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Abstract.—The ant-tended Australian butterfly, Jalmenus evagoras, has been a model system for studying the ecology
and evolution of mutualism. A phylogeographic analysis of mitochondrial DNA cytochrome oxidase | sequences from
242 butterflies (615 bp) and 66 attendant ants (585 bp) from 22 populations was carried out to explore the relationship
between ant association and butterfly population structure. Thisanalysisrevealed 12 closely related butterfly haplotypes
in three distinct clades roughly corresponding to three allopatric subpopulations of the butterflies. Minimal genetic
diversity and widespread haplotypes within biogeographical regions suggest high levels of matrilineal gene flow.
Attendant ants are significantly more diverse than was previously thought, with at least seven well-defined clades
corresponding to independent morphological determinations, distributed throughout the range of the butterflies. Nested
analysis of molecular variance showed that biogeography, host plant, and ant associate all contribute significantly in
explaining variation in butterfly genetic diversity, but these variables are not independent of one another. Major
influences appear to come from fragmentation due to large-scal e biogeographical barriers, and diversification following
a shift in habitat preference. A consequence of such a shift could be codiversification of the butterfly with habitat-
adapted ants, resulting in apparent phylogenetic concordance between butterflies and ants. The implications of these
results are discussed in terms of possible effects of ant attendance on the diversification of Lycaenidae as a whole.
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The butterfly family Lycaenidae (including the Riodinidae,
often considered a subfamily of the Lycaenidae) contains an
estimated 30% of all butterfly species (Shields 1989; Ackery
et al. 1998) and exhibits a diverse array of life-history strat-
egies (Hinton 1951; Cottrell 1984; Fiedler 1991; Pierceet al.
2002). The early stages of about 75% of all lycaenids as-
sociate with ants to varying degrees, ranging from casual
facultative coexistence to obligate association where the
long-term survival of the butterfly is dependent on the pres-
ence of its attendant ants. Attendant ants guard the butterflies
against predators and parasites during their vulnerable period
of larval growth and pupation. The caterpillars, in return,
reward the ants by providing attractive secretions from spe-
cialized glands in the cuticle (Malicky 1969, 1970; Mas-
chwitz et al. 1975; Pierce and Nash 1999).

The prevalence of caterpillar-ant associations in the spe-
cies-rich Lycaenidae is in contrast with other Lepidoptera,
where ant association appears only rarely and in disparate
lineages (Hinton 1951). This has led to the proposal that ant
association may have accelerated diversification in the group
(Pierce 1984; Pierce et al. 2002). At least two mechanisms
have been proposed: first, the stringent requirements of both
suitable host plants and appropriate attendant ant species may
have resulted in smaller population sizes and population frag-
mentation of ant-associated lycaenids (Pierce 1984; Costa et
al. 1996). This would increase the likelihood of isolation,
leading to allopatric speciation (Mayr 1942). At the popu-
lation level, a signal of such fragmentation could be detect-
able as high levels of genetic differentiation and significant
levels of isolation by distance among butterfly subpopula-
tions.

A second hypothesis suggests that a shift in ant association,
particularly a radical shift, may result in an escape-and-ra-
diation mode of diversification (Pierce et al. 2002). Shiftsin
attendant ants would be important events for obligately ant-
associated lycaenids since most have highly specialized ant
associations (Fiedler 1991; Eastwood and Fraser 1999). The
conservative nature of these associations is highlighted in
phylogenetic studies by a correlation of discrete ant taxa
associating with highly myrmecophilous lycaenids at the spe-
cies and higher clade levels (Maculinea, Thomas et al. 1989;
Elmes et al. 1994; Jalmenus, Pierce and Nash 1999; Chry-
soritis, Rand et al. 2000; Acrodipsas, Eastwood and Hughes
2003a; Arhopala, Megens et al. 2005). However, the ap-
pearance of butterfly sister taxa associating with different ant
species may be explained by at least three processes, only
one of which would be causative. These mechanisms would
exhibit different phylogeographic patterns that could be de-
tected in a population of obligately ant-associated lycaenids
asfollows: (1) A shift to an ecologically different ant species
or to an attendant ant species from another genus or subfamily
could result in ecological diversification with the novel ant.
If this were to occur, it should be detectable at the population
level as genetic breaks in butterfly subpopulations coinciding
with radically different ant associates, particularly if the dif-
ferent associations were to occur in sympatry or parapatry.
(2) Butterfly sister species associating with different ant spe-
cies could be observed coincidentally in a phylogeny if frag-
mentation of an oligomyrmecophilous butterfly population
(associating with several closely related species of antsacross
itsrange) coincided with ageographically restricted or locally
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preferred ant partner. This could be detected at the population
level if an isolated butterfly subpopulation, associating with
the local ant, was genetically divergent from the remaining
butterfly population. (3) Butterfly sister taxa associating with
ant sister taxa (parallel cladogenesis) could occur if abutterfly
population tended by a single ant species across its range
underwent fragmentation together with its attendant ant. In
time, this could result in cospeciation of the two partners.
Evidence at the population level would be seen if a frag-
mented subgroup of butterflies showed genetic differencesin
parallel with a subgroup of its attendant ant.

An earlier attempt at unraveling the relationships between
ants and butterflies at the population level found little evi-
dence in favor of ant-associated effects on population size
and structure (Costa et al. 1996). Estimates of Wright’'s Fgr
using multilocus allozyme data from 1052 specimens of Jal-
menus evagoras sampled from 15 geographically separated
sites in an area of about 150 km? revealed low amounts of
genetic structure at the level of geographic subpopulation,
and no evidence of population differentiation corresponding
to the two species of ant associate common to these sites.
However, this study was conducted at a small spatial scale
relative to the overall species range of J. evagoras, and did
not consider the degree of differentiation of the associated
ants. Moreover, subsequent behavioral observations showing
that J. evagoras females preferentially deposit eggs on plants
containing their locally predominant attendant ant species,
even when the butterflies are reared in the absence of ants
(Fraser et al. 2002), further raised the question of whether
this behavior might be reflected in the population structure
of the butterflies.

The purpose of this study was to apply phylogeographic
techniques to popul ations throughout the range of the obligate
myrmecophile, J. evagoras, addressing the following ques-
tions, some of which may not be mutually exclusive: (1) Are
butterfly populations highly structured genetically, as pre-
dicted for a species with specialized ecol ogical requirements?
(2) Is there evidence that a shift to an ecologically novel
attendant-ant, fragmentation coincident with locally diver-
gent ant associates, or species-pair fragmentation could result
in the conservatism of ant association observed in phylog-
enies of obligate lycaenids? (3) Have geological, climatic or
other processes shaped the extant distribution of genetic var-
iation in the species?

MATERIALS AND METHODS
Study System

Jalmenus evagorasis one of 10 species in the genus (Braby
2000), all of which are endemic to Australia. Two subspecies
of J. evagoras are recognized: J. evagoras evagoras is found
mainly in the wooded foothills in coastal regions extending
from southern and eastern Victoria, through coastal New
South Wales and into southeastern Queensland, and inland
at Binjour (see Fig. 1). Its conspecific, J. evagoras eubulus,
is a habitat specialist confined to the brigalow (Acacia har-
pophylla) belt west of the Dividing Range in central and
southern Queensland from near Eungella to just south of the
Queensland border (DeBaar 1977). The two subspecies are
contiguous from near Toowoomba through the Bunya Moun-
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tains to Binjour (see Fig. 1) where there may be a stepped
cline or intermediate populations (Braby 2000). In general,
nominotypical specimens from eastern Queensland are paler
than their southern counterparts, and the very pale subspecies
J. e. eubulus is regarded as the morphological extreme.

Female J. evagoras eclose with a large complement of
mature eggs (Hill and Pierce 1989) and are often mated upon
eclosion, before they have even expanded their wings (Pierce
and Nash 1999). They exhibit high levels of site fidelity and
preferentially deposit eggs on suitable Acacia host plants in
or around their natal colony (Elgar and Pierce 1988). Larvae
feed gregariously and are recorded as having an obligate
mutualistic relationship with Iridomyrmex ants (Dolichod-
erinae), primarily |. anceps and |. rufoniger (Eastwood and
Fraser 1999; Pierce and Nash 1999). Attendant ants protect
the caterpillars from predators and parasitoids and act as an
important stimulus for female J. evagoras to deposit their
eggs on the host plant (Pierce and Elgar 1985; Pierce et al.
1987; Pierce and Nash 1999; Fraser et al. 2002).

Specimens

The 242 J. evagoras specimens used in this analysis were
collected from 22 sites across the range of both subspecies
extending from Wallan in southern Victoria to Taroom in
central Queensland (Appendix 1). Where possible, at each
site, adults, larvae, or pupae were collected from different
trees to maximize the potential for sampling genetic diversity.
Latitude and longitude coordinates were determined for all
sites, and place names shown in Figure 1 are the nearest town
to the sampling site. Specimens at al life stages were pre-
served in 95% ethanol, and wing vouchers stored in glassine
envelopes.

Attendant ants were also collected from the same sampling
sites and stored in 95% ethanol (Appendix 2). Up to 20 ants
were removed from a single tree where J. evagoras larvae
were being tended, and multipletrees were sampled at several
sites. At least two ants from each sample were pointed for
morphological identification (n = 88) and two from each
sample tree were sequenced (n = 66). Morphological iden-
tifications were conducted by A. Andersen (CSIRO, Darwin,
Australia) independently of genetic data. Host-plant data
were recorded at most sites as shown in Appendix 1. Mor-
phological vouchers of ants (pointed and wet preserved) are
held at CSIRO, and tissue samples of ants and butterflies are
stored in the Museum of Comparative Zoology tissue col-
lection, Harvard University, Cambridge, MA.

DNA Characterization

Isolation of DNA from larval or adult tissue followed the
CTAB mini-prep format of Doyle and Doyle (1987). The
dissected terminal segments of larvae or anterior segments
of butterfly abdomens, or a whole worker ant, were ground
and incubated overnight at 55°C in 700 wl 2X CTAB buffer
and 5 pl 20 mg/ml proteinase K. Homogenates were extracted
twice with phenol/chloroform and DNA was precipitated with
isopropanol at —20°C. The pellet of DNA was twice washed
in 70% ethanol and resuspended in 50 pl H,O prior to poly-
merase chain reaction (PCR) amplification of the 3’ end of
the cytochrome oxidase | (COI) gene subunit using Folmer
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Jalmenus evagor as haplotype distribution based on a 615-bp fragment of the mitochondrial cytochrome oxidase I gene. Numbers

preceding the sampling site names correspond to site numbers in Appendixes 1 and 2. Dotted line delineates the subspecies boundaries:
Jalmenus evagoras eubulus in the northwest, J. e. evagoras along the coast; n indicates sample size. Buff-colored areas show the 900 m
contours on the Great Dividing Range. Diagram at left shows the relationships between haplotypes and the clade nesting arrangement.
Haplotypes are separated by single base mutations; gray haplotypes were not sampled.

et a.’s (1994) LCO1490 primer, and Simon et al.’s (1994)
Nancy heavy strand primer.

Most PCRs and sequencing were undertaken at Griffith
University; at Harvard University the protocols were modi-
fied slightly. A typical 25-pl PCR reaction comprised 12.5
wl Qiagen Taq PCR Master Mix Kit (Qiagen 2002), 0.5 .l
each primer, 1 pl 10:1 diluted template, and 10.5 pl dd H,0.
Amplification of DNA was performed on an Eppendorf
(Hamburg, Germany) MasterCycler. Pre-PCR was set at 94°C
for 5 min followed by initial cycling at 94°C for 30 sec, 50°C
for 30 sec, and 72°C for 30 sec repeated for 35 cycles with
a 5-min extension at 72°C after the final cycle; holding tem-

perature was set at 4°C. Purification of PCR product followed
the QIAquick PCR Purification Kit Protocol (Qiagen 2001)
prior to asymmetric re-amplification using 4 wl dye termi-
nator mix (10 wl reaction) (Perkin Elmer, Foster City, CA)
and sequencing on an ABI 377 Automated Sequencer (Ap-
plied Biosystems, Foster City, CA).

Data Analysis

Sequencher 4.1.1 (Gene Codes Corporation, Ann Arbor,
M1) was used for sequence editing and alignment of heavy
and light strands. The 242 aligned fragments were converted
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to noninterleaved NEXUS format in MacClade (Maddison
and Maddison 1992) to generate a haplotype genealogy in
TCSversion 1.13 (Clement et al. 2000). Nested clade analysis
(NCA) was performed with GeoDis version 2.0 (Posada et
al. 2000) after allocation of clades according to the schema
detailed in GeoDis 2.0 documentation and the criteria of Po-
sada and Crandall (2001). The nesting arrangement captures
temporal information in the hapl otype geneal ogy by grouping
clades in a hierarchy from tip to interior; that is, youngest
to oldest. GeoDis assesses the grouping of haplotypes and
clades according to geographic locations, and then quantifies
the spread of haplotypes and clades (D), and the distances
between haplotypes or clades and those clades within which
they are nested (D,,) using geographic distance as an explicit
variable. An interior-tip distance within nested cladesis also
measured to contrast old versus young clades (Templeton
2004). Statistical significance of all variables is assessed
against a null hypothesis of no geographic association using
a randomization procedure. Population structure can then be
separated from population history using a dichotomous in-
ference key (Templeton 2004), which contrasts the relation-
ships among interior and tip clades in which significantly
large or small distances are recorded. The underlying as-
sumptions are based on coal escent theory; for example, under
restricted gene flow, older haplotypes should have a wider
distribution than those more recently derived. They should
also have more mutational derivatives and be placed inter-
nally in the network, whereas recent haplotypes are more
likely to be found at the tips (Templeton et al. 1995). Thus,
a significantly large interior-clade distance (D.) in contrast
with significantly small tip-clade distances is interpreted as
evidence of restricted gene flow. Conversely, tip-clade dis-
tances that are significantly larger than interior-clade dis-
tances would be interpreted as range expansion or long-dis-
tance colonization. Although NCA can distinguish population
history from population structure, there is still some doubt
whether NCA can correctly infer the combination of factors
that best explains the current distribution of genetic diversity
in populations (Knowles and Maddison 2002). Where pos-
sible, independent assessments of the data were made.

Six butterflies from a population just south of Wallan, Vic-
toria (near La Trobe University campus), with haplotypes
identical to those otherwise only found north from Ebor in
northern New South Wales (>1000 km away) were excluded
from all analyses. This population most likely originated from
escapees during experiments conducted there in the mid-
1980s. The probability that two random mutations would
occur at identical positions involving the same nucleotides
in a fragment of 615 bases is sufficiently small that an ac-
cidental release seems the most parsimonious explanation for
the co-existence of these haplotypes.

We plotted a distribution of pairwise sequence differences
(mismatch distribution) for all butterfly haplotypes using Ar-
lequin version 2.0 (Schneider et al. 2000) as an independent
test for demographic events in each of the three major sub-
groups identified in the haplotype network (Fig. 1). Group 1
consisted of J. e. eubulus and groups 2 and 3 of J. e. evagoras
north and south of the Cassillis Gap, respectively. A unimodal
mismatch distribution is characteristic of haplotypes drawn
from a population that has undergone a recent demographic
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expansion and is the null hypothesis by which the mismatch
distribution is assessed. Significant divergences from this
model, that is, multimodality, reflect the highly stochastic
shape of gene trees under demographic equilibrium (Slatkin
and Hudson 1991; Rogers and Harpending 1992). We cal-
culated Tajima's (1989) D and Fu's (1997) Fs statistics to
test for selective neutrality in these subgroups.

We used a nested analysis of molecular variance (AMO-
VA; Excoffier et al. 1992) implemented in Arlequin to par-
tition J. evagoras genetic variation into components attrib-
utable to differences among the specified hierarchical groups
(®c7), among populations within hierarchical groups ($gc),
and among sites across the species distribution (®g7). Four
hierarchies were analyzed to investigate which factors had a
significant effect on genetic variability. First, we divided the
population into two groups along taxonomic lines (i.e., sub-
species, also synonymous with morphology). Second, the
population was subdivided according to the attendant ant
species (identified a posteriori). Third, we partitioned by lo-
cally used host-plant species (Appendix 1). Finally, we iden-
tified four biogeographical regions based on two known bio-
geographical barriers (the Cassillis Gap and Lake George
Gate) and by an environmental barrier that separates the arid
inland from coastal regions (Waterhouse 1922; Keast 1961,
Ford 1987; Nicholls and Austin 2005). Thus, the population
was strictly divided latitudinally at the Cassillis Gap and L ake
George Gate, and longitudinally between the coast and inland
areas. Significance of the AMOVA & statistics was tested by
1000 permutations of haplotypes among and within popu-
lations under the null hypothesis of panmixia. In all cases,
uncorrected sequence divergence was incorporated as the
measure of genetic differentiation.

An infinite-sites model was used to estimate the time since
butterfly populations were separated by the Cassillis Gap
using MDIV (Nielsen and Wakeley 2001). The approach of
Nielsen and Wakeley (2001) implements both likelihood and
Bayesian methods using Markov chain Monte Carlo simu-
lations to estimate jointly the time to most recent common
ancestor (TMRCA), expected nucleotide heterozygosity (6),
divergence time (T), and migration rate (M). Fiveinitial runs,
using different random seeds, were applied to ensure the sta-
bility of the posterior estimate, each time sampling 5.0 X
108 trees with a burn-in value of 5.0 X 10°. The final run
sampled 5.0 X 106 trees from an infinite sites model (M <
2.0, T < 6.0 in coalescent units). A confidence interval for
the population separation time was estimated with the mu-
tation rate for COI set at 1.3%—1.9% absolute sequence di-
vergence per million years (see review of arthropod COI
mutation rates in Quek et al. 2004), while T, M, and 6 point
estimates were determined from the modal value of their
posterior distributions.

Ant-species clades were identified by homologous se-
quences from the mitochondrial COl gene using an un-
weighted neighbor-joining algorithm in PAUP* 4.0b10
(Swofford 1998). No attempt was made to define phyloge-
netic relationships of these ants since too little is known about
related species and/or potential outgroups for this small sam-
ple. Shattuck (1999) records 79 named species and subspecies
of Iridomyrmex. The purpose of the analysis was simply to
identify taxonomic groups of attendant ants.
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TaBLE 1. Results of the nested clade analysis of Jalmenus evagoras populations and their biological inferences. Significantly large (L)
or small (S) values for clade (D), nested clade (D,) and interior- to tip-clade (I-T) distances are indicated in superscript. Chi-squared
statistics for the contingency analysis of geographic association are given with corresponding P-value. Inference numbers relate to a
sequence of questionsin the dichotomous key of Templeton (2004) with the final answer (Y or N). Inferencesin brackets are interpretations
for clades in which the null hypothesis of no geographic association was not rejected by the contingency test.

Nested
Clade x2 (P) clades Position D, D, Inference
1-1 167.9 (0.000) B | 302.6- 310.2- 1.2.3.4N restricted gene flow with isolation by distance
C T 0.0 229.3
E T 0.08 102.98
Q T 0.08 36.85
G T 45.28 211.4
D T 0.0 102.95
I-T 272.9- 134.4-
1-2 20.1 (0.081) J T 0.0 242.3 (panmixia)
Y I 162.9 162.4
z T 0.0 242.3
I-T 162.9 -79.9
1-4 1.92 (0.380) P I 68.7 54.1 (small sample size)
R T 0.0 16.7
I-T 68.7 37.4
2-1 207.2 (0.000) 1-1 T 269.3% 482.1 1.2.11.12N contiguous range expansion
1-2 | 164.45 486.4
I-T —104.95 4.3
2-2 26.2 (0.000) 1-3 | 43.85 78.85 1.2.11.12N contiguous range expansion
1-4 T 30.3% 138.8-
I-T 135 —60.0°
Total 240.0 (0.000) 2-1 — 484.9 485.7 1.19N allopatric fragmentation
2-2 — 100.8% 493.7
REsuLTS Genetic data grouped Iridomyrmex ants into seven clades

Twelve closely related butterfly haplotypes (615-bp frag-
ment) were divided into three clades, with each clade sepa-
rated by a minimum of two base mutations. These groups
aligned with three broadly allopatric subpopulations of but-
terflies as shown in Figure 1. There were 11 variable sites:
nine at third- and two at first-codon positions. Mean overall
nucleotide frequencies were A = 34.58%, T = 37.54%, G
= 13.83%, C = 14.06%, which represents a 72.12% AT bias
consistent with the mitochondrial DNA of most insect groups.

The haplotype diagram and nesting arrangement shown in
Figure 1 has four one-step clades, two two-step clades, and
the total cladogram (seven clades in all). Significant geo-
graphic association at the 95% confidencelevel wasidentified
for four of the six clades analyzed (Table 1). Inability to
detect geographic association can be caused by panmixia,
insufficient sampling or insufficient resolution in the genetic
marker. Of the two clades in which the null hypothesis of
no geographic association was not rejected, clade 1-2 was
consistent with panmixia; however, in clade 1-4 the probable
cause was i nsufficient sampling since only two locationswere
sampled. Lack of resolution was rejected in this case since
the marker wasinformativein several other clades. Asaresult
we excluded clade 1-4 from further analysis. In the geo-
graphic distance analysis, the widespread clade 1-1 con-
formed to restricted gene flow with isolation by distance.
Clades 2-1 and 2-2 both exhibited a signature of contiguous
range expansion, albeit on vastly different geographical
scales, and the total cladogram was consistent with allopatric
fragmentation of clades 2-1 and 2-2. It was not necessary to
assign interior and tip statusfor clades 2-1 and 2-2 to interpret
the biological inference of the cladogram.

(Fig. 2), which aligned with independent morphological de-
terminations. Among taxa the 585-bp fragments had a mean
sequence divergence of 8.50% (range = 0.17-11.97%), and
within-taxa divergence was 0.65% (range = 0.0-2.90%).
Mean AT content for all ants was 70.45%. The seven ant
taxa were identified as Iridomyrmex mattiroloi group species
I, I. gracilis, Iridomyrmex complex A species A (associated
with J. e. eubulus), Iridomyrmex complex A species B, Iri-
domyrmex complex A species C, Iridomyrmex complex A
species D, and . septentrionalis speciesF. All taxaare closely
related, ecologically dominant, and have similar gross mor-
phology and behavioral characteristics (A. Andersen, pers.
comm.)

Mismatch distribution plots for the three butterfly haplo-
type groups are shown in Figure 3. Tajima’'s D and Fu’s Fs
tests for selective neutrality (Fig. 3) indicate that groups 1
and 3 populations do not differ significantly from expecta-
tions under neutrality (Tajima 1989). Group 2, however, has
a significantly negative value in both tests (D = —1.297, P
= 0.046; Fs = —3.350, P = 0.003), which coupled with
almost no genetic variability is consistent with a population
expansion after a bottleneck; however, a selective sweep can-
not be ruled out (Rand 1996). The shape of the model fre-
quency wave front moving away from the y-axis also conveys
biological and temporal information about the population un-
der consideration. For example, steepness of the wave front
is inversely correlated with the age of the expansion event
(Rogers and Harpending 1992; Ray et al. 2003) so it can be
seen that group 2 has recently undergone the population ex-
pansion. The extreme steepness of the group 2 mismatch
distribution is also consistent with a small initial population
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Iridomyrmex ant species groups attending Jalmenus evagoras populations. Diagram at left is an unrooted neighbor-joining

n66

phylogram based on absolute nucleotide differences among all ants sampled (numbers of terminal taxa are indicated by dots). Species
group determinations based on morphology are overlaid as colored circles. Distribution of species groups is shown on the map; n indicates
the number of specimens from each site used, respectively, for morphological and genetic analysis (586 bp fragment of mitochondrial

cytochrome oxidase | gene). All other details as in Figure 1.

size or bottleneck, and the high intercept on the y-axis sug-
gests that the population has undergone a large increase in
size (Rogers and Harpending 1992). The estimated time for
J. evagoras population separation across the Cassillis Gap is
167,000—244,000 years.

AMOVA results (Table 2) indicate that significant levels
of genetic partitioning among J. evagoras populations can be
explained by biogeographical regions, taxonomy, tending ant
species, and/or host plants. The strongest predictor was ge-
ography, which explained 80.0% of total genetic variation
and, importantly, was the only partition in which ®~1 (among
regions) exceeded ® < (among sites within regions) thus pro-

viding further support that geography is the best predictor of
genetic discontinuity. Subspecies defined by morphology ac-
counted for only 64.8% of total genetic variation, eventhough
there were no shared haplotypes. Partitioning the data among
the 14 host-plant species explained 60.4% of genetic vari-
ability, and partitioning the data among the seven attendant
ant taxa accounted for 47.2%. Clearly, these variables are
not independent since all partitions are themselves correl ated
with geography (i.e., subspecies, host plants, and attendant
ants; see Figs. 1 and 2 for subspecies and ants), and thus
geography would account for a significant proportion of mo-
lecular variance in all groupings.
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Group 1 (n = 30)

Raggedness index = 0.14, P = 0.45
Tajima’s D =1.40, P =0.92
Fu'sFs=1.21,P=0.78

200 ]

150 |

100 ]

Group 2 (n = 105)

Raggedness index = 0.79, P = 0.79
Tajima’s D =-1.297, P = 0.046
Fu's Fs =-3.35, P =0.003

1000 L

Frequency

Group 3 (n = 106)

Raggedness index = 0.163, P = 0.10
Tajima’s D =-0.635, P = 0.318

Fu's Fs =-2.41, P =0.097

Observed
3 —o— Model frequency

0 1 2
Base differences

Fic. 3. Mismatch distributions for three subgroups of Jalmenus
evagoras haplotypes. Group 1, J. evagoras eubulus (northwest);
groups 2 and 3, J. e. evagoras north and south of the Cassillis Gap,
respectively. Raggedness index and probability levels are given for
each group (Tajima’'s [1989] D and Fu’s [1997] Fs statistics) under
the null distribution (model frequency) consistent with a sudden
population expansion.
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DiscussionN

Effects of Ants on Population Sructure

An unexpected finding of this study was that J. evagoras
associates with at least seven ant taxa across its range, and
none of these include the previously identified ant associates,
I. anceps and |. rufoniger (for a review see Eastwood and
Fraser 1999). These new findings may be explained by the
difficulty of identifying morphologically similar Iridomyrmex
ants at the species level in this large and complex group
(Andersen 1995). Although the specific epithets of associated
ants may not be of biological importance, the fact that J.
evagor as associates with a number of closely related ant spe-
cies (is oligomyrmecophilous) shows that it is less of an ant
specialist, at least on a broad geographical scale, than was
previously thought (Pierce et al. 1987; Eastwood and Fraser
1999; Pierce and Nash 1999). It appears to be sufficiently
labile in its attendant ant requirements that a range of eco-
logically similar, locally dominant Iridomyrmex species can
be accepted as partners (see also Fraser et al. 2002). Such
regionalized association with different ant species has been
observed in other obligately ant-associated lycaenids (e.g.,
Maculinea; Als et al. 2002) and closer scrutiny of the ants
tending other widespread obligate myrmecophiles may reveal
a similar pattern.

Data gathered in this study do not support a model of
butterfly population fragmentation due to the stringent re-
quirements of suitable attendant ant species overlapping with
a relatively narrow range of host plants. This holds at both
the regional level and on a broader scale that takes into ac-
count the entire range of the species. Although there was one
signal of isolation by distance in the southern region (Table
1), this was driven by grouping of a derived haplotype in
populations north of the Lake George Gate biogeographical
barrier, and by two localized populations in southern New
South Wales. Enhanced structure in southern Australian ly-
caenid populations was detected previously (Eastwood and
Hughes 2003b) and may be a function of reduced voltism.
However, southern populations were also characterized by

TaBLE 2. Nested AMOVA results for Jalmenus evagoras cytochrome oxidase | haplotypes partitioned by geographical regions, host

plants, taxonomy, and attendant ant species.

Partition df % variation P P

Biogeography

Among regions 3 80.04 dcr = 0.800 <0.001

Among sites within regions 18 11.87 bge = 0.595 <0.001

Within sites 221 8.09 dgr = 0.919 <0.001
Host plants

Among plant species 13 60.45 dr = 0.604 <0.001

Among subpopulations within host plant species 15 31.45 bge = 0.795 <0.001

Within sites 154 8.10 dsr = 0.919 =0.001
Taxonomy/morphol ogy

Between subspecies 1 64.79 der = 0.648 <0.001

Among subpopulations within butterfly subspecies 20 29.91 dgc = 0.849 <0.001

Within sites 221 5.30 dgr = 0.947 <0.001
Attendant ants

Among ant species 6 47.23 der = 0472 <0.001

Among subpopulations within attendant ant species 18 43.35 bge = 0.822 <0.001

Within sites 197 9.42 dsr = 0.906 =0.001
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geographically widespread, shared haplotypes, suggesting
contemporary or recent historical matrilineal gene flow over
extensive areas. Widespread gene flow is also evident in the
northeastern population (clade 1-2) where there is clearly no
geographical structure, and this is supported by significantly
negative Tajiima's D and Fu's Fs statistics. Finaly, contig-
uous range expansions interpreted by NCA in the higher
clades 2-1 and 2-2 indicates historical gene flow as popu-
lations expanded into new areas. Signals of limited among-
site genetic variation due to panmixia, range expansion, or
a selective sweep are consistent with a butterfly that is able
to disperse extensively and efficiently to find suitable breed-
ing sites.

These data support the smaller spatial scale findings of
Costaet al. (1996). Efficient female dispersersaremorelikely
to expand the species range into new habitats, thereby in-
creasing the potential for encountering and adapting to dif-
ferent ecological conditions or to different attendant ant spe-
cies. Colonization of novel habitats from genetically ho-
mogenous populations is consistent with a propagule pool
model of colonization (Slatkin 1977), which is more likely
to lead to population differentiation than a migrant pool mod-
el (Slatkin and Wade 1978) that would be the case if source
populations were fragmented and hence genetically hetero-
geneous. Thus, diversification might occur more frequently
through ecological shifts or long-distance dispersal, for ex-
ample, during Pleistocene climatic oscillations. The subspe-
ciesJ. e. eubulus may be an exampl e of thisexpansion process
where a subgroup of butterflies has expanded into a novel
habitat resulting in ecological specialization, and this pos-
sibility is discussed in greater detail below.

We found no evidence of shifts to ecologically different
attendant ants (i.e., novel associations) that could lead to
specialization with the new ant. All the ants identified in this
study were closely related Iridomyrmex species, even though
ecologically different ant species, known to attend other ly-
caenids, occur within the range of J. evagoras. Furthermore,
J. evagoras has been documented in nonpersistent associa-
tions with a significantly wider taxonomic range of ant spe-
ciesin outbreak years when the butterflies are extremely com-
mon (Pierce and Nash 1999; Eastwood and Fraser 1999).
Subpopulation shifts to ecologically different ants would be
rare events (Rand et al. 2000) and thus would be difficult to
detect; however, since there is ample phylogenetic evidence
of butterfly speciation coincident with ecologically different
ant taxa (Thomas et al. 1989; Elmes et al. 1994; Pierce and
Nash 1999; Rand et a. 2000; Eastwood and Hughes 20033,
Megens et al. 2005), lack of evidence in this survey does not
mean that this could not happen.

The greatest percentage of variance (80.0%), and the stron-
gest predictor of butterfly genetic diversity, was explained
by geography. Since ant species and butterfly haplotypes are
both distributed with a geographical bias (Figs. 1 and 2),
speciation events resulting from vicariance may result in phy-
logenetic concordance of butterfly and ant species. This find-
ing is consistent with the hypothesis of diversification re-
sulting from fragmentation (or dispersal) of the lycaenid pop-
ulation coincident with a locally adapted or geographically
restricted ant partner. In the case of J. e. evagoras, several
ant partners currently coexist in each of the two geographical
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regions, so there is no pattern of geographic specialization
with different ants. However, fragmentation could result in
allopatric diversification and a phylogenetic pattern of ly-
caenid sister taxa associating with similar attendant ant spe-
cies.

Although codiversification of butterflies and attendant ants
among J. e. evagoras populations is unlikely since several
ant species are involved across the species range, the allo-
patric populations of J. e. eubulus uniquely found with the
ant Iridomyrmex complex A species A do show a signal of
codiversification. The ant is closely related genetically to
Iridomyrmex complex A species C (see Fig. 2), which tends
contiguous populations of J. e. evagoras. This could indicate
that populations of J. e. eubulus and their attendant ants have
recently become differentiated from their respective conspe-
cifics. However, diversification of the two butterfly subspe-
ciesis likely to be influenced by a range of different biotic
and abiotic factors. If a habitat shift is a significant driving
force in the diversification of an ant-tended lycaenid, and the
new habitat contains a novel attendant ant that has diversified
contemporaneously, then speciation of the butterfly and at-
tendant ants could coincide. In this scenario, the ants would
play only an incidental role in the lycaenid diversification
process, but could ultimately appear as specialized symbiont
partners in the butterfly phylogeny.

Additional Influences on Population Sructure

Habitat

Genetically discrete populations of the two morphologi-
cally distinct subspecies could be maintained in the contig-
uous zone (Fig. 1; Table2) if nuclear and mitochondrial genes
had been evolving while the populations were in allopatry
(e.g., Hughes et al. 2001). This suggests that the two sub-
species, J. evagoras eubulus and J. evagoras evagoras, have
recently reunited in secondary contact. However, since the
ranges and habitats of both these taxa meet at an ecotone,
and there is no evidence that a geographical barrier ever
separated them, an alternative explanation is that a shift in
habitat preferences has resulted in ecologically divergent se-
lection isolating the populations in parapatry (Coyne and Orr
2004). Our mitochondrial data cannot distinguish between
these two possibilities.

Host plants

Although a significant amount of genetic variation among
butterfly subpopulations was explained by local host-plant
preferences, there is clearly a geographical bias to host-plant
distribution and butterfly subpopulations. Unlike facultative
myrmecophiles, which are frequently host-plant specific, ob-
ligate myrmecophiles characteristically associate with mul-
tiple host-plant species, often across several families (Pierce
and Elgar 1985). Furthermore, obligate, mutualistic lycaen-
ids, including J. evagoras, also use attendant ants as ovi-
position cues (Atsatt 1981a,b; Henning 1983; Pierce and El-
gar 1985; Fiedler and Maschwitz 1989; but see van Dyck et
al. 2000), so a shift in their host plant would typically be ant
dependent. As aresult, the influence of host-plant shifts may
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not be as important as ant shifts for diversification in obli-
gately ant-associated lycaenids.

The Cassillis Gap

The pioneering acacia host plants of J. evagoras flourish
within the open eucalypt forests in montane regions imme-
diately to the north and south of the Cassillis Gap, especially
after fire has cleared the undergrowth and provided regrowth
opportunities (Smith 1982). It is also the preferred habitat
for attendant Iridomyrmex ants (Andersen 1991; Shattuck
1992). In contrast, during late Pleistocene times, east coast
lowland areas such as the Cassillis Gap were characterized
by wide expanses of wet sclerophyll or temperate rainforest
(Kershaw 1981; Walker and Singh 1981; Galloway and Kemp
1984). Thus, the paucity of suitable ants and the floristics
and vegetation structure within the Cassillis Gap would have
been a significant barrier to dispersal. Indeed, the disruptive
effects of this barrier have been noted previously for several
groups including butterflies (Waterhouse 1922), flies (Mack-
erras and Fuller 1942), birds (Keast 1961), and, to a lesser
degree, frogs (Schauble 2004). Our data suggest that the L ake
George Gate hiogeographical barrier has not impeded gene
flow among butterfly populations as comprehensively as the
Cassillis Gap.

The lack of genetic variability in J. e. evagoras samples
from northern coastal areas (Fig. 1, group 2) is consistent
with a population that has undergone arecent and rapid range
expansion. It is possible that this range expansion happened
subsequent to a bottleneck, as indicated by the shape of the
mismatch distribution and the significantly negative Tajima’'s
D and Fu's Fs statistics. Missing haplotypes on either side
of the widespread haplotype Y in the network are consistent
with either a bottleneck hypothesis where haplotypes have
been lost, or a selective sweep. If the observed pattern does
reflect arange expansion following a bottleneck, then it must
have taken place within the last 167,000-244,000 years, that
is, within the time since population separation across the
Cassillis Gap. The time frame is suggestive because it co-
incides with heightened burning levels and vegetation chang-
esthat took placein Australiafrom the late Pleistocene (Pyne
1991; Knox et al. 1995), and subsequently by aboriginal fire-
stick farming practices in the last 40,000 years (Kershaw
1981; Pyne 1991; Adam 1994; Flannery 1999). Acacias
quickly colonize new areas exposed by fire (Smith 1982),
and are efficiently located by female J. evagoras as suitable
breeding sites become available (Smiley et al. 1988). In ad-
dition, attendant Iridomyrmex ants respond rapidly to envi-
ronmental change (Vanderwoude et al. 1997), and would ben-
efit from expanding dry sclerophyll-dominated forests cou-
pled with shrinking wet sclerophyll and rainforest areas as a
result of burning (Smith and Guyer 1983). Thus, increased
burning levels would have influenced the distribution and
age structure of suitable acacias (Kershaw 1981; Bowman
1998), creating a more continuous habitat for the expansion
of J. evagoras. Other more recent anthropogenic activities
such asfarmland clearing and road building al so provideideal
habitat for pioneering acacias and Iridomyrmex ants.
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Conclusions

This study demonstrated that J. evagorasis awide-ranging
species with efficient female dispersal whose caterpillars as-
sociate with avariety of taxonomically and ecologically sim-
ilar ant species that exhibit a regionalized bias in their dis-
tribution. There was no evidence of population structure con-
sistent with low levels of dispersal due to the stringent re-
quirements of suitable host plants and appropriate attendant
ant species. On the contrary, it is possible that the highly
specialized lifestyle of obligate myrmecophiles resultsin se-
lection for efficient dispersers and that population structure
is homogenized as a result. Attendant ants were not shown
to influence J. evagoras population structure directly; how-
ever, regional isolation of J. evagoras populations coincident
with locally adapted ant species could generate a phyloge-
netic footprint in which related lycaenids would be seen to
associate with related or ecologically similar ants. Ecological
shifts in habitat preferences by lycaenids may lead to codiv-
ersification with habitat specialist ants even though the ants
may play only an incidental rolein the diversification process
itself. Population genetic structure of J. evagorasis consistent
with fragmentation due to historical isolation of populations
along the east coast of Australia during the Pleistocene, or
to diversification following a shift in habitat preferences.
Vegetation changes since the late Pleistocene, as well as
heightened levels of burning and other anthropogenic activ-
ities, are likely to have enhanced recent dispersal patterns.
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APPENDIX 1

Jalmenus evagoras collection data, sampling locations, host plants and GenBank accession details. AL, Tony Leavesley; DL, David
Lohman; DS, Dan Schmidt; KD, Kelvyn Dunn; MAT, Mark Travassos; MFB, Michael Braby; MT, Martin Taylor; NP, Naomi Pierce; RE,
Rod Eastwood; SB, Steve Brown. Haplotypes are as in Figure 1.

Site Locality Acacia host plant Collector Date collected N Haplotype  Accession no.
1 Wallan, VIC — NP Feb., Mar. 1992 5 B DQ249942
Gresswell Forest, Macleod, VIC A. dealbata RE Nov. 2002 7 Y DQ249947

2 Glenmaggie, VIC — KD Feb. 1996 2 B DQ249942
Briagalong, VIC A. mearnsii RE Dec. 2002 4 B DQ249942
Wellington R., Licola, VIC A. dealbata MAT Feb. 1998 5 B DQ249942

3 Buchan, VIC A. dealbata MAT Feb. 1998 5 B DQ249942
Murrangower, VIC A. mearnsii MAT Feb. 1998 5 B DQ249942

Mt. Raymond, VIC — MAT Feb. 1998 5 B DQ249942

10 km W of Orbost, VIC A. mearnsii RE Nov. 2002 2 B DQ249942

4 Tidbinbilla, ACT A. dealbata MAT Feb. 1998 3 Q DQ249943
Tidbinbilla, ACT A. dealbata MAT Feb. 1998 3 B DQ249942

8 km N of Queanbeyan, ACT A. mearnsii RE Nov. 2002 2 B DQ249942

8 km N of Queanbeyan, ACT A. dealbata RE Nov. 2002 2 B DQ249942

5 3 km E of Genoa, VIC — RE Nov. 2002 8 B DQ249942
3 km E of Genoa, VIC — RE Nov. 2002 2 C DQ249944

6 1 km N of Tanja, NSW — RE Nov. 2002 2 D DQ249949
Tanja, NSW — RE Nov. 2002 3 B DQ249942

Stony Ck, S of Bodalla, NSW — RE Nov. 2002 1 B DQ249942

Stony Ck, S of Bodalla, NSW — RE Nov. 2002 4 E DQ249945

7 Bowral, NSW A. longifolia SB Feb. 2000 2 B DQ249942
Bowral, NSW A. longifolia SB Feb. 2000 2 G DQ249948
Bowral, NSW A. longifolia RE Dec. 2002 1 B DQ249942

Mt. Gibraltar, Bowral, NSW A. melanoxylon RE Dec. 2002 1 G DQ249948

Mt. Gibraltar, Bowral, NSW A. melanoxylon RE Dec. 2002 2 B DQ249942

East Mittagong, NSW A. longifolia RE Dec. 2002 3 G DQ249948

8 Royal National Pk, NSW — MT 1988 3 B DQ249942
Menai, NSW A. mearnsii RE Dec. 2002 6 G DQ249948
Menai, NSW A. mearnsii RE Dec. 2002 2 B DQ249942

9 Wilberforce, NSW A. parramattensis MAT Feb. 1998 5 G DQ249948
Wilberforce, NSW A. parramattensis MAT Feb. 1998 1 B DQ249942
Cattai, NSW A. parramattensis MAT Feb. 1998 4 G DQ249948
Cattai, NSW A. parramattensis MAT Feb. 1998 1 B DQ249942

10 27 km S of Macksville, NSW A. binervata RE Dec. 2002 10 B DQ249942
11 Ebor district, NSW A. melanoxylon MAT Feb. 1998 10 Y DQ249947
Ebor Junction, Ebor, NSW A. melanoxylon MAT Feb. 1998 1 B DQ249942

Ebor district, NSW A. melanoxylon NP 1992 6 Y DQ249947

3.8 km S of Ebor, NSW A. melanoxylon RE Nov. 1999 2 Y DQ249947

12 Armidale, NSW A. filicifolia MAT Feb. 1998 5 Y DQ249947
5 km S of Guyra, NSW A. dealbata RE Dec. 2002 4 Y DQ249947

13 The Summit, Stanthorpe, QLD A. leucoclada KD Apr. 1994 1 Y DQ249947
Mt. McKenzie, Tenterfield, NSW A. decurrens RE Dec. 2002 3 Y DQ249947
Passchendaele, QLD — RE Dec. 2002 6 Y DQ249947

14 Emu Vale, nr Killarney, QLD — RE Feb. 2000 3 Y DQ249947
Toowoomba, QLD — AL Feb. 2000 3 Y DQ249947
Crows Nest, QLD — AL Mar. 2000 3 Y DQ249947
Toowoomba, QLD A. irrorata RE Jan. 2003 2 Y DQ249947

15 Griffith University, Nathan, QLD A. macradenia MAT Feb. 1998 1 Y DQ249947
Griffith University, Nathan, QLD A. leiocalyx MAT Feb. 1998 2 Y DQ249947

Mt. Nebo, QLD A. irrorata MAT Feb. 1998 5 Y DQ249947

Mt. Nebo, QLD A. irrorata RE Mar. 2000 1 Y DQ249947

16 Wild Horse Mtn., Beerburrum, QLD  A. melanoxylon RE Feb. 2000 3 Y DQ249947
Ford Road, Mooloolah, QLD A. leiocalyx RE Jan. 2000 2 Y DQ249947
Tuckers Ck, Nambour, QLD — RE Feb. 2000 3 Y DQ249947
Mapleton Falls, QLD A. melanoxylon RE Jan. 2003 3 Y DQ249947

17 Maryborough Rifle Range, QLD A. leiocalyx MAT Mar. 1998 6 Y DQ249947
Action Park, Maryborough, QLD A. complanata RE Jan. 2000 5 Y DQ249947
Action Park, Maryborough, QLD A. complanata RE Jan. 2000 1 VA DQ249946
Action Park, Maryborough, QLD — RE Jan. 2000 2 J DQ249952

18 Bunya Mountains, QLD — RE Jan. 2003 11 Y DQ249947
19 6 km S of Binjour, QLD A. melanoxylon DS Mar. 2003 12 Y DQ249947
20 6 km W of Taroom, QLD A. harpophylla RE Apr. 2003 7 R DQ249953
6 km W of Taroom, QLD A. harpophylla RE Apr. 2003 3 P DQ249950

21 Kogan, QLD A. harpophylla MT 1988 1 P DQ249950
Kogan, QLD A. harpophylla MT 1988 2 O DQ249951
Wilkie Ck, Dalby, QLD A. harpophylla RE Jan. 2003 7 (0] DQ249951

22 Oakey, QLD A. harpophylla DL 2001 3 (@) DQ249951
Jondaryan, QLD A. harpophylla RE Jan. 2003 7 (e} DQ249951
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Jalmenus evagoras attendant Iridomyrmex ant sampling locations, collection and tissue data. N, number of butterfly aggregations from
which ants were sequenced. All samples were collected by R. Eastwood in November—December 2003 unless otherwise indicated (DL,

David Lohman [Jan. 2000]; SB, Steve Brown [Feb. 2000]).

Site Locality N Iridomyrmex species GenBank accession nos.
1 Macleod, VIC 2 I. complex A sp. B DQ249954 to DQ249956
2 Briagalong, VIC 1 I. mattiroloi group sp. | DQ249976
3 Murrangower, VIC 1 |. mattiroloi group sp. | DQ249959

Mt. Raymond, VIC 1 I. mattiroloi group sp. | DQ249958
10 km W of Orbost, VIC 1 |. mattiroloi group sp. | DQ249957
4 Tidbinbilla, ACT 1 I. complex A sp. D DQ249965
Queanbeyan, NSW 2 I. complex A sp. D DQ249973, DQ249974
5 3 km E of Genoa, VIC 1 I. mattiroloi group sp. | DQ249960
6 1 km N of Tanja, NSW 1 I. complex A sp. C DQ249961
Tanja, NSW 1 I. mattiroloi group sp. | DQ249962, DQ249963
Stony Ck, Bodalla, NSW 1 |. mattiroloi group sp. | DQ249964
7 Bowral, NSW (SB) 1 I. mattiroloi group sp. | not sequenced
Mittagong, NSW 1 I. complex A sp. C DQ249966
8 Menai, NSW 1 |. septentrionalis sp. F DQ249967, DQ249968
10 27 km S of Macksville, NSW 1 I. gracilis DQ249969
11 Ebor district, NSW (DL) 1 I. mattiroloi group sp. | DQ249990
Ebor district, NSW 3 I. complex A sp. C DQ249970, DQ249986, DQ249989
12 5 km S of Guyra, NSW 1 I. complex A sp. C DQ249971
13 Passchendaele, QLD 1 I. complex A sp. C DQ249975
Tenterfield, NSW 1 I. mattiroloi group sp. | DQ249972
14 Emu Vale, Killarney, QLD 1 I. complex A sp. C not sequenced
Toowoomba, QLD 1 |. complex A sp. C DQ249985
Crows Nest, QLD 1 I. gracilis not sequenced
15 Nathan, QLD 2 I. gracilis DQ249977, DQ249987
16 Beerburrum, QLD 1 I. complex A sp. C DQ249978
Mooloolah, QLD 1 I. complex A sp. C not sequenced
Tuckers Ck, Nambour, QLD 1 I. complex A sp. C not sequenced
Mapleton Falls, QLD 1 |. complex A sp. C DQ249979

17 Maryborough, QLD 1 I. gracilis DQ249980

18 Bunya Mountains, QLD 1 |. complex A sp. C DQ249982, DQ249983

19 6 km S of Binjour, QLD 1 I. gracilis DQ249988

21 Wilkie Ck, Dalby, QLD 1 I. complex A sp. A DQ249981

22 Jondaryan, QLD 1 I. complex A sp. A DQ249984




