tected for H. hystrix, suggesting an independent evolutionary tra-

jectory (third scenario).

COALESCENT PHYLOGEOGRAPHY—

COMMENDATIONS AND CAVEATS

Statistically rigorous coalescent methods are a vital step toward

the fully objective inference of phylogeographic scenarios, par-

ticularly in a comparative setting (Knowles 2009; Hickerson et al.

2010). Bayesian coalescent ancestral state reconstruction with

BSSVS unites ancestral state reconstruction with statistical phy-

logeography by inferring the dispersal events across a dated phy-

logeny while identifying which of those geographic state transi-

tions are best supported by the genetic data. This method has been

previously implemented in island/nunatak settings, where the se-

quence of colonizing events is of interest (Fernández-Mazuecos

and Vargas 2011; Lohse et al. 2011); here we introduce it for the
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Figure 5. Well-supported (BF > 3.0) geographic state transitions for (A) Agyrtodes labralis, (B) Brachynopus scutellaris, (C) Epistranus

lawsoni and (D) Hisparonia hystrix identified using Bayesian stochastic search variable selection (BSSVS). Most well-supported transitions

are a subset of all geographic state transitions identified in the phylogeny (Figure 4), and thickness of lines indicates the relative strength

by which transitions are supported. The shared dispersal event indicated in Figure 4 is strongly supported for the three log-dwelling

species, but no other transitions are shared by more than two species. Regions in italics indicate South Island refugia projected for each

species by the ENMs.
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first time in a comparative setting where BSSVS makes it possible

to explicitly identify similarities in the colonization histories of

different species.

As implemented here, coalescent ancestral state estimation

operates under two geographical assumptions: that the ancestral

area is among the localities sampled, and that the spatial diffusion

of lineages occurs at a constant rate. Both assumptions may be vio-

lated by our data, and how this influences the inference of historic

patterns is not obvious (Emerson et al. 2011). Lemey et al. (2010)

address the latter issue by relaxing the rate assumption while

modeling the spatial diffusion process in continuous, rather than

discrete, space. However, this places the ancestral state within the

area circumscribed by the sampled localities, whereas in our case,

ancestral areas may fall outside of the sampled range. To incorpo-

rate our hypothesized refugia as described above, we are therefore

restricted to the discrete state method of inference; however, in

a dynamic landscape such as New Zealand, identifying a broad

region is probably more realistic than trying to pinpoint an ances-

tral locality. Another disadvantage is that increasing the depth of

the root (relative to other nodes) increases geographic uncertainty

of the root state and other nodes deep within the phylogeny, but

the root location is often less important in phylogeography than

divergence within and between clades, particularly here where the

root for three of the four species predates the event of interest.

This study was designed to maximize the geographic sam-

pling for each species to increase the chances of detecting glacial

refugia, but the trade-off was the use of a single genetic locus. We

have previously discussed how reliance on a single locus can af-

fect the precision of coalescent parameter estimates (Marske et al.

2009, 2011). More problematic is that mtDNA may not accu-

rately reflect the genealogical history of a species due to selection

or incongruence between gene trees, yielding spurious phylogeo-

graphic scenarios. Although Tajima’s D was nonsignificant for all

species, Ilves et al. (2010) highlight the difficulty in differentiating

a pattern of rapid colonization following a genetic bottleneck from

that of positive selection—either of which would reduce genetic

diversity—using a single mitochondrial locus. Although various

levels of genetic diversity were detected in the three log-dwelling

species, very little was detected for H. hystrix, which apparently

underwent a recent, rapid dispersal process and for which very

little geographic structure was observed in the data. These re-

sults are consistent with a severe bottleneck associated with the

Pleistocene and LGM, but they are also consistent with a recent

selective sweep erasing most mitochondrial diversity within the

species, except in the Stewart Island populations. Multi-locus data

will be required to infer the history of this species with greater

confidence.

Finally, although Bayesian coalescent ancestral state recon-

struction with BSSVS is a convenient way to look for similarities

in species’ spatial histories while accounting for uncertainty in

estimating that history, it does not address the underlying pro-

cesses, particularly here where confidence intervals on dates could

include multiple geological events. Explicit population genetics

methods, where posterior weight can be placed upon specific

events, would be required to address the drivers of observed pat-

terns (e.g., Carstens and Richards 2007; Leaché et al. 2007; Ilves

et al. 2010). In this setting, however, different dispersal patterns

in the northern South Island are sufficient to indicate different

responses to past events; having ruled out the evolutionary cohort

hypothesis, explicit identification of particular genetic processes

for each species must await further detailed study.

WESTLAND NOTHOFAGUS GAP REVISITED

The Westland Nothofagus gap features prominently in New

Zealand biogeography, both for the mysterious absence of

Nothofagus (Leathwick 1998) and because the gap phenomenon

is repeated in other taxa such as B. scutellaris, which shares

the central Westland disjunction but is found in the absence of

beech in the eastern South Island, Stewart Island, and North Is-

land (Leschen et al. 2008). For B. scutellaris, incomplete lineage

sorting in two clades straddling the gap (instead of separate north-

ern and southern haplogroups; Figure 2B) and a well-supported

geographic state transition <0.5 Ma are consistent with the late

Pleistocene gap formation previously inferred with a smaller

dataset (Leschen et al. 2008). However, the current projected

distribution for B. scutellaris indicates that maintenance of this

disjunction is not climatically driven, which concurs with sim-

ilar findings for Nothofagus (Leathwick 1998), and A. labralis

and E. lawsoni, which would also have been absent from parts of

Westland during the Pleistocene, successfully filled the gap (al-

though projected refugia for these species extended further south,

resulting in less gap to fill).

The curious relationship between Buller and Stewart Island

in Clade A, in which a well-supported geographic state transition

was detected despite a node with an intervening ancestral state,

is likely related to the Nothofagus gap. Lohse et al. (2011) also

observed sister-group populations from neighboring geographic

states connected by a well-supported geographic state transition

even though neither state was the MRCA of the other, and we

observed the same for B. scutellaris between Taranaki–Northland,

neighboring states. The Buller and Stewart Island populations

likely represent a widely-distributed coastal haplogroup sundered

at the opening of the gap, which has remained largely undetected

south of Haast because of the inaccessibility of coastal Fiordland.

GLACIAL REFUGIA AND FOREST COMMUNITY

EVOLUTION

Despite shared LGM refugia and similar modern distributions—

suggesting evolutionary trajectories that have repeatedly inter-

sected in space and time—these forest beetles lack the broadly
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Table 3. Hypothesized Last Glacial Maximum (LGM) refugia for

New Zealand forest invertebrates currently distributed in the

South Island which have been sampled throughout their known

ranges, from this study and literature descriptions.

Nelson/ North
Species Karamea Marlb. Haast Kaikoura Island

Agyrtodes labralis Phy Phy Phy Phy –
Beetle ENM ENM ENM ENM

Brachynopus scutellaris Phy Phy Phy – Phy
Beetle ENM ENM ENM ENM

Epistranus lawsoni
Beetle ENM – ENM ENM ENM

Argosarchus horridus
Stick insect – – – Phy Phy
Buckley et al. 2009 ENM ENM

Clitarchus hookeri
Stick insect – – – – Phy
Buckley et al. 2010 ENM

Amphipsalta zelandica
Cicada ENM ENM – ENM ENM
Marshall et al.,
unpubl. ms.

Kikihia subalpina
Cicada Phy Phy – Phy Phy

Marshall et al. 2009
Aoraki denticulata – – – –

Mite harvestman Phy
Boyer et al. 2007

Phy = inferred from phylogenetic data; ENM = identified by ecological niche

model; – = inferred absence.

similar population structure which would make them evolution-

ary cohorts (sensu Carstens and Richards 2007). Our choice of

the second proposed phylogeographic scenario (similar spatial

patterns on different time scales) for three species has interesting

implications for identifying glacial refugia using genetic data. In a

multiple refugia scenario, shared refugia do not necessarily result

in shared phylogenetic patterns, but different population histo-

ries do not negate the possibility of shared refugia—particularly

as the mitochondrial history may not reflect the full demographic

history of the species. In light of the evidence that biological com-

munities are not necessarily historical entities (e.g., Stewart et al.

2010), it would be interesting to simulate the chances of obtaining

cohort-like evolutionary patterns under multiple refugia scenarios,

although where multiple refugia are nested within the modern dis-

tribution of a species, each additional refugium probably increases

the potential dispersal scenarios such that evolutionary cohorts be-

come increasingly less likely. Here detailed dispersal histories for

individual species and stochastic lineage sorting issues may ob-

scure actual historical similarities at a broader geographic scale,

and the sum of refugia inferred from multiple species may be more

instructive about where an ecosystem persisted than looking for

shared phylogenetic patterns within an assemblage.

For New Zealand temperate forests, shared refugia among

species with strikingly different dispersal histories are a strong

indicator of forest survival during the LGM. The sum of dynamics

among the log-dwelling beetles, for which we are most confident,

suggests that several South Island refugia generated the detected

genetic structure. To the Karamea refugium detected by Alloway

et al. (2007), ENMs suggest the presence of additional forest

refugia at Haast, Nelson/Marlborough, and Kaikoura. Results are

broadly consistent for other modeled insect species whose dis-

tributions include the South Island: the Kaikoura refugium may

have been shared by the stick insect Argosarchus horridus (White)

(Buckley et al. 2009), and all three northern South Island refu-

gia may have been utilized by the cicada Amphipsalta zelandica

(Boisduval) (Marshall et al., unpubl. ms.). Other temperate for-

est invertebrates likely survived in combinations of these refugia

(Table 3), and additional studies of comprehensively sampled

taxa are expected to yield new insights into their relative impor-

tance to New Zealand’s forest biota and the roles of concerted

versus individual climate response in the recent evolution of

ecosystems.
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Guralnick. 2007. Locating Pleistocene refugia: comparing phylogeog-
raphy and ecological niche model predictions. PLoS One 7:e563.

Associate Editor: M. Alfaro

Supporting Information
The following supporting information is available for this article:

Appendix S1: Input localities for ENMs, detailed phylogenies for all four species, and collection localities for Brachynopus

scutellaris and Hisparonia hystrix.

Figure S1. Input localities for ENMs for each species.

Figure S2. Map and Bayesian coalescent tree for Agyrtodes labralis.

Figure S3. Map and Bayesian coalescent tree for Brachynopus scutellaris.

Figure S4. Map and Bayesian coalescent tree for Epistranus lawsoni.

Figure S5. Map and Bayesian coalescent tree for Hisparonia hystrix.

Table S1. Collection localities for newly sequenced individuals of Agyrtodes labralis.

Table S2. Collection localities for all sequenced individuals of Brachynopus scutellaris.

Table S3. Collection localities for all sequenced individuals of Hisparonia hystrix.

Supporting Information may be found in the online version of this article.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be directed to the corresponding author for the article.

EVOLUTION JUNE 2012 1 8 7 7




