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a b s t r a c t
The invertebrate fauna of New Zealand is of great interest as a geologically tractable model for the study
of species diversiﬁcation, but direct comparisons with closely related lineages elsewhere are lacking.
Integrating population-level analyses with studies of taxonomy and clade diversiﬁcation, we performed
mtDNA analysis on Neocicindela (Cicindelidae, tiger beetles) for a broad sample of populations from 11 of
12 known species and 161 specimens (three loci, 1883 nucleotides), revealing 123 distinct haplotypes.
Phylogenetic reconstruction recovered two main lineages, each composed of 5–6 Linnean species whose
origin was dated to 6.66 and 7.26 Mya, while the Neocicindela stem group was placed at 10.82 ± 0.48 Mya.
Species delimitation implementing a character-based (diagnostic) species concept recognized 19 specieslevel groups that were in general agreement with Linnean species but split some of these into mostly
allopatric subgroups. Tree-based methods of species delimitation using a mixed Yule-coalescence model
were inconclusive, and recognized 32–51 entities (including singletons), splitting existing species into up
to 8 partially sympatric groups. These ﬁndings were different from patterns in the Australian sister genus
Rivacindela, where character-based and tree-based methods were previously shown to produce highly
congruent groupings. In Neocicindela, the pattern of mtDNA variation was characterized by high intrapopulation and intra-species haplotype divergence, the coexistence of divergent haplotypes in sympatry,
and a poor correlation of genetic and geographic distance. These observations combined suggest a scenario of phylogeographic divergence and secondary contact driven by orogenetic and climatic changes
of the Pleistocene/Pliocene. The complex evolutionary history of most species of Neocicindela due to
the relative instability of the New Zealand biota resulted in populations of mixed ancestry but not in a
general loss of genetic variation.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
The invertebrate fauna of New Zealand has recently been
subjected to numerous studies of historical biogeography and phylogeography (Wallis and Trewick, 2009). This surge of interest resulted in a better understanding of the origin of extant lineages
and the role of paleoclimatic and geological changes in the diversiﬁcation process. New Zealand is geologically derived from a fragment of continental crust that was part of the Gondwanan
supercontinent, i.e. is expected to harbour an ancient fauna and
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ﬂora, but instead most groups show patterns of species composition and radiation usually attributed to young oceanic islands. This
may be explained by the geographical isolation and extensive submergence of New Zealand in the Oligocene (Landis et al., 2008)
which caused the extirpation of most lineages. Phylogenetic analyses now have established that most endemic invertebrate lineages are derived from post-Oligocene colonizations (Goldberg
et al., 2008). However, many questions remain about the processes
of diversiﬁcation within New Zealand (Wallis and Trewick, 2009).
Recent work addressed the closely linked issues of population
divergence and geographic distributions which have been inﬂuenced by the complex orogeny (King, 2000; Landis et al., 2008),
as well as Pleistocene glacial cycles (Buckley and Simon, 2007;
Emerson and Wallis, 1995). Surveys of mtDNA variation now exist
for a large number of species or genera, in particular for arthropods. These have attempted to infer the location of glacial refugia
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(Buckley et al., 2009; Marshall et al., 2009; Marske et al., 2009;
McCulloch et al. 2010), the environmental constraints to dispersal
(Leschen et al., 2008), the role of hybridization in species separation (Buckley et al., 2006) or the taxonomic status and biogeographic history of various insects (Buckley et al., 2006; Emerson
and Wallis, 1995; Trewick, 2008) and arachnids (Boyer et al., 2007).
The emerging picture reveals great evolutionary complexity, as
these studies have commonly found incongruence with the named
Linnean species while genetic intra-speciﬁc variation was very
high. These studies also suggest very strong geographic structure
of haplotype variation, while multiple distant haplogroups assigned to the same Linnean species frequently co-occur at a single
locality. The ﬁndings led some authors to query the utility of
mtDNA markers in DNA barcoding and DNA taxonomy generally
(Boyer et al., 2007; Trewick, 2008). While complicated mtDNA
phylogeographic patterns have been observed elsewhere, these
cases seem to be more frequent and more extreme among New
Zealand groups.
Here, we add to this recent body of work with a phylogeographic investigation of tiger beetles in the genus Neocicindela, which
form a well-deﬁned endemic lineage with 12 named species.
Neocicindela is fairly well known with regard to taxonomy, geographic distribution and ecology (Rivalier, 1961; Savill, 1999),
and so is an interesting group for studying diversiﬁcation in New
Zealand. Furthermore, Neocicindela has a well established sister
group in the Australian genus Rivacindela (Pons et al., 2004), for
which extensive DNA taxonomic and phylogeographic studies have
been carried out (Pons et al., 2006). The latter study was instrumental in establishing the General Mixed Yule Coalescent (GMYC)
model for sequenced-based species delimitation separating speciation and coalescent processes (Pons et al., 2006). The method
can be applied universally to mtDNA data for comparisons across
taxa and biogeographic regions.
Neocicindela is part of the subtribe Cicindelina, which is sometimes referred to as genus Cicindela (sensu lato), a cosmopolitan
group that includes some 1000 species (Pearson, 1988; Pearson
and Cassola, 1992) and 50 genera and subgenera (Rivalier, 1961).
As generalist predators of small arthropods, species differ in their
association with particular open-vegetation habitat types, such as
sand dunes, beaches, river banks and alpine meadows. Analyses
of molecular clocks across the major lineages of Cicindelina place
the origin of Neocicindela to the late Miocene at 9.7–6.6 Mya at
the latest, based on the estimated age of the node that marks the
split of Neocicindela from Rivacindela (estimated under limited
sampling of two species from each genus). Both lineages combined
are part of a larger clade of Australasian lineages whose age has
been dated to the mid-Miocene (15.9–12.7 Mya) (Pons et al.,
2004). This places the split of Neocicindela from other cicindelids
well after the separation of New Zealand from Gondwana dated
at c. 80 Mya (Landis et al., 2008; Trewick et al., 2007) and conﬁrms
that their distribution is not attributable to ancient vicariance, following the general trends of New Zealand biota (Goldberg et al.,
2008; Wallis and Trewick, 2009).
The Linnean taxonomy of cicindelines frequently recognizes
geographically conﬁned subspecies separated by morphological
differences in color patterns of the elytra and other body parts,
likely in response selection pressure for background matching of
the soil (Acorn, 1992). These differences have been shown to coincide with deep phylogenetic splits in mtDNA and other markers in
some cases, for example in the separation of subspecies of the
North American coastal Cicindela dorsalis on either side of the
Florida Peninsula (Vogler and DeSalle, 1993) and the sand dune
associated Cicindela limbata exhibiting distinct subgroups in Alaska
and Nova Scotia (Knisley et al., 2008). Likewise, studies on the
European Cicindela hybrida showed high levels of differentiation
in mtDNA among local groups, although these mtDNA groups were

not always congruent with morphological differences and a nuclear marker (Cardoso et al., 2009). In Neocicindela, local differentiation is suggested by the recognition of geographically deﬁned
subspecies in the coastal Neocicindela perhispida from North Island
that has been subdivided based on elytral color pattern from the
dark N. p. campbelli to the intermediate N. p. perhispida and the pale
N. p. giveni. These forms reﬂect beach substrate grades from black
iron-sand in the south to pure white quartz in the north (Hadley
et al., 1988) and constitute a convincing case to support the
hypothesized role of selection on body color variation for background matching of the soil (Acorn, 1992). However, it is unclear
to what degree these differences reﬂect historical subdivision also
detectable in mtDNA markers.
The aim of this study is to establish a DNA-based framework for
the taxonomy and evolutionary analysis of Neocicindela, sampling
most species at multiple sites throughout their geographic ranges.
Given the intra-speciﬁc variation and geographic structure frequently seen in the New Zealand fauna, we speciﬁcally focus on
the question of how to delimit species-level entities. We employ
both ‘tree-based’ and ‘character-based’ (diagnostic) species concepts using quantitative methods (Vogler and Monaghan, 2007).
These analyses on New Zealand lineages can be compared to the
existing work on the Australian Rivacindela (Pons et al., 2006),
which may lead to the detection of region-speciﬁc evolutionary
processes.

2. Material and methods
2.1. Laboratory procedures and phylogenetic analysis
Eleven of the 12 named species of Neocicindela, one of which
separated in three named subspecies, were included in this study
for a total of 13 named taxa. These were collected at numerous
sites across New Zealand (Fig. 1). Each taxon was represented by
between 1 to 11 individuals. Specimens of Neocicindela spilleri were
not available due to its rarity. Range maps for all species of Neocicindela are well established (Savill, 1999) and demonstrate the
existence of several widespread species, including Neocicindela
tuberculata, Neocicindela helmsi and Neocicindela parryi, while others are localized (Table 1; Fig. 1). Even the distribution of widespread species is very patchy on the local level due to the high
habitat speciﬁcity, but several well known collecting spots harbor
multiple species either sympatrically or in close proximity. These
places were sampled predominantly, with an attempt to cover
multiple distant sites throughout the known species ranges. Multiple individuals were sampled from most of the sites, but supplemented with a single specimen of each species collected on a
separate occasion (Table 1; Fig. 1).
DNA was extracted from hindlegs using the Qiagen DNeasy
Animal Tissue kit (Qiagen Inc., Valencia, CA, USA). Three regions
of the mitochondrial genome were analyzed, including 757 bp of
Cytochrome Oxidase I (cox1), 357 bp of Cytochrome b (cob), and
769 bp of 16S rRNA gene (rrnL) and adjacent tRNALeu (trnL2) and
NADH dehydrogenase subunit 1 (nad1), referred to as the rrnL region. Primer combinations and PCR conditions have been described
elsewhere: primers Pat and Jerry for cox1 (Simon et al., 1994),
primers CB3 and CB4 for cob (Barraclough et al., 1999), and primers
16Sa (Simon et al., 1994) and Alf1 (Vogler et al., 1993) for the rrnL
region. PCR fragments were sequenced in both directions on an
ABI377 automated sequencer. Australian members of the genera
Abroscelis and Macfarlandia were used as outgroups (Pons et al.,
2004). Newly generated sequences have been deposited in GenBank under AF669501-FR669654 (cox1), FR670632-670773 (cob)
and FR671200-FR671348 (rrnL region).
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Fig. 1. Maps of collecting localities and known ranges of Neocicindela. The dots refer to locality records from Savill (1999). Collecting sites from the current study are labelled
with the site code given in Table 1 and the PAA group number from the population aggregation analysis.

Parsimony analysis was conducted in PAUP⁄ 4.0b10 (Swofford,
2002) under equal weighting of all characters and gaps coded as
ﬁfth character state with 1000 random addition replicates and
keeping no more than 10 trees in each random addition. Nonparametric bootstrapping was performed with 100 pseudoreplicates,
each based on TBR searches with 50 random addition replicates
and keeping no more than 20 trees per replicate. Bayesian analyses
were conducted with MrBayes 3.04 (Huelsenbeck and Ronquist,
2001) using the HYK + I + C model of sequence evolution selected
with a hierarchical test of likelihood implemented in MODELTEST
3.06 (Posada and Crandall, 1998). Bayesian analysis was conducted
using three heated and one cold Markov chains for 5,000,000 generations, sampled at intervals of 1000 generations. Suitable burn-in
(400,000 generations) and convergence of parameters were determined using Tracer v1.3 (http://tree.bio.ed.ac.uk/software/tracer/).
Trees (after burn-in) of two independent runs were combined in a
single majority consensus topology, and the frequencies of nodes
in these trees were taken as a posteriori probabilities (Huelsenbeck
and Ronquist, 2001). Convergence of posterior clade probabilities

were assessed with the software AWTY (Nylander et al., 2008) with
the cumulative and compare commands that displays the posterior
probabilities of splits through generations in a single run or comparing several runs. The statistical signiﬁcance of alternative topologies was assessed using the Shimodaira–Hasegawa test (SH;
Goldman et al., 2000; Shimodaira and Hasegawa, 1999) in PAUP⁄
4.0b10.
Age estimates of Neocicindela were made using the closest
cicindelid outgroups in the genera Rivacindela, Abroscelis and Macfarlandia, and ﬁtting the age of this Australasian clade including
Neocicindela to 12.4 My, as estimated from a tree of global lineages
of Cicindela s. l. (=Cicindelina), for a rate of 3.34% and 0.76% divergence My 1 for cox1 and rrnL, respectively (Pons et al., 2004). This
calibration was initially obtained from dating of nodes in the phylogeny of Cicindela from the New World, speciﬁcally those that
mark the disperisal of South American lineages into North America
after the closure of the Isthmus of Panama (Barraclough and
Vogler, 2002). The age estimated for the Neocicindela node was
then used to calibrate the full clock-constrained tree generated
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Table 1
List of specimens and collecting data.
Species

Distribution

Habitat

N. austromontana

SI, east

N. brevilunata

NI, northeast

Sandy river edge,
alpine grassland
Coastal beach, sand
dunes

N. dunedensis
N. feredayi

SI, east
SI, central; NI

Glacial loess
Sandy river edge

Code Locality
20
7
7B
93
92
105
19
104

N. hamiltoni

SI, north-central

Alpine grassland

21

N. helmsi

SI; NI central

Sandy river edge

1A
2
13
16

N. latecincta

SI, east

Glacial loess

N. p. campbelli

NI, central west coast

Coastal beach, sand
dunes

N. p. giveni

NI, northern east coast

Coastal beach, sand
dunes

N. p. perhispida

NI, northern west coast

Coastal beach, sand
dunes

N. parryi

NI; SI

Open forest ﬂoor,
grassland, sandy river
edge

18
89
22
98
103
5
90
8
96
9
10
101
91

97

N. sp.
N. tuberculata

n/a
NI; SI north

Grassland, coastal
mudﬂats, beach

4
12
17
87
10B
6
99
1
88
15

N. waiouraensis

NI central; SI north central Open grassland

3
14
102

here. A strict clock was rejected (p < 0.01), hence we implemented
relaxed clock models that assume independent rates on different
branches, i.e., there is no a priori correlation between a lineage’s
rate and that of its ancestor. Absolute node ages were estimated
by ﬁtting Bayesian ML branch lengths using the semiparametric
Penalized Likelihood (PL) in r8s 1.71 (Sanderson, 2002). The optimal smoothing value of 1 (Chi Square Error 1413.53) was favored
by cross-validation after testing four smoothing values (1, 10,
100, and 1000). Sampling error due to stochastic rate changes that
may affect branch length estimates and hence age estimates was
assessed estimating conﬁdence intervals for node ages based on
one hundred bootstrap replicates of the data and calculating

District

Latitude Longitude Date

Indiv

SI: Castle Hill Peak

Canterbury

43.25

171.76

December 00

1

NI: Waipu Cove

North Auckland

36.03

174.49

December 00

3

NI: Marsden Point
NI: NE Lake Waipu
SI: Alexandra
NI: Rangitikei River, NE
Rata
SI: Rangitata River
SI: 29 Km W Wairau
Valley, Wairau River
SI: Porter Heights
Skiﬁeld
NI: Waiouru
NI: Waiouru
NI: Turoa Skiﬁeld
SI: Wairau River
Wash Stream
SI: Maruia River
SI: Ikamatua Plain
SI: Motukarara
SI: 4 Km W Lake
Coleridge
SI: n/a
NI: Ngaruni Raglan
Harbour (Whaingaroa)
NI: Port Waikato
NI: Rarawa Beach

North Auckland
Wellington
Otago
Wellington

35.84
36.81
45.23
39.98

174.50
174.45
169.36
175.58

December 00
December 02
January 03
December 02

3
1
1
1

Canterbury
Marlborough

43.65
41.63

170.95
173.21

December 00
January 03

1
1

Canterbury

43.27

171.62

December 00

1

Wellington
Wellington
Wellington
Marlborough

39.46
39.46
39.29
41.73

175.68
175.68
175.53
173.09

December 00
December 00
December 00
December 00

3
9
8
3

Nelson
Nelson
Canterbury
Canterbury

42.25
42.28
43.73
43.38

172.22
171.66
172.59
171.56

December 00 10
January 03
1
December 00 1
January 03
1

Marlborough
South Auckland

41.88
37.79

174.11
174.89

January 03
December 00

1
6

South Auckland
North Auckland

37.40
34.71

174.71
173.07

December 02
December 00

1
6

NI: Spirits Bay
NI: Waipapakauri
Beach
NI: Baylys Beach
NI: Mitimiti Beach
NI: SE Taupo Lake

North Auckland
North Auckland

34.41
35.04

172.86
173.16

December 02
December 00

1
5

North Auckland
North Auckland
South Auckland

35.94
35.43
38.75

173.73
173.28
176.20

December 00
December 02
December 02

4
1
1

NI: 5.7 Km Oakura
River, New Plymouth
NI: Karioi
NI: Turoa Skiﬁeld
SI: Maruia River
SI: 29 Km W Wairau
Valley, Wairau River
NI: Baylys Beach

Taranaki

39.15

173.91

December 02

1

Wellington
Wellington
Nelson
Marlborough

39.44
39.29
42.25
41.63

175.50
175.53
172.22
173.21

December 00 9
December 00 11
December 00 11
January 03
1

North Auckland

35.94

173.73

December 00 10

NI: Mangawhai Bay
NI: 47 Km SE Taupo
Lake
NI: Waiouru
NI: Beach NE Lake
Waipu
SI: Wairau River Wash Stream
NI: Waiouru
SI: Wairau River Wash Stream
SI: 29 Km W Wairau
Valley, Wairau River

South Auckland
South Auckland

37.65
38.93

176.03
176.48

December 00
December 02

9
1

Wellington
Wellington

39.46
36.81

175.68
174.66

December 00
December 02

6
1

Marlborough

41.73

173.09

December 00

6

Wellington
Marlborough

39.46
41.73

175.68
173.09

December 00 8
December 00 11

Marlborough

41.65

173.21

January 03

1

branch length on each of these in PAUP⁄, given the original tree
topology and parameters estimated in the Bayesian analysis (Baldwin and Sanderson, 1998). Finally, branch lengths were made ultrametric using PL and the optimal smoothing value, and age
conﬁdence intervals estimated using the command proﬁle in r8s.
Node ages were estimated in BEAST 1.4.7 (Drummond and Rambaut, 2007), enforcing a relaxed molecular clock with an uncorrelated log–normal distribution and a Yule speciation model. The
data were estimated using four independent partitions and models: 1st codon sites (GTR + I + C), 2nd codon positions
(HYK + I + C), 3rd codon sites (GTR + I + C) and ﬁnally structural
sites rrnL and trnL2 (HKY + I + C). The program optimized all
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parameters including topology except that we enforced the monophyly of Neocicindela. The BEAST analyses were run for 20 million
generations, sampling every 1000 generations, and the output was
analyzed using Tracer 1.4 after discarding the ﬁrst 2 million generations. The most appropriate model for each partition was selected
with a hierarchical test of likelihood implemented in MODELTEST
3.06 (Posada and Crandall, 1998).
2.2. Analysis of species limits
Character-based species delimitation was implemented using
Population Aggregation Analysis (PAA) (Davis and Nixon, 1992).
This method requires an a priori hypothesis of local populations,
which here was based on the similarity of external appearance of
specimens (i.e., assignment to a particular Linnean species) at a given locality. Populations deﬁned in this way were then tested for
the presence of diagnostic (ﬁxed) nucleotide changes unique to a
population or set of populations separating them from all other
populations. DnaSP 4.10.9 (Rozas et al., 2003) was used to detect
these unique changes within a (sets of) populations. In addition,
haplotype networks were created using statistical parsimony analysis (Templeton, 2001), as implemented in TCS 1.3 (Clement et al.,
2000). Separate haplotype networks are expected to correspond
to single Linnean species or a few closely related species groups
(Hart and Sunday, 2007; Pons et al., 2006). Therefore we also applied PAA within these networks, testing if sequences obtained
from particular sites showed ﬁxed mutations indicating separate
PAA groups. This approach permits species delimitation via PAA
based on sequence information without using morphological or
Linnean groups.
Tree-based methods were applied using the GMYC model that
uses the different rate of branching patterns within and among coalescence groups to deﬁne the species boundary (Fontaneto et al.,
2007; Pons et al., 2006). In brief, the method optimizes a threshold
age that separates nodes specifying diversiﬁcation events (cladogenesis) from nodes reﬂecting coalescence within species. Branches
crossing the threshold deﬁne genetic clusters that each obey an independent coalescent process. Conﬁdence limits are provided which
correspond to threshold values ±2 logL units around the ML estimate
(equation 6 of Pons et al. 2006), and signiﬁcance of the GMYC model
is compared to the likelihood of the null model that the entire sample
can be ﬁtted by a single neutral coalescent for all individuals (i.e.
constitutes a single species). The GMYC method was implemented
in the R package SPLITS (SPecies’ LImits by Threshold Statistics,
http://r-forge.r-project.org/projects/splits/) to delimit species from
the ultrametric tree and branching rates obtained after various techniques of applying a molecular clock (see above).
A similarity index was used to evaluate how well members of
GMYC groups correspond with named species: S = 2⁄Ncommon/
(NGMYC + NSp), where NGMYC is the number of individuals in a GMYC
group, NSp is the number of individuals in a named species and
Ncommon is the number of individuals that are both part of a GMYC
group and a named species.
Matrices of uncorrected p-distance between species, populations
or clusters were obtained using Mega 4.0.1 (Tamura et al., 2007), and
matrices of geographical distance between sites were calculated in
the Geographic Distance Matrix Generator 1.2.2 available at
http://biodiversityinformatics.amnh.org/open_source/gdmg/.
3. Results
3.1. Sequence variation and phylogenetic analysis
Sequence data were obtained for 161 individuals of Neocicindela,
with data missing for 7, 19 and 12 individuals, respectively, in
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cox1, cob and rrnL, resulting in 123 distinct haplotypes. The aligned
rrnL–trnL2 data included two deletions and one insertion which
could be placed without ambiguity. Patterns of variation were typical for insect mtDNA; 3rd codon positions were the most variable
(65.16% of 511 informative sites), followed by rRNA/tRNA positions
(16.83%), 1st codon positions (14.68%) and 2nd codon position
(3.33%). All sites were A + T rich (ﬁrst codon positions 59.6%, second 61.4%, third 72.7%, and rRNA/tRNA 76.0%). Nucleotide frequencies were homogeneous across species, except for 3rd codon
positions (p < 0.001; chi-square test of base homogeneity in PAUP).
The ratio of transitions to transversions approached a plateau
when uncorrected pairwise distances between sequences were
about 10–11%. This was the level of divergence between Neocicindela species and outgroups (including Rivacindela) as well as the
deepest divergences within Neocicindela, but divergences were
lower for almost all ingroup comparisons (Suppl. Fig. 1) suggesting
that branch length estimates in the ingroup were little affected by
saturation.
Bayesian (HYK + I + C model) and parsimony analyses of the
combined mtDNA data resolved well-supported groups of haplotypes that broadly agreed with the named (sub)species, but
showed clear phylogenetic subgroups within several widespread
species (Fig. 2) which also were geographically conﬁned (see
Fig. 1 for maps). Speciﬁcally, (i) N. perhispida was divided into three
geographically restricted groups corresponding to the named subspecies, and Neocicindela brevilunata formed an additional group
(paraphyly of N. perhispida); (ii) Neocicindela wairouraensis was
split in two clades, comprising individuals from the south of North
Island vs. the north of South Island; (iii) N. parryi also was separated into two lineages whose ranges divide in the southen North
Island where they occur sympatrically at one site; (iv) N. helmsi
was split broadly between groups conﬁned to either North Island
and South Island, and a phylogenetically distant allopatric group
on South Island; (v) N. tuberculata, a widespread species common
on North Island, showed high variability but with less clearly deﬁned substructure, while mtDNA haplotypes were paraphyletic
with respect to Neocicindela latecincta, its putative sister species
that occupies a non-overlapping, nearly contiguous range on most
of South Island.
Phylogenetic relationships at the species level recovered two
well-supported clades within Neocicindela (denoted as Neocicindela-1 and Neocicindela-2) in both parsimony and Bayesian tree
searches (PP = 1, BS = 100), corresponding to a group of species
with tridentate versus unidentate labrum, respectively (Savill,
1999). In some tree searches Neocicindela was not recovered as
monophyletic with respect to its sister Rivacindela (not shown).
However, in these cases topologies constrained for monophyly of
Neocicindela were not rejected as being signiﬁcantly worse (n.s.;
SH test). The basal branching point in Neocicindela-1 separated N.
hamiltoni, a species of the subalpine zone. Neocicindela feredayi, a
species with broader altitudinal range also reaching the subalpine
zone, branched off at the next node in this clade. A further split in
this clade leads to Neocicindela austromontana, again from the subalpine zone, which was sister to the widespread N. helmsi (occurring on river edges) and N. perhispida (coastal beaches). Species
of Neocicindela-2 generally included three clearly monophyletic
lineages. The N. tuberculata/latecincta clade was a strongly supported lineage grouping two grassland species. The two remaining
lineages of Neocicindela-2 include N. waiouraensis, a grassland species, and N. parryi, a species of partly shaded open-forest habitat.
This lineage is likely to include N. spilleri not available for this study
(Savill, 1999).
Tree calibrations selecting only 21 distinct individuals (see below) and using previous age estimates for the Australasian group
(Pons et al., 2004) put the descent from a common ancestor of Neocicindela to between 10.82 ± 0.48 Mya (range age of stem group
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PAA 3

dunedensis, net 3, PAA 4

PAA 5
PAA 6

parryi

net 5

N. parryi.12.1

N. parryi.12.2
N. parryi.12.3
N. parryi.12.8
N. parryi.12.5
**/96
N. parryi.12.7
N. parryi.12
N. parryi.12.6
N. parryi.17.8
N. parryi.17.10
N. parryi.17.9
N. parryi.17
N. parryi.17.1
**/100 N. parryi.17.4
N. parryi.17.2
N. parryi.17.7
N. parryi.17.3
N. parryi.17.6
100/** N. parryi.17.5
N. parryi.4.7
N. parryi.4.10
N. parryi.97
N. helmsi.13.1
N. helmsi.13.8
N. helmsi.13.2
N. helmsi.2.5
N. helmsi.13.6
N. helmsi.2.3
N. helmsi.2.4
N. helmsi.1a.8
N. helmsi.2.2
N. helmsi.13.4
N. helmsi.1a.5
N. helmsi.2.6
N. helmsi.13.7
N. helmsi.2.1
N. helmsi.13
N. helmsi.2.7
N. helmsi.2
100/100
N. helmsi.13.5
100/100
N. helmsi.2.8
N. helmsi.1a.6
N. helmsi.18.2
N. helmsi.18.4
N. helmsi.89
N. helmsi.18.8
N. helmsi.18.6
N. helmsi.18.5
100/98 N. helmsi.18.7
N. helmsi.18.1
100/100
N. helmsi.18.3
N. helmsi.18.10
N. helmsi.18.9
N. p.perhispida.10
N. p.perhispida.10.3
N. p.perhispida.10.4
N. p. perhispida101
N. p.perhispida.10.2
N. p.perhispida.9
N. p.perhispida.9.3
N. p.perhispida.9.1
N. p.perhispida.9.4
N. p.perhispida.9.2
N. p. campbelli.5.1
N. p. campbelli.5.3
campbelli.5.5
99/** N.N.p.p.campbelli.5
N. p. campbelli.5.4
N. p. campbelli.90
N. p. campbelli.5.2
N. brevilunata.7B
N. brevilunata.7B.6
N. brevilunata.7.1
N. brevilunata.7B.7
N. brevilunata.7
N. brevilunata.93
100/100
N. brevilunata.7.2
N. p.giveni.8.2
N. p. giveni.96
100/97 N.
p.giveni.8
N. p.giveni.8.1
N. p.giveni.8.6
N.
p.giveni.8.3
100/91
N. p.giveni.8.8
N. helmsi.16
100/99
N. helmsi.16.1
N. helmsi.16.2
N. sp.87
N. austromontana.20
N. feredayi.104
N. feredayi.105
N. feredayi.19
N. hamiltoni.21

network 4

N. parryi.4
N. parryi.4.2
N. parryi.12.4
N. parryi.12.9
N. parryi.12.10
N. parryi.4.6
N. parryi.4.1
N. parryi.4.3
N. parryi.4.4
N. parryi1 91
N. parryi.4.5

PAA 2

100/84
100/†

99/74

PAA 1

100/99

network 2

waiouraensis

100/**

100/100

network 1

98/†

100/†

Neocicindela 2

tuberculata

latecincta

N. tuberculata.10B.1
N. tuberculata.10B.8
N. tuberculata.10B.2
N. tuberculata.15.4
N. tuberculata.6.7
N. tuberculata.6.1
N. tuberculata.10B.3
N. tuberculata.10B.7
N. tuberculata.1.2
N. tuberculata.10B.9
N. tuberculata.1.7
N. tuberculata.10B
N. tuberculata.6.6
N. tuberculata.6.2
N. tuberculata.6.5
N. tuberculata.10B.4
N. tuberculata.10B.6
N. tuberculata.6.8
N. tuberculata.6.4
N. tuberculata.6
N. tuberculata.6.3
N. tuberculata.10B.10
N. turbeculata 99
N. tuberculata.1.1
N. tuberculata.1.4
N. tuberculata.1
N. latecincta 103
N. tuberculata.15.1
N. tuberculata.15.2
N. tuberculata.15.3
N. tuberculata.15
N. tuberculata.1.3
N. tuberculata.15.5
N. tuberculata.88
N. latecincta.98
N. latecincta.22
N. waiouraensis.14.2
N. waiouraensis.14.3
N. waiouraensis.14.4
N. waiouraensis.14.8
N. waiouraensis.14
N. waiouraensis.14.10
N. waiouraensis.14.1
N. waiouranensis.102
N. waiouraensis.14.5
N. waiouraensis.14.6
N. waiouraensis.14.9
N. waiouraensis.14.7
N. waiouraensis.3
N. waiouraensis.3.2
N. waiouraensis.3.1
N. waiouraensis.3.7
N. waiouraensis.3.3
N. waiouraensis.3.6
N. waiouraensis.3.5
N. waiouraensis.3.8
N. dunedensis.92

100/100

100/100

100/100

PAA9

100/92

PAA13
PAA14

100/100

100/96

PAA12

100/100

PAA11

94/89
100/100

network 8

ginevi

100/**

brevilunata

94/**

100/97

Neocicindela 1

perhispida

campbelli

100/100

100/100

s.str.

100/**

PAA10

100/89

100/81

PAA 8

network 7

helmsi

100/100

helmsi

austromontana, net 10, PAA 16
feredayi
hamiltoni, net 13, PAA 19

0.1 substitution/site
Fig. 2. Tree from Bayesian analysis for the full set of 161 individuals. The extent of groups from statistical parsimony analysis (networks) and PAA are shown by vertical bars.
Numbers on the branches are posterior probability values. The grey lines correspond to branches conforming to the branching rates in the ‘phylogeny’ portion of the tree in
the GMYC analysis. Nodes labelled with are not present in the 50% majority rule consensus tree from parsimony analysis, and nodes labelled with  are present but not
supported by high Bayesian posterior probability (PP < 90) or parsimony Bootstrap Support (BS < 70).

257

J. Pons et al. / Molecular Phylogenetics and Evolution 59 (2011) 251–262

11.91–9.78 Mya) to 9.49 ± 1.33 Mya (range age of crown groups
11.32–6.07; Table 2; Fig. 3). Estimated ages for the two main clades
(basal nodes within each clade) were 6.66 and 7.26 Mya for Neocicindela-1 and Neocicindela-2, respectively, while ages for most lineages attributed to a species or subspecies name were in the range
of 1.5–0.6 Mya. These values were estimated by transforming
branch lengths from a MrBayes tree and a single partition with a
HKY + I + C model. To take into account uncertainty in topology,
branch length and the clock model we performed a new analysis
in BEAST using a relaxed clock with uncorrelated log normal distribution, and branch length were estimated by dividing the dataset
in four partitions with independent models (see Material and
Methods). Moreover, in the BEAST analysis we allowed uncertainty
on the calibrated node (12.4 ± 1.3, 95% conﬁdence interval 14.54–
10.26 Mya) based on conﬁdence intervals estimated elsewhere
(Pons et al., 2004). Ages from this analysis were very similar to
the previous ones but showed wider conﬁdence intervals (Table 2).
3.2. Grouping procedures and species delimitation
Templeton’s statistical parsimony resulted in 13 independent
networks separated by P19 mutational steps, the cut-off for
P95% chance of homoplasy employed by the method to split up
the networks in this data set. The extent of the networks showed
good correspondence to the 13 named species, except that N.
tuberculata and N. latecincta were lumped into a single network;
three species (N. parryi, N. helmsi and N. waiouraensis) were subdivided into more than one network each; and network 8 included
individuals assigned to N. helmsi, N. perhispida and N. brevilunata,
i.e. it was inconsistent with named taxa (Fig. 2). PAA performed
on these networks gave rise to further subdivision with 19 diagnosable groups in total, in addition to two ungrouped divergent
individuals of N. latecincta (Fig. 2).
Sequence-based delimitation of coalescence groups using the
GMYC method was performed on a clock-constrained tree made
ultrametric using PL after rate smoothing in r8s. (A uniform clock
was strongly rejected for the Bayesian tree; likelihood ratio test 2

logL = 575.12; p << 0.01, df = 159). The GMYC model was signiﬁcantly better than the simple model under a single diversiﬁcation
rate (p < 0.0001), but a multiple threshold model that permits different node ages for the shifts of branching rate (Monaghan et al.,
2009) did not result in further improvements (p = n.s.). Plots of ML
against the number of lineages showed a broad hump-shaped peak
around the maximum, and a curious secondary peak corresponding to a much lower number of lineages (Suppl. Fig. 3). The maximum likelihood solution resolved a surprisingly high total of 45
GMYC entities, 23 of which were singletons (Fig. 4). The number
of GMYC units varied between 32–51 within the conﬁdence interval of 2 logL units, or between 10–24 if singletons are excluded
(Fig. 4). At the point of highest likelihood, none of the GMYC groups
produced a perfect match with the named taxa, and only at the
most conservative end of the conﬁdence interval (resulting in 16
GMYC groups) we correctly resolved three of the named taxa (N.
p. campbelli, N. p. perhispida, N. brevilunata), while most other
named species were split into numerous groups (Fig. 4). When
the GMYC method was carried out independently on each of the
two main clades of Neocicindela, this reduced the number of entities to 12 (range 6–23) for Neocicindela-1 and 20 (range 16–28)
for Neocicindela-2 (Fig. 4, Suppl. Fig. 3) and slightly improved the
ﬁt with the named taxa. Overall the GMYC method provides a poor
ﬁt to the taxonomic species names, but unlike the PAA does not
lump any of the named species.
Pairwise sequence variation between individuals was higher
within the named taxa than within local populations, GMYC
groups and PAA groups (Fig. 5). This is unsurprising given the genetic substructure observed. Groups deﬁned by PAA showed
slightly higher intra-group variation and higher variance than
those deﬁned by the GMYC method. PAA groups generally aggregated several local populations into a single entity, while the GMYC
groups had a tendency to separate allopatrically distributed haplotypes. When comparing the inter-group divergences (Fig. 5), the
means were shifted to higher values in the Linnean species compared to the groups deﬁned by GMYC and PAA. Likewise, divergences within groups were also higher in the Linnean species

Table 2
Dating of nodes in Neocicindela. The analysis was conducted in r8s under the GRT + I + C model and in BEAST with four partitions (PCG 1st : PCG 2nd : PCG 3rd: structural RNA).
Each node is numbered according to the topology in Fig. 3. The analyses were calibrated with the age of Rivacindela + Neocicindela + Macfarlandia + Abroscelis ancholaris set to
12.4 ± 2.5 my (Pons et al., 2004).
Node

Rivacindela + Neocicindela
Rivacindela
Rivacindela East
Rivacindela West
Neocicindela
Neocicindela-1
1
2
3
4
5
6
7
8
Neocicindela-2
9
10
11
12
13
14
15
16
17

r8s

BEAST

Mean

St. dev.

Max

Min

Mean

Max

Min

10.82
5.47
3.51
3.69
9.49
6.66
5.75
4.36
2.55
1.77
1.06
1.15
0.23
0.49

0.48
0.52
0.38
0.37
1.33
0.60
0.76
0.48
0.26
0.21
0.14
0.18
0.05
0.09

11.91
6.86
4.32
4.62
11.32
7.92
8.20
6.05
3.30
2.38
1.53
1.56
0.39
0.74

9.78
4.36
2.50
2.91
6.07
5.33
4.41
3.45
1.96
1.19
0.75
0.76
0.13
0.31

10.81
5.73
3.76
3.96
10.13
6.34
5.45
4.37
2.78
2.07
1.23
1.33
0.26
0.53

13.31
7.29
4.86
5.09
12.58
8.15
7.04
5.64
3.64
2.69
1.65
1.84
0.41
0.77

8.38
4.27
2.76
2.85
7.87
4.55
3.97
3.11
1.99
1.46
0.83
0.84
0.13
0.32

7.26
5.38
1.71
3.87
0.60
0.69
0.39
1.24
0.92
0.19

0.53
0.55
0.22
0.51
0.12
0.15
0.09
0.16
0.19
0.06

8.57
6.41
2.27
5.22
1.05
1.07
0.60
1.66
1.66
0.37

5.97
3.83
1.26
2.83
0.38
0.34
0.21
0.95
0.63
0.09

7.44
5.47
1.79
3.96
0.61
0.73
0.45
1.61
0.97
0.18

9.42
7.04
2.41
5.29
0.91
1.05
0.68
2.16
1.39
0.31

5.59
3.99
1.21
2.71
0.35
0.44
0.25
1.05
0.61
0.07
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Rivacindela 22.8
Rivacindela 31.3
Rivacindela 115.1
Rivacindela 291.1
Rivacindela 112.6
100
Rivacindela 289.1
Rivacindela 51.5
Rivacindela 14a.3
100
100
Rivacindela 25a.3
100
Rivacindela 76.6
Rivacindela 94b.1
99 100 Rivacindela 120.1
Rivacindela 121.1
Rivacindela 5.7
Rivacindela 49.6
100
Rivacindela 20.3
100
100 Rivacindela 47.2
Rivacindela 1
100
Rivacindela 1a.3
Rivacindela 12b.5
100
Rivacindela 3b.1
100
Rivacindela 12a.6
Rivacindela 42.1
100
Rivacindela 114.4
Rivacindela 117.1
Rivacindela 59a.6
100 Rivacindela 142.2
Rivacindela 67b.3
Rivacindela 65.1
Rivacindela 75.2
100
Rivacindela
Rivacindela 90.6
100
Rivacindela 56.6
100
Rivacindela 60.4
100
Rivacindela 54b.2
100
Rivacindela 137.1
100
Rivacindela 62.1
Rivacindela 70.6
100
Rivacindela 71.2
Rivacindela 63b.1
100 Rivacindela 54a.1
Rivacindela 80.1
96
100
Rivacindela 59b.1
Rivacindela 208.4
100
100
Rivacindela 88.4
Neocicindela +
100
Rivacindela
Rivacindela 91.3
100
Rivacindela 85.4
Rivacindela 2
Rivacindela 74.2
100 N. tuberculata 10B.1
N. turbeculata 99
100
N. latecincta 98
N. latecincta 22
100
100
N. waiouraensis 3.8
Neocicindela 2
100
N. waiouraensis 14.2
100
N. dunedensis 92
99
N. parryi 4.2
100
N. parryi 12.6
N. parryi 4.7
100
N. parryi 17.4
100 N. p. campbelli 5.3
100
N. p. perhipsidia 9.3
100
N. brevilunata 7.2
100
Neocicindela ***
N. p. giveni 8.2
100
100
N. helmsi 2.6
N. helmsi 18.5
100
Neocicindela 1
N. helmsi 16.1
95
N. austromontana 20
100
N. feredayi 19
N. hamiltoni 21
M. arachnoides
A. ancholaris

100

12

11

10

9

8

7

6

5

4

3

2

1

0

Fig. 3. Chronogram of Neocicindela and Rivacindela at the species level. Representatives for each PAA group plus selected mtDNA lineages were used together with one
exemplar of each Wiens–Penkrot (Wiens and Penkrot, 2002) group of Rivacindela corresponding to an eastern and western clade (see Pons et al., 2006). Numbers above the
branches refer to Bayesian posterior probability values, numbers below branches refer to dated nodes with ages and conﬁdence intervals given in Table 2. The monophyly of
Neocicindela (node labelled with ) was enforced.
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N. dunedensis
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N. waiouraensis
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single
two clades
Fig. 4. Number of GMYC groups per named species. Bars show the number of GMYC groups at the low and high limit of the ±2 logL conﬁdence interval and the optimal ML
estimate in the middle. The pie charts show the proportion of specimens allocated to each of the GMYC groups when the group delimitation was carried out for all taxa
combined (top row of pie charts) or separately on Neocicindela-1 and Neocicindela-2 (bottom row).

between both data sets was with regard to the correlation of genetic distance with geographical distance. In Neocicindela, Mantel tests
of matrix correlation of genetic and geographical distance were
weakly signiﬁcant for the GMYC groups (r = 0.102; p = 0.016;
one-tailed) and not signiﬁcant for the 19 groups from the PAA analysis (r = 0.052; p = 0.282). In contrast, in the 46 groups of Rivacindela the analysis established a high correlation of genetic and
geographical distance (r = 0.461; p = 0.0001).

0.15

0.10

4. Discussion

0.05

4.1. Species delimitation and geographic structure

0.00
inter intra inter intra inter intra inter intra inter intra
Neocicindela Neocicindela Neocicindela Neocicindela Rivacindela
taxonomic sp populations GMYC clusters PAA clusters WP clusters
Fig. 5. Box plots showing pairwise sequence divergence within and between
groups of Neocicindela deﬁned in various ways. The graph also shows divergences in
Rivacindela, for comparison. WP groups are deﬁned according to Wiens and Penkrot
(2002) and closely correspond to PAA in this study. ‘Neocicindela populations’ refers
to the samples obtained from a single site which may include a community of
divergent species.

than those deﬁned under the quantitative grouping schemes which
delimit the entities more ﬁnely. Notably, while in all cases the inter-group divergence is much greater than the intra-group divergence on average, the ranges of inter-group divergences are very
wide, indicating that cut-off values of sequence divergence are
not useful to delimit these groups.
Finally, the data were compared to an equivalent data set for 46
DNA-based groups in Rivacindela obtained for the same gene markers and very similar analytical procedures (Pons et al., 2006). The
divergences between groups were lower on average, indicating
the generally greater rate of radiation in that lineage (Fig. 5). A test
against Linnean groups in Rivacindela is not meaningful due to the
incomplete alpha-taxonomy in this group. A further difference

We found incongruence of mtDNA-based groups with Linnean
species in Neocicindela, which resulted mainly from the splitting
of existing taxa. In most cases, these subgroups were allopatric,
but several deeply subdivided lineages that were considered to
be a single Linnean species occurred in sympatry. The number of
putative species differed greatly under various grouping procedures. Most surprising was the extremely high number of entities
in the GMYC analysis, even under the most conservative estimates
(Fig. 4). This was in contrast to previous applications of this method, which recovered groups that mostly coincided with morphologically (Ahrens et al., 2007; Fontaneto et al., 2007; Lahaye
et al., 2008) or biogeographically (Papadopoulou et al., 2009a; Pons
et al., 2006) delimited species. In addition, unlike the observations
from previous studies, the discriminatory power of the transition
in branching rates was surprisingly ill-deﬁned, i.e. the numbers
of GMYC groups varied substantially within a small interval of
probabilities (±2 logL units). The analysis was sensitive to the taxon choice (all Neocicindela vs. separate treatment of the two major
clades; Fig. 4), and a secondary peak in the likelihood surface suggested a much lower number of groups (Suppl. Fig. 2).
The results of the GMYC analysis also differed greatly from
quantitative procedures of species delineation under a diagnostic
species concept with the PAA methodology (Cracraft, 1983; Davis
and Nixon, 1992). This procedure split the 13 named (sub)species
included in the analysis into 19 entities, 2 of which consist of
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ungrouped individuals (singletons), compared to 32–51 GMYC
groups. The difference is largely due to the amalgamation of widely
divergent haplotypes present at the same site into a single species
by the PAA, as opposed to the recognition of separate GMYC groups
based on branch length estimates. The GMYC method might recognize related haplotypes as sympatric species, rather than a single,
highly variable population under the PAA, e.g. in populations assigned to N. tuberculata (sites 1, 6, 10B), N. parryi (sites 4, 12), N.
helmsi (site 18) and several others (Fig. 3).
The approach for assessing the genetic variation, in particular
the use of population-based or tree-based species concepts, therefore greatly affected the establishment of species limits in Neocicindela. Multi-species assemblages are common in cicindelids,
including syntopic occurrence of N. helmsi, N. tuberculata and N.
waiourensis or N. helmsi and N. parryi at several locations (Table
1). Their recognition as separate, sympatric species is unequivocal
due to great morphological differences. Additional species-level
groups without such clearly recognizable traits may also co-exist.
Under the population-based concept of the PAA, all co-occurring
individuals would be grouped into a single entity, which therefore
has a tendency to lump highly divergent groups. To ameliorate this
effect we applied the PAA only within the individual networks
from statistical parsimony analysis (TCS), rather than all individuals co-occurring at a site, under the assumption that a single species would not span beyond a single mtDNA network (Hart and
Sunday, 2007). Only if this step is included, it is possible to detect
sympatric species with the PAA. However, the use of TCS networks
may also generate artiﬁcial separations as, e.g., the sympatric PAA
groups at site 4 (within N. parryi) and site 18 (within N. helmsi) (see
Fig. 1). Their status as closely related, sympatric species needs to be
tested further using unlinked genetic markers, morphology and
ecological traits.
Under the GMYC model, which does not take into account the
locality information, an even greater number of sympatric entities
is recognized. This raises the question about the biological relevance of the GMYC groups in Neocicindela. First, we need to recognize the potential for artifacts in the recovery of GMYC groups from
inaccurate reconstruction of the tree and branch lengths. In the current data set both measures may be affected by missing data (Material and Methods) and, in a few cases, the poor resolution of
sequencing chromatograms suggesting polymorphic sites. This
may indicate the presence of nuclear mitochondrial pseudogenes
(numts), as those reported for Rivacindela (Pons and Vogler,
2005). In particular, individuals from sites 13 and 18 (N. helmsi) frequently showed double peaks in the sequencing chromatograms
indicating the co-ampliﬁcation of numts or other secondary templates resulting from heteroplasmy or even cross-contamination,
although this could not be investigated here in more detail. These
uncertainties in base calls may mislead the rates used for branch
length estimates, as is evident from the highly uneven branch
length of sister lineages, e.g. within N. helmsi (network 7) or N. waiouraensis (network 2) (Fig. 2). This may affect the power of the GMYC
method and the variability in ML estimates of the number and extent of groups under different treatments of the data (Fig. 4).
Secondly, the recognition of different groups in Neocicindela
with tree-based vs. character-based methods may be affected by
complex patterns of population separation and admixture, such
as the inevitable range shifts in the wake of geological and climatic
changes. In simulations, GMYC groups are formed under an island
model of deme structure (Slatkin, 1985) only when migration is extremely low (Papadopoulou et al., 2008), i.e. the GMYC method recognizes entities lacking gene exchange. Therefore it would be
expected that GMYC groups closely match the groups deﬁned on
geographic coherence (as in the PAA), but this is clearly not the
case in Neocicindela. The outcome of cluster formation could be
more complex under episodic gene ﬂow and secondary contact be-

tween subdivided populations that do not follow the neutral coalescent assumed by the model. The GMYC model will treat these
groups as multiple cryptic species at a site, while the geographybased PAA lumps these groups. This is also evident from the high
nucleotide diversity within some PAA groups compared to the
GMYC groups (Fig. 5). Hence, the different results obtained with
both procedures are likely to reﬂect the complicated evolutionary
history of population separation and re-connection that has been
postulated widely for lineages from New Zealand (Wallis and Trewick, 2009). Population genetics data and the use of unlinked loci
will have to conﬁrm these conclusions.
The high intra-population diversity is likely the legacy of deep
phylogeographic separation and admixture, rather than contemporary constraints to gene ﬂow among individuals at a site. However,
the latter would be implied under the GMYC criterion which recovers many groups of close relatives in sympatry, i.e. assumes their
genetic separation despite co-occurrence at a site. As this seems
unlikely to be the cause of high genetic diversity at a site, given
the above scenario of range movements, the geographically delimited local groups as deﬁned by the PAA are considered a better
reﬂection of the species boundaries. We thus use of the 19 PAA
groups plus two divergent lineages of N. latecincta here represented only as singletons (Fig. 3), for a total of 21 DNA-based entities, as the best current representation of the species-level
diversity of Neocicindela. The formal naming of subspecies in Neocicindela has been limited to three color variants of N. perhispida,
but may need to be expanded, comparable to the proliferation of
recognized subspecies in the taxonomically well studied Nearctic
and Palearctic regions.
4.2. Implications for the evolution of New Zealand biotic diversity
The combination of phylogenetic and phylogeographic analyses
for the entire radiation of Neocicindela is a major step towards a
comprehensive representation of mtDNA lineages across New
Zealand. Our study adds to the growing body of data that establish
genetic patterns and biogeographical differentiation in New
Zealand. Neocicindela represents a lineage that is generally associated with open habitat types with limited vegetation cover, ranging from coastal beaches to alpine grassland, while N. parryi is
the only species associated with shaded forest ﬂoor (Savill,
1999). Any interpretation of the patterns with regard to the impact
of climate and geology on the biota, therefore, has to consider the
historical distribution of these habitats.
Conformity of DNA data with the morphological classiﬁcation
was highest in the coastal R. perhispida where three named subspecies and R. brevilunata each are conﬁned to stretches of coastline in
strict allopatry while mtDNA clusters perfectly match these groups
(PAA-11 to 14; Fig. 2). Some of the widespread species showed
geographic separation for example among North Island and South
Island populations, speciﬁcally (i) in N. parryi PAA-6 and PAA-7 vs.
PAA-5; (ii) in N. waiouraensis PAA-3 vs. PAA-2; (iii) and in N. helmsi
PAA-8 vs. PAA-9 and PAA-10. The latter also produced a highly
divergent group present at two sites in northern South Island labelled as ‘new species’ by the collector (PAA-15). In addition, the
less well sampled N. latecincta and N. feredayi each produced highly
divergent haplotypes, which might indicate deep genetic subdivision in these species also, although sampling in N. latecincta was
insufﬁcient to conﬁrm this. These broadly vicariant groups within
the recognized Linnean species conform to a widely recognized
disjunction in many taxa (the ‘‘beech gap’’) and are evidence of
the postulated cladogenetic role of glaciations since the Pliocene
(e.g. McCulloch et al., 2010).
While this corroborates the apparent ancient (Pliocene or Pleistocene) subdivision of geographically restricted populations in
allopatry, several deeply subdivided lineages were found to occur
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in sympatry, e.g. in N. parryi (PAA-5 and PAA-7) and in N. tuberculata
(divergent haplotypes within PAA-1). In addition, PAA-15 of N. helmsi was found in very close proximity to the distantly related other
lineages of this taxon (PAA-9 and PAA-10), although not in direct
sympatry. Similar observations of distantly related, sympatric
haplogroups have been made in studies of other arthropod groups
in New Zealand, mainly on South Island that was most affected by
orogenetic and climatic changes of the Pliocene and Pleistocene.
Sympatry of divergent lineages has been explained as the result of
fast in situ evolution of mtDNA in harvestman spiders (Boyer et al.,
2007), but in insects it has been attributed to hybridization (Buckley
et al., 2006) or range movement of differentiated lineages (Marshall
et al., 2008; Pratt et al., 2008; Trewick, 2008; Wallis and Trewick,
2009). These range shifts seem to be directly linked to postglacial
forest regrowth (Leschen et al., 2008) or retreat of glaciers in mountain habitat (Buckley and Simon, 2007; Trewick, 2008).
Range movements are closely dependent on the distribution of
habitats, but in Neocicindela this dependency was affected by frequent evolutionary shift in habitat association. For example, the
formation of alpine habitat is estimated to have occurred only
within the past 5 My or less (Goldberg et al., 2008), but in Neocicindela two lineages (N. austromontana and N. hamiltoni) apparently
acquired an association with this habitat independently, demonstrating the plasticity in habitat traits in the largely tropical cicindelids. Open loess and grassland habitats as those used by several
species of Neocicindela would have provided local glacial refugia
which may continue to deﬁne the current ranges, e.g. in the highly
localized N. helmsi groups PAA-9/10 and PAA-15, while also being
subjected to range movements and contraction or expansion with
the shifting habitat availability. Range movements appear to be
common, as there was a poor correlation of geographic distance
and genetic distance for Neocicindela (see above).
The differences in genetic and geographical patterns are particularly striking when compared to those in Rivacindela. This group is
conﬁned to ephemeral lake systems in Australia’s desert interior
(Kamoun and Hogenhout, 1996; Sumlin, 1997) and its diversiﬁcation coincided with the break-up of large lake systems throughout
the Pleistocene (Pons et al., 2006). Most GMYC groups in Rivacindela are conﬁned to small ranges and all show similar habitat preferences (salt ﬂats and sand dunes), while their intra-population
variation was comparatively low (Fig. 5). In this respect, the pattern is very similar to the phylogeographic structure in the sand
dune clade of N. perhispida/brevilunata whose ranges equally appear to be the result of recent vicariance. Their ranges occupy
the northern portion of North Island where the major effect of recent glacial cycles are changes in sea levels. This type of disturbance, however, is not likely to cause population extinction, as
habitat shifts resulting from sea level changes may be slow and
would not require long-distance dispersal of populations. Therefore, these coastal habitats may have permitted the persistence
of populations in situ and produced geographically structured patterns (see also Papadopoulou et al., 2009a). This is unlike most
other species of Neocicindela which occupy other habitat types
and geographic regions where climatic changes likely caused range
shifts. Taken together, these patterns support the notion that some
parts of New Zealand, in particular the highlands and the southern
latitudes, and some habitat types, in particular forest habitats,
were more strongly affected by glacial-induced range shifts, hence
affecting species in different ways depending on their habitat and
climate associations.

5. Conclusions
The combined phylogenetic and phylogeographic study of
Neocicindela revealed a great complexity of evolutionary patterns,
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generally conﬁrming the ﬁndings in other lineages of New Zealand
insects of deep phylogeographic structure, admixture of subdivided lineages, range movements and habitat shifts. Cicindelids
avoid cold climates and their distribution has to be seen in this
context, as habitat availability during the orogenetic and climatic
changes of the Pleistocene would have exerted strong selection
for habitat shifts and range movements. The mix of dispersal and
vicariance and the resulting high intra-population diversity inevitably create problems for taxonomy, as neat groupings are unlikely
to be recovered. In this situation, tree-based and population-based
methods of species delimitation result in very different
conclusions.
Similarly complex patterns of variation in other New Zealand
taxa have raised questions about the validity of mtDNA for delimitation or identiﬁcation of species in general (Boyer et al., 2007;
Trewick, 2008). However, despite the failure of the GMYC methodology in some lineages of Neocicindela, in the beach-dwelling clade
the pattern of mtDNA subdivision was clearly in agreement with
taxonomic expectations, similar to what was shown previously in
Rivacindela, the Australian sister group (Pons et al., 2006). These
latter cases support the power of mtDNA and the utility of the
GMYC model to reveal biogeographically and morphologically separable groups if lineage admixture is limited. The failure of the
GMYC analysis in some lineages of Neocicindela therefore is indication of the complex history of biota in New Zealand, and in particular their evolutionary response to the Pleistocene glaciations.
Unlike the situation in the Northern Hemisphere, where glaciations
resulted in large-scale extinctions and genetic homogeneity at
northern latitudes, at southern continents instead preserved patterns of local separation and endemicity (Wallis and Trewick,
2009). This is evident at latitudes even higher than New Zealand,
e.g. in the Falkland Islands where populations of beetles show similarly high levels of intra-speciﬁc variation (Papadopoulou et al.,
2009b) due to the local survival of ancient lineages during glacial
maxima and subsequent mixing. These processes resulted in greater complexity of species level variation that is difﬁcult to capture
adequately by a rigid taxonomic system of species circumscription,
of which Neocicindela is but another example.
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