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Genetic structure and effective population size of the
most northern population of the Australian River
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Abstract: Upland freshwater habitats support populations that are especially susceptible to anthropogenic change.
Furthermore, their isolation from other suitable habitats, and the fragmented, dendritic structure of headwaters
make dispersal an unlikely response to change. We investigated genetic structure and variation in the northern-
most population of Gadopsis marmoratus, which is isolated in a tiny area in the headwaters of the Condamine
River catchment, in the Murray—Darling Basin, Australia. Strong genetic structure was detected among subpop-
ulations based on microsatellites (Fst = 0.173, p < 0.0001) and mitochondrial (mt)DNA (Fsy = 0.369, p < 0.05).
Effective population size was low, ranging between 18.8 and 48.2, depending on the estimation method used.
Bayesian clustering revealed 3 genetic clusters, but they were not congruent with drainage patterns, suggesting
a complex history of dispersal among headwaters that are isolated by waterfalls. Overall, these results suggest that
G. marmoratus is unlikely to disperse into new habitats if local conditions become unsuitable. Low effective pop-
ulation size and genetic diversity also suggest that local adaptation would be unlikely.
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Freshwater fish often inhabit naturally fragmented land-
scapes where gene flow is restricted. As a result, genetic di-
versity is often low, and subpopulations are genetically dis-
tinct (Ward et al. 1994, DeWoody and Avise 2000). This
situation is especially true of species that are restricted to
mountainous headwater streams (Hughes et al. 2013). Soft
barriers, such as temperature, small waterfalls, and steep
stream gradients can decrease gene flow among subpopu-
lations (Cook et al. 2011) or cause it to be strongly unidi-
rectional (Kelson et al. 2014), whereas hard barriers, such
as large waterfalls, may halt all migration, thereby causing
strong divergence and speciation (McGlashan and Hughes
2000). In addition to these processes are the more infre-
quent effects of geological change (e.g., drainage rearrange-
ments; Poissant et al. 2005, Waters et al. 2001), and human
mediated dispersal and colonization (Waples 1991). These

processes interact with the physiology and behavior of fresh-
water fish species to determine patterns of genetic variation
at neutral loci.

By studying these patterns of genetic variation, one can
understand how these species disperse through a fragmented
landscape and how they maintain population viability. This
consideration is important from a conservation perspective.
Freshwater systems are becoming more fragmented because
of habitat clearing, flow regulation infrastructure, and de-
graded water quality, and species restricted to colder, upland
areas will be seriously affected by climate change (Nilsson
etal. 2005, Ficke et al. 2007, Palmer et al. 2008). The negative
effects are 2-fold. First, small population sizes and low gene
flow will decrease genetic variation and adaptive potential,
reducing the capacity for species to adapt to the changing
environment (Willi et al. 2006). Second, range expansions
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to more suitable habitat are difficult for species that are
strongly constrained by the dendritic riverine network (Hein
et al. 2011).

Populations may respond to threats by adapting to their
changing environment. However, the small effective popu-
lation size and low genetic variation of fragmented species
make adaptation difficult. Genetic drift becomes the domi-
nant evolutionary force and can have a more significant ef-
fect than selection when effective population sizes are small.
Therefore, in very small populations, deleterious alleles can
be maintained, increasing inbreeding depression and the ge-
netic load on the population (Wang et al. 1999, Kirkpatrick
and Jarne 2000). In addition, small populations have lower
levels of standing genetic variation and reduced probability
of advantageous mutations arising, also reducing adaptive
capacity, than larger populations (Willi et al. 2006).

In Australia, researchers investigating headwater popula-
tions of freshwater fish (Hurwood and Hughes 1998, McGla-
shan and Hughes 2000) and upland- and coldwater-adapted
crustaceans (Hughesetal. 1995,1996, Hurwood and Hughes
2001, Ponniah and Hughes 2006) have found strong genetic
structure. For many of these species, contemporary gene flow
was mostly absent, but patterns of genetic structure were
unexpected and matched historical patterns of connectivity
across catchment boundaries.

The River Blackfish (Gadopsis marmoratus Richardson
1848) has a broad distribution throughout the Murray—Darling
Basin (MDB) and coastal drainages in the southeastern part
of the continent. In the MDB, it is mostly found in the south-
ern parts of the basin. Populations in the northern basin are
restricted to upland reaches that flow off the Great Dividing
Range (Lintermans 2007). Based on molecular data, G. mar-
moratus may comprise multiple species (Miller et al. 2004,
Hammer et al. 2014). Tracking studies of G. marmoratus
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demonstrate that adults are likely to disperse some distance
up- and downstream at night, but that individuals return to
the same location during the day (Koster and Crook 2008).
In addition, spawning occurs in logs and under rocks, and
eggs are demersal (Lintermans 2007). Larvae remain attached
to their egg case for ~18 d, remain burrowed into the sub-
strate (e.g., in leaf litter), and probably are guarded by the par-
ent male during this period (Koehn and O’Connor 1990a).
Thus, they are unlikely to drift during the period of lowest
swimming ability. Probably only late-stage larvae or juve-
niles are capable of dispersal, especially via downstream dis-
placement in steep, fast-flowing streams such as during high-
flow events. This life history suggests that gene flow among
subpopulations may be low, and genetic structure should be
strong.

The northern-most population of G. marmoratus is found
in the upper reaches of the Condamine River catchment, in
southeastern Queensland (Fig. 1A, B). The most intact pop-
ulations in this catchment occur within the Spring Creek
tributaries of the Condamine River. Spring Creek consists of
a north and south branch, and both have significant water-
falls. The north branch has 2 major waterfalls (Queen Mary
and Daggs Falls), whereas the south branch has Browns and
Upper Browns Falls. Both branches are spring-fed and run
through intact forest, especially in the most upland regions.
The forest keeps Spring Creek stream temperatures lower
than those of the upper reaches of the Condamine River
(M. Turschwell, Griffith University, unpublished data).

In this population, the existence of strong unidirectional
barriers to gene flow (waterfalls) is likely to shape genetic
variation among subpopulations. Under this model, subpop-
ulations that exist in headwaters above waterfalls are expected
to diverge from each other in the absence of immigration
from downstream subpopulations. If downstream dispersal
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Figure 1. Summary of records of Gadopsis marmoratus in Australia (www.ala.org.au) (A) and a map of the study area, showing the
4 main waterfalls and sampling sites (B). See Table 1 for sampling site coordinates.
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is possible, subpopulations that are downstream of isolated
populations may be admixed, composed of local recruits and
migrants from different, genetically distinct, headwater pop-
ulations. The magnitude of genetic differentiation among
headwater subpopulations depends on how long headwater
subpopulations have been isolated, their effective population
size, and if rare dispersal events (e.g., river re-arrangements,
or human-mediated dispersal) have occurred.

We used mitochondrial (mt)DNA and microsatellites
to explore the genetic structure of G. marmoratus in the up-
per reaches of the Condamine catchment (Spring Creek and
the Condamine River). Our objectives were to assess the
overall dispersal ability of this species in an isolated and vul-
nerable population and to identify the role of waterfalls in
shaping genetic structure.

METHODS
Sampling and field work

We chose 13 sampling locations to represent the dis-
tributional range of G. marmoratus in the Upper Conda-
mine River catchment in May 2010. The main sites where
G. marmoratus occurred were in the Spring Creek tribu-
taries (north and south branch) where stream width was
on average 2 m wide and substrate consisted of a mix of
cobbles, bedrock, and finer sediments. Most of the study area
has been cleared for pastoral grazing, and riparian widths
generally are limited. Four large waterfalls exist within the
sampling area on Spring Creek. They range in height be-
tween ~10 (Lower Browns Falls) and 40 m (Queen Mary
Falls) (S. Balcombe, personal observation). The height of the
other 2 waterfalls is similar to that of Queen Mary Falls. The
elevational gradient ranges from ~850 m asl at Queen Mary
Falls to 520 m at Killarney below the confluence of Spring
Creek with the Condamine River.

We fished with the aid of a portable backpack electro-
fisher (Mk 12 POW; Smith—Root, Vancouver, Washington)
in an upstream direction for ~80 m at each site. We used the
electrofisher for ~5 to 10 s (depending on the size and spe-
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cies of fish) to stun fish temporarily and collected all stunned
fish with a fine-mesh hand-net and immediately placed them
in a 70-L plastic container containing stream water. We fin-
clipped and immediately returned a subset of G. marmoratus
to the water. Up to 20 samples were taken at sites where
G. marmoratus were caught, except at 1 site, where we re-
tained 56 fin clips. We stored fin-clips in 70% ethanol for ge-
netic analyses. We added samples from another site 1 on the
Condamine River (site 1) to those we collected (collected by
A. Butcher, Queensland Fisheries).

Molecular methods

We used fin clips from 155 fish collected across 6 sites
in Spring Creek and 1 site in the upper Condamine River
(Table 1, Fig. 1). We used salt (Aljanabi and Martinez 1997)
to extract total genomic DNA, which we subsequently di-
luted in 50 pL of double-distilled H,O and kept at 4°C until
required for further analysis.

We amplified 2 mtDNA loci, ATPase (ATP, subunits 6
and 8) and Cytochrome B (CytB) from 11 to 20 individuals
per site. We used LYS.31F and HCH primers to amplify
the ATP locus (P. J. Unmack, Institute for Applied Ecology,
University of Canberra, unpublished data; Page and Hughes
2010) and HYPSLA and HYPSHD primers to amplify CytB
(Thacker et al. 2007). Amplification protocols followed those
of Page and Hughes (2010) and Thacker et al. (2007), respec-
tively. We purified the amplified product and direct-sequenced
it at the Griffith University sequencing facility on a 3130xI
Genetic Analyzer (Applied Biosystems, Foster City, California).

We screened 13 previously published microsatellite loci
for variation in a subset of individuals (Arias et al. 2013). This
screening revealed 12 loci that amplified consistently, but
only 10 that were polymorphic (Gama0l-Gamal0; Molec-
ular Ecology Resources primer database numbers 50725—
50734). We subsequently amplified these loci from all indi-
viduals. Amplification protocols followed Huey et al. (2011),
with annealing temperatures of each locus following the de-
tails found on the MER primer database. We ran polymer-

Table 1. Site details, including coordinates and samples sizes (n). H = gene diversity for mitochondrial
(mt)DNA data. © = nucleotide diversity for mtDNA data. msats = microsatellites.

Site number Latitude Longitude n (msats) # (mtDNA) H (mtDNA) 7 (mtDNA)
1 28.25613 -152.44257 11 11 0.00 0.00000
2 28.32917 -152.38986 19 18 0.50 0.00099
3 28.34292 -152.41888 19 19 0.28 0.00083
4 28.34977 -152.33871 20 20 0.47 0.00087
5 28.3499 -152.32083 10 10 0.00 0.00000
6 28.35435 -152.35999 20 20 0.00 0.00000
7 28.35299 -152.34488 56 20 0.00 0.00000
Total 155 118 - -
Mean 22.14 16.86 0.18 0.00038
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ase chain reactions individually then pooled them for screen- Waples and Do 2008, Do et al. 2014) to estimate N,.. ONeSAMP
ing on an ABI 3130 Genetic Analyzer per the manufactur- simulates populations of different effective sizes and draws
ers recommendations. We used GeneMapper (version 4.0; data sets from them, matching the configuration of the ob-
Applied Biosystems) to score microsatellite loci. served data. Summary statistics are calculated for the sim-

ulated data sets and compared to the summary statistics for
the observed data set to produce a posterior distribution

Statistical analysis of N... The LD approach uses the expected increase in LD in
We calculated genetic diversity for mtDNA as gene di- smaller populations to estimate N..
versity and nucleotide diversity in the program Arlequin We estimated the evolutionary relationships between

(version 3.5.1; Excoffier and Lischer 2010). We calculated mtDNA haplotypes based on a parsimony network, calcu-
expected heterozygosity for microsatellites in Arlequin and lated in TCS (version 1.21; Clement et al. 2000). This ap-

allelic richness and private allelic richness in ADZE (ver- proach allowed us to visualize genetic variation across the
sion 1.0; Szpiech et al. 2008). We tested genotypes for con- river network and to identify highly divergent sites/creeks.
formance to expectations under Hardy—Weinberg equilib- We estimated genetic differentiation for mtDNA and micro-
rium in Arlequin. satellites as the fixation index (Fst), calculated in Arlequin.
To explore the loss of genetic variation and adaptive po- For mtDNA, we used the Fst analog, ®sr.
tential in this headwater population, we estimated the effec- We used a Bayesian clustering method in the program
tive population size (N,) at site 7, which we sampled more STRUCTURE (version 2.3.2; Pritchard et al. 2000) to iden-
intensively than the other sites. We used an approximate tify genetic clusters (or populations) based on the microsat-
Bayesian computation (ABC) method (oNesamp; Tallmon ellite data and the admixture model (2 million steps after a
et al. 2008) and linkage disequilibrium (LD) (NeEstimator; burn-in of 50,000 steps) with the loc prior function, which

Table 2. Heterozygosity, allelic richness, and private allelic richness for microsatellite loci. Allelic richness and private allelic richness
data were rarified for » = 6. Bold indicates site/locus combinations significantly out of Hardy—Weinberg equilibrium (p < 0.05).

Gamma Gamma Gamma Gamma Gamma Gamma Gamma Gamma Gamma Gamma

Site 01 02 03 04 05 06 07 08 09 10 Mean
Heterozygosity
1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.294 0.000 0.029
2 0.000 0.000 0.102 0.422 0.102 0.212 0.193 0.434 0.000 0.000 0.147
3 0.337 0.000 0.323 0.371 0.000 0.214 0.000 0413 0.000 0.000 0.166
4 0.166 0.385 0.053 0.513 0.063 0.203 0.431 0.622 0.000 0.356  0.279
5 0.000 0.000 0.000 0.505 0.111 0.567 0.209 0.616 0.000 0.000 0.201
6 0.000 0.000 0.000 0.296 0.000 0.102 0.097 0.199 0.000 0.000 0.070
7 0.000 0.120 0.000 0.392 0.217 0.122 0.404 0.638 0.000 0.018 0.191
Allelic richness
1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.73 1.00 1.07
2 1.00 1.00 1.29 1.89 1.29 1.56 1.51 2.20 1.00 1.00 1.38
3 1.78 1.00 1.76 1.83 1.00 1.56 1.00 1.88 1.00 1.00 1.38
4 1.45 1.85 1.16 1.98 1.19 1.53 1.90 2.58 1.00 1.81 1.64
5 1.00 1.00 1.00 1.98 1.33 2.51 1.57 2.50 1.00 1.00 1.49
6 1.00 1.00 1.00 1.71 1.00 1.29 1.28 1.59 1.00 1.00 1.19
7 1.00 1.33 1.00 1.85 1.55 1.36 1.86 2.63 1.00 1.05 1.46
Private allelic richness
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.73 0.00 0.07
2 0.00 0.00 0.06 0.00 0.07 0.06 0.00 0.00 0.00 0.00 0.02
3 043 0.00 0.45 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.09
4 0.10 0.56 0.03 0.00 0.04 0.05 0.00 0.00 0.00 0.76 0.15
5 0.00 0.00 0.00 0.00 0.09 0.39 0.00 0.00 0.00 0.00 0.05
6 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00
7 0.00 0.05 0.00 0.00 0.21 0.02 0.00 0.00 0.00 0.01 0.03
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Table 3. Estimates of effective population size (N,) based on ap-
proximate Bayesian computation (ABC) and linkage disequilib-
rium (LD). CL = confidence limit.

Lower Upper
Method N. 95% CL 95% CL
ABC
Prior of N,
2 to 50 21.5 14.8 36.8
2 to 100 23.7 16.5 41.7
2 to 200 18.8 13.2 39.9
LD
Lowest frequency
allele used
0.05 48.2 3.7 0
0.02 37.9 4.6 0
0.01 34.3 4.0 0
0 38.8 7.2 ©

uses the sampling location as a prior in the model. Default
settings were used for all other functions. We made 5 rep-
licate runs for K = 1 to 7, which allowed us to identify the
most likely number of genetic clusters in the data set. We
used the method outlined by Evanno et al. (2005) and car-
ried out in STRUCTURE HARVESTER (version 0.6.94; Earl
2012) to choose the most likely number of genetic clusters.

Based on the dendritic structure of the upper Condamine
and Spring Creek drainages, we expected to observe unidi-
rectional contemporary gene flow. We tested this expec-
tation with the program BayesAss (version 3; Wilson and
Rannala 2003), which uses a Bayesian framework to esti-
mate the migration rate among populations, averaged across
the previous 3 to 4 generations.

RESULTS

mtDNA sequencing revealed only 3 haplotypes across
1018 basepairs (bp) of sequence. Gene diversity ranged from
0 to 0.50, and nucleotide diversity ranged from 0 to 0.00099
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(Table 1). For microsatellites, expected heterozygosity, aver-
aged across loci for a site, ranged from 0.029 to 0.279 (Ta-
ble 2). Of the 70 loci/site combinations, 33 were fixed for a
single allele. Allelic richness was low, and private allelic rich-
ness showed few sites that had unique genetic variation (Ta-
ble 2). The low genetic diversity was matched by estimates
of N, (Table 3). ABC estimates were ~19 to ~24, with credi-
ble intervals between ~13 and ~42. LD estimates were higher
(34—48), but highly imprecise, with confidence intervals rang-
ing from 4 to .

Sites were strongly structured (Table 4). For mtDNA,
global Fst was 0.369 and was significantly different from
0 (p < 0.05). For microsatellites, global Fsr, averaged across
loci, was 0.173 and significantly different from 0 (p <0.0001).
Pairwise Fst values for microsatellites revealed significant
genetic structure for all pairwise comparisons, except for the
comparison between sites 2 and 6, which were isolated above
waterfalls.

We found support for 3 genetic clusters that were geo-
graphically partitioned (Fig. 2A). One cluster (gray) was re-
stricted to the downstream sites below waterfalls. A 2™ clus-
ter (white) was found at sites above waterfalls in headwaters
that were separated by lowland sites. The ancestry of indi-
viduals was not fixed to a single cluster, and individuals with
ancestry from >1 cluster were found at each site. For exam-
ple, most individuals from site 6 had ancestry in the ‘white’
cluster, but some did not. Individuals from the downstream
site 7 were assigned predominantly to the ‘gray’ cluster, but
all individuals had a small proportion of their ancestry (<50%)
assigned to the white cluster.

Patterns of genetic variation for microsatellites did not
align perfectly with mtDNA data (Fig. 2B). Low variation led
to an inability to distinguish among many of the Spring Creek
sites. All individuals at site 1 shared a single haplotype, which
was also found in lower frequencies at site 3 (‘black’ micro-
satellite cluster) and site 4 (‘gray’ microsatellite cluster). Sites
in the northern branch of Spring Creek had the highest ge-
netic variation, and harbored a unique haplotype.

Contemporary gene flow, estimated using BayesAss, was
low. Five sites showed significant evidence of immigration

Table 4. Pairwise fixation index (Fst) values. Above diagonal = mitochondrial (mt)DNA, below diagonal =

microsatellites. * = p < 0.05.

Site 1 2 3 4 5 6 7

1 - 0.665* 0.794* 0.629* 1.000* 1.000* 1.000*
2 0.181* - 0.295* 0.000 0.276 0.369* 0.369*
3 0.499* 0.200* - 0.435* 0.714* 0.776* 0.776*
4 0.305* 0.122* 0.112* - 0.120 0.191* 0.191
5 0.613* 0.351* 0.431* 0.193* - 0.000 0.000
6 0.141* 0.009 0.342* 0.220* 0.503* - 0.000
7 0.249* 0.072* 0.231* 0.084* 0.172* 0.147* -
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Figure 2. A.—Bar graph showing the proportion of ancestry for each individual attributable to the 3 genetic clusters identified with
STRUCTURE analysis. B.—Mitochondrial (mt)DNA haplotype network and haplotype frequencies for Gadopsis marmoratus at each
sampling site. Pie diagrams show the relative frequency of each haplotype in each sampling site.

(Table 5), but patterns did not match the dendritic structure
of the river network (Fig. 3). Both headwater sites (sites 1
and 2) had evidence of immigration from sites 6 and 7. Be-
low the waterfalls, sites were connected by immigration
(site 7 into sites 4 and 5). Downstream gene flow was de-
tected across only 1 waterfall, from site 2 into site 3.

DISCUSSION

Land clearing, grazing, recreational vehicle usage, and
climate change are all threats to upland freshwater ecosys-
tems (Swift and Messer 1971, Wohl 2006, Arp and Simmons
2012, Herbst et al. 2012, Isaak et al. 2012), and many head-
water species are in threat of extinction worldwide (Poff
et al. 2012). Populations may respond to threats by adapt-
ing to their changing environment, but if a population is
unable to adapt in situ, the range of a species may change
in response to poor local conditions. This mechanism has
been suggested for many species threatened by climate
change (e.g., Chu et al. 2005). Subpopulations situated in
suboptimal environments typically become nonviable, while

the species’ range extends into newly available habitats. For
example, many temperate species in the northern hemisphere
have extended their range north or uphill as temperatures
have become milder (Hickling et al. 2006). For species with

Table 5. Summary of BayesAss analysis. Comparisons for which
95% confidence intervals that did not overlap with 0 (i.e., site
comparisons with significant unidirectional gene flow) are
shown. These results are visually represented in Fig. 3. m = mi-
gration rate, CI = confidence interval.

Lower Upper
Source site Sink site m 95% CI 95% CI
2 3 0.211 0.147 0.275
7 2 0.112 0.029 0.194
7 4 0.122 0.036 0.207
7 5 0.178 0.070 0.285
6 2 0.130 0.024 0.236
6 1 0.220 0.123 0.317
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Figure 3. Summary of BayesAss results, showing dominant patterns of gene flow in the study area. See Table 5 for migration rates.

little dispersal capacity, the rate of colonization may not be
rapid enough to prevent extinction.

By exploring the genetic diversity and genetic structure
of G. marmoratus, we can identify its capacity to either adapt
to change in situ or its ability to disperse to more suitable
areas if local conditions become unsuitable. Our data in-
dicate a number of key threats to the long-term viability of
the northern-most population of G. marmoratus.

Low genetic variation and low N,

Populations at all sites exhibited low genetic variation
at mtDNA and nuclear DNA loci. Many microsatellite loci
were fixed for a single allele in multiple populations. This
pattern matched the observations based on the primer de-
sign screening, with which we found many monomorphic
loci/population combinations (Arias et al. 2013). Microsat-
ellites are thought to be mostly neutral and not under pu-
rifying selection (Jarne and Lagoda 1996), so the most likely
explanation for low genetic variation is a strong effect of
genetic drift caused by low migration rates among popula-
tions and low effective population size.

N. was low based on 2 estimation methods. Point esti-
mates based on the ABC method (Tallmon et al. 2008) were
much smaller than estimates based on the LD method (Do
et al. 2014), but both estimates were <50. In conservation
genetics, populations with N, <50 have been flagged as hav-
ing significantly increased risk of extinction because of in-
breeding and reduced adaptive potential (Franklin 1980,
Jamieson and Allendorf 2012).

Genetic variation was lower for G. marmoratus than for
other species in the upper Murray—Darling basin (MDB). In
the more arid and low-relief Moonie River, Tandanus tan-
danus (Mitchell 1838) and Macquaria ambigua (Richard-

son 1845) had much higher within-sites genetic variation for
microsatellites (Huey et al. 2011) than did G. marmora-
tus. Microsatellite variation was higher in populations of
M. ambigua in the Condamine River, downstream from
our study area, than for G. marmoratus, but mtDNA diver-
sity was comparable (Faulks et al. 2010a, b). Populations of
all of the aforementioned species are found throughout the
MDB, and local populations are abundant. Furthermore,
these catchments have low relief and are strongly affected
by decadal flood events, which cause them to be highly con-
nected throughout the river network. In contrast, low mtDNA
genetic variation similar to that in G. marmoratus has been
observed for Mogurnda adspersa (Castelnau 1878) in the
Condamine catchment (Faulks et al. 2008). Mogurnda
adspersa is listed as endangered in the upper MDB because
of low population sizes and a patchy distribution.

Our study is the first investigation of genetic variation in
cold-water adapted freshwater fish species from the upper
MDB, and the low diversity observed for G. marmoratus
may reflect the highly isolated nature of this population or
fragmented subpopulations that exist in disturbance-prone
environments. An alternative explanation is that the species
may exhibit naturally low genetic variation, as has been ob-
served in other parts of its distribution (Arias et al. 2013).
Studies on the similarly isolated population of the cold-water
adapted Mountain Galaxias, Galaxias olidus (Gunther, 1866),
in the upper Condamine River would be a useful comple-
ment to our study of G. marmoratus.

Overall, our findings suggest that the capacity for G. mar-
moratus to adapt locally to a changing environment is lim-
ited because the standing variation required for local adap-
tation is often insufficient in small populations. Thus, the
long-term viability of the species may depend on its capacity
for dispersal to new environments that are more suitable.

All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).
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Populations of G. marmoratus are highly structured

Genetic structure among populations of G. marmoratus
in the Condamine River and Spring Creek is strong. Based
on microsatellites, significant Fst values were observed for
almost all population comparisons. mtDNA failed to reveal
such high genetic structure but had reduced power to de-
tect genetic structure because of low genetic variation. De-
spite this, 14 of 21 pairwise comparisons were significantly
different from 0.

Strong genetic structure among sampled sites indicates
that gene flow among populations is very low, and that the
strong influence of genetic drift is causing allele frequen-
cies to diverge. The molecular data support observations in
the field that G. marmoratus is highly territorial and individ-
uals do not move far from their small home range (Koster
and Crook 2008). Furthermore, it suggests that the large de-
mersal eggs, which are laid under rocks and logs, are not dis-
placed. Low displacement of eggs and high likelihood of lar-
vae remaining in their natal habitat (Koehn and O’Connor
1990a) suggest that the chance of individuals dispersing and
reproducing in new areas is low. The dispersal abilities of
larval and juvenile G. marmoratus have not been studied,
but gene flow could be maintained through passive down-
stream or active upstream dispersal of these life stages. Given
their early life-history attributes, the only real chance of down-
stream displacement probably would occur under high-flow
scenarios. If so, we could expect size distributions skewed
toward smaller fish in down- than in upstream habitats af-
ter large floods. Repeat sampling of our study sites 1 y after
a major flood in December/January 2010 revealed no such
pattern (SRB, unpublished data). Juveniles were absent across
all sites, suggesting recruitment failure under such condi-
tions. Moreover, our results suggest any dispersal in either
direction is not leading to gene flow among populations.

We used Bayesian clustering to assess whether sampling
sites could be grouped into populations with shared ancestry
and found support for 3 clusters, with 1 cluster at every site.
However, similar clusters were not found at adjacent sites
along the river. Rather, the 3 upland sites (1, 2, and 6) be-
longed to a single cluster, even though the only opportu-
nity for gene flow among them was through downstream
sites that belonged to another cluster. Contemporary gene
flow is absent, so shared ancestry in the recent past is the
most likely explanation for this result. For freshwater fish,
patterns of genetic structure that do not match contempo-
rary drainage patterns can arise from historical drainage re-
arrangements (Waters et al. 2001, Poissant et al. 2005). For
example, in the tropical streams of northern Queensland, a
population of Mogurnda mogurnda (Richardson 1844) was
3.4% divergent from other populations in the same drainage
and was strongly related to populations in an adjacent catch-
ment (Hurwood and Hughes 1998). The authors proposed
that historical changes in drainages had facilitated coloniza-
tion of the headwaters. Similarly, repeated movement across

the Great Dividing Range has produced complex patterns
of genetic structure and divergence among species of Hypse-
leotris (Thacker et al. 2007). However, we have been unable
to find geological evidence for historical connectivity among
headwaters at our study sites.

Humans could have translocated populations of G. mar-
moratus into headwaters. This fish has been targeted histor-
ically by local anglers, but is now protected as a no-take spe-
cies. Locals could have moved the species into previously
uninhabited streams above waterfalls to provide sport. Re-
sults from BayesAss suggest that sites 1 and 2 may support
translocated populations that were at least partly sourced
from sites 6 and 7. While sampling for G. marmoratus,
we caught a 213-mm introduced salmonid (Oncorhynchus
mykiss Walbaum, 1792), demonstrating the ability of hu-
mans to alter natural distributional patterns when stocking
fish for angling.

Lowland sites 4, 5, and 7 clustered together, matching
expectations that some gene flow would occur among sites
that are not separated by waterfalls and drainage relief. Esti-
mates of unidirectional gene flow based on BayesAss support
this expectation. Despite significant differentiation, significant
gene flow from site 7 to sites 4 and 5 (measured as Fst) was
detected. However, overall, G. marmoratus appears to have
restricted dispersal ability and is unlikely to be able to disperse
to new environments in response to a changing climate.

Conservation implications

For G. marmoratus, threats to the upper Condamine pop-
ulation are exacerbated by basic features of its biology and
behavior, particularly its site fidelity and restriction to cooler
headwaters in warm latitudes (Koehn and O’Connor 1990b,
Lintermans 2007). This restriction to cooler waters is likely
to leave G. marmoratus vulnerable to climate change (Bal-
combe et al. 2011, Bond et al. 2011), and ongoing research
on this population suggests that their current distribution is
strongly influenced by high stream temperatures (M. Tursch-
well, Griffith University, unpublished data). The small effec-
tive population size and low genetic variation of G. marmo-
ratus make it unlikely that the species will adapt locally to a
changing environment, and the very low levels of gene flow
in this species implies restricted dispersal capacity. There-
fore, it is at considerable risk of local extinction because it
will be unable to respond to a changing climate by colonizing
new areas. The species already is restricted to a tiny upland
region with no connectivity to adjacent upland areas in other
catchments, and may be incapable of dispersing even within
this small, hydrologically connected area.

Subpopulations of G. marmoratus were more connected
in the lowland part of our study area below the major water-
falls than at upland sites. However, the lowland area is more
threatened by human impacts than is the upland area. Land
clearing, riparian vegetation clearing, and altered thermal re-
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gimes are all more severe in lowland than in the upland
parts of the catchment. Riparian vegetation is important for
shading the creek, and the persistence of dense canopy in
the Main Range National Park, situated upstream of Queen
Mary Falls, probably buffers downstream sites to a certain
extent from thermal fluctuations. Given the reduced ca-
pacity of this population to extend its range or adapt to lo-
cal changes, further research is required to determine how
the distribution of this population may change in response
to a changing climate and changing hydrological regimes.
Such research should encompass the probability of success-
ful revegetation of riparian areas and restoration of habitat
for moderating stream temperatures, particularly where they
are above or close to the upper thermal limits of G. mar-
moratus.

Should local extinction of a subpopulation occur within
the upper-Condamine population of G. marmoratus, our
data could be used to inform potential restocking. Brood-
stock should be taken from a genetically similar subpopu-
lation. However, if inbreeding depression compromises those
populations, then taking broodstock from multiple subpop-
ulations may provide more resilience. If the entire upper-
Condamine population becomes extinct, then reference should
be made to broader phylogeographic patterns across the en-
tire MDB to identify potential sources for restocking (Ham-
mer et al. 2014).

In conclusion, our data highlight the need for more re-
search on this isolated population of G. marmoratus to iden-
tify and mitigate threats to their long-term persistence. With
little potential to adapt or disperse in response to stressors,
the survival of this population will require ongoing monitor-
ing and management.
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