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Strong genetic structure corresponds to
small-scale geographic breaks in the Australian
alpine grasshopper Kosciuscola tristis

Rachel A Slatyer'?’, Michael A Nash'?, Adam D Miller**, Yoshinori Endo'**, Kate DL Umbers®” and Ary A Hoffmann'**

Abstract

Background: Mountain landscapes are topographically complex, creating discontinuous ‘islands’ of alpine and
sub-alpine habitat with a dynamic history. Changing climatic conditions drive their expansion and contraction, leaving
signatures on the genetic structure of their flora and fauna. Australia’s high country covers a small, highly fragmented
area. Although the area is thought to have experienced periods of relative continuity during Pleistocene glacial periods,
small-scale studies suggest deep lineage divergence across low-elevation gaps. Using both DNA sequence data and
microsatellite markers, we tested the hypothesis that genetic partitioning reflects observable geographic structuring
across Australia’s mainland high country, in the widespread alpine grasshopper Kosciuscola tristis (Sjosted).

Results: We found broadly congruent patterns of regional structure between the DNA sequence and microsatellite
datasets, corresponding to strong divergence among isolated mountain regions. Small and isolated mountains in the
south of the range were particularly distinct, with well-supported divergence corresponding to climate cycles during
the late Pliocene and Pleistocene. We found mixed support, however, for divergence among other mountain regions.
Interestingly, within areas of largely contiguous alpine and sub-alpine habitat around Mt Kosciuszko, microsatellite data
suggested significant population structure, accompanied by a strong signature of isolation-by-distance.

Conclusions: Consistent patterns of strong lineage divergence among different molecular datasets indicate genetic
breaks between populations inhabiting geographically distinct mountain regions. Three primary phylogeographic
groups were evident in the highly fragmented Victorian high country, while within-region structure detected with
microsatellites may reflect more recent population isolation. Despite the small area of Australia’s alpine and sub-alpine
habitats, their low topographic relief and lack of extensive glaciation, divergence among populations was on the same
scale as that detected in much more extensive Northern hemisphere mountain systems. The processes driving
divergence in the Australian mountains might therefore differ from their Northern hemisphere counterparts.
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Background

Mountain landscapes form a matrix of mountain-top
‘sky islands’, high-elevation ridges and intervening low-
elevation habitat. This creates a discontinuous and frag-
mented landscape with features such as valleys and river
drainages forming potential barriers to gene flow for spe-
cies restricted to high elevations [1,2]. The scope of these
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barriers has changed over time. For example, recent warm-
ing and consequent upslope distribution shifts have driven
fragmentation of previously continuous alpine populations
[3]. In contrast, widespread cooling during the Pleistocene
glacial periods (0.7-0.01 Ma) is thought to have created cor-
ridors of suitable habitat between currently isolated moun-
tain ranges [4,5]. Such large-scale climatic fluctuations have
left signatures in the genetic structure of high-elevation
taxa worldwide [2,4,6-8].

During Pleistocene climate cycles, the creation of habitat
corridors and tracking of cooler climates to low elevations
would have reduced the effective distance between popu-
lations and enabled migration of alpine species between
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previously-isolated mountains [9,10]. Alternatively, gla-
ciation might have driven population contraction to
lowland refugia, driving deep lineage divergence across
different mountain ranges [2,11-13]. Different patterns
are evident across mountain systems that vary in their
continuity, extent and ecological characteristics (e.g.
dispersal ability) of the focal species. These patterns
have most frequently been explored in mountain systems
of North America and Europe, which extend across hun-
dreds of kilometres. In Australia, high-elevation areas are
highly fragmented but distances between distinct moun-
tain regions are much smaller — usually less than 50 km
(Figure 1). Alpine and sub-alpine habitats are confined
to a relatively small (5200 km?) area of southeastern
Australia, with most of this area within the States of
Victoria and New South Wales (‘Kosciuszko region’)
(Figure 1la) [14]. During the Pleistocene, alpine/sub-
alpine conditions would have extended to lower ele-
vations, connecting some, if not all, of these regions
[15,16]. At the same time, lack of large-scale glacial ac-
tivity may have allowed persistence of populations in
high-elevation areas [15]. In Victoria (see Figure 1), high
endemism and strong divergence among arthropod
populations across mountains points to a stable system
in which populations have persisted on mountain summits
through past climate cycles [17]. Nevertheless, the limited
geographic scope of genetic studies in the Australian alps
area to-date (see [17,18] for a recent exception) — a conse-
quence of the highly restricted distributions of most Aus-
tralian alpine taxa — means that patterns of genetic
structure across the remainder of the high country remain
poorly understood.

Several features of the Victorian and Kosciuszko moun-
tain regions suggest that patterns of historic and contem-
porary population structure are likely to differ between
them. First, while alpine and sub-alpine habitat in Victoria
is highly fragmented, currently separated into four main
areas by low-elevation agricultural land, the Kosciuszko
region comprises largely contiguous alpine/sub-alpine
habitat contained within reserved land. Although the
Kosciuszko region has few isolated peaks, Mt Jagungal
(Figure 1d), which marks the northernmost point of the
this region, is separated from the main range by approxi-
mately 25 km of sub-alpine plains (~1500 m elevation).
Second, the highest areas of the Kosciuszko region experi-
enced some glaciation during Pleistocene climate cycles —
the only area of the Australian mainland to do so [19,20]. A
recent study of wind-dispersing Poa grasses found no gen-
etic structure within the Kosciuszko region, with significant
divergence only apparent among isolated mountains in
southern Victoria [18]. However, species with low dispersal
ability are likely to show greater structure (e.g. [2,11]).

The most extensive areas of alpine and sub-alpine habi-
tat in Australia, lying within the Kosciuszko region in New
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South Wales and the Bogong High Plains in Victoria, are
separated by approximately 100 km of lowland across the
Murray River valley, which also marks the State border
(Figure 1la). This geographic discontinuity represents a
significant divergence point for several alpine reptile
and mammalian species [21-23]. For example, the skink
Egernia guthega, an alpine endemic, shows an average
2.2% mitochondrial (ND4) sequence divergence between a
population from Kosciuszko and three populations from
the Bogong High Plains. However, no genetic structure
across this valley was detected among alpine Poa [18].
Thus, with the exception of Poa [18], the restricted distri-
butions of species studied to-date provides no means to
assess the context of the Kosciuszko-Bogong High Plains
break within the broader alps area.

In this study, we examine the importance of broad-
scale geographic discontinuities in shaping patterns of
genetic structure in the Australian high country. In par-
ticular, we explore the following questions: (1) at the
relatively small spatial scale of Australia’s high country,
what is the extent of lineage divergence among and
within regions and does the timing of divergence relate
to Pleistocene glacial cycles? (2) Are differences in geo-
graphic structure and historic climate between the
Victorian and Kosciuszko mountains regions reflected in
lower historic and contemporary genetic structure in
the latter? (3) To what extent does the gap between
Kosciuszko and the Bogong High Plains represent a pri-
mary divergence point? We investigate these questions
using phylogenetic and population genetic frameworks,
with markers of different temporal resolutions to capture
signatures of both current range fragmentation and poten-
tial distribution shifts in the past.

The grasshopper Kosciuscola tristis (Sjosted) was identi-
fied as an ideal species in which to explore these genetic
patterns. Although restricted to Australia’s alpine and sub-
alpine habitat, primarily above 1500 m, it is abundant and
its distribution stretches from Mt Baw Baw in the south to
Mt Jagungal in the north (~300 km). This gives it one of
the largest ranges of any mountain-endemic animal in
Australia and makes it an ideal model for testing broad-
scale phylogeographic patterns in this system. Like many
alpine insects, K. tristis is flightless and, consequently, is
likely to have limited dispersal abilities over the distances
separating major mountain regions. Two subspecies are
described [24], with K tristis tristis occurring in the
Kosciuszko region and K. tristis restrictus on the Mt
Buffalo plateau (Figure 1). Rehn [24] also describes
Victorian populations from Mt Hotham and the Bogong
High Plains as morphologically intermediate between the
two proposed subspecific forms. We thus predicted (a)
genetic divergence across the Murray River valley, and (b)
that K. tristis from Mt Buffalo would be genetically distinct
from other populations of K. tristis. Some study has been
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(to the north-east) and Victoria (to the south-west).

Figure 1 Map of the Australian alpine area and sampling locations. The Australian alpine region, showing major mountain areas (a) and
sampling locations in the Mt Buller/Mt Stirling region (b), Bogong High Plains, Dargo High Plains and Mt Buffalo Plateau (c) and the Kosciuszko
region (d) (see Additional file 1: Table S1 for coordinates). Samples were also collected from the Baw Baw Plateau (a). Black lines indicate a 1500
m contour, the approximate low-elevation distribution limit of Kosciuscola tristis through most of its range. Shading represents elevation from 0 m
a.s.l (black) to 2250 m (white). The red dotted line in (a) indicates the approximate position of the Murray River, where it divides the Kosciuszko
region in New South Wales from the Bogong High Plains area in Victoria. The river also marks the State border, between New South Wales

made of the genetic structure of this species [17,25], pro-
viding a basis from which to extend the research to cover
a greater geographic extent.

Results

Phylogeographic structure and genetic diversity

In total, 75 individuals were sequenced, representing 35
unique COI haplotypes and 12 unique 7S haplotypes.
Of these, 12 COI and 3 ITSI haplotypes were repre-
sented in the Kosciuszko region, with the remainder
from populations in Victoria. Mean COI sequence diver-
gence between haplotypes in Victoria was five times that

of the Kosciuszko region (Victoria: mean =24 + 1.1%;
Kosciuszko: 0.4+ 0.2%), and nucleotide diversity was also
greater in Victoria (Victoria: 77 = 0.006 + 0.013; Kosciuszko:
7 =0.001 £ 0.001).

The maximum likelihood COI phylogeny indicates
strong statistical support for a southern Victorian clade in-
corporating populations from Mt Baw Baw, Mt Buller and
Mt Stirling. Within this group, further geographic structure
was apparent with good support for the monophyly of hap-
lotypes from Mt Baw Baw and from Mt Buller (Figure 2).
We found no statistical support for phylogeographic struc-
ture across the remaining mountains, although Mt Buffalo
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(representing the subspecies K. tristis restrictus) did cluster.
Mt Hotham showed a particularly interesting pattern, with
haplotypes falling out in several places on the phylogeny
and two individuals — potentially hybrids — showing strong
divergence from the other haplotypes. The ITSI data, how-
ever, placed Mt Hotham with the southern Victorian
mountains (Mts Stirling, Buller and Baw Baw). In contrast
to the COI phylogeny, ITS1 sequences showed divergence
between the Kosciuszko region and the Bogong High Plains
(separated by the Murray River valley), with populations
from each region represented by one primary haplotype
(Figure 3).

There was an average 2.9% (range 1.9 — 4.1%) se-
quence divergence between COI haplotypes from the
southern Victorian mountains and those from the Bo-
gong High Plains and Kosciuszko. This corresponds to
divergence 0.8 to 1.3 Ma (range 0.5 — 1.8 Ma) using a di-
vergence rate of 2.3% or 3.5% Myr " respectively. Within
these southern mountains, divergence of the Mt Baw
Baw clade was estimated at 0.4 to 0.7 Ma (range 0.21 —
0.8 Ma) based on a 1.5% (range 0.8 — 1.9%) mean se-
quence divergence, and the Mt Buller clade at 0.1 Ma
(range 0.1 — 0.2 Ma) with 0.3% (range 0.3 — 0.4%) se-
quence divergence. We were unable to give an estimated
divergence time between populations from the Bogong
High Plains and Kosciuszko as there was no phylogen-
etic split based on COI data.

Microsatellite data: null alleles and diversity
Due to poor amplification of some loci in Victoria (see
Methods) we split the data into two. The first dataset
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consisted of all 13 populations sampled (388 individuals)
with five microsatellite loci (five-locus dataset) and the sec-
ond included the six populations from the Kosciuszko re-
gion (177 individuals) and eight loci (Kosciuszko dataset).

The two datasets contained 20% and 14% missing data,
respectively. After correcting for multiple comparisons,
only one pair of loci at one site showed significant linkage
disequilibrium. All loci deviated from Hardy-Weinberg
Equilibrium (HWE) in at least one of the sampled sites,
with locus K#r88 showing the highest level of deviation,
departing from HWE at all sites. The other loci that devi-
ated from HWE did so in 4-7 of the seven Victorian pop-
ulations and in 1-6 of the six Kosciuszko populations.
MICROCHECKER [26] indicated the presence of null al-
leles at four loci: Ktr30, Ktr58, Ktr60 and Ktr88, with esti-
mated null allele frequencies for these loci between 0.12
(Ktr58) and 0.3 (Ktr88) (Additional file 2: Table S2-S3).

The five-locus dataset of 13 populations harboured 136
alleles across the five loci (range 21 to 38 per locus), while
147 alleles were detected across the eight loci in the
Kosciuszko dataset (638 alleles/locus). Although observed
heterozygosity was generally low (all Hp < 0.6), likely due to
the presence of null alleles, genetic diversity measured by
expected heterozygosity was high (mean Hg = 0.82) and var-
ied little across sites (with the exception of the Baw Baw
population, with Hg = 0.59) (Table 1).

Population genetic structure

Deviations from HWE and the presence of null alleles
means that estimates of F-statistics are problematic and
should be treated cautiously. Nevertheless, we present
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Figure 3 Median-joining network of Kosciuscola tristis. Median-joining haplotype network of 12 unique haplotypes from 75 Kosciuscola tristis
ITST sequences, rooted with K. cognatus (black circle). Circles represent haplotypes, with size proportional to haplotype frequencies; for haplotypes
common to multiple populations, slices represent the frequencies of each population; colours indicate the population. Branch lengths are
proportional to the number of mutations between nodes and red circles are median vectors.
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Table 1 Genetic variation in markers used for phylogeny reconstruction (CO7 and ITS7) and population genetic

analyses
co1 ITS1 Microsatellites Microsatellites
(five shared loci) (all typed loci)
Location Nucleotide diversity (m) Number of haplotypes = Number of haplotypes Hp He N, Ho He N,

Kosciuszko region

Mt Jagungal 0.001 2
Mt Tate 0.002 4
Guthega 0.002 4
Mt Townsend 0.001 3
Thredbo 1 0.001 2
Thredbo 2

Thredbo 3

Victoria

Mt Bogong 0.008 2
Mt Nelse 0.001 4
Falls Creek 0.000 1
Mt Cope 0.000 1
Mt Jaithmathang 0.002 2
Mt Hotham 0.041 5
Mt Buffalo 0.002 5
Mt Buller 0.001 2
Mt Stirling 0.000 1
Mt Baw Baw 0.002 3

1 061 083 1180 056 083 1163

1 051 081 1240 051 082 1188

3 050 081 1360 048 082 1200

1

1 056 082 1240 053 079 1025
051 083 1320 048 080 1125
057 081 1380 050 077 1125

1 046 088 1340

2

1 051 090 1420

1 038 087 1220

1

2

1 026 080 9.80

1 049 078 8.80

1 033 069 1000

5 027 059 740

Genetic variation was measured as nucleotide diversity and haplotype number for COT; nucleotide diversity was not calculated for ITS7 as variation was very low.
Observed heterozygosity (Ho), expected heterozygosity (HE) and mean allelic richness (Na) were calculated for five microsatellite loci that amplified across all

populations, as well as for eight loci typed for the Kosciuszko populations.

Fgr values, corrected for null alleles, and F’sy values as
measures of divergence for comparability. The patterns
of structure presented below, detected using Fsr, princi-
pal components analysis and Bayesian clustering ana-
lyses are concordant.

There was significant pairwise differentiation between 73
of 78 site pairs in the five-locus dataset, and between 13 of
14 pairs in the Kosciuszko dataset, after a correction for
null alleles using the ENA method (see Methods for de-
tails), although Fsr values were generally low (Additional
file 3: Tables S4-S5). The exceptions were Falls Creek-Mt
Cope (Fsr=0.002, F's7=0), Mt Buller-Mt Stirling (Fsr=
0.010, F’s7=0.112), Thredbo 2 — Mt Tate (Fsr=0.014,
Fst=0.189), Thredbo 1-Thredbo 2 (Fs7=0.002, Fsr=
0.017) and Thredbo 2-Thredbo 3 (Fg7=0.013, Fsr=
0.057). The greatest differentiation was observed between
populations from the Kosciuszko region and those from
Victoria (mean Fg7= 0.100).

These broad-scale patterns were supported by the
discriminant analysis of principal components, which indi-
cated clear differentiation of geographic groups (Figure 4).
In particular, the Kosciuszko region represented a

robust cluster with 93% of individuals correctly
assigned to the region, compared to 83% and 84% for
the southern Victorian and Bogong High Plains clus-
ters, respectively.

Population structure was also assessed with the Bayesian
assignment method implemented in TESS, which sup-
ported five clusters in the five-locus dataset (all popula-
tions) and six clusters in the Kosciuszko dataset (Figure 5).
Strong regional divergence was again evident: three
clusters were almost exclusively assigned to individuals
from Victoria (<4% in the Kosciuszko region), while
the remaining clusters were largely exclusive to the
Kosciuszko region. The Bogong High Plains region
showed equivalent admixture proportions from clusters
associated with southern Victoria and the Kosciuszko re-
gion (10 — 18% admixture), in addition to a distinct local
cluster representing an average 57% of individual admix-
ture proportions. In Victoria, Mt Buffalo and Mt Baw Baw
were characterised by very high single-cluster assignment
(97% and 89% respectively). Similarly, in the Kosciuszko
region, the isolated peak of Mt Jagungal showed high
single-cluster assignment (average 93%).
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equal to the variances and slope equal to the covariance.

Figure 4 DAPC plot for geographic clusters. Results of a discriminant analysis of principal components, showing relationships among
geographic population clusters. C1 = Bogong High Plains/Mt Buffalo, C2 = Kosciuszko region, C3 = Southern mountains (Mt Baw Baw, Mt Buller,
Mt Stirling). Inertia ellipses are a graphical summary of points within each cluster, with the centroid representing the mean coordinates, width

Spatial patterns of genetic divergence

We tested for isolation-by-distance (IBD) in both the
microsatellite and COI datasets, and examined this pat-
tern in the Victorian and Kosciuszko regions alone, as well
across all populations. There was significant isolation-by-
distance in both the microsatellite (all populations (Five-
locus): 7 = 0.640, p=0.001; Victoria (Five-locus): =
0.395, p=0.020; Kosciuszko: *=0.666, p=0.001) and
COI (all populations: 7 = 0.213, p = 0.003; Victoria: r° =
0.304, p = 0.005), datasets. Within the Kosciuszko region,

however, COI sequence divergence showed no relation-
ship with geographic distance (+* = 0.009, p = 0.367).

Discussion

The topographic complexity of mountain landscapes,
coupled with large-scale climatic fluctuations, has shaped
the evolution and population structure of high-elevation
species worldwide [2,7,10-12,27]. In the comparatively
small (both in area and altitudinal range) and geologic-
ally stable Australian high country, we found genetic

a)
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Figure 5 TESS assignment analyses. Posterior estimates of individual admixture proportions for (a) all populations (five-locus dataset) (Ko = 5)
and (b) populations from the Kosciuszko region (K. = 6). Admixture proportions represent the estimated proportion of an individual's genome
originating in each cluster and different clusters are represented by different colours.
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divergence associated with discontinuities in alpine and
sub-alpine habitats. Four primary genetic groups were
identified across the Kosciuszko region of New South
Wales and mountain areas of Victoria, with the greatest
structure evident in the latter. Here we discuss population
structure within Kosciuszko and Victoria, genetic struc-
ture across major geographic breaks and the extent to
which patterns in Australia parallel (and differ from) those
in larger mountain systems.

Within-region structure

The Kosciuszko alpine region contains Australia’s high-
est mountains and the most extensive area of alpine and
sub-alpine habitat. Despite this, previous work in a var-
iety of taxa [grasses: 18, skinks: 22, mammals: 23, in-
sects: 25] has shown low genetic structure within this
region. Likewise, we found no phylogeographic structure
in K tristis. An absence of isolation-by-distance suggests
either very high gene flow over a long period of time or
incomplete lineage sorting following relatively recent
(re)colonisation [28,29]. We suggest the latter is more
likely. The slopes on and near Mt Kosciuszko are the
only areas of mainland Australia where glacial forma-
tions during the Pleistocene are known to have occurred
[19]. In addition to concurrent changes in the distribu-
tion and structure of vegetation [30], K. tristis has poor
cold tolerance (R Slatyer, unpublished data) and may
thus have retreated to refugia during glacial periods.
Subsequent recolonization during interglacial periods
could lead to low diversity and low regional structure —
a pattern which is seen among many alpine taxa in the
Northern Hemisphere [27,31,32].

In contrast to the lack of phylogenetic structure,
microsatellite data suggested significant population dif-
ferentiation across small spatial scales (<20 km) coupled
with a strong signature of isolation-by-distance. This
could reflect more recent differentiation. In particular,
we report a new genetic break, with unambiguous clus-
tering of individuals from Mt Jagungal, which is sepa-
rated from Kosciuszko proper by 25 km of sub-alpine
plains at around ~ 1500 m elevation — also the lower-
elevation limit of K. tristis in the area. Patterns of
recent, fine-scale population differentiation (over dis-
tances < 50 km) are common across high-elevation taxa —
even among species with high dispersal ability (e.g.
[33-36]). Habitat features such as forest fragments
within high-elevation meadows, topographic relief and
water availability have been identified as putative dispersal
barriers [33,37-39]. Although sub-alpine and alpine habi-
tats are largely contiguous within the Kosciuszko region,
as far north as Mt Jagungal, grasshoppers are patchily dis-
tributed throughout the landscape (R Slatyer & K Umbers,
unpublished observations). This is likely to reflect micro-
habitat variation which, in turn, could be driving the
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genetic differentiation across small geographic distances
within the Kosciuszko region.

Victoria’s high country is highly fragmented, with dis-
junct mountain regions separated by 50 to 100 km. In
line with our predictions that populations from this re-
gion would thus show stronger genetic structure than
those from Kosciuszko, divergence and diversity were
both higher within Victoria. Despite this pattern of gen-
erally high regional divergence, however, the Bogong
High Plains and Mt Buffalo showed low differentiation.
Mt Buffalo contains several endemic flora and fauna spe-
cies [40,41], showed strong phylogeographic isolation in
four other alpine invertebrates [17] and emerged as one
of few distinct genetic clusters in wind-dispersed alpine
Poa grasses [18]. It was therefore surprising to find no
support for a distinct Mt Buffalo clade in our phylogen-
etic analyses, particularly as this would correspond to
the subspecies described from morphological data [24].
As for populations within the Kosciuszko region, how-
ever, assignment analyses based on microsatellite data
suggest that this population is genetically distinct from
those of the adjacent Bogong High Plains. Mutations
arise rapidly in microsatellites [42], and this differenti-
ation could suggest recent population isolation.

Evolutionary history of the Australian alps
Rapid cooling and drying in southeastern Australia during
the late Miocene to Pliocene (5-2.5 Ma) is thought to
have promoted the evolution of the cold-adapted sub-
alpine and alpine biota, with this species assemblage per-
sisting through subsequent climatic shifts [43-45]. This
corresponds to estimated dates of divergence among the
four mainland Kosciuscola species [25]. Divergence time
estimates for the southern Victorian (0.5 — 1.8 Ma), and
subsequently, Mt Baw Baw and Mt Buller clades (0.1 — 0.8
Ma), are consistent with the intense climate cycling of the
Pleistocene [20,46,47]. A lack of current gene flow is indi-
cated by an absence of widespread haplotypes and haplo-
type sharing only between proximate populations [10].
Depression of the snowline during glacial periods is
thought to have resulted in continuous alpine/sub-alpine
conditions from Mt Jagungal into southern Victoria
[15,16]. While this depression might have facilitated
range expansion and, consequently, low differentiation
across the alpine area as a whole [9,48], previous studies
on geographic subsets of Australia’s high country have
found high endemism among mountain suggesting rela-
tively stable population histories and isolation among
mountains [17,21,22]. In particular, considering both the
sequence and microsatellite datasets, we identify four
primary genetic groups: two southern Victorian groups
comprising Mt Baw Baw and Mt Buller/Mt Stirling; a
Bogong High Plains cluster comprising the Bogong High
Plains proper and Mt Buffalo; and a Kosciuszko cluster.
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One of the most surprising results to emerge in this
study was the inconsistent support for the (relatively) well-
studied phylogeographic break between the Kosciuszko
and Bogong High Plains regions, across the Murray River
valley. Approximately 100 km separates alpine/sub-alpine
habitats on either side of the valley but two of five previous
studies [18,25] have not found significant genetic structure.
From both sequences and microsatellite data, we suggest
that there is significant divergence between K. tristis popu-
lations from Mt Kosciuszko and the Bogong High Plains.
Perhaps more importantly, however, our data suggest that
the Murray River valley (which also forms a State border)
may not be the greatest point of divergence among alpine
taxa (see also [18]).

The Australian alps in a global perspective

For high-elevation taxa in North America and Europe,
phylogeographic patterns reflect contrasting population
histories of glacial and interglacial expansion and contrac-
tion (e.g. [2,4,11,48,49]). In many respects, our phylogen-
etic results mirror those from mountains in the Northern
hemisphere — phylogeographic breaks among widespread
mountain regions contrast with shallow historical diver-
gence within ranges [6,11,49]. However, mountain regions
in Australia are of a different scale to those most often
studied — peaks are separated by tens of kilometres, rather
than by hundreds of kilometres, and alpine/sub-alpine
habitat is confined to just 700 vertical metres. Further, all
current high-mountain regions on mainland Australia are
thought to have been connected by alpine/sub-alpine con-
ditions during glacial periods. Given that the processes
typically invoked to explain distribution shifts and demo-
graphic change - such as ice sheet formation — are not ap-
plicable to much of the Australian high country, and that
distances among mountain regions are relatively small, it
is remarkable that strong lineage divergence (such as for
the southern Victorian mountains) is clearly evident. In-
deed, sequence divergence was akin to estimates of inter-
specific divergence among alpine grasshoppers in the
North American Rocky Mountains [7], and across the
mountains of Europe [50].

Conclusions

Despite the small spatial scale and past intermittent con-
nectivity of Australian alpine and sub-alpine habitats, con-
sistent patterns of divergence among the two molecular
datasets indicate differentiation, associated with geographic
breaks in alpine/sub-alpine habitat, that has persisted
through glacial cycles and into the present. Populations
from peaks within the highly fragmented Victorian high
country showed much greater population structure than
those from the more continuous Kosciuszko region and
structure patterns indicate that the former is comprised of
at least three distinct genetic groups. The microsatellite
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data, although problematic, suggests more fine-scale and
possibly more recent structure than either COI or ITS],
and genetically distinct populations corresponding to the
northern- and southern-most parts of the species’ range
and to the described sub-species K. tristis restrictus. The
evolutionary histories of these peaks, particularly the
under-studied Mt Jagungal, need to be assessed further.
The wide alpine/sub-alpine distribution and ecological
characteristics of K. tristis make it a good model for ex-
ploring associations between genetic markers and adaptive
processes across the Australian high country.

Methods
Study species and sampling
Kosciuscola tristis Sjosted (1933) (Orthoptera: Acrididae)
is a small (15-30 mm) grasshopper, endemic to Australia’s
alpine region [51]. The species has a patchy distribution
across small geographic scales, but population density can
be very high during the peak adult activity period between
February and April. The species is univoltine with discrete
generations, all adults dying by late-May and eggs hatching
in early summer. Of the four grasshopper species endemic
to the sub-alpine and alpine regions of the Australian
mainland, K tristis has the narrowest altitudinal range. It
is found between 1500 m and 2200 m with a known distri-
bution spanning five distinct mountain areas across two
States: New South Wales (Kosciuszko alpine region) and
Victoria (Bogong High Plains, Mt Buffalo plateau, Mt
Buller/Mt Stirling and the Baw Baw plateau) (Figure 1).
Between January and May of 2012 and 2013, a total of
396 adult K. tristis were collected by hand from 15
mountains spanning K. tristis’ full known geographic dis-
tribution (Figure 1, Additional file 1: Table S1). Some
mountains were separated by low-elevation, while others
represent peaks within continuous alpine/sub-alpine
habitat. The geographic distance between sampled loca-
tions ranged from 1.7 km to 284 km, but adjacent
mountains were always less than 100 km apart. One
hind leg was removed from each individual in the field
and stored in 100% ethanol until DNA extraction.

Phylogeny reconstruction: DNA extraction, amplification
and sequencing
Total genomic DNA was extracted from muscle tissue from
the femur. Tissue was placed in a microcentrifuge tube and
crushed with a glass bead and mixer mill at 20,000 Hz for 2
min. Samples were centrifuged (30 sec at 13,000 rpm) after
which 150 pL of 5% Chelex-100 resin® (BioRad, Hercules,
USA) and 3 pL proteinase K (10mg/mL) (Roche, Basel,
Switzerland) were added. Samples were incubated at 56°C
for 3 hours, followed by 95°C for 10 min [52].

Phylogenetic analyses were performed using DNA se-
quence data from fragments of the mitochondrial cyto-
chrome oxidase subunit I (COI) gene and the nuclear
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internal transcribed spacer 1 (I7S1) region for five individ-
uals per collection site (total 75 individuals). Polymerase
Chain Reactions (PCRs) were used to amplify a 801 base-
pair (bp) fragment of the COI gene using primer pairs
C1-J-2183 and TL2-N-3014 [53], and a 573 bp fragment
of the ITSI gene using primer pairs CAS18sF1 and
CAS5p8sB1d [54]. PCR was carried out under the follow-
ing reaction conditions: COI: 94°C for 4 min, 35 cycles of
94°C for 30 sec, 45°C for 30 sec, 72°C for 30 sec, then
72°C for 5 min; ITSI: 94°C for 4 min, 35 cycles of 94°C for
30 sec, 64°C for 40 sec, 72°C for 30 sec, then 72°C for
5 min. PCRs were performed in 25 pL (see Additional
file 4: Table S6 for reaction concentrations) and products
were sequenced on an ABI 3730 DNA analyser (Macrogen
Inc, Korea). Kosciuscola cognatus, a congener occupying
the sub-alpine zone, was sequenced as an outgroup taxon,
using identical PCR conditions.

Phylogeny reconstruction: sequence analysis and
divergence time estimation

DNA sequences were aligned using MUSCLE [55] with
default settings and refined manually in GENEIOUS 6.1.7
[56]. COI sequences were translated into amino acid se-
quences and checked for internal stop codons to deter-
mine product authenticity and the correct reading frame.
Unique haplotypes in each dataset were identified and
used for subsequent phylogenetic analyses [Genbank:
KJ870103-KJ870137 & KJ870139-KJ870149] (Additional
file 5: Table S7). We used two approaches to test phylo-
geographic structure.

First, we used maximum likelihood (ML) to estimate
phylogenetic relationships of COI haplotypes. The data
were partitioned by codon position and RAXML 7.4.2
[57] was used to estimate a maximum likelihood tree
using the GTRGAMMA model and a rapid bootstrap-
ping analysis [58] with 1000 iterations. RAXML was im-
plemented in RAXMLGUI 1.3 [59]. Two sequences from
the congener K. cognatus were used to root the tree
[Genbank: KJ870138, KM407143].

Second, as there was low variation in the 7SI se-
quences (12 haplotypes), we generated a phylogenetic
network using a median-joining approach [60] imple-
mented in NETWORK 4.6.1.1 [58,61], with standard set-
tings. Kosciuscola cognatus was again included as an
outgroup [Genbank: KJ870150].

We used the mitochondrial COI sequences to estimate
divergence time among clades. In particular, we were in-
terested in the timing of divergence among Victorian
and Kosciuszko populations. No fossil of geological evi-
dence was available for node calibration. Instead, we es-
timated divergence times using two divergence rates:
3.5% Myr ", based on a recent insect molecular clock es-
timate [62] and 2.3% Myr’l, which has been used for
grasshoppers in the past [7]. Although it is unrealistic to
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assume a fixed substitution rate across taxa and lineages
[63], we proceeded with this method to allow compari-
sons with other studies and to place population diver-
gence in a rough time period. Sequence divergence was
measured as uncorrected p-distance, calculated with the
ape package [64] in R 3.1.0 [65].

Finally, we calculated average nucleotide diversity (i)
for each collection site using DNASP v5.10.1 [66], and
mean p-distance between haplotypes in Victoria and in
the Kosciuszko region, to compare levels of diversity
among these areas. Diversity statistics were calculated
only for the COI data, as ITSI sequences showed ex-
tremely low diversity.

Population genetic structure: DNA extraction,
amplification and genotyping

Genomic DNA was extracted from femur tissue, which
was placed in a 96-well plate with 3 uL proteinase K and
150 pL of 5% Chelex. The plate was then incubated at
56°C for 16 h [67]. Population genetic analyses were per-
formed using 29-31 individuals from 13 collection sites
(Table 1), three of which were from a single elevation
gradient (at elevations of 1901, 1781, and 1681 m as.l)
near Thredbo, NSW (Thredbo 1, 2, and 3 respectively).
Eight microsatellite loci were amplified across two multi-
plexes, using primers developed by Umbers, et al. [68]
for K. tristis (Multiplex 1: loci Ktr29, Ktr73, Ktr76 and
Ktr82; Multiplex 2: loci Ktr30, Ktr58, Ktr60 and Ktr88).
Microsatellites were designed and tested with K. tristis
from the Thredbo 2 population and details of the design
methodology are given in [68]. PCRs were performed in
11 pL volumes containing 5 pL. QIAGEN Multiplex PCR
Master Mix (QIAGEN Inc., Valencia, CA, U.S.A), 0.1 uM
forward primer, 0.2 uM reverse primer, 0.1 uM fluorescent
tags (FAM, VIC, NED, PET), and approximately 7 ng of
genomic DNA [69]. PCR cycling was performed under the
following conditions: 95°C for 15 minutes, 40 cycles of
94°C for 30 s, 59°C for 90 s, and 72°C for 60 s; followed by
30 min at 60°C. PCR products were size-separated on an
AB3730 DNA analyser, standardised against a GeneScan™
Liz°500 size standard (Life Technologies, CA, USA) at the
Australian Genome Research Facility, Melbourne. Frag-
ment sizes were scored manually using Geneious v6.1.7
[56]. The loci Ktr73, Ktr82 and Ktr60 had high failure
rates (>60 %) for all Victorian populations. Subsequent
analyses were therefore run with two datasets (unless
indicated otherwise): (1) all populations with the five
remaining loci (five-locus dataset), and (2) the six popula-
tions from the Kosciuszko region (Kosciuszko dataset).

Population genetic structure: diversity and differentiation
Prior to analysis, individual microsatellite loci were
checked for linkage disequilibrium, departure from
Hardy-Weinberg equilibrium (HWE) and null alleles.
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The data were initially screened for anomalies using
MICROCHECKER [26]. GENEPOP 4.2.2 [70] was used to
test for linkage disequilibrium (LD) among loci in each
population, using default parameters, and to estimate de-
viations from HWE. Significance values were adjusted for
multiple comparisons with False Discovery Rates [71], im-
plemented in R 3.1.0 [65]. The frequency of null alleles at
each locus was estimated using FREENA [72] and diversity
statistics, including allelic richness and estimates of ob-
served (Hp) and expected (Hg) heterozygosity, were calcu-
lated with GENALEX 6.5b3 [73,74].

We used three methods to examine population struc-
ture. First, we used FreeNA to calculate global and pair-
wise Fgr values, correcting for the presence of null alleles
with the ENA method [72]. We also computed the stan-
dardised statistic F's; in GENODIVE 2.0b23 [75]. Fsr
values are influenced by the amount of genetic variation
within populations, with the maximum attainable value of
Fsr decreasing as heterozygosity increases [76]. Thus, dif-
ferentiation among populations is often underestimated,
particularly for highly variable molecular markers such as
microsatellites, and several authors have recommended
calculation of standardised statistics, such as F's; as a
more appropriate measure of genetic differentiation
[77-79]. Both statistics were calculated for consistency and
comparability with other studies.

Second, we used a discriminant analysis of principal
components (DAPC; [80]) to investigate the relationship
among geographic regions. This approach does not have
underlying assumptions of HWE and was thus appropri-
ate for our dataset (see Results). The method attempts
to optimise between-cluster variation whilst minimising
variation within clusters, thus producing a clearer dis-
tinction of clusters [80]. As populations were spatially
discrete, DAPC was run using a priori clusters [80]: (a)
the southern Victorian mountains (Mt Baw Baw, Mt
Buller, Mt Stirling), (b) the Bogong High Plains and Mt
Buffalo, and (c) Kosciuszko populations. DAPC was run
in the adegenet package (v1.4-1) [80] in R, with the first
50 principal components retained (capturing 80% of vari-
ation), along with all the discriminant functions. As we
were interested in genetic relationships among regions,
this analysis was only run using the five-locus dataset.

Third, we examined population structure within the
Kosciuszko region and across the study area using a
Bayesian clustering approach, implemented in TESS 2.3
[81,82]. TESS incorporates individual geographic coordi-
nates as a priori information and can thus incorporate
spatial trends and spatial autocorrelation in estimates of
individual ancestry [82]. As TESS only accepts individual
coordinates, population coordinates were permuted with
a standard deviation of 0.005°. We used the conditional
autoregressive (CAR) admixture model, with a burn-in
of 50,000 steps followed by 100,000 MCMC steps. The
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admixture parameter (a) and interaction parameter (p)
were initially set to a =1 and p = 0.6, then automatically
updated. We searched for the optimal number of clusters
(K) using 10 runs at K=2 to K=10. The most likely
number of clusters was selected from the lowest Devi-
ance Information Criterion (DIC), averaged over these
10 runs. We then did 100 additional runs at the optimal
value of K and the 20 runs with the lowest DIC were av-
eraged using CLUMPP 1.1.2 [83] with the ‘greedy’ algo-
rithm and default settings. The level of admixture in
each population was displayed graphically with DIS-
TRUCT 1.1 [84].

Spatial patterns of genetic divergence

We examined spatial patterns of divergence using both
the CO1 and microsatellite data. First, we tested for a rela-
tionship between genetic distance (p-distances for COI
data and F’sr for microsatellites) and log-transformed geo-
graphic distance (isolation-by-distance) [85]. For both
mtDNA and microsatellites, we tested for IBD across all
populations, populations from Victorian only, and popula-
tions from NSW only. Mantel tests were run using the
vegan package [86] in R, with 999 permutations to test
statistical significance.

Availability of supporting data

The data sets supporting the results of this article are avail-
able in the figshare repository [http://dx.doi.org/10.6084/
m9.figshare.1165613] [87], or are contained within the art-
icle and its additional files.
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