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Abstract

Comparative phylogeography can reveal processes and historical events that shape the
biodiversity of species and communities. As part of a comparative research program, the
phylogeography of a new, endemic Australian genus and species of log-dependent (saproxylic)
collembola was investigated using mitochondrial sequences, allozymes and anonymous
single-copy nuclear markers. We found the genetic structure of the species corresponds
with five a priori microbiogeographical regions, with population subdivision at various
depths owing to palaeoclimatic influences. Closely related mtDNA haplotypes are co-
distributed within a single region or occur in adjacent regions, nuclear allele frequencies
are more similar among more proximate populations, and interpopulation migration is
rare. Based on mtDNA divergence, a late Miocene-late Pliocene coalescence is likely. The
present-day distribution of genetic diversity seems to have been impacted by three major
climatic events: Pliocene cooling and drying (2.5-7 million years before present, Mybp),
early Pleistocene wet-dry oscillations (c. 1.2 Mybp) and the more recent glacial-interglacial
cycles that have characterized the latter part of the Quaternary (< 0.4 Mybp).
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Introduction

A primary objective of conservation biology is to ensure
the maintenance of evolutionary processes, underpinned
by genetic diversity (Frankham et al. 2002). Through re-
vealing cryptic, deeply divergent evolutionary lineages
that are otherwise overlooked by traditional taxonomy,
and by elucidating processes of biotic diversification, phylo-
geography can direct conservation priorities (Arbogast &
Kenagy 2001).

In contrast to vertebrates, invertebrates often exhibit
extremely large abundances and sedentary taxa may show
population structure over very fine spatial scales (Peterson
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& Denno 1998). Thus, the predominant focus on vertebrates
and vascular plants in conservation research and planning
(Stiling 1999) is likely to result in management strategies
that fail to cater for a large proportion of biodiversity. For
example, Australian vertebrates and vascular plants in
the wet tropics were found to be inefficient surrogates for
invertebrates, while invertebrates were excellent surrogates
for other biota (Moritz et al. 2001). Similar conclusions have
been reached for ground-dwelling arthropods in temper-
ate Australian forests (Ferrier ef al. 1999).

It has been proposed that ecological characteristics of
certain fauna will tend to increase their efficiency in cap-
turing geographical patterning in biota that results from
long-acting processes such as climatic cycles. Specifically,
Moritz et al. (2001) proposed that while many vertebrate taxa
may show structure determined by Quaternary climatic
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oscillations, invertebrates that experience the landscape at
fine scales might not have had their more ancient pattern-
ing so completely overwritten. Similar arguments are well-
established for freshwater phylogeography (Beheregaray
et al. 2002). We propose that saproxylic biota in forests may
be an exceptional ecological community in their ability to
capture landscape history, since for many of these organ-
isms even individual creek lines and gullies may represent
refuges during cold dry periods.

The saproxylic (dead-wood dependent) community

Decomposing logs on the forest floor support a rich
invertebrate fauna (Key 1993). Log-dwellers comprise a
large proportion of the entire forest invertebrate fauna and
play critical roles in nutrient cycling (Grove 2002). Many
saproxylic organisms possess characteristics that make
them highly dependent on their local environment and
which may thus make them effective indicators of past
environmental change. First, most species are ecologically
specialized and inhabit narrow niches (Yee ef al. 2001).
Second, many saproxylic organisms are dependent on
niches created by the activities of other saproxylic species
(Warren & Key 1991). Third, many saproxylic organisms
have poor dispersal ability (Hammond 1984).

Unfortunately, the characteristics that make saproxylic
organisms fit candidates for comparative phylogeography
and biodiversity indication may also render them suscep-
tible to human impacts. Indeed, despite their diversity and
ecological significance, the saproxylic community in boreal
forest systems has a disproportionate fraction of species
of conservation concern (Jonsson & Kruys 2001). Although
production forestry in Australia has a shorter history,
impacts seen in the northern hemisphere are becom-
ing evident, including altered dynamics of coarse woody
debris recruitment and the decline of many species (Grove
2002). However, basic questions critical in conservation
management remain largely unanswered (Thomas &
Morris 1994).

The Tallaganda model

We have been conducting comparative phylogeography
and population biology of a suite of saproxylic inver-
tebrates over a section of Tallaganda State Forest (SF) and
the adjoining Badja SF (herein collectively referred to as
Tallaganda), in south-east New South Wales (NSW) (Scott
& Rowell 1991; Sunnucks & Wilson 1999; Barclay ef al.
2000a,b; Sunnucks et al. 2000a,b; Sunnucks & Tait 2001).
This site has a range of characteristics that render it unu-
sually informative about processes of biological divers-
ification in temperate Australian eucalypt forests. The
following section derives from CSIRO (1969), Bowler
(1982), Singh (1982), Frakes et al. (1987), Heatwole (1987),

Hope (1994), State Forests of NSW (1995) and White (1990,
1994).

Tallaganda is an ecologically and topographically iso-
lated but heterogeneous section of the Great Dividing
Range (GDR) c. 100 km long by 3-17 km wide. It is part of
a three-tier landscape system comprising a geologically
recent coastal plain, an escarpment that has been physic-
ally stable for at least 20 million years (My), and the
ancient GDR >50-70 My old. The GDR and its biota have
been impacted by climate change at a range of timescales,
at least during the Oligocene Refrigeration 25-36 million
years before present (Mybp), the Mid-Miocene and Ter-
minal Miocene cooling events 7-15 Mybp, extended cooling
and drying in the Pliocene 2.5-7 Mybp, and during the 20
cycles of the Pleistocene (last 1.8 My). From the perspective
of moisture-dependent fauna, Tallaganda can be viewed as
an episodically expanding and contracting collection of
sometimes tiny forested refuges, embedded in a period-
ically peri-glaciated inhospitable mosaic of cold, dry wood-
land or steppe.

Based on topographical and hydrological characteris-
tics of Tallaganda, and an assessment of the likely palaeo-
climatological impacts upon the distribution of moist
forest habitats in southeast Australia, we recognize
five microbiogeographical regions (see Materials and
methods).

Saproxylic invertebrate phylogeography at Tallaganda:
a ‘giant’ collembolon

A difficulty with studying saproxylic species at Tallaganda
is that a large proportion are undescribed, necessitating
detailed examination of morphological variation before
phylogeographical studies can proceed. An unusually large
and extremely dorso-ventrally flattened neanurid collem-
bolon from Tallaganda, which has been clearly charac-
terized, represents a new genus and species (P. Greenslade,
taxonomic description in preparation), but its biology is
largely unknown. Based on morphology, the species appears
to be log-adapted. Vagility is presumed to be low given
that the animal lacks a spring organ, is soft-bodied (thus
extremely susceptible to desiccation), and is rarely found
in leaf litter or pitfall traps. This species has a low-density
and patchy distribution across Tallaganda, and occupies
only relatively large moist logs at an advanced decomposi-
tion stage, often in excess of 50 years on the ground
(Barclay et al. 2000a). This collembolon is believed to be
part of a relictual fauna, possibly Gondwanan, persisting
in upland, cool, moist refugia.

We used sequence data, allozymes and anonymous
single-copy nuclear markers to test the hypothesis that the
spatial distribution of genetic diversity and evolutionary
relationships in the focal species corresponds with five a
priori microbiogeographical regions.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344
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Materials and methods

Identification of five microbiogeographical zones within
Tallaganda

We base our a priori microbiogeographical zones on
information from CSIRO (1969), Frakes et al. (1987), Heat-
wole (1987), Hope (1994), State Forests of NSW (1995) and
G. Hope (personal communication). The regions correspond
with the following locations reported in Sunnucks &
Wilson (1999) and Sunnucks et al. (2000a): (1) Forbes Creek/
Harolds Cross; (2) North Tallaganda SF; (3) Central Talla-
ganda SF; (4) South TSF; (5) Badja SF. They are outlined
below in latitudinal order from north to south.

Microbiogeographical region 1. The Harolds Cross Region
(HCR) is characterized by low altitude broad and undulat-
ing hills, low annual rainfall, and dry sclerophyll eucalypt
forest. The region lies within the Lower Shoalhaven
subcatchment (Fig. 1). During cold, dry periods in the
Pleistocene and earlier, HCR would have been dominated
by treeless steppe or woodland and thus largely inhos-
pitable to moisture-dependent saproxylic fauna.

Microbiogeographical region 2. The Eastern Slopes Region
(ESR) is dominated by high altitude, steep, heavily dissected
topography. There are at least 15 east-west oriented
creeks, each potentially serving as refugia for moisture-
dependent biota during cold, dry periods. Owing to the
presence of many sheltered areas and orographic rainfall,
this region supports tall wet sclerophyll eucalypt forest.
The region lies within the Ballalaba and Jerrabatgulla
subcatchments (Fig. 1).

Microbiogeographical region 3. The Anembo Region (AR)
on the western side of the GDR at central Tallaganda is
characterized by broad, undulating topography. The western
slopes remain relatively dry during summer owing to rain
shadow effects. Vegetation is dry sclerophyll at lower
altitudes, with subalpine woodlands occupying the highest
areas. The region lies within the Queanbeyan subcatchment
(Fig. 1). In cold dry periods, treeless steppe is expected to
have dominated.

Microbiogeographical region 4. The Pikes Saddle Region (PSR)
is characterized by steep slopes that support moist eucalypt
forest, particularly in gullies and sheltered areas. It is
drained by the Upper Shoalhaven subcatchment (Fig. 1).
To the east of PSR, the adjoining Deua NP (DNP) is com-
paratively low and flat. The region is predicted to have
been mostly treeless during cold, dry periods.

Microbiogeographical region 5. The Badja Region (BR) is low-
lying and relatively flat (except for some steep topography

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344
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Fig.1 Hydrological divisions of Tallaganda (modified from
State Forests of NSW 1995) and locations of five a priori micro-
biogeographical regions. Major catchments are differentially
shaded and labelled in full. Subcatchments are delineated by
thick black lines and labelled as follows: Ls, Lower Shoalhaven;
Ba, Ballalaba; Je, Jerrabatgulla; Us, Upper Shoalhaven; Mo,
Molonglo; Qu, Queanbeyan; Br, Bredbo; Nu, Numeralla. A thin
black line represents the perimeter of the study area, which is
bisected by the spine of the Great Dividing Range (situated where
the Shoalhaven and Murrumbidgee catchments meet). Inset: map
of south-east Australia showing the location of Tallaganda.

in the south-east), and forms part of the tablelands
flanking the GDR. Tall moist eucalypt forests dominate
the west, while the east supports dry sclerophyll forest and
some small, isolated pockets of old growth vegetation in
sheltered gullies. The region is in the Tuross catchment
(Fig. 1). During cold, dry periods there was probably an
abrupt boundary between treeless tablelands and adjoining
high-elevation GDR, and BR is predicted to have been
treeless steppe.
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Taxon sampling

The new genus and species of Neanuridae occurs at
low densities and is cryptic. Collection is labour-intensive
requiring logs to be dismantled by hand. Nevertheless,
between 1997 and 2002, a total of 129 specimens were col-
lected from 26 logs along an 80 km north—south transect.
Specimens were stored at —80 °C or preserved in 100%
ethanol. Voucher specimens have been deposited at the
South Australian Museum, Adelaide.

Allozyme electrophoresis

Of 129 specimens, 72 were frozen and thus suitable for
allozyme analysis. Individuals were homogenized in 30 uL
grinding buffer (pH 6.7) (Peakall & Beattie 1991), micro-
fuged for 3 min at 13 000 g, and the residual pellet retained
for DNA extraction. Cellulose acetate electrophoresis of
the supernatant followed Hebert & Beaton (1993). Of
the six enzyme systems assayed, two, glucose phosphate
isomerase (GPI, EC 5.3.1.9) and lactate dehydrogenase
(LDH, EC 1.1.1.27), showed adequate resolution and
variation to be scored. Activity was variable, and not all
individuals were successfully scored for both loci.

DNA isolation and amplification

Genomic DNA was extracted using a simplified 2x cetyl-
trimethylammonium bromide (CTAB) protocol, modified
after Murray & Thompson (1980), from whole specimens
or tissue pellets (above). Approximately 50 ng of DNA
was used as template in polymerase chain reaction
(PCR) amplifications of nuclear loci, and 10 ng of DNA
for amplifications of the mitochondrial cytochrome
oxidase subunit I (COI) gene. The latter was necessary to
prevent coamplification of putative nuclear mitochondrial
pseudogenes.

Anonymous single-copy nuclear (scn) DNA marker
development and genotyping

Codominant anonymous scnDNA genetic markers were
developed using a modified ‘Sequencing With Arbitrary
Primer Pairs’ protocol (Burt et al. 1994). Briefly, anonymous
segments of the nuclear genome were amplified under
low-stringency PCR using arbitrary primer pairs selected
from a bank of random amplified polymorphic DNA
(RAPD), microsatellite, and exon-priming intron crossing
(EPIC) primers (Jarman et al. 2002). Sequence- and / or size-
variable DNA fragments that had a different primer on
each end were identified via single-stranded conformation
polymorphism (SSCP) and/or standard electrophoresis,
and sequenced from gel slices. Primers were then designed
internal to the sequenced fragment (Table 1).

Table 1 Primers used for amplification of anonymous scnDNA
loci and mtDNA cytochrome oxidase subunit I (COI) from the
new species of Collembola (suffixes -F and -R refer to forward and
reverse direction, respectively)

Primer Primer sequence (5" to 3") Source

Sm2-Fa GAAACGGGTGCTGGTTSRAGG This study
Sm2-R GGGTAACGCCRTTGGAAACAG This study
Sm4-F GAATTGGTGGGAGATCTCTC This study
Sm4-R TGTCGTCCGTCTATGATTCG This study
Smé6-F CTGAATGCCGTCGAAACGTAAAC This study
Sm6-R GTTGGTTTACCTGTTTTAAATG This study
Sm8-Fa AGTGGGATTTTAGGATGGCAGG This study
Sm8-R CCAAGACTAAGATTGAGAAGAAGTC  This study

C1-J-17182 GGAGGATTTGGAAATTGATTAGTTCC Simon ef al. (1994)
C1-N-2329 ACTGTAAATATATGATGAGCTCA Simon et al. (1994)

aPrimer used for sequencing.

All nuclear loci were amplified using [033P]-d ATP incor-
poration PCR (described below) using an FTS-960 (Corbett
Research, Mortlake, NSW, Australia) and the following
protocol: 2 min at 94 °C (1 cycle), 30 sat 94 °C,30 s at 48—
60 °C, 1 min at 72 °C (35 cycles) and final extension for 2 min
at 72 °C. Specimens were genotyped for size-variable alleles
at loci Sm4 and Smé6 via electrophoretic separation of
PCR products on a denaturing acrylamide gel visualized
via autoradiography. Individuals were genotyped for
sequence-variable alleles at loci Sm2 and Sm8 via SSCP
(Sunnucks et al. 2000b). Samples with the same gel pheno-
type were run again side-by-side. Multiple representatives of
each putative allele were sequenced (LI-COR automated
DNA sequencer Lincoln, NE, USA, following the manu-
facturer’s recommendations). Where different genotypes
produced similar SSCP phenotypes, relevant samples were
scored using a restriction enzyme assay (PCR-RFLP).

Single-stranded conformation polymorphism and
sequencing of mtDNA

A 611 bp fragment of the COI gene was amplified using
primers C1-J-1718 and C1-N-2329 (Simon et al. 1994) (Table 1).
[033P]-dATP amplifications were performed in 10 puL reac-
tions: 16 um ammonium sulphate, 68 mm Tris-HCI (pH 8),
10 mM B-mercaptoethanol, 5% bovine serum albumin
10 mg/mL (Progen, Darra, QLD, Australia), 2 mm magne-
sium chloride, 200 um each dNTP, 0.05 uL [033P]-dATP
(10 mCi/mL), 0.5 um each primer, 0.5 units of Tag DNA
Polymerase (Promega, Madison, WI, USA), and 1 pL template
DNA (above). COI was amplified using an FI'S-960 and the
following protocol: 2 min at 94 °C (1 cycle), 20 s at 94 °C,
30 sat50 °C, 45 s at 72 °C (35 cycles) and final extension for
2 min at 72 °C. Screening for individual sequence variation
was by SSCP (Sunnucks et al. 2000b). Multiple representatives
of putative COI haplotypes were sequenced (as above).

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344
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Sequence alignment

Sequences were edited with reference to digital gel images
and aligned using ALIGNIR version 2.0 (LI-COR). Areas of
ambiguous alignment were omitted from the dataset. Both
nucleotide and amino acid mtDNA sequences aligned
well with corresponding sequences of a morphologically
similar unidentified Neanuridae from Mount Donna Buang,
Victoria. Amino acid sequences were consistent with
Lunt et al.’s (1996) model of insect COL No nuclear DNA
sequences contained putative open reading frames and
were presumed to be noncoding.

Identification of population structure and assignment of
individuals

A Bayesian clustering method using multilocus genotype
data, implemented in STRUCTURE version 2.1 (Pritchard
etal. 2000) was used to demonstrate the presence of
population structure, estimate the number of populations
(K), and assign individuals probabilistically to ‘genetic’
populations. This information delineated ‘geographic’
populations (i.e. groups of logs) used in all subsequent
analyses. The method assumes that, within genetic popu-
lations, loci are in Hardy—Weinberg and linkage equilibria,
and individuals are assigned to achieve this.

The Collembola dataset consisted of six nuclear loci: two
allozymes (GPI and LDH) and four anonymous scnDNA
markers (Sm2, Sm8, Sm4 and Smé6). The proportions of
missing data were 59.7%, 49.6%, 0.8%, 20.9%, 2.3% and
0.8%, respectively. Separate runs were conducted using
the independent allele frequency model and the correlated
allele frequency model. All runs employed the admixture
ancestry model. Estimated log likelihoods were obtained
for K =1 to K = 8, with five replicates of each K, for each of
the two allele frequency models. The smallest value of K
that captured the major structure in the data was con-
sidered ‘correct’. In all cases a ‘burn-in’ phase of 105 Markov
chain Monte Carlo (MCMC) generations and a run length
of 106 MCMC generations was employed. All other para-
meters were default.

The application of novel genetic markers in the present
study prompted us to test for Mendelian inheritance
patterns. For each nuclear locus, where sample sizes
permitted, we calculated Fig (Weir & Cockerham 1984)
for individuals from one log per geographical popula-
tion, using GENEPOP version 3.3 (Raymond & Rousset
1995).

Partitioning of molecular variation, population
divergence, and comparison of Fgp vs. ®gy

The distribution of genetic variation was determined via
analysis of molecular variance (amova) (Excoffier ef al.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344

1992) implemented in ARLEQUIN version 2.000 (Schneider
etal. 2000). Partitioning of variation within and among
geographical populations was assessed (a hierarchical
AMOVA was not appropriate owing to sample size con-
straints at the level of individual logs). Genetic divergence
was estimated using Fg; (Weir & Cockerham 1984), cal-
culated for each locus independently, allozyme loci
only, anonymous scnDNA loci only and all nuclear loci
combined.

To investigate the impact of incorporating information
on nucleotide divergence (i.e. long-term, genealogical
processes sensu Sunnucks 2000) upon estimates of popu-
lation divergence based solely on frequency data (i.e.
short-term genic processes), @ (Excoffier et al. 1992)
was calculated for three loci (mtDNA, Sm2 and Sm§) in
ARLEQUIN, then plotted against corresponding pair-wise
and mean Fg; values. For each locus, the best fit model of
molecular evolution was determined by means of like-
lihood ratio tests using MODELTEST version 3.06 (Posada
& Crandall 1998), then a genetic distance matrix was
generated using PAUP* version 4.0b10 (Swofford 2002).
Significance of Fgp and @g was evaluated by permuting
16 000 times.

Alignment gaps were incorporated into the genetic dis-
tance matrices for loci Sm2 and Sm8. Adjacent multiple-
base gaps were treated as a single indel following Retief
etal’s (1995) ‘homologous gap coding’ strategy. This is
conservative, since a single deletion event is the most
parsimonious explanation for contiguous alignment gaps.
Given that it is presently computationally intractable to
perform likelihood calculations that treat multiple-site
indels as a single-event fifth-character state (McGuire ef al.
2001), each indel was weighted equal to a base substitution
(transversion was chosen). To achieve inclusion of indel
data, one nucleotide position per indel position was added
to the end of each sequence, with presence/absence of a
given indel coded using “T"/“A’, respectively. Indel coding
was used only in @g; analyses.

GENECONV version 1.81 (Sawyer 1999) was employed
to evaluate evidence for recombination. Following the
method of Posada (2002), global permutation P-values
based on BLAsT-like global scores (10 000 replicates)
smaller than 0.05 were considered evidence of recombina-
tion; the default mismatch penalty (gscale = 0) was used.
Multiple-comparison correction for all sequence pairs in
the alignment is built into global P-values, and con-
tiguous alignment gaps are treated as a single segregating
site. Hudson & Kaplan’s (1985) bound R, the minimum
number of recombination events in the history of a
sample, was calculated using pNasp version 3.5 (Rozas &
Rozas 1999). While recombination appears to be easier to
detect in longer, more diverse sequences (Posada 2002),
we note that positive identification of recombinant
haplotypes has been reported for loci comparable to
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those employed here (Ibrahim ef al. 2002; Broughton &
Harrison 2003).

Tajima’s D (Tajima 1989) and Fu and Li's D* (Fu & Li
1993) were calculated in DNASP to test for departures from
neutrality. Significance was assessed via a two-tailed test
assuming D follows a beta distribution, and Fu & Li’s
(1993) critical values, respectively.

Phylogenetic analysis

Genealogical relationships among mtDNA sequences
were estimated via a haplotype network using the statis-
tical parsimony method (Templeton efal. 1992) in Tcs
version 1.13 (Clement et al. 2000). By using haplotype
frequency and divergence information, the method esti-
mates haplotype outgroup probabilities, which correlate
with haplotype age (Donnelly & Tavaré 1986). When
relationships among mtDNA haplotypes make a multi-
furcating star-shaped network, one may tentatively
assign polarity where the oldest haplotypes are taken
as those at the centre (Beheregaray & Sunnucks 2001).
Nested clade analysis (Templeton 1998) was not appro-
priate given that the spatial distribution of sampling
sites was relatively sparse, and sampling effort was not
exhaustive.

Estimating mtDNA divergence times assuming
a molecular clock

To permit inference of the timing of divergence events,
the hypothesis of mtDNA rate constancy was assessed
via Tajima’s (1993) relative rate test, implemented in MEGA
version 2.1 (Kumar et al. 2001). A morphologically similar
neanurid collembolon (above) was used an outgroup. To
approximate absolute ages of divergence among haplotypes,
we used the substitution rates 1.71% and 2.3% /My, based
on those previously reported for invertebrate mitochon-
drial cytochrome oxidase genes (Brower 1994). These rates
were applied to nucleotide divergences among haplotypes
estimated using the best-fit model of molecular evolution
selected by MODELTEST. Minimum and maximum diver-
gences within and among major haplotype groups identi-
fied in the mtDNA network (above) were used to estimate
divergence times.

Results

The newly developed nuclear markers and two allozymes
are apparently codominant, single locus nuclear markers
without appreciable null allele frequencies (Table 2).
The largest available collections taken from single logs
showed no evidence of consistent deviations from Hardy—
Weinberg equilibrium, and there were no cases of putative
homozygous nulls.

Individual assignment (2}

l Z
HCA ESR PSR-1 PSR-2 BR
Chuster (genetic population)

Fig. 2 Summary plot of Q, the estimated membership coefficient
for each individual in each of the K =5 clusters. Individuals are
arranged sequentially from northern (left) to southern (right)
geographical sampling localities (i.e. logs). Each individual is
represented by a single vertical line divided into five shaded
segments, where area is proportional to Q. Putative recent
migrants are marked by asterisks.

Identification of population structure and assignment of
individuals

Bayesian clustering analysis of the multilocus nuclear
dataset strongly supported five genetic populations: the
estimated log likelihood of the data progressively increased
towards K = 5, then plateaued thereafter (not shown). The
majority of individuals (94.8%) were assigned to one of the
five genetic populations with high probability (Q > 0.90),
and assignment of admixed individuals to the most likely
population of origin was reasonably unambiguous (Q >
0.75). Only one individual was weakly assigned (Q = 0.59),
but this membership coefficient was considerably larger
than those obtained for alternative population designations
(Fig. 2). All admixed individuals occurred in close geo-
graphical proximity to genetic contact zones. In all but one
instance, admixed individuals possessed a multilocus geno-
type most characteristic of the two genetic populations
flanking the contact zone nearest to where these indi-
viduals occurred (Fig. 2). Two individuals clearly originated
from a genetic population adjacent to the one from which
they were sampled (Fig. 2). This indicates a low level of
dispersal; genetic populations are essentially allopatric.

The five genetic populations correspond with a priori
microbiogeographical regions (see Materials and meth-
ods), although AR was not distinguished from PSR, possi-
bly because the former was poorly represented in the
dataset (a single log with two individuals). In addition PSR
had two distinct genetic populations: PSR-1 encompassed
most logs in this microbiogeographical region, while
PSR-2 comprised the two easternmost logs sampled in
DNP. Nonetheless, the spatial distribution of genetic
populations does not conflict with any of the regional sub-
divisions recognized from physical landscape features and
the palaeoclimatic history of Tallaganda (Fig. 1).

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344
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Table 2 Genetic diversity of mtDNA cytochrome oxidase subunit I (COI) and nuclear loci. Haplotype and allele frequencies are given per
‘geographic’ population, as identified by the software sTRUCTURE (Pritchard ef al. 2000). All Fig values were significant (P > 0.05) unless
indicated by ns.

Population/ Population/
locus HCR ESR PSR-1 PSR-2 BR locus HCR ESR PSR-1 PSR-2  BR
mtDNA na 21 22 29 23 32 Sm4 na 21 24 29 23 32
A 071 — — — — 1 — 0.64 0.02 — —
B 010 — — — — 2 — 0.02 0.22 — —
c 005 — — - — 3 1.00 0.34 0.76 1.00 1.00
D 014 — — — — Hg — 0.49 0.38 — -
E — 0.45 0.03 — — H, — 0.68 0.48 — —
F — 041 — — — Figb N/A -027ns -0.44ns N/A N/A
G - 005 — - —
H - 0.09 — — — Smé6 na 21 24 29 23 32
I — — 0.07 — — 1 1.00 0.96 0.35 0.46 —
] — — 0.07 — — 2 — — — — 0.13
K - — 0.83 0.91 — 3 — 0.04 0.02 - —
L — — — 0.04 — 4 — — 0.64 0.54 0.87
M - — — 0.04 — Hg — 0.08 0.48 0.51 0.23
N - — — — 0.09 Hg — 0.08 0.34 0.48 0.26
o - — — - 0.09 Fib N/A N/A +0.13ns  +0.07ns —0.07ns
P — — — — 0.81
Sm8 na 11 17 22 23 29
GPI na 3 2 12 23 12 1 — — 0.16 0.52 —
1 1.00 100 — 0.65 0.25 2 — — — 0.48 —
2 — — 1.00 0.02 — 3 — — — — 0.07
3 — — — — 0.75 4 — — — — 0.81
4 — — — 0.33 — 5 — — — — 0.09
H; -— - — 0.48 0.39 6 0.59 0.32 — — -
H, -— — — 0.35 — 7 — 0.06 — — —
Fb N/A N/A N/A +030ns N/A 8 — 062 005 — —
9 041 — 0.25 — —
LDH na 4 2 12 23 24 10 — — 0.21 — -
1 — — 0.96 0.13 — 11 — — 0.34 — —
2 — — — 0.04 0.04 12 — — — — 0.04
3 1.00  1.00 0.04 0.83 — Hg 0.51 0.53 0.77 0.51 0.34
4 — - — — 0.85 Hg, 0.09 0.41 0.64 0.43 0.10
5 — — — — 0.10 Figb N/A -033ns -0.17ns +0.70ns +0.35ns
Hy — — 0.08 0.31 0.26
Hy — — 0.08 0.26 0.21
F¢ N/A N/A N/A -014ns -0.11ns
Sm2 na 21 24 29 23 31 Mean Hie  0.10 0.18 0.35 0.34 0.20
0.20)  (0.25) (0.28) (0.20) 0.17)
0.05 1.00 004 — —
— — 0.19 0.85 — Mean Hye  0.02 0.20 0.29 0.29 0.10
— — 0.78 0.15 — (0.04) (0.29) (0.25) (0.17) 0.12)

- - - - 1.00

. 009 — 037 026 —
> — - 017 02 -
Fb N/A N/A +1.00 +025ns N/A

T 0T W N =
o
o
G
I

an = sample size per locus per geographic population.

bF ¢ calculated for individuals from one log per geographic population (ESR n = 8; PSR-1 n = 11; PSR-2 n = 21; BR n = 26), except where
indicated by ‘N/A’ (not applicable: sample size constraints or insufficient polymorphism).

¢Standard deviation given in parentheses.
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Table 3 Analysis of molecular variance (amova) showing
partitioning of variation based on Fg

Allnuclear Allozyme scnDNA

Source of variation mtDNA loci loci loci
Within populations  41.15 39.44 29.86 36.55
Among populaitons 58.85 60.56 70.14 63.45

All variances were significant (P < 0.01).

Partitioning of molecular variation and population
divergence

The majority of molecular variance occurred among geo-
graphical populations (Table 3). Haplotype/allele frequency
data from mitochondrial COI, all nuclear loci combined,
and all scnDNA loci combined yielded similar partitioning
of molecular variation and Fg estimates, while the two
allozyme loci combined produced slightly higher estimates
of population divergence (Table 3). The Fq; values differed
considerably among loci, but mean Fg; values are clearly
very large and significant for all loci (P < 0.01). Differ-
entiation was most pronounced for Sm2 (Fg = 0.85),
followed by the two allozymes, then COI (Fg; = 0.75, 0.65,
0.59, respectively). The remaining three loci (Sm6, Sm4
and Sm8) produced the lowest estimates of population
divergence (Fg; = 0.56, 0.47 and 0.46, respectively).

Comparison of Fg and ®gy: short- and long-term
population divergence

There was no significant evidence for recombination
affecting the mtDNA COI locus or scnDNA loci Sm2 and
Sm8 (P > 0.05, Table 4; Appendix 1). For all three loci,
neither Tajima’s D nor Fu & Li’s D* differed significantly
from the neutral expectation of zero (P < 0.1). Accordingly,
we considered these genetic markers largely unaffected by
recombination and selection.

MtDNA COI, and nuclear loci Sm2 and Sm8 showed
different relationships between @ and Fg; (Fig. 3). For all
three loci, mean @¢; values exceeded those of correspond-
ing Fgp values, but the magnitude of the difference was

approximately 4.5 times greater for the mtDNA locus
relative to scnDNA loci (Fig. 3a). This is consistent with
the maternally inherited mtDNA locus being more pre-
disposed to stochastic lineage sorting owing to its lower
effective population size, which is one-fourth that of the
nuclear genome if operational sex ratios are equal.

Pairwise geographical population comparisons for COI
suggested that Fg; underestimated at least some popula-
tion divergences (Fig. 3b). For example, for comparisons
involving HCR, Fg; progressively increased in unison with
increasing geographical distance but reached a maximum
of Fgp = 0.68 (HCR verses PSR-2). Conversely, correspond-
ing @ values increased almost linearly towards &g = 1.
Thus, except for the nonsignificant PSR-1/PSR-2 split
(Fig. 3b), population subdivisions have occurred on time-
scales over which new mtDNA protein coding sequences
evolve.

Nuclear loci Sm2 and Sm8 showed @ values generally
larger than their corresponding Fg; values. However, in
contrast to mtDNA, Fg; vs. @y pair-wise geographical
population comparisons tended to mirror one another
in their relative estimates of population differentiation
(Fig. 3¢,d). These differences between mtDNA and nuclear
loci are consistent with Palumbi ef al.’s (2001) proposed
deeper coalescence times of diploid nuclear loci than
haploid uniparental ones through the process of lineage
sorting (caveats outlined by Hudson & Turelli 2003; Ballard
& Whitlock 2004).

Phylogenetic relationships among mtDNA haplotypes

In satisfying the 95% confidence criterion of Templeton
et al.’s (1992) statistical parsimony, two disconnected net-
works were produced. Phylogenetic relationships among
mtDNA haplotypes mirror their geographical distribu-
tion with remarkable congruence, and indicate a deep
phylogeographical structure (Fig. 4). Haplotypes cluster in
accordance with a priori microbiogeographical regions (see
Materials and methods; Fig. 1) and the five geographical
populations inferred from Bayesian clustering (Figs 2
and 4b) with one exception: the PSR-1/PSR-2 distinction
seen in nuclear loci was not detected in terms of mtDNA

Table 4 Tests of recombination affecting mtDNA cytochrome oxidase subunit I (COI), Sm2 and Sm8

Total Polymorphic Segregating Inner fragment Outer fragment
Locus sites sites Indels P-value P-value R,
mtDNA 522 50 0 0.22 1.00 6
Sm2 201 9 1 0.13 0.13 0
Sm8 235 21 3 0.36 0.52 1

P-values are multiple-comparison corrected and based on 10 000 permutations; R, is the minimum number of recombination events per

locus based on the presence of possible recombination products.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344
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Fig. 3 Population divergences estimated by Fg (light) and @g;
(dark). (a) Mean population divergence per locus; pair-wise
population divergence for (b) mtDNA cytochrome oxidase
subunit I (COI), (¢) Sm2 and (d) Sm8. The best-fit models of
nucleotide substitution selected to compute @ for the three loci
were: GTR + I, F81, and TrN + I, respectively. All values were
significant (P < 0.01) unless indicated by ns.
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phylogeography. Except for the widespread haplotype K,
haplotypes show considerable spatial localization.

Within the ‘Northern network’ (haplotypes A to M),
most haplotypes derive from ESR haplotype F (Fig. 4). This
haplotype also had the highest outgroup probability when
mtDNA sequence data alone were considered. With the
incorporation of frequency information, haplotype ] was
identified as the oldest haplotype, but we suggest this was
spurious, possibly caused by the closely related haplotype
K occurring at high frequency. The BR haplotypes form a
separate ‘Southern network’ (haplotypes N to P; Fig. 4).
Here, the presence of only three haplotypes precludes
assignment of polarity.

Estimated mtDNA divergence times assuming
a molecular clock

Significant departure from rate constancy was detected for
mtDNA haplotypeI (P < 0.05). It was consequently excluded
from analyses involving the application of a molecular
clock. Three main lineage-splitting events were evident,
and their timing corresponds with major palaeoclimatolo-
gical events affecting southeast Australia, irrespective of
which molecular clock rate was applied (Table 5).

Discussion

Population structure, gene flow and dispersal

All analyses indicated significant genetic differentiation
among geographical populations: closely related mtDNA
haplotypes reside within a single population, or in adjacent
ones; nuclear allele frequencies were more similar among
proximate populations; genetic contact zones are abrupt,
with little admixture across boundaries, and interpopula-
tion migration is rare.

In general, Collembola are sedentary hexapods with
limited long-distance movements. Rare long-distance dis-
persal may occur via wind (Farrow & Greenslade 1992),
phoresy (King et al. 1985), or water (Moore 2002). Owing to
the large size, highly hydrophobic cuticle and presumed
desiccation susceptibility of the collembolon considered
here, the latter mechanism is the most plausible explana-
tion for two putative recent migrants (Fig. 2).

Patterns of population-genetic structuring over rela-
tively small spatial scales have been reported for several
collembola: Isotoma klovstadi (Frati et al. 2001), Gressitta-
cantha terranova (Fanciulli etal. 2001), Gomphiocephalus
hodgsoni (Stevens & Hogg 2003) and Orchesella cincta (van
der Wurff ef al. 2003). In the present study, substructuring
was even more intense and interpopulation gene flow was
apparently highly restricted. In forested areas, habitat
patchiness has been reported to constitute a significant
barrier to gene flow among invertebrates with poor vagility,
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(a) (b)

resulting in highly structured populations over very
fine spatial scales (Keyghobadi et al. 1999). Considering the
intrinsic features that limit dispersal ability of the focal col-
lembolon (see Introduction), strong population structuring
is expected. Nonetheless, the abrupt genetic contact zones
uncovered here demand explanation.

Phylogeography

MtDNA haplotypes showed deep sequence divergences
(up to 11.4% GTR +1 corrected) and strong geographical
structure among groups of haplotypes. This phylogeo-
graphical pattern typically results from isolation due to
environmental or geographical barriers (Avise 2000). The
approximate timing of divergences among major haplotype
groupings coincides with palaeoclimatic events that affected
southeast Australia (Table 5). The present-day distribution

Fig. 4 Collembola mtDNA cytochrome
oxidase subunit I (COI) phylogeographical
patterning at Tallaganda. (a) Haplotype
network estimated by statistical parsimony
(Templeton et al. 1992). Letters designate
unique haplotypes (also colour-coded). The
areas of the ovals are proportional to
frequency. Each single line represents one
mutation between haplotypes, and small
black circles dividing single lines represent
missing haplotypes. Homoplasy, reflected
by reticulation, was observed between
haplotype G and a missing haplotype. (b)
Geographic distribution of haplotypes. Each
sampling unit (i.e. log) is represented by a
pie chart showing haplotype frequency
(colour-codes as (a)). Sample sizes per log
are given in parentheses. Ellipses (broken
lines) delineate logs comprising geographical
populations, inferred from Bayesian cluster-
ing of multilocus nuclear genotypes (see
Materials and methods and Fig. 2).

of genetic diversity in the focal collembolon appears to
have been affected by three major climatic events throughout
the species” evolutionary history.

In the late Miocene-early Pliocene (5-7 Mybp) there was
a dramatic change from the previously warm and moist cli-
mate of southern Australia (Bowler 1982), when forest
diversity was probably maximal (Martin 1994). The new
conditions, which consisted of extended periods of intense
seasonal aridity, imposed severe stresses upon flora and
fauna (Bowler 1982), and coincided with the contraction of
rainforests across southeast Australia (Singh 1982). The arid
climatic regime prevailed until the late Pliocene (2.5 Mybp)
(Bowler 1982). This event corresponds with the estimated
time of divergence of haplotypes in the Northern network
(haplotypes A-H and J-M) from those in the Southern net-
work (haplotypes N-P) (Fig. 4a, Table 5). This initial split is
corroborated by evidence from anonymous scnDNA locus

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344
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Table 5 Estimated mtDNA divergence times assuming a molecular clock

Inferred timing of divergence (Mybp)

2.3%b 1.71%b
Timing of
Min Max Min Max Palaeoclimatological event event (Mybp)
Among groupsa
(A-H, ]-M)/(N-P) 2.87 4.96 3.86 6.67 Terminal Miocene Event (Pliocene cooling and 25-7
drying, extended period of aridity)
(A-H)/(J-M) 0.61 1.39 0.82 1.87 Late Pliocene — early Pleistocene (low amplitude and >0.7-2
frequency wet-dry cycles)
(N)/(O-P) 0.78 091 1.05 1.23 Late Pliocene — early Pleistocene >0.7-2
Within groupsa
(A-H) 0.09 0.35 0.12 0.47 Mid — late Pleistocene (high amplitude and <0.7-0.01
frequency glacial-interglacial cycles)
(J-M) 0.09 0.44 0.12 0.59 Mid — late Pleistocene <0.7-0.01
(O-P) 0.09 0.09 0.12 0.12 Mid — late Pleistocene <0.7-0.01

aMtDNA haplotype groupings indicated by parentheses, letters identify constituent haplotypes as per Fig. 4; ‘/” indicates splitting event.

bMolecular clock rate (% sequence divergence per My).

Haplotype groups identified from mtDNA genealogical relationships shown in Fig. 4a. Approximate timing of putative

palaeoclimatological events taken from Bowler (1982) and Singh (1982).

Sm2: pairwise @¢-based AMovas involving the BR geo-
graphical population consistently yielded the highest esti-
mates of genetic differentiation (Fig. 3c). Although the BR
is expected to have been dominated by woodland/steppe
during cold dry periods, based on our findings the pres-
ence of refugia seems likely, possibly provided by deep
gullies among the steep topography in the south-east.

While not as dramatic as impacts in the northern hemi-
sphere (Hope 1994), the Quaternary saw 20 or more cycles
of cooling and drying with periglacial conditions over
much of southeast Australia above c. 1000 m. Early in the
Pleistocene (c. 1.2 Mybp), the amplitude and frequency of
wet-dry cycles increased and began to reflect the very
large and rapid cyclic climatic fluctuations between cold
dry glacial and warm humid interglacial periods that have
characterized the latter part of the Quaternary (Bowler
1982). These early climatic oscillations coincide with diver-
gence between two Northern network mtDNA subgroups
(haplotypes A-H and J-M), and between two Southern
network subgroups (haplotype N, and O to P) (Fig. 4a,
Table 5). Based on mtDNA genealogical relationships, the
oldest haplotype resides in the ESR. This is consistent with
a priori expectations that ESR is likely to have served
repeatedly as a refuge for moist forest-dependent organ-
isms at Tallaganda during cold dry periods since the mid
Miocene c. 15 Mybp, and perhaps as far back as 36 Mybp
in the Oligocene epoch. Nonetheless, although deep east-
west oriented gullies are most abundant in the ESR,
high-elevation eastern slopes of PSR may also have retained
refugia during glacial periods.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 3329-3344

Ecologically, the last 0.4 My have been considered most
important in shaping present-day floral and faunal bioge-
ographical zonations because of a series of high-amplitude
glacial-interglacial cycles occurring on c. 100 000-year rota-
tions (Bowler 1982; Hope 1994). Such timescales appear to
have been sufficiently short to limit species specialization
to stable niches, and consequently plant populations and
whole ecosystems were repeatedly wiped out. These rela-
tively recent, very large and perhaps very rapid climatic
oscillations coincide with evolutionary radiations within
each of the two Northern network mtDNA subgroups
(above) and within one of the Southern network subgroups
(haplotypes O-P) (Fig. 4a, Table 5). Vicariance events that
resulted in the present-day separation of HCR and ESR
populations, and PSR-1 and PSR-2 populations, are clearly
the most recent evolutionary episodes in the three-tiered
history of this species at Tallaganda.

In contrast to other geographical populations, PSR-1 was
dominated by a broadly distributed high-frequency haplo-
type (haplotype K), possibly indicating a relatively rapid
and recent range expansion from a single glacial refuge.
The high haplotypic diversity contained within HCR and
ESR suggests that these microbiogeographical regions
retained the largest population sizes and/or contained
multiple refuges. However, the spatial distribution of
nuclear genetic diversity contravenes the expectation of
highest nuclear diversity co-occurring in those regions
with the highest mtDNA diversity: PSR-1 and PSR-2 geo-
graphical populations have the greatest nuclear diversity
(Table 2), yet their mtDNA diversity is low. There are
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several plausible explanations for this pattern, but perhaps
the most likely of these is illuminated when the spatial
arrangement of the five geographical populations is con-
sidered: PSR-1 and PSR-2 are generally flanked by other
populations to the north and south, and may act as sinks
for nuclear genetic diversity. Gene flow into the PSR-1 and
PSR-2 populations, sourced from both northern and south-
ern origins, is evident from nuclear allele frequencies.
These two geographical populations display a dispropor-
tionate number of cases where low-frequency alleles occur
at high frequency in neighbouring populations (Table 2).
Plausibility of the proposed source—sink relationship would
be further strengthened if male-biased dispersal occurs in
this animal. Currently, we only have anecdotal evidence to
suggest male-biased dispersal (i.e. males are smaller in size
and perhaps more active compared with females) since
juveniles are very difficult to sex morphologically.

While the relative importance of Quaternary and earlier
processes acting on biological diversification remains a
contentious issue (Ribera & Vogler 2004) and probably
varies considerably among regions and taxa, molecular
studies have tended to lead to greater estimates of the ages
of species, including vertebrates (Bermingham & Moritz
1998). Given the potential for single gullies to act as refuges
for viable populations of moisture-dependent biota during
glacial periods (Heatwole 1987; Hope 1994), and that Aus-
tralia was not heavily impacted by glaciation compared
with the northern hemisphere (Hope 1994) it is likely that
population divergences of the focal collembolon species at
Tallaganda could be of considerable antiquity. Based on
the observed level of mtDNA divergence, and assuming a
molecular clock, a late Pliocene — late Miocene coalescence
of the present haplotypes seems likely (caveats outlined by
Moritz et al. 1987). Results from comparisons of Fgpand @g;
support the notion that origins of population subdivision
are of considerable age. The present data thus extend to
temperate Australian eucalypt forests findings from studies
of the Australian wet tropics showing that topographically
heterogeneous upland areas can harbour, and indeed repea-
tedly generate, very high levels of biotic endemism (Moritz
et al. 2001). Nuclear gene genealogies will undoubtedly aid
inunderstanding the evolutionary history of this collembolon
at Tallaganda, but will be presented elsewhere.

Conservation implications

Tallaganda is bounded by cleared grazing lands to the east,
north and west. Forestry has been the predominant land
use in the study area since the 1860s and remains so in
Tallaganda and Badja SFs. Since the 1960s commercial
forestry operations have intensified over progressively
larger areas (State Forests of NSW 1995), and logging is
planned to continue beyond 2005 (Australian Government
2001). Nearly all of the tall wet sclerophyll forests have

been gazetted as State Forest, and may be subject to
commercial forestry operations (Australian Government
2001). These areas encompass the majority of the putative
glacial refuges, and the largest proportion of genetic
diversity in the focal collembolon species.

The potential impacts upon terrestrial invertebrates
from current and proposed forest management at Talla-
ganda remain to be established. However, the 1995 Envi-
ronmental Impact Statement (EIS) relating to the study
area stated ‘Any terrestrial invertebrates totally dependent
on old trees may be adversely affected if their populations
are localized and not widespread in the EIS area’ (State
Forests of NSW 1995, EIS Main Report, Section 11 p. 66).
The present new genus and species of saproxylic Collem-
bola clearly fits this description.
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Appendix 1

Distribution of polymorphic sites: (a) mtDNA cytochrome oxidase subunit I (COI); (b) Sm2; and (c) Sm8 locus. Site designations are

nucleotide positions relative to the end of the forward primer (excluding areas of ambiguous alignment; — deletion, and / multibase

insertions)

(a)

mtDNA COI locus

Haplotype/

site

12 15 18 27 36 57 60 72 78 81 115 120 129 138 141 159 168 174 183 186 187 204 234 240 247 255 258

T A A A T

A A T

T

T A A A T

A A T

T

A T
A A A T

T
T

A
A
C
C

A

A
A A A A A
A A A A A

a=Z0

mtDNA COI locus continued

GenBank

261 270 315 327 333 336 339 342 357 363 381 390 396 399 408 417 418 447 468 471 498 504 510 accession number

Haplotype/

site

AY694098
AY694099
AY694100
AY694101

A
A
A
A
G
A

G
G

G
G
G

AY694102

AY694103

AY694104
AY694105

A
A

(G

AY694106

A

G
G
G

—

AY694107
AY694108

A
A

AY694109
AY694110
AY694111
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A
A
A
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G
G
A
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T
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A A C
c

C
C
T
T

a3 ZO0

AY694113
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(b)

Sm?2 locus

Allele/
site

163 177
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138 139
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O
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Appendix 1 Continued

(©

Sm8 locus

Allele/
site
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