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Abstract
Restoring levels of genetic diversity in small and declining populations is increasingly being considered in biodiversity con-
servation. Evidence-based genetic management requires assessment of risks and benefits of crossing populations. Because 
risks are challenging to assess experimentally, e.g. through multi-generational crosses, decision-support approaches utilize 
proxy risk factors such as time since separation of lineages. However, the paucity of empirical datasets on fitness conse-
quences of longer separation times tends to favour crossing lineages with conservatively short separations, restricting wildlife 
managers’ options. Here, we assessed the genetic outcomes of interbreeding in the wild between lineages of a threatened 
Australian freshwater fish (Macquarie perch) separated by an estimated 119,000–385,000 years of evolution in distinct 
environments. Fish belonging to the Murray-Darling Basin (MDB) lineage escaped from Cataract Dam—into which they 
were translocated in ~ 1915—into the Cataract River, where they interbred with the local Hawkesbury-Nepean Basin (HNB) 
lineage. Analyses of reduced-representation genomic data revealed no evidence of genetic incompatibilities during inter-
breeding of the two lineages in the Cataract River: assignment to genotypic clusters indicated a spectrum of hybrid types 
including second generation hybrids and backcrosses to both parental lineages. Thus, no adverse effects were detected from 
genetic mixing of populations separated by > 100,000 years. We are not advocating purposely crossing the two lineages for 
management purposes under present cost–benefit considerations, because there are currently sufficient intra-lineage source 
populations to beneficially mix. Instead, this study presents a useful calibration point: two morphologically different lineages 
evolved in different habitats for 119,000–385,000 years can successfully interbreed.
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Introduction

Restoring levels of genetic diversity in populations of con-
servation concern is increasingly considered in threatened 
species management because low genetic diversity can lead 
to loss of fitness due to inbreeding depression and reduced 
adaptive potential (Harrisson et al. 2014; Weeks et al. 2015; 

Ralls et al. 2020). Genetic management, such as assisted 
gene flow between isolated populations, can help alleviate 
some of these problems by increasing the genetic diversity 
of populations of concern (Frankham et al. 2017; Pavlova 
et  al. 2017a). However, evidence-based application of 
genetic management requires assessment of the genetic risks 
and benefits of crossing populations (Frankham et al. 2017; 
Hoffmann et al. 2021; Liddell et al. 2021).

Appropriate mixing of populations for increasing genetic 
diversity and/or reproductive fitness of threatened species 
has positive conservation outcomes (Chan et al. 2019; Hoff-
mann et al. 2021; Lutz et al. 2021). A meta-analysis found 
that mixing populations was beneficial in terms of fitness 
effects and evolutionary potential for more than 90% of 156 
inbred populations in which the likelihood of outbreeding 
depression was assessed to be low, and none of the cases 
assessed showed clear harmfulness (Frankham 2015). 
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Furthermore, benefits of genetic mixing typically persist 
beyond the  F2 generation (Frankham 2016). However, there 
are few empirical datasets informing what length of separa-
tion might maximize genetic diversity while not affecting 
fitness levels deleteriously (e.g. Wells et al. 2019; Hoffmann 
et al. 2021).

Harmful effects of mixing genetic lineages, including 
loss of locally adapted traits and outbreeding depression—
a reduction in fitness due to crossing of genetically divergent 
populations—are generally thought to be more likely and/
or of greater effect size for populations that have been sepa-
rated for many generations, particularly if they are adapted 
to different environments (Frankham et al. 2011). Although 
strategies to avoid negative consequences of mixing gene 
pools have been proposed (e.g., evaluating fitness conse-
quences over multiple generations of experimental crosses) 
the risks of such crossings are challenging to assess directly 
(Weeks et al. 2011; Frankham et al. 2019). Instead, proxy 
risk factors such as the length of evolutionary separation are 
used to assess the potential compatibility of populations that 
might be mixed. However, generally studies have not esti-
mated outcrossing success of populations with known times 
of divergence. Accordingly, decision-support approaches 
have tended to propose conservatively short thresholds for 
times of divergence to avoid outbreeding depression, such 
as 500 years, even though much longer times of separation 
might not be problematic (Frankham et al. 2011; Weeks et al. 
2017; Ottenburghs 2021). Such short thresholds can severely 
limit wildlife managers’ options of source populations for 
genetic management, or could preclude genetic manage-
ment altogether as would have been the case if applied to 
the highly successful genetic rescue of the mountain pygmy 
possum (Burramys parvus; Weeks et al. 2017). Accordingly, 
there is a need for research assessing the outcomes of cross-
ing lineages with longer, well-estimated times of separation 
to inform when it might be appropriate to relax conservative 
thresholds.

The threatened Macquarie perch (Macquaria australa-
sica Cuvier 1830) was widespread and common in south-
eastern Australia until the early twentieth century, but is now 
restricted to a few isolated headwaters in the inland Murray 
Darling Basin (MDB), and the coastal Hawkesbury-Nepean 
Basin (HNB) and Georges Basin (Cadwallader 1981; Linter-
mans 2007; Faulks et al. 2010; Trueman 2011). Population 
declines and extinctions are attributed to a range of threats, 
including habitat loss and fragmentation, increased sedimen-
tation, the introduction of alien fish, changes to flow-regimes 
and overexploitation (Cadwallader 1978; Ingram et al. 1990, 
2000; Faulks et al. 2011).

The Macquarie perch lineages in the MDB and HNB 
experience different environmental conditions (Pavlova et al. 
2017a). The inland MDB tends to exhibit greater variabil-
ity of environmental metrics, including large temperature 

fluctuations and semi-arid to arid conditions, while the 
coastal HNB experiences more stable temperatures and 
water-supplies (Byrne et al. 2011). The two lineages differ 
genetically and in morphology, including colour, weight and 
size at sexual maturity, contributing to calls for recognition 
of separate species status (Dufty 1986; Faulks et al. 2010; 
Pavlova et al. 2017a, b). Phylogenetic estimates place the 
split between the MDB and HNB Macquarie perch lineages 
at 119,000–385,000 years ago, in the mid- to late-Pleisto-
cene (Pavlova et al. 2017b). In 1915, < 500 Macquarie perch 
sourced from the MDB were translocated to Cataract Dam in 
the HNB (Legislative Assembly of New South Wales 1916). 
There is genetic evidence that some of these fish escaped the 
dam into the Cataract River where they have hybridised with 
local individuals of HNB lineage (Faulks et al. 2010; Pav-
lova et al. 2017a). Escapee Macquarie perch have also been 
recorded downstream from other dams, such as Cotter Dam, 
and the species seems to be able to survive overtopping of 
dams or passage through dam release structures (Lintermans 
2012). While it is unknown exactly when translocated indi-
viduals first escaped, overtopping of the dam in periods of 
high water levels and deliberate water releases have occurred 
frequently since 1915, so it is likely that the lineages have 
been sympatric in the Cataract River for much of the period 
since 1915. It is likely that Macquarie perch of the HNB 
lineage were present in the upper Cataract River before the 
construction of the dam as suitable habitat was available. 
However, HNB Macquarie perch must have gone extinct 
soon after the construction of the dam or been outcompeted 
by translocated MDB fish as all sampled Cataract Dam Mac-
quarie perch clearly group with MDB lineages (Faulks et al. 
2010; Pavlova et al. 2017a).

The Cataract River population of Macquarie perch pre-
sents a rare opportunity to investigate the extent of genomic 
incompatibilities between lineages that diverged under 
different environmental conditions since the mid- to late-
Pleistocene then were reconnected for up to ~ 100 years (~ 7 
to 14 generations; Pavlova et al. 2017a; Lintermans et al. 
2019). Mixing of populations separated for tens of thousands 
of years and/or adapted to different environments can have 
positive fitness effects (e.g. mountain pygmy possum popu-
lations seperated for more than 20,000 years and Trinidadian 
guppy (Poecilia reticulata) populations; Weeks et al. 2017; 
Fitzpatrick et al. 2020), but such crossings are considered 
risky under precautionary thresholds (Frankham et al. 2011; 
Kronenberger et al. 2017). The Cataract River scenario com-
prises a rare inadvertent ‘field experiment’ of population 
genomic consequences of such risky gene mixing for up 
to ~ 14 Macquarie perch generations between populations 
that diverged > 100,000 years ago (Pavlova et al. 2017a, b).

Here, we aim to test whether the MDB and HNB lin-
eages hybridise without apparent reduced fitness caused 
by genomic incompatibilities, by addressing the following 
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questions: (1) Are the MDB and HNB lineages hybridis-
ing in both directions, i.e. are MDB mitochondrial genomes 
(mitogenomes) found in fish that also have HNB nuclear 
ancestry, and the other way around? (2) Are there any signs 
of restrictions to gene flow between the lineages based on 
the numerical distributions of hybrid classes? Detection of 
sets of individuals bearing each mitolineage and showing 
a spectrum of degrees of inter-lineage nuclear admixture 
would indicate low likelihood of strong barriers to gene flow, 
and that morphologically different lineages evolved in dif-
ferent habitats for 119,000–385,000 years can successfully 
interbreed over multiple generations.

Materials and methods

Study system and genetic sampling

The Cataract River, a tributary of the Nepean River (south-
ern HNB), was dammed in 1907 by the 56 m high Cata-
ract Dam to supply water to Greater Sydney (Fig. 1). In 
1915, < 500 Macquarie perch from Murrumbidgee River 
drainage (MDB) were translocated to the 8.5  km2 reservoir 
(Legislative Assembly of New South Wales 1916). Mac-
quarie perch were sampled by electrofishing at three sites 
in the lower Cataract River (Jordans Pass, Broughtons Pass 
Weir, and below the Cataract Dam wall) in September 2013 

and the Cataract Dam Reservoir in June 2017 and February 
2018 (Fig. 1). Fin-clips for DNA sampling were collected 
from each individual, and Cataract River fish were released 
at their collection site.

Sequencing, annotation, extraction and genotyping 
of mitogenome and DNA

A DNeasy Blood and Tissue Kit (Qiagen) was used to extract 
DNA from fin-clip samples of 51 fish sampled from lower 
Cataract River and 58 from Cataract Dam Reservoir. DNA 
was sent to Diversity Arrays Technology Pty. Ltd., Australia, 
Australia, where DArTseq—a reduced genome representa-
tion sequencing approach—and calling of single nucleotide 
polymorphism (SNP) were conducted (DartSeqTM; see Lutz 
et al. 2021 for details). Mitochondrial assignments of lower 
Cataract River fish to inland (MDB) or coastal (HNB) lin-
eages were obtained from Pavlova et al. (2017b) to allow 
testing of whether fish of the two lineages interbreed in both 
directions (see details below on how hybrids are identified).

Locus‑selection and data‑filtering

Genotype data for 109 (58 Cataract Dam and 51 Cata-
ract River) individuals at 5585 single biallelic SNPs were 
obtained. Single biallelic SNP loci (called from 69  bp 
sequencing reads) with reproducibility > 0.99 were retained, 

Fig. 1  Map of study sites on 
the Cataract River and Cataract 
Dam, New South Wales, Aus-
tralia. Study area is highlighted 
in red on inset map. MDB 
Murray-Darling Basin; HNB 
Hawkesbury-Nepean Basin. 
Site 1: Below Cataract Dam; 
Site 2: Jordans Pass; Site 3: 
Broughtons Pass Weir
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while loci missing genotyping scores in > 25% of individuals 
and two Cataract Dam individuals missing > 25% of geno-
types were removed. This filtering resulted in 2777 loci for 
56 Cataract Dam and 51 Cataract River fish being retained. 
Filters were applied using the package dartR (Gruber et al. 
2018) in R (R Core Team 2019).

Next, we generated a dataset that included only those 
loci that should best discriminate the two populations. To 
achieve this, allele frequencies in the two populations were 
calculated using the tab function in the package adegenet 
(Jombart 2008). Loci bearing alleles that were undetected 
in Cataract Dam samples but common in the Cataract River 
samples (frequency of > 0.42) were retained. This was 
done because no known ‘pure’ Cataract River fish could be 
sourced, and indeed may not exist. This procedure resulted 
in 417 loci, of which the 370 most diagnostic of lineage (i.e. 
with the highest allele frequencies specific to the Cataract 
River) were retained to fit within the computational con-
straints of NEWHYBRIDS (Anderson and Thompson 2002): 
see section “Population structure and hybridisation”.

Population structure and hybridisation

First, to assess the admixture status of fish sampled from 
the Cataract River, genetic similarities between individu-
als were visualised for the genotype dataset using a princi-
pal coordinate analysis implemented in gl.pcoa function of 
dartR package (PCoA, Georges 2018) for the full 2777 loci 
and the potentially more-discriminating 370 loci. Admixed 
individuals were expected to occupy intermediate positions 
between Cataract River and Cataract Dam on principal coor-
dinate axes. Admixed fish were expected to be detected only 
in the Cataract River population, because fish could escape 
from Cataract Dam into Cataract River, but not the other 
way around, because the 56 m dam wall represents a barrier 
to natural movement of fish from Cataract River to Cataract 
Dam. Based on habitat suitability, it is likely that HNB lin-
eage Macquarie perch inhabited the upper Cataract River 
before the construction of the dam.

To further investigate levels of admixture between Cata-
ract River and Cataract Dam individuals, we assessed the 
population genetic structure using STRU CTU RE analysis 
(Pritchard et al. 2000), a model-based clustering method, 
to quantify individual memberships to the two ‘parental’ 
genotypic lineages. A set of 51 Cataract River and 56 Cata-
ract Dam individuals were tested for a fit to two genotypic 
clusters (K = 2, Cataract Dam or Cataract River) using the 
370 potentially more-discriminating loci and also the full 
2777 loci. Thirty replicates were run using 1 million burn-in 
and MCMC runs, summarised using CLUMPAK (Kopel-
man et al. 2015). To test for hybrid classes that are feasible 
to identify using available software and the present data 
set, individuals were assigned to six ancestry classes (two 

sources,  F1,  F2, and both backcross types) using 370 loci in 
NEWHYBRIDS (10 runs with 1 million burn-in and 1 million 
sweeps each; Jeffrey’s prior for π and θ) with a probability of 
P > 0.5. Cataract Dam and Cataract River individuals were 
preassigned to their respective genotype frequency category 
using the z option in NEWHYBRIDS (z0 and z1 respec-
tively). If Cataract Dam and Cataract River fish interbred 
approximately freely in the Cataract River and similarly in 
both directions with respect to matrilines and patrilines, we 
expected MDB and HNB mitochondrial DNA to be found 
proportionately among individuals identified as hybrids.

Results

Population structure

There was clear genotypic separation of individuals sam-
pled from Cataract River vs those from the Dam, according 
to principal coordinates (PC) analysis (Fig. 2). Using the 

Fig. 2  PCoA analysis of genotypes for Cataract Dam (N = 56) and 
Cataract River (N = 51) using a 370 loci, and b 2777 loci, respec-
tively. Pie charts on scatterplot indicate assignment to HNB nuclear 
lineage (black) and MDB nuclear lineage (white) by STRU CTU RE. 
Cataract River fish assigned to the MDB mitolineage have a blue out-
line (N = 20) and fish assigned to the HNB mitolineage have a red 
outline (N = 31). Cataract Dam fish have a black outline as their mito-
lineage was not assigned. MDB Murray-Darling Basin; HNB Hawkes-
bury-Nepean Basin
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2777 loci, PC1 explained 27.9% of the variance in the data, 
and PC2 1.8%. The PCA of the 370 potentially more-dis-
criminating loci explained more variance: 55.5% and 3.8%, 
respectively. Most of the variation was distributed amongst 
Cataract River individuals, as expected given that the Cata-
ract River population is admixed whereas the Cataract Dam 
population is not. Cataract River fish bearing the MDB mito-
lineage were interspersed within the Cataract River popu-
lation along both PC1 and PC2, indicating approximately 
free admixture. No fish bearing the HNB mitolineage were 
identified amongst the fish sampled from Cataract Dam, con-
sistent with the expectation that fish might move unassisted 
downstream but not upstream (Fig. 2).

Fish sampled from Cataract River spanned much of the 
possible range of genotypic membership to the Cataract 
River STRU CTU RE cluster  (QR): values ranged from 0.056 

to 1 (mean = 0.842, SD = 0.222) for 370 loci, and 0.019 to 
0.696 (mean = 0.437, SD = 0.126) for 2777 loci (Fig. 3). 
Similar distributions were seen for fish bearing each mitolin-
eage: for the MDB mitolineage  QR values were 0.056–0.998 
(mean = 0.781, SD = 0.299) for 370 loci (0.019–0.546, 
mean = 0.396, SD = 0.155 for 2777), and for fish bearing the 
HNB mitolineage  QR values were 0.494–1 (mean = 0.882, 
SD = 0.145) for 370 loci (0.238–0.696, mean = 0.464, 
SD = 0.098 for 2777). These results strongly support that 
escaped Cataract Dam fish have admixed approximately 
freely with indigenous Cataract River fish in the Cataract 
River, with hybridization similarly bidirectional with respect 
to matrilines and patrilines of mating fish. Two fish sampled 
in Cataract River belonged strongly to the MDB lineage, 
with MDB mitolineage and Cataract Dam STRU CTU RE 
cluster  (QD) = 0.933 and 0.944 for the 370 loci (0.979 and 

Fig. 3  Results of STRU CTU RE 
analysis, built from a 370 loci 
most useful at distinguishing 
between Cataract Dam (N = 56) 
and Cataract River (N = 51) 
populations and b 2777 loci 
(Cataract Dam N = 56 and Cata-
ract River N = 51). Membership 
of each individual to River 
(black,  QR) cluster is indi-
cated by histogram bars. River 
individuals identified as being 
part of the MDB mitolineage 
are highlighted in blue (N = 14), 
fish with HNB mitolineage are 
highlighted in red (N = 26). Fish 
assigned as  F1 × Cataract Dam, 
 F1 × Cataract River and  F2 in 
NEWHYBRIDS are shown in 
detail in inset graphs  (QR-values 
and mitolineage (MDB = blue; 
HNB = red; N = 10). MDB 
Murray-Darling Basin; HNB 
Hawkesbury-Nepean Basin; 
Dam Cataract Dam; River 
Cataract River
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0.981 for the 2777 loci) suggesting that these might be the 
product of extensive backcrossing to the MDB lineage and 
one was indeed identified as a F1 × Cataract Dam backcross 
by NEWHYBRIDS (see results below; Fig. 3). It is unlikely 
that these two individuals are Dam escapees because all 
Cataract Dam fish were assigned completely to the Cataract 
Dam cluster (Online Appendix Table 1).

Hybrid categorization

Among the River individuals, two fish (one of each mitolin-
eage) were identified with quantified support in NEWHY-
BRIDS as  F2, one as  F1 × Cataract Dam backcross and seven 
as  F1 × River backcrosses (Fig. 3, Online Appendix Table 1). 
Of these ten fish, five were of the MDB and five of the HNB 
mitolineage. The detection of the  F2s of both mitolineages, 
the presence of  F1 × Cataract Dam and  F1 × Cataract River 
backcrossed individuals, and the fact that the latter were 
similarly distributed between the two mitolineages are all 
consistent with the STRU CTU RE results that  F1 offspring 
can successfully breed with other MDB- and HNB-mitolin-
eage fish with little apparent sex-asymmetry.

Discussion

The serendipitous field experiment of Macquarie perch in 
the Cataract River offered a rare opportunity to infer mul-
tigenerational genetic mixing in the wild between two line-
ages of a threatened species separated for > 100,000 years. 
Despite the evolutionary separation of the parental line-
ages well in excess of precautionary guidelines for man-
agement for gene-pool mixing of lineages evolved in dif-
ferent environments (Frankham et al. 2011), Cataract Dam 
fish were shown to have admixed relatively freely with 
indigenous Cataract River fish in the Cataract River. We 
found no evidence for genomic barriers to interbreeding 
between the MDB and HNB lineages of Macquarie perch 
in the Cataract River. Bearers of both mitolineages in the 
Cataract River showed quite continuous distributions of 
genome-wide membership to the nuclear genotypic lineage 
characteristic of Cataract Dam. Specifically, hybridisation 
beyond  F1 was supported by the inference of an array of 
backcrossed and  F2 individuals. Taken together, these data 
suggest that hybridisation between the two lineages has 
been extensive, without obvious impediment, and with 
little or no sex-asymmetry with respect to membership 
of parental lineages. While successful interbreeding has 
been recorded for fishes with longer times of divergence 
than the two lineages investigated in our study (e.g., via-
ble  F2 hybrids were produced between cichlid species that 
diverged > 2 million years ago; Stelkens et al. 2015), few 
studies have been conducted to investigate the effects of 

multigenerational mixing between divergent lineages of 
threatened fish species of well-estimated divergence times, 
and the associated implications for conservation. In the 
present test case, lineages diverged in contrasting environ-
ments for as much as 385,000 years, showing no evidence 
of strong restriction to inbreeding in either direction. This 
far exceeds Frankham et al. (2011)’s precautionary guide-
line of safe separation (< 500 years), highlighting the value 
of applying evidence-based risk–benefit analysis when 
considering genetic mixing of lineages.

Our analyses showed that mixing populations between the 
two long-separated lineages (MDB and HNB) did not lead 
to noticeable outbreeding depression, because we detected 
successful interbreeding across multiple generations with no 
indication of sex-asymmetry in direction. This is in line with 
assertions that the risks of outbreeding depression might 
often be overestimated, given that it is uncommon, often 
transient or mild when it occurs, and can often be anticipated 
(Frankham et al. 2011; Ralls et al. 2018). Numerous stud-
ies have shown increased genetic diversity, improved fitness 
or increased population growth after mixing of populations 
(e.g., Johnson et al. 2010; Robinson et al. 2017). Inbreed-
ing depression is virtually ubiquitous in species that usually 
outbreed, and the levels of inbreeding at which it occurs are 
relatively well understood (Frankham et al. 2019). Outbreed-
ing depression is less well-studied and is more challenging 
to directly assess so is typically assessed via proxies, and is 
rarely evaluated even when data are available (Liddell et al. 
2021). Despite strong evidence for the benefits of gene-pool 
mixing, it has been relatively underutilized in conservation 
management, owing to fears of negative consequences of 
genetic admixture (Frankham et al. 2019). While these risks 
need to be weighed against potential benefits, this is rarely 
done; instead the default position is often to design manage-
ment regimes for each separately, which may inadvertently 
result in the loss of potential benefits and increase the extinc-
tion risk for threatened populations (Liddell et al. 2021).

For the Macquarie perch, genetically-informed population 
viability models suggested that the risk of demographically 
harmful inbreeding depression was high for many popula-
tions, in the absence of management actions to increase 
genetic variation (Pavlova et al. 2017a). Based on a thorough 
risk assessment, the risk of outbreeding depression was esti-
mated to be low if populations within the MDB were mixed. 
Accordingly, attempts at genetic augmentation for conser-
vation of this threatened species are underway. One such 
attempt has yielded an empirical test of the effects of genetic 
augmentation in the wild, finding that admixture of multi-
ple MDB source populations of Macquarie perch improved 
survival and reproduction when reintroducing an extinct 
population (Lutz et al. 2021). In that case, non-risky source 
populations, i.e. two MDB populations, were available, and 
so the favourable outcomes are perhaps unsurprising.
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In the present study, we used time of isolated evolution 
in different environments as a proxy to estimate the risk of 
outbreeding depression experienced by admixed populations 
(Frankham et al. 2011). Our results suggest that for Mac-
quarie perch, even divergence > 100,000 years did not lead 
to obvious indications of harmful outbreeding depression 
following secondary contact. This result is consistent with 
meta-analysed outcomes of human-induced interspecific 
hybridization showing that strongly negative effects were 
rare (Ottenburghs 2021). Accumulating empirical cases such 
as the present one will be helpful for validating the assump-
tions underlying the risk assessment process for outbreeding 
depression initiated by Frankham et al. (2011). However, we 
surveyed only a small part of the whole genome of the Mac-
quarie perch and might therefore have missed some signals 
of genomic incompatibilities between the two lineages. We 
tried to offset these limitations by using a reasonable number 
of SNPs and a selective set of loci chosen to differentiate 
River and Dam fish, furthermore ensuring that the sample 
was balanced to avoid biasing our results when investigat-
ing the genomic structure of the populations (Toyama et al. 
2020).

Concerns are sometimes raised in the literature that 
assessment of genetic benefits of crossing populations tend 
to be over a limited number of generations, and that negative 
fitness consequences might take some generations to accrue 
(Frankham et al. 2011; Frankham 2016). In the present case, 
Macquarie perch separated for > 100,000 years are likely to 
have been interbreeding for ~ 7 to 14 generations—there 
is little reason to suppose that overtopping and releases of 
water from Cataract Dam did not occur from shortly after 
the introduction of the MBD fish in 1915. We were able to 
statistically identify individuals as  F2s and backcrosses; in 
addition, the continuous distributions of STRU CTU RE mem-
berships across most of the range of possible values, and the 
identification of two highly-backcrossed individuals, sug-
gest that admixture is many generations deep. This concurs 
with a meta-analysis showing that genetic admixture effects 
are usually enduringly beneficial beyond the  F3 generation 
(Frankham 2016), several experimental studies, and observa-
tions from hybridization studies including of well-diverged 
species adapted to different environments (Mitchell et al. 
2019; Lamichhaney et al. 2020; Ottenburghs 2021).

It is possible that the prevalence of Dam fish and their 
offspring in the Cataract River is partially due to the less 
extreme environmental and climatic conditions in the HNB 
compared to the harsher conditions the MDB fish have been 
adapted to (Byrne et al. 2011; Pavlova et al. 2017b). Due to 
these warmer and more stable conditions, HNB Macquarie 
perch may experience relaxed purifying selection and accu-
mulate slightly deleterious mutations at a higher rate than 
do MDB fish, potentially putting HNB fish at a competi-
tive disadvantage (Pavlova et al. 2017b), as is thought to 

be the case with Lake Dartmouth fish in the Ovens River 
(Lutz et al. 2021). It is likely the HNB lineage Macquarie 
perch inhabited the upper Cataract River before the con-
struction of Cataract Dam, but has either gone extinct or 
been outcompeted by MDB fish after translocations, given 
no HNB alleles were detected in the Cataract Dam fish. We 
were unable to source any ‘pure’ Cataract River fish for our 
study because none are known to be isolated from the likely 
mixing of the Cataract Dam and Cataract River populations 
in the Cataract River following the release of Macquarie 
perch into Cataract Dam in the early twentieth century, and 
other coastal basin populations would not be suitable proxies 
because they are differentiated strongly by genetic drift (Pav-
lova et al. 2017a). The hybridisation seems to be confined 
to the Cataract River, given that no introgression of MDB 
alleles has been detected in Macquarie perch in Cordeaux 
Dam and Wongawilli Creek, other tributaries of the upper 
Nepean River, connected with the lower Cataract River by 
fish passages (Faulks et al. 2010, 2011).

Conclusions

This study adds to the growing body of evidence that mixing 
populations adapted to different environments that have been 
separated for many generations may not be detrimental and 
can be an effective conservation management tool (Weeks 
et al. 2017; Fitzpatrick et al. 2020; Ottenburghs 2021). Care-
ful planning and monitoring of genetic conservation actions 
can alleviate many of the risks thought to be associated with 
augmented gene flow even between long-separated popula-
tions (Frankham et al. 2017; Love Stowell et al. 2017). While 
we do not currently advocate crossing Macquarie perch 
between basins, since sufficient sources are available for 
within-basin crosses, future conditions such as continuing 
loss of populations and considering climate-preparedness 
may call for different recommendations. Instead, this study 
presents a useful calibration point: two morphologically dif-
ferent lineages estimated to have evolved in different habitats 
for 119,000–385,000 years can successfully interbreed.
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