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Several evolutionary hypotheses help explain why only some species adapt readily to new conditions and
expand distributions beyond borders, but there is limited evidence testing these hypotheses. In this study,
we consider patterns of neutral (microsatellite) and quantitative genetic variation in traits in three species
of Drosophila from the montium species group in eastern Australia. We found little support for restricted or
asymmetrical gene flow in any species. In rainforest-restricted Drosophila birchii, there was evidence of
selection for increased desiccation and starvation resistance towards the southern border, and a reduction
in genetic diversity in desiccation resistance at this border. No such patterns existed for Drosophila
bunnanda, which has an even more restricted distribution. In the habitat generalistDrosophila serrata, there
was evidence for geographic selection for wing size and development time, although clinal patterns for
increased cold and starvation resistance towards the southern border could not be differentiated from
neutral expectations. These findings suggest that borders in these species are not limited by low overall
genetic variation but instead in two of the species reflect patterns of selection and genetic variability in key
traits limiting borders.
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1. INTRODUCTION
When there are no identifiable geographic barriers
limiting the distribution of species, a variety of biotic
(e.g. competition or predation) and abiotic (e.g.
resource availability, physiological limits, demography

or climate) factors may prevent further range expansion
(Hoffmann & Blows 1994; Gaston et al. 2008). Climatic
variables are thought to be important in dictating
distributional limits in many ectotherms, because

species only survive within a narrow range of conditions
(Chown et al. 2002). Climatic distribution modelling
and detailed ecological experiments can help identify
traits involved in limiting the distribution of species

(Sutherst et al. 2007; Phillips et al. 2008). However, this
type of information does not answer a long-standing
evolutionary question: why do species fail to adapt to
ecological conditions beyond their border thereby

preventing a continual range expansion?
There are several hypotheses to explain why adaptation

beyond the border of a species does not occur (Hoffmann&

Blows 1994; Kirkpatrick & Barton 1997; Bridle & Vines
2007; Eckert et al. 2008). Genetic variation may be
generally low in border populations, as adverse conditions
at the border reduce population size, decreasing genetic
variation through drift (Hoffmann & Blows 1994).
Restricted gene flow will reduce the movement of alleles
from central to border populations, further exacerbating
the effects of drift on the levels of genetic variation and
adaptive potential in border populations (Hoffmann &
Parsons 1997). Consequently, lower genetic variation in
neutral markers coupled with greater genetic differentiation
should be evident withinmarginal populations (Eckert et al.
2008). The heritability of traits under selection may be
low at border populations as a result of selection fixing
favoured alleles, decreasing additive genetic variance, or as
a result of increased environmental variance due to
heterogeneous conditions experienced by border popu-
lations (Hoffmann&Blows 1994). If selection is involved in
reducing heritable variation, changes in trait mean are
expected towards the border as the selection gradient
becomes steeper as populations are at a physiological limit
(Blows & Hoffmann 1993). Heritable variation may also be
generally low in populations owing to physiological
constraints or a loss of gene function due to decay under
relaxed selection, whereby obvious changes in the mean or
neutral genetic variationmay not be apparent (Hoffmann &
Kellermann 2006).
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Asymmetrical gene flow may also play a role in
preventing expansion beyond the border of a species
distribution. High levels of gene flow from large central
populations to small border populations can dilute the
presence of locally adapted genotypes in border popu-
lations and prevent range expansion (Garcia-Ramos &
Kirkpatrick 1997; Kirkpatrick & Barton 1997). Signatures
of asymmetrical gene flow include differences in effective
population size and/or the difference in the proportion of
private alleles between populations (Beerli & Felsenstein
2001; Kennington et al. 2003).

Another set of hypotheses deals with multiple trait
effects. Negative genetic correlations between traits under
directional selection can impede evolution in the traits
at borders, even when sufficient genetic variation is
present (Lande & Arnold 1983; Price & Langen 1992;
van Tienderen & de Jong 1994; Barton & Partridge 2000).
Furthermore, hidden pleiotropic effects inducing stabil-
izing selection on one character may hinder directional
selection on an otherwise neutral trait (Baatz & Wagner
1997). Positive genetic correlations between traits may
also constrain evolution in the direction of selection if
small trait values are favoured in one trait and large trait
values are favoured in the other correlated trait (Blows &
Hoffmann 2005). There is relatively little empirical
evidence of trait correlations limiting evolution, but
detection of these effects generally requires large experi-
ments and information on all traits under selection.

Despite the fact that these hypotheses have been
around for some time, there is still a paucity of data to
evaluate them. Patterns of asymmetrical gene flow have
only been examined in a few species and rarely in the
context of borders (Riechert 1993; Raymond &Marquine
1994; Kennington et al. 2003). Despite predictions for
lower population sizes in border populations, it is still
debatable whether population sizes are in fact lower in
marginal populations (Sagarin & Gaines 2002). Some
studies have found lower levels of neutral genetic variation
in marginal populations (Johansson et al. 2006; Eckert
et al. 2008; York et al. 2008); however, these differences
were not always striking and reflect changes in population

size rather than evolutionary potential (Hoffmann & Willi
2008). Furthermore, often changes in genetic variation or
population size are not evident (Wang et al. 2002; Garner
et al. 2004; Eckert et al. 2008). Levels of genetic variation
in quantitative traits have only been linked to borders in a
limited number of studies (Hoffmann et al. 2003;
Kellermann et al. 2006). In plants, a few studies have
used transplants to demonstrate traits related to borders
(Eckhart et al. 2004; Griffith & Watson 2005), but such
studies are rare, particularly across multiple species. Clinal
patterns of molecular markers and quantitative traits
provide a way of testing border hypotheses (table 1), but
few studies have simultaneously compared patterns across
different levels, or considered multiple species.

Here, we describe new data and use published data to
investigate patterns of quantitative and neutral molecular
variation across the geographic distribution of three
closely related Drosophila species differing in their level
of ecological specialization and distribution. Clinal
patterns for several climatic traits have been identified in
the previous studies of two of these species, Drosophila
birchii Dobzhansky and Mather and Drosophila serrata
Malloch (Hallas et al. 2002; Hoffmann et al. 2003;
Griffiths et al. 2005), suggesting that the traits are under
natural selection and may be involved in limiting the
southern border of these species. However, such clinal
patterns may also be the result of demographic history or
genetic drift in isolated populations (Vasemagi 2006).

Comparisons between molecular markers and quan-
titative traits may clarify whether demographic factors or
selection is involved in population differentiation along
clines (Gockel et al. 2001) and also indicate whether small
population sizes and/or asymmetrical gene flow are found at
species borders. Small population sizes at the border should
be reflected by the lower levels of variation in microsatellite
markers, althougha reduction invariation inneutralmarkers
reflects changes in population size rather than changes in
heritable variation for quantitative traits (Hoffmann &Willi
2008). If selection is underlying divergence, we predict
differentiation will be observed in the quantitative traits but
not the microsatellite markers. However, if genetic drift or

Table 1. Evolutionary hypotheses to account for limits to species ranges and predictions (based partly on Hoffmann &
Parsons 1997).

predictions

hypotheses
low ‘neutral’
genetic variation

low h2 in traits
limiting borders

clinal variation
towards border

genetic interactions
restricting evolution

low heritability in traits limiting
borders due to directional selec-
tion at borders

C C

low overall genetic variation in
border populations

C C

low heritability in traits limiting
borders due to physiological
constraints/genetic decay

C

asymmetric gene flow from the
central to border populations

C

adaptation restricted by trait
interactions

C

changes in independent characters
required for adaptation beyond
the border

C
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demographic history is causing divergence, high micro-
satellite differentiation is expected and clinal patterns in
quantitative traits are not expected to exceed variation
explained by themicrosatellite alleles (Gockel et al. 2001). If
additive genetic variance in traits under selection is low or
if gene flow is swamping differentiation, limited divergence
in the microsatellite markers (low FST values) and
quantitative traits are expected.

2. MATERIAL AND METHODS
New data on clinal variation in several quantitative traits and

microsatellite loci in Drosophila bunnanda Schiffer & McEvey

and microsatellite variation across the southern and northern

populations of D. serrata were added to the extensive data on

microsatellite clinal data in D. birchii (Schiffer et al. 2007),

and quantitative stress/morphological / life-history traits in

D. birchii and D. serrata (Hallas et al. 2002; Hoffmann et al.

2003; Sgrò & Blows 2003; Griffiths et al. 2005; Schiffer et al.

2007) to investigate patterns of quantitative and neutral

molecular variation across the geographic distribution of

these three species. Distributed in Papua New Guinea

(PNG), and along the east coast of Australia, with a southern

border at Wollongong (figure 1), D. serrata is considered a

habitat generalist (Schiffer & McEvey 2006). By contrast,

D. birchii is restricted to rainforest fragments in PNG and

northeast Australia and has a relatively narrow distribution

with a southern border at Byfield in north Queensland,

1278 km north of the D. serrata border (Schiffer & McEvey

2006; figure 1). Similar to D. birchii, the recently described

D. bunnanda is restricted to rainforest patches in northeast

Queensland, although its southern border (Townsville) is

561 km further north of the D. birchii border and it is not

known whether populations are present in PNG (figure 1;

Schiffer & McEvey 2006).

(a) Taxon sampling

Drosophila serrata samples for the microsatellite analysis were

collected using banana baits at nine locations (table 1 in the

electronic supplementary material), spanning a large pro-

portion of this species’ geographic range along the east coast

of Australia (figure 1). These populations were collected in

February and March of 2006, except for the Cooktown

population, which was collected in May 2004. A total of 400

D. bunnanda samples were collected using banana baits at

10 locations (table 1 in the electronic supplementary material)

throughout the species distribution in northeast Queensland

(figure1).Flieswere collectedduring threefield tripsconducted

between March and May spanning three consecutive years

(2004–2006). All molecular variation estimates for D. birchii

were taken from Schiffer et al. (2007). The flies collected from

the field were stored in 100 per cent ethanol atK208C prior to

extraction. DNA was extracted with the Chelex method, as

described in Magiafoglou et al. (2002).

(b) Microsatellite variation

Drosophila bunnanda and D. serrata samples were each

screened for six polymorphic microsatellite markers (one

x-linked and five autosomal markers) as previously described

in Magiafoglou et al. (2002) and Schiffer et al. (2004,

2007; see table 2 in the electronic supplementary material).

Polymerase chain reaction (PCR) of each locus

was performed in 10 ml reactions containing 1 ml of template

DNA, 1.5 mM of MgCl2, 2 mM of dNTPs and

0.2 pmol mlK1 of each primer and 0.3 pmol mlK1 of the

forward primer labelled with LI-COR IRDye 700 or 800.

Bands were detected using electrophoresis on a 6 per cent

acrylamide gel on a LI-COR Global IR2 automated DNA

analyser. Alleles were scored by comparing their sizes with

the standards that were distributed across the gel in lanes

adjacent to the samples.

Estimations of genetic variation, such as observed hetero-

zygosity and allelic richness, were calculated with FSTAT v.

2.9.3 (Goudet 1995). GENEPOP v. 4.0.7 (Rousset 2008) was

used to examine whether there was linkage disequilibrium

between loci (which was not evident). Levels of population

differentiation (FST) were examined for each species using

FSTAT v. 2.9.3 (Goudet 1995). Significance of overall FST

values were tested with randomization tests in FSTAT v. 2.9.3

(Goudet 1995).Mantel tests (implemented inGenetic Analysis

in Excel (GENALEX) v. 6.1 (Peakall & Smouse 2006) with FST

values (FST/1KFST) obtained from GENEPOP v. 4.0.7 (Rousset

2008) were undertaken to examine whether there were

associations between genetic and geographic distance. To

investigate whether there was asymmetrical gene flow between

populations, we used the software package MIGRATE v. 3.0

(Beerli & Felsenstein 2001) to estimate the effective number of

migrants (4Nm, whereN is the effective population size andm is

the migration rate) entering and leaving each population per

generation. This program calculates maximum-likelihood

estimates of migration rates and sub-population size between

pairs of populations using coalescent theory, and assumes

populations have a constant effective population size through

time, the rate ofmutation is constant and populations exchange

migrants with constant rates per generation (Beerli &

Felsenstein 2001). Simulations have shown the ability of

MIGRATE to accurately detect the levels of gene flow when

genetic diversity is high and the level of migration is moderate

(Abdo et al. 2004). We relied on default search settings, using

the microsatellite stepwise mutation model and running

MIGRATE three times to verify the consistency of our results.

To avoid biases in geneflowdue todifferences in sample size,we

randomly trimmedthedataset tomakepopulationsizes as equal

as possible. As our samples included both males and females,

analyses of population structure, genetic diversity and

Sydney

Brisbane

(a) (b) (c)

Figure 1. Geographic range of (a) D. bunnanda, (b) D. birchii
and (c) D. serrata along the east coast of Australia (modified
from Schiffer & McEvey 2006). Southern borders are
indicated by horizontal lines.
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migration rates were undertaken only with the data from the

autosomal loci.

(c) Quantitative data

For D. serrata, development time estimates were taken from

Sgrò & Blows (2003), while desiccation, starvation and cold

resistance estimates were taken from Hallas et al. (2002). Cold

and desiccation resistance for D. birchii and D. bunnanda were

estimated from isofemale lines with populations collected using

banana baits in 2004 from eight and five populations,

respectively (table 1 in the electronic supplementary material);

methods for these estimates are described below. Other

quantitative trait estimates for D. birchii including a second

estimate for desiccation and cold resistance were taken from

Hoffmann et al. (2003) andGriffiths et al. (2005).The isofemale

lines were each initiated from a field-inseminated female and

maintained at a population size of 50–100 flies. Isofemale lines

weremaintainedonapotato–yeast–sucrose–agarmedia at 258C
with constant light. All assessments were completed within five

generations of lines being established from field females.

Desiccation resistance and chill coma recovery were assayed

in eight and five populations of D. birchii and D. bunnanda,

respectively, with 10–25 isofemale lines assayed per population

(table1 in the electronic supplementarymaterial).All lineswere

reared at a standard density by placing 20 eggs into 50 ml vials

with eggs collected from watch glasses containing a treacle–

yeast–agarmedia coatedwith live yeast to stimulate oviposition.

For each individual isofemale line, five replicate vials were

initiated. Desiccation and cold resistance were estimatedwith a

single individual female from each vial in order to eliminate

common vial effects. The flies emerging from these vials were

collectedover a48hourperiod, left for aday toallowmatingand

sexed via CO2 anaesthesia. Flies were then left to recover and

tested for stress resistance between 5 and 7 days of age.

Desiccation resistance was estimated by placing the

vials into a desiccator containing silica gel producing

10–15 per cent relative humidity. The flies were scored

every hour for knock-down until all flies had succumbed to

the effects of desiccation. This trait discriminates between

Drosophila species from natural habitats that differ in the

levels of aridity (Parsons 1982).

Chill coma recovery was estimated by scoring the time to

recovery from a cold shock. Individuals were placed into vials

that were then submerged in a cold bath containing ethylene

glycol, with the tank remaining at 08C throughout the period

of exposure. The flies were submerged for 2 hours at which

point the vials were removed and the flies scored for chill coma

recovery. All flies had entered a chill coma in this exposure

period. This trait differentiates between Drosophila species

from tropical and temperate environments (Gibert & Huey

2001) and also exhibits clinal variation in Drosophila

melanogaster from eastern Australia (Hoffmann et al. 2002).

(d) Analysis

To investigate whether there was evidence of clinal patterns in

both microsatellite loci and quantitative traits, a regression of

most common allele (MCA) frequency/trait mean and

latitude was undertaken. The MCA was obtained using

GENALEX v. 6.1 (Peakall & Smouse 2006) and the MCA

frequency was calculated by dividing the number of times the

MCA was found within a population by the total number of

alleles sampled within a population (two alleles per individual

for autosomal loci and one allele per individual for x-linked

loci). A linear equation was first fitted to test for linear effects,

and quadratic, cubic and exponential components were then

added to test for curvilinear relationships. To determine

whether latitudinal patterns for quantitative traits were

stronger than those for the neutral markers, reflecting

selection, the procedure outlined in Gockel et al. (2001)

was followed, involving a comparison of the explanatory

power of latitude for the quantitative and molecular variation.

Briefly, confidence intervals for R2 coefficients of determina-

tion were obtained from the empirical distributions of

quantitative traits or molecular markers by bootstrapping

with 1000 iterations. Values from the regressions involving

quantitative traits were obtained by resampling the data for

isofemale lines, while the values for each microsatellite locus

were obtained by resampling the data for individuals from the

populations. For the molecular data, mean R2 values over all

loci were computed and 95% CI values determined from the

1000 R2 bootstrapped means. Resampling and bootstrapping

were performed using the Microsoft Excel add-in program

POPTOOLS v. 2.7.5 (Hood 2006). Latitudinal variation in

quantitative traits was considered to be different from

microsatellite loci variation when the lower 95% CI value

for the quantitative trait did not overlap with the average

upper 95% CI value for the microsatellite markers.

Measures of quantitative genetic variation (coefficient of

intra-class correlation, t) were calculated for each population

as outlined in Hoffmann & Parsons (1988). The coefficient of

intra-class correlation is a measure of the difference in the

within- and between-line variances of isofemale lines and may

include non-additive components of variation. Latitudinal

patterns for t were tested using regression analyses.

3. RESULTS
(a) Drosophila serrata
In this species, a significant association with latitude was
found for wing size, development time, female chill coma
recovery time and male starvation resistance, with
resistance/mean values for these traits increasing towards
the southern border (figure 2). No clinal associations with
latitude were detected for female desiccation and star-
vation resistance (table 2). The latitudinal patterns
observed in wing size, development time, cold resistance
and male starvation resistance are unlikely to be the result
of low levels of gene flow between populations, as there
was little evidence of microsatellite genetic differentiation
in the populations of D. serrata collected across a similar
latitudinal cline, with low FST values (0.005G0.003,
pZ0.139) and only a weak positive correlation between
genetic and geographic distance ( pZ0.049). Other
studies have also found low estimates of differentiation
in the southern field populations and the northern
laboratory mass-bred populations (southern: FSTZ
0.002G0.001, pZ0.018, (Magiafoglou et al. 2002);
northern: FSTZ0.002G0.001, pZ0.018, (Chenoweth &
Blows 2008)). Little asymmetrical gene flow was detected
between populations (table 3 in the electronic supple-
mentary material); there was some evidence for asymme-
trical gene flow from the southern border population of
Wollongong to the nearby population at Terrigal, but
this was in the opposite direction to that expected if
gene flow from the central populations was swamping
marginal populations (table 3 in the electronic supple-
mentary material).
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To investigate whether patterns in the traits were due to
selection rather than genetic drift, we compared the
proportion of variation explained by latitude for the traits
with the level of variation in MCA frequency in the
microsatellite markers. With the exception of locus D34,
which showed a highly significant negative relationship with
latitude (R2Z0.728, pZ0.003), no significant associations
with latitude were found for MCA frequency in D. serrata
(table 2 in the electronic supplementary material). Overall,
the average variation in themicrosatellitemarkers explained
by latitude was 20.9 per cent (table 2 in the electronic
supplementary material); when D34 was excluded, only
9.9 per cent of the variation in the MCA was explained by
latitude (table 2). Despite significant increases in male
starvation and female cold resistance towards the southern
border, the coefficient of determination for the latitudinal
patterns observed in these traits was not higher than for the
microsatellite markers, because the lower confidence
interval for all of these traits overlapped with the upper
confidence interval for the microsatellite markers (table 2),

even when D34 was excluded. As such, the strength of the
latitudinal patterns in these traits does not exceed neutral
expectations based on the microsatellite markers sampled
in the current study. By contrast, the coefficient of
determination for the latitudinal association with wing
size and development time was higher than that of the
microsatellite markers, with no overlap between the lower
and upper 95 per cent confidence intervals of the
coefficients of determination when D34 was excluded
(table 2). Thus, it appears that the increases in these traits
towards the southern border are likely to be due to
selection. High levels of genetic variation were found in
D. serrata across all microsatellite loci (table 2 in the
electronic supplementary material). There was some
evidence for changing levels of genetic diversity with
latitude (figure 3). A significant quadratic relationship
with latitude was observed for allelic diversity, with a slight
decrease in diversity in the southern border populations in

comparison with mid-latitude populations. No significant

association was found between latitude and the coefficient

of intra-class correlation for any of the quantitative traits

(data not shown).

(b) Drosophila birchii
There was a linear association between latitude and both
desiccation (marginally non-significant in flies from the
2004 collection) and starvation resistance in D. birchii
females. Resistance in both traits increased towards the
southern border (figure 2). No association with latitude
was found for cold or heat resistance, suggesting that
climatic selection for thermal tolerance is not occurring
over the latitudinal distribution of D. birchii. Unlike in
D. serrata, there was no significant association between
wing size and latitude in D. birchii females. Low levels of
microsatellite genetic differentiation between the popu-
lations of D. birchii (FSTZ0.002) and a lack of evidence
for isolation by distance ( pZ0.178) suggest that low
levels of gene flow are not responsible for population
differentiation in desiccation or starvation resistance.
There was no evidence for a latitudinal association
for MCAs at any of the microsatellite loci (table 2 in
the electronic supplementary material). Furthermore, the
proportion of variation explained by latitude for desicca-
tion and starvation resistance was found to exceed the
proportion of variation explained by latitude for micro-
satellite variation (table 2), suggesting that selection
may be responsible for divergence in mean resistance
across latitude.

Despite a lack of evidence for restricted or asymme-
trical gene flow into the southern populations of D. birchii
(table 3 in the electronic supplementary material), there
was a significant decline in allelic diversity in the
microsatellite markers in the northern and southern
populations, suggesting that population sizes may be
larger in the central populations (figure 3). However, the
reduction in allele diversity in these populations was
minimal and this pattern was not evident for the expected
heterozygosity (figure 3). The coefficient of intra-class
correlation for desiccation resistance in females collected
in 2004 showed a significant exponential association with
latitude, with the coefficient of intra-class correlation
decreasing towards the southern border (R2Z0.734,
pZ0.014), while a significant increase towards the
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Figure 2. Clinal patterns for stress, morphological and life-
history traits in (a) D. birchii (open squares, starvation; filled
diamonds, MCA; filled triangles, desiccation 2002;
open triangles, desiccation 2004), (b) D. serrata (open
squares, starvation, males; pluses, wing size, females; open
diamonds, wing size, males; filled squares, development time;
filled diamonds, MCA; crosses, cold) and (c) D. bunnanda
(pluses, wing size, females; open diamonds, wing size, males;
filled diamonds, MCA; open triangles, desiccation, males;
crosses, cold, males, open circles, desiccation, females; filled
circles, cold, females). Error bars are 1 s.e.
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southern border was evident in the coefficient of intra-
class correlation for cold resistance in females collected in
2004 (R2Z0.874, pZ0.002; figure 4).

(c) Drosophila bunnanda
There was no significant evidence for an association with
latitude for any of the quantitative traits examined in the
preliminary analysis of five populations of D. bunnanda
(figure 2, table 2). There was a trend for cold resistance in
males to increase towards the southern border (figure 2);
however, this association was not significant. There was
also no evidence of population differentiation, with a low
FST value (FSTZ0.001G0.002, pZ0.060) and no
patterns suggesting isolation by distance ( pZ0.248).
Furthermore, little asymmetrical gene flow was detected
between the southern populations, although there was
evidence for asymmetrical gene flow in some mid-latitude
populations (table 3 in the electronic supplementary
material). There were no significant associations between
latitude and MCA frequency in a more comprehensive
analysis of microsatellite variation in 10 populations
collected across most of this species’ distribution (table 2
in the electronic supplementary material). The proportion
of variation explained by latitude in all quantitative traits
in D. bunnanda did not exceed the proportion of variation
explained by the microsatellite markers examined in this
study (table 2). A significant quadratic association with
latitude was observed for heterozygosity, with the lower

levels of heterozygosity observed in mid-latitude popu-
lations (figure 3). However, no clinal changes in the
coefficient of intra-class correlation for wing size, cold or
desiccation resistance were observed (data not shown).

4. DISCUSSION
Adaptation beyond the border of a species may be limited
by low genetic variation, high or low gene flow,
environmental influences and/or trait interactions. Past
empirical studies have focused on demographic
hypotheses for species borders, comparing neutral genetic

Table 2. Regression analysis of the effects of latitude on population means for the traits, including confidence intervals for the
proportion of variation explained by latitude. (Significant associations are italicized.)

species trait slope R2 p-value lower CI upper CI

D. serrata cold, femalesa K0.586 0.306 0.017 0.168 0.412
desiccation, femalesa K0.016 0.004 0.798 0.000 0.082
starvation, femalesa 0.234 0.053 0.372 0.000 0.258
starvation, malesa 0.486 0.365 0.010 0.044 0.524
development timeb 0.034 0.404 0.048 0.264 0.540
wing size, malesa 0.133c 0.907 !0.001 0.865 0.931
wing size, femalesa 0.117c 0.928 !0.001 0.887 0.941
microsatellitesd K10.130 0.209 K 0.036 0.222

D. birchii cold, females 2002e 0.030 0.003 0.868 0.000 0.224
cold, females 2004 0.032 0.002 0.924 0.000 0.009
desiccation, females 2002f 0.334 0.478 0.018 0.266 0.611
desiccation, females 2004 0.197 0.560 0.051 0.159 0.781
starvation, femalese 2.854 0.461 0.022 0.310 0.557
heat, femalese 0.082 0.086 0.380 0.000 0.309
development time, femalese 1.560 0.250 0.117 0.087 0.415
development time, malese 1.073 0.141 0.255 0.026 0.293
wing size, femalese K0.290 0.009 0.777 0.000 0.126
microsatellitesg 1.857 0.078 — 0.028 0.144

D. bunnanda cold, females 0.332 0.142 0.532 0.000 0.806
cold, males 1.785 0.685 0.084 0.019 0.929
desiccation, females 0.067 0.033 0.772 0.000 0.514
desiccation, males K0.170 0.380 0.268 0.003 0.846
wing size, females 1.983 0.323 0.317 0.071 0.605
wing size, males 1.571 0.206 0.443 0.065 0.606
microsatellites K0.797 0.061 — 0.023 0.166

aData from Hallas et al. (2002).
bData from Sgrò & Blows (2003).
cLogarithmic relationship.
dExcluding locus D34.
eData from Griffiths et al. (2005).
fData from Hoffmann et al. (2003).
gData from Schiffer et al. (2007).
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Figure 3. Correlation between levels of observed hetero-
zygosity and allelic diversity with distance from the southern
border in D. birchii, D. serrata and D. bunnanda. Open
symbols, allelic diversity; filled symbols, observed hetero-
zygosity. Only significant regression lines are indicated.
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variation in the border and central populations (Eckert
et al. 2008), rather than identifying and examining
patterns of variation in putative quantitative traits. We
found no strong evidence for restricted or asymmetrical
gene flow from the central to southern populations in any
of the three species, indicating that gene flow is unlikely to
be involved in limiting adaptation beyond the border of
these species, although simulation studies have found a
reduction in accuracy for detecting asymmetrical gene
flow when the levels of population differentiation are
extremely low or high (Abdo et al. 2004). A small
reduction in allelic diversity in the northern and southern
populations was found in both D. birchii and D. serrata
(figure 3), suggesting that population sizes may be larger
in the central populations; however, decreases in allelic
diversity were small, and in D. serrata, the levels of
heterozygosity were higher in the southern populations,
indicating that low population size is unlikely to reduce the
ability of these populations to respond to selection
pressures at the border. The pattern of increase in
heterozygosity at higher latitudes for D. serrata is the
opposite to that observed for D. melanogaster populations
from the east coast of Australia (Kennington et al. 2003)
and is unusual, in that many species show greater genetic
diversity closer to the equator, possibly owing to the
persistence of larger long-term populations during
the periods of climatic instability (Hewitt 2000, 2004).
The lack of clear patterns for the decreases in neutral
variation in D. birchii, D. serrata or D. bunnanda suggest
that low population size is not influencing the southern
border of these species.

However, latitudinal patterns in traits related to
climatic responses suggest genetic variation and/or
interactions in these traits may be important in the
limiting borders of these species. The rainforest-restricted
D. birchii has a relatively low level of desiccation resistance
and cold resistance compared with other more widely
distributed Drosophila species (Hoffmann & Parsons
1997), and these traits may be involved in limiting the
southern border of D. birchii, which occurs within an area
where the lower levels of ambient humidity and colder
conditions are encountered. Low levels of heritable
variation for these traits in the southern populations
reflecting selection might then be expected (table 1). This
was the pattern found for desiccation resistance but not
cold resistance. A lack of clinal variation in chill coma
recovery time suggests that this trait is not under strong

selection in the border populations of D. birchii. The
coefficient of intra-class correlation for this trait increased
towards the southern border, suggesting that genetic
variation for cold resistance is high in the southern
populations, and that low genetic variance for this
trait is unlikely to limit adaptation to cooler conditions
beyond the southern border. Nevertheless, as this measure
of genetic variance includes non-additive as well as
additive genetic variance, family studies are required to
accurately assess the evolutionary potential of this trait. By
contrast, desiccation resistance was consistently found to
vary clinally in two independent collections and assess-
ments (Hoffmann et al. 2003), with resistance increasing
towards the southern border. High levels of gene flow
between all populations, as well as stronger clinal patterns
in desiccation resistance compared with microsatellite
MCA, suggest that this pattern in desiccation resistance is
not a consequence of drift but rather selection.

If selection is involved in limiting further adaptation to
desiccation stress, genetic variance for this trait is
predicted to decrease towards the southern border as
favourable alleles become fixed, while a reduction in
variation at neutral markers will only occur if selection
is decreasing population sizes in border populations
(Hoffmann & Willi 2008). In the current analysis,
a dramatic decrease in the intra-class correlation for
desiccation resistance, but not heterozygosity, was
observed in the southern populations of D. birchii,
suggesting that climatic selection may be influencing
genetic variation in this trait. Previous family studies and
selection experiments have shown very low heritable
variation for desiccation resistance in the populations of
D. birchii (Hoffmann et al. 2003; Kellermann et al. 2006),
reinforcing the notion that clinal patterns reflect the action
of selection and that this species has a limited ability to
adapt to drier conditions beyond the southern border.

We also examined D. birchii for clinal patterns in
starvation resistance, development time and wing size,
which vary clinally in D. melanogaster (reviewed in
Hoffmann & Weeks 2007). Clinal patterns for starvation
resistance were stronger than those in MCA, suggesting
that there is also geographic selection for this trait in
D. birchii. Unlike inD. melanogaster, no clinal patterns were
detected for development time or wing size. There is
abundant genetic variation for wing size in D. birchii
(Hoffmann et al. 2003; Kellermann et al. 2006), so genetic
variation is unlikely to limit selection responses for
this trait. Perhaps these traits may not be under
strong climatic selection in D. birchii, particularly as the
range of climatic conditions encountered within the
distribution of D. birchii is much narrower than that
encountered by D. melanogaster.

There was no evidence that selection on climatic traits
reduced heritable genetic variance in D. serrata. No clinal
patterns for desiccation resistance have been observed
(Hallas et al. 2002). While cold resistance has been shown
to vary clinally, with increases in resistance towards the
southern border (Jenkins & Hoffmann 1999; Hallas et al.
2002), there was no decrease in the intra-class correlation
for this trait towards the border. This is consistent with the
previous evidence for the similar levels of heritable
variation in cold mortality in field flies from the southern
and central populations (Jenkins & Hoffmann 1999).
High rates of gene flow among D. serrata populations
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Figure 4. Clinal patterns for the coefficient of intra-class
correlation (t) for cold (crosses) and desiccation (triangles)
resistance in D. birchii.
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suggest that clinal patterns in cold resistance may be due
to selection rather than demography, although this was
not supported by the comparison between clinal patterns
in the quantitative trait and microsatellite alleles. This
may partly reflect the fact that one locus, in particular
D34, exhibited a strong association with latitude. This
locus is on the same chromosome arm as the In(3R)a
chromosomal inversion in D. serrata, which encompasses
42 per cent of the chromosome and shows a significant
latitudinal cline in the same direction as D34 (Stocker
et al. 2004) and may indirectly influence patterns of the
MCA at this locus. The absence of clinal patterns at
the other microsatellite loci suggests that inversions are
unlikely to be influencing latitudinal patterns or the levels
of divergence in these markers. However, the presence of
chromosomal inversions may limit the power to determine
whether clinal patterns in cold in D. serrata are due to
demography or selection. Latitudinal associations for
starvation resistance were also not stronger than those
for MCA frequency; however, clinal patterns for develop-
ment time and wing size were stronger, indicating the
action of climatic selection, which is consistent with the
data for body size in D. melanogaster (Gockel et al. 2001).

These analyses and patterns do not help explain the
southern border of D. serrata, and factors other than
asymmetrical gene flow and low genetic variation in stress
resistance traits may be involved. In the tests of
experimental evolution for life-history traits performed
under experimental conditions similar to those encoun-
tered beyond the southern border of this species, there was
no evidence of adaptation in life-history traits after 20
generations of culture (Magiafoglou & Hoffmann 2003).
There is some evidence for a trade-off between fecundity
and cold resistance, with a reduction in fecundity in
D. serrata individuals that showed increased cold resistance
when kept in population cages past the southern border
(Jenkins & Hoffmann 1999). Evolution in this species may
be constrained by trait interactions, or perhaps a
requirement for evolutionary shifts in multiple traits.

The rainforest-restricted D. bunnanda has the most
restricted southern limit, located more than 500 km north
of the southern border of D. birchii. This species shows a
low level of tolerance and additive genetic variation for
desiccation resistance similar to D. birchii (Kellermann
et al. 2006; Van Heerwaarden et al. 2008). We found no
evidence for clinal variation in cold and desiccation
resistance or genetic variation for these traits in this
species, suggesting that selection is unlikely to be depleting
heritable variation for these traits in border populations.
We also found high gene flow and a high level of variation
in neutral genetic markers across the distribution of this
species. Therefore, it is not the low levels of genetic
variation due to small population size at the border that
are preventing evolution to the conditions existing beyond
the southern distribution of this species. Perhaps, as in the
case of D. birchii, low genetic variance for desiccation
resistance prevents adaptation to conditions outside
rainforest environments, and a pattern of high gene flow
across a narrow distributional (and climatic) range
prevents the development of clinal patterns in this species.
However, evolution over small spatial scales has been
demonstrated in D. melanogaster, suggesting that factors
other than high gene flow may be important (Collinge
et al. 2006; Korol et al. 2006). A comparison of the slopes

of latitudinal clines in quantitative traits between species
along the same selection gradient (i.e. the same latitudinal
scale) would help determine whether gene flow is
swamping the effects of selection; however, we currently
do not have enough data for such a comparison across all
three species.

Although there has been a great deal of focus on
demographic factors limiting adaptation beyond the border
of populations, low levels of heritable variation in ecologi-
cally important traits may also play a role in dictating limits
to the distribution of many species. At present, we do not
know how important the low levels of heritable variation in
quantitative traits under selection are in limiting species
borders, because data on heritable variation in relevant
traits have been rarely collected. The Drosophila data
presented here suggest that low levels of quantitative trait
variation may play a role in determining species borders
even when the rates of gene flow are high and symmetrical
and when the genetic architecture of traits differs.

We would like to thank Cherie Marks, Jennifer Griffiths,
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the Australian Research Council for funding via their Special
Research Centre and Fellowship schemes (A.A.H., C.M.S.).
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Supplementary Table 2. Estimates of gene flow (θ) between populations of D. birchii (top), D. serrata (middle) and D. bunnanda (bottom) 
(latitude below in brackets). The range estimates given below each value are the 95% confidence limits. Numbers in bold identify comparisons 
where asymmetrical gene flow was suggested. 
 

 
 
Table 3. Details on position, variability and clinal patterns in the most common allele (MCA) frequency of the microsatellite loci used in this 

study 

D. birchii Mossman Lake Placid Lake Morris Davies Creek Lake Barrine Lake Eacham Kirrama Paluma Finch Hatton Eungella Sarina Byfield 
 (16.470) (16.870) (16.958) (17.038) (17.240) (17.274) (18.191) (19.006) (21.035) (21.168) (21.567) (22.820) 

To lower latitude  - 0.957 0.970 0.597 1.273 1.812 1.061 0.941 1.908 1.921 2.108 1.356 
population  0.653-1.343 0.680-1.333 0.378-0.888 0.933-1.686 1.457-2.221 0.793-1.384 0.693-1.242 1.547-2.321 1.574-2.314 1.720-2.549 1.033-1.740 

             
To higher latitude  1.009 1.426 1.056 1.127 1.343 1.324 1.580 1.436 1.949 1.865 1.087 - 

population 0.712-1.379 1.069-1.854 0.751-1.434 0.852-1.456 1.037-1.704 1.025-1.675 1.254-1.958 1.141-1.779 1.576-2.376 1.481-2.310 0.826-1.399  
             

D. serrata Cooktown  Townsville  Finch Hatton  Tannum Sands  Tewantin  Byron Bay  Port Mac  Terrigal  Wollongong     
 (15.490) (19.370) (21.070) (23.950) (26.380) (28.680) (31.430) (33.450) (34.320)    

To lower latitude  - 10.020 11.017 5.276 8.357 6.704 10.615 8.974 11.067    
population  7.262-13.400 7.779-15.049 3.283-7.947 5.758-11.639 4.480-9.561 7.648-14.265 6.504-12.001 7.311-15.929    

             
To higher latitude  14.474 8.292 7.932 10.551 9.876 11.290 13.269 4.951 -    

population 10.22-19.772 5.810-11.395 5.240-11.417 7.602-14.179 7.023-13.412 8.318-14.897 9.913-17.308 3.184-7.276     
             

D. bunnanda Cooktown Cape Trib Mossman Julatten Cairns Gordonvale Innisfail Kirrama Ingham Jourama Falls   
 (15.749) (16.196) (16.479) (16.619) (16.868) (17.141) (17.604) (18.229) (18.682) (18.845)   

To lower latitude - 23.714 28.977 11.190 20.624 16.816 15.852 18.828 19.238 22.726   
population  18.19-30.25 22.23-36.97 7.71-15.59 14.21-28.72 12.32-22.28 11.62-21.01 13.48-25.43 14.37-25.09 16.82-29.87   

             
To higher latitude  31.736 14.242 21.561 8.137 14.829 19.526 10.993 22.038 22.474 -   

population 24.65-40.07 10.26-19.14 14.99-29.82 5.15-12.1 10.75-19.83 14.07-26.24 7.43-15.55 16.24-29.08 16.38-29.92    



Locus Chromosome+                      No. of alleles                           Heterozygosity  MCA R2 

  D. serrata D. birchii D. bunnanda  D. serrata D. birchii D. bunnanda  D. serrata D. birchii D. bunnanda 
             
Dbir 1$ X - 13 -  - 0.795 -  - 0.001NS - 
Dbir 3# 3R 29 14 24  0.712 0.690 0.596  0.134NS 0.169NS 0.001NS 
Dbir 4$ 3R - 27 -  - 0.885 -  - 0.071NS - 
Dbir 5$ x - 15 -  - 0.885 -  - 0.077NS - 
Dbir 6$ x 17 10 -  - 0.790 -  0.133NS 0.023NS - 
Dbir 7^ 3L - 17 22  - 0.883 0.783  - 0.001NS 0.062NS 
Dbir 8$ 2L - 12 8  - 0.740 0.466  - 0.001NS 0.118NS 
Dbir 9$ x - 11 -  - 0.648 -  - 0.312NS - 
Dser 13 2R - 13 -  - 0.569 -  - 0.007NS - 
Dser 16# 2R 11 - -  0.703 - -  0.108NS - - 
Dser 17$ x - 23 19   0.893 -  - 0.115NS 0.149NS 
Dser 18# 2R 12 - 11  0.279 - 0.757  0.074NS - 0.032NS 
Dser 34# 2L 31 - 26  0.940 - 0.655  0.728* - 0.004NS 
Dser 75^ 3L 10 - -  0.471 - -  0.078NS - - 

 Average 
(95% CI) 18.3 15.5 18.3  0.621 0.778 0.651  0.209 

(0.116-0.294) 
0.078 
(0.028-0.144) 

0.061 
(0.023-0.166) 

+  Chromosome position on D. melanogaster genome 
#  Microsatellite development was previously reported in Magiafoglou et al. (2002); ^ Microsatellite development was previously reported in Schiffer et al. (2004); $ Microsatellite 
development was previously reported in Schiffer et al. (2007)  
Significant proportions of variation explained by latitude are given after Bonferroni correction (NS, not significant; *, significant at the 0.05 level) 
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