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Abstract
Aim: Major knowledge gaps exist regarding the evolution of arid zone organisms. For
freshwater species with high dispersal potential, little is known if historical aridification influenced connectivity across drainage divides and impacted on their divergence and diversification. We tested the hypothesis that the historical aridification of
Australia promoted the isolation and influenced the demographic histories and evolutionary divergence of a migratory group of freshwater obligates.
Location: Central and eastern Australia; Murray–Darling Basin (MDB), Lake Eyre Basin
(LEB), Fitzroy Basin (FIT).
Taxon: Three lineages of golden perch (Macquaria ambigua), a widespread fishery resource from inland Australia.
Methods: We obtained genome-wide data for golden perch sampled throughout their
range. Phylogenetic relationships were reconstructed using maximum likelihood.
Species distribution modelling was used to predict contemporary and past distribu-
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tions for the three lineages and to develop hypotheses regarding their biogeographic
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simulations in fastsimcoal and DIYABC with the genomic dataset.

and demographic histories. Hypotheses were independently tested using coalescent
Results: We found evidence for three reciprocally monophyletic lineages that have
experienced little to nil genetic connectivity since divergence. Coalescent models
suggest that the coastal (FIT) and inland (MDB and LEB) lineages diverged ~103 thousand years ago (ka), followed by the split of MDB and LEB lineages ~58 ka. These
timings agree with reductions of large freshwater environments in Australia during
the late Pleistocene. Species distribution models show an extreme decrease in habitat
during the Last Glacial Maximum ~21 ka, consistent with inferred demographic contractions in coalescent tests.
Main conclusions: We reveal that aridification of Australia during the late Pleistocene
has driven and reinforced the divergence of a migratory freshwater obligate. Our findings are important for informing the conservation management of aquatic organisms
under climate change. This work further demonstrates the value of using species distribution modelling to formulate diversification hypotheses and to improve interpretation of coalescent analyses.

Journal of Biogeography. 2022;00:1–13.

wileyonlinelibrary.com/journal/jbi © 2022 John Wiley & Sons Ltd.

|

1

2

|

BOOTH et al.

KEYWORDS

arid zone, climate change, freshwater fish, golden perch, historical biogeography, statistical
phylogeography

1

|

I NTRO D U C TI O N

Australia provides an ideal setting for studying the evolutionary
consequences of widespread aridification (Byrne et al., 2008). Today,

Since the early 19th century, biogeographers have sought to under-

arid and semi-arid biomes cover around 70% of the continent, how-

stand the processes governing the spatial and temporal distribu-

ever, conditions were once very different (Fujioka & Chappell, 2010).

tions of biodiversity (Avise, 2004). Despite the age of the discipline,

In the early Cenozoic, the continent was dominated by temperate

some regions of the Earth, such as arid zones, remain particularly

rain forests and harboured expansive inland lakes (Martin, 2006).

understudied (Beheregaray, 2008). The formation of widespread

This changed during the late Miocene, when northward drift of the

deserts and semi-arid landforms over the past several million years

continent and global cooling caused the onset of major aridifica-

has caused major changes to global patterns of biodiversity (Brito

tion around 14 million years ago (mya) (Fujioka & Chappell, 2010;

et al., 2014; Martin, 2006). For example, the development of drier

Martin, 2006). Extensive alterations to hydrological regimes, veg-

climatic niches has been linked to the adaptive radiation of various

etation cover and faunal assemblages accompanied this progres-

taxa including lizards and succulent plants (Arakaki et al., 2011;

sive aridification, including the contraction of rain forests and

Carranza et al., 2008). In other cases, habitat fragmentation due to

development of dry woodlands (Byrne et al., 2008; Martin, 2006).

aridification has caused divergences through vicariance and by lim-

Throughout the Pleistocene, Australia endured phases of heightened

iting species dispersal (Crisp & Cook, 2007; GonÇalves et al., 2018).

aridity, interspersed with wetter periods, analogous to the glacial

Although studies are beginning to provide an insight into such pro-

and interglacial cycles in the Northern Hemisphere (Byrne, 2008).

cesses, there are major knowledge gaps regarding the evolution of

Peak aridity and significant losses of surface water corresponded

most arid zone taxa (Byrne et al., 2008). Increasing our understand-

with the Last Glacial Maximum (LGM, ~21 ka) (De Deckker, 1986).

ing of the biogeographic and evolutionary history of arid zone spe-

These climate cycles led to genetic structuring in many taxa, as

cies is relevant for managing wildlife under future climate change,

populations underwent a series of localised range contractions and

which is expected to escalate drought severity and aridification in

expansions (Dolman & Joseph, 2016; Kireta et al., 2019; Pepper

many parts of the world (Park et al., 2018).

et al., 2011). While the evolution of Australia's terrestrial biota is

The development of next generation sequencing has provided

becoming increasingly understood through biogeographic research,

fast and affordable ways to produce large, multi-locus genomic data-

less is known about the influence of aridification on the divergence

sets (McCormack et al., 2013). This has enhanced the use of coales-

and persistence of aquatic species (Byrne et al., 2008).

cent modelling to statistically test competing theories regarding the

Australian freshwater species often display deep phyloge-

demographic history of populations (Garrick et al., 2015). Coalescent

netic structuring between drainage basins (Carini & Hughes, 2004;

analyses are based on ‘coalescent theory’, which presents a frame-

Hughes & Hillyer, 2003; Unmack, 2001). As freshwater organ-

work for simulating genealogies backwards in time—the power of

isms are generally unable to disperse across marine or terrestrial

this approach increasing with the number of genomic loci available

landscapes, their biogeographic histories are intrinsically linked

(Rosenberg & Nordborg, 2002). Coalescent analyses require a pri-

to processes that alter the connectivity of freshwater habitats

ori hypotheses about the history of populations, such as effective

(Unmack, 2001). Reconfigurations of river networks can occur via a

sizes, divergence times or the timings and extent of bottlenecks

number of mechanisms, including stream capture, erosion and tec-

(Cornuet et al., 2014; Excoffier et al., 2013). It is therefore important

tonic activity (Bishop, 1995). Australia has remained largely geolog-

to combine coalescent analyses with other tools for developing such

ically stable since the Late Mesozoic, when the last major uplift of

hypotheses.

the Great Dividing Range occurred around 90 mya (Veevers, 1984).

Ecological niche modelling or species distribution modelling

Drainage rearrangements caused by tectonic events are therefore

(SDM) is one approach that can be integrated with coalescent

unlikely to have influenced more recent evolutionary divergences

analyses (Gavin et al., 2014; Pahad et al., 2020). SDMs predic-

(Unmack, 2001; but see Waters et al., 2019). Instead, reduced water

tively map the geographic distribution of a species based on the

connectivity across drainage divides intensified by aridification has

relationship between known occurrence points of the species and

potentially driven the isolation and divergence of many Australian

environmental variables (Booth et al., 2014). These models can be

freshwater species (Unmack, 2001).

projected onto historical or future environmental datasets (e.g.

Several studies have attempted to understand the timing of ge-

climate models) to map species distributions throughout time.

netic divergences between populations from adjacent Australian

Projecting species ranges backwards in geological time provides a

drainage basins (Carini & Hughes, 2004; Faulks et al., 2015; Hughes

way of developing historical biogeographic theories, which is espe-

et al., 2004; Unmack et al., 2019). These studies have revealed a lack

cially important when empirical evidence such as fossils are lacking

of concordance among species, making it difficult to divulge large-

(Richards et al., 2007).

scale responses of aquatic biota to aridification (Thacker et al., 2007).

|

BOOTH et al.

3

Factors such as life history and dispersal ability are therefore consid-

point to adaptive divergence in subpopulations exposed to greater

ered to have played an important role in shaping the biogeography

aridity and highly disturbed riverine flow (Attard et al., 2018). Due to

of freshwater taxa (Mossop et al., 2015). Additionally, molecular

their dependence on migration, the species is threatened by the de-

research has revealed that many Australian freshwater species ex-

velopment of dams and other anthropogenic actions such as climate

hibit cryptic diversity (Buckley et al., 2018; Unmack et al., 2017).

change that disrupt river flow (Lintermans, 2007), particularly the

Examining the evolution of cryptic lineages is crucial for clarifying

loss of large flow events that initiate spawning and allow dispersal

taxonomy and informing conservation legislation (Beheregaray

of small juveniles.

& Caccone, 2007). This is particularly true for our study species,
golden perch (Macquaria ambigua).

Golden perch are currently classified as a single, wide-ranging
taxon (M. ambigua). However, several molecular studies have indi-

Golden perch is an iconic Australian freshwater fish, distributed

cated that this might represent a species complex with substantial

throughout much of the eastern semi-arid and central arid zones

cryptic diversity (Beheregaray et al., 2017; Faulks et al., 2010a,

of the country. Its natural distribution spans three major drainage

2010b; Musyl & Keenan, 1992). A recent analysis based on genome-

basins: the Murray–Darling (MDB), Lake Eyre (LEB) and Fitzroy

wide single nucleotide polymorphism (SNP) data proposed that there

(FIT); and the small sub-basin Bulloo–Bancannia (BULL) between

are three cryptic species, each endemic to a major drainage basin

the MDB and LEB (Figure 1). The species is of high cultural value,

(FIT, LEB and MDB) (Beheregaray et al., 2017). Individuals from the

having contributed to the diet of indigenous Australians for over

BULL sub-basin were found to be admixed between LEB and MDB

20,000 years (Balme, 1995). This potamodromous medium–large-

lineages, suggesting contemporary connectivity between these

sized fish is a popular target for recreational fishing, and is therefore

basins due to floods or human-mediated movement (Beheregaray

regularly stocked from hatcheries into rivers and impoundments

et al., 2017). Clarifying the taxonomy of golden perch is vital for

(Hunt & Jones, 2018). It is the most heavily stocked native fish in

informing management practices and to prevent potential nega-

Australia, with over two million fingerlings released into the state of

tive consequences of mixing different lineages, such as outbreed-

Victoria alone in 2020 (Victorian Fisheries Authority, 2020). Golden

ing depression and genetic swamping (Crook et al., 2016; Hindar

perch is a generalist species, with an opportunistic carnivorous diet

et al., 1991) through intensive stocking. Current regulatory guide-

and tolerance for a broad range of hydroclimatic conditions (Attard

lines are in place to prevent this, however, translocations between

et al., 2018; Pusey et al., 2004). Golden perch are highly vagile during

basins have been relatively common in the past (Faulks et al., 2010a).

all life stages, and individuals have been reported to travel distances

Additionally, the recent detection of partially admixed individuals

over 2000 km (Reynolds, 1983). The species responds to increased

throughout the MDB suggests that deliberate illegal or accidental

water temperature and flow during spring and summer by migrat-

releases could still be occurring (Attard, Sandoval-C astillo, Gilligan,

ing upstream to spawn (Reynolds, 1983). This is believed to com-

et al., 2022). As the taxonomy of golden perch remains unresolved,

pensate for the subsequent downstream drift of their buoyant eggs

more research is needed to understand biogeographic processes un-

and larvae (Pusey et al., 2004). Although populations of the species

derlying its cryptic diversity.

are generally well connected within each drainage basin (Faulks,

Here, we investigate the evolutionary history of golden perch

Gilligan, & Beheregaray, 2010a, 2010b), landscape genomic analyses

using an integrative biogeographic framework. We first perform

F I G U R E 1 Sampled localities from
across the natural range of golden perch
(Macquaria ambigua) in central and eastern
Australia. Locality abbreviations are
described in Table S1
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species distribution modelling to predict contemporary and historical

pipeline (Eaton, 2014). All bases with a Phred quality score below

distributions of golden perch. Resulting models are used to develop

30 were replaced with N and reads with more than 4 Ns (5%) were

hypotheses about the demographic and biogeographic histories of

discarded (Beheregaray et al., 2017). Filtered reads were clustered

the three major lineages. We then apply coalescent modelling based

using a similarity threshold of 80%, and only clusters with >10×

on genome-wide data to test competing hypotheses. Integrating

depth coverage per individual, <10% missing data and <0.6 observed

these independent and complementary analyses is expected to pro-

heterozygosity were retained as loci (Beheregaray et al., 2017). We

vide a robust understanding of species history (Gavin et al., 2014;

also removed individual samples with more than 20% missing data.

Kearns et al., 2014). Nonetheless, to the best of our knowledge such

Complete bioinformatics details are available from Beheregaray

analytical integration is yet to be applied to freshwater organisms.

et al. (2017).

This integrative framework is used here to (i) reconstruct the bio-

After this initial filtering, the remaining ddRAD loci were used

geographic history of the three major golden perch lineages, and (ii)

for phylogenetic analyses in RAxML and IQ-TREE. For coalescent

elucidate the role that aridification has played on the divergence and

and TreeMix analyses, the sequence data were further filtered

maintenance of these lineages.

to remove outgroups and indels, and only include biallelic sites
with a minor allele frequency ≥4%. We used an in-h ouse script to

2
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extract one random SNP per ddRAD locus, and imputed missing

M ATE R I A L S A N D M E TH O DS

data based on population allele frequencies using Genodive 3.04

2.1 | Sampling, DNA extraction and ddRAD library
preparation

(Meirmans, 2020).

2.3 | Phylogenetic analyses

We initially collected 603 golden perch from across the taxon's
range using electrofishing and netting (Beheregaray et al., 2017;

We reconstructed phylogenetic relationships between golden

Faulks et al., 2010a, 2010b). From this total, a representative

perch samples using a maximum likelihood (ML) approach. Initially,

subset of 84 specimens were used to generate a double diges-

concatenated ddRAD sequences were used to produce a phylo-

tion restriction site associated DNA sequencing (ddRAD) dataset

genetic tree using RAxML 8.2.12 (Stamatakis, 2014). This analy-

for a phylogenomics study (Beheregaray et al., 2017). Total DNA

sis applied a general time-reversible substitution model with

was extracted from caudal fin clips using a salting out protocol

gamma-distributed rates among sites (GTR + GAMMA), and the

and ddRAD sequencing libraries were prepared and sequenced

best-s coring ML tree was found using rapid bootstrapping with

following Peterson et al. (2012) with modifications as in Brauer

100 replicates. In addition, we implemented a partition model

et al. (2016).

in IQ-TREE 2.0.3 (Nguyen et al., 2015) to account for rate het-

For the current study, we retained 62 of the 84 samples, encom-

erogeneity among sites. For this analysis, sequences were par-

passing 25 localities initially sampled throughout the Fitzroy, Lake

titioned by ddRAD loci. We inferred a ML species tree using an

Eyre and Murray–Darling basins (Figure 1, Table S1). These samples

edge-p roportional model, which allows each partition to evolve

cover the geographic range of the three major golden perch lineages

at an independent rate. Node support values were obtained from

and their ecological envelopment. We excluded 20 highly admixed

1000 ultrafast bootstrap replicates (Hoang et al., 2017; Minh

samples from the Bulloo–Bancannia Basin and the Dawson River, as

et al., 2020). We also estimated individual gene trees for each of

their admixture (revealed by Beheregaray et al. (2017)) is thought

the partitions using IQ-TREE. Gene and site concordance factors

to result from human-mediated gene flow. We also excluded two

were subsequently calculated by comparing the gene trees to the

samples (one from MDB, one from LEB) with partial admixture with

species tree (Minh et al., 2020).

other basins that are considered an outcome of illegal or accidental mixing releases (Attard, Sandoval-C astillo, Gilligan, et al., 2022).
Additionally,

we

retained

eight

samples

from

Beheregaray

2.4 | Tests for migration

et al. (2017) that represent the two closest living relatives of golden
perch, Macquarie perch (Macquaria australasica) and Bloomfield

We used TreeMix 1.13 (Pickrell & Pritchard, 2012) to assess con-

River cod (Guyu wujalwujalensis), which we used as outgroups for

nectivity or introgression events between the three golden perch

phylogenetics (Jerry et al., 2001).

lineages. TreeMix builds a maximum likelihood tree based on allele
frequencies from a defined set of populations under a Gaussian ap-

2.2 | Bioinformatics

proximation to genetic drift, then attempts to improve the likelihood by adding migration events (Pickrell & Pritchard, 2012). We
constructed an unrooted ML tree, allowing for zero to three migra-

Briefly, raw sequences were demultiplexed using ‘process_radtags.

tion events. For this analysis we converted individual genotypes

pl’ in the Stacks 1.19 pipeline (Catchen et al., 2013). Demultiplexed

into population allele counts using ‘populations’ in the Stacks 2.4

reads were trimmed to 84 bp, then processed using the pyRAD 3.0

pipeline (Catchen et al., 2013). To account for potential linkage

|
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disequilibrium, SNPs were grouped in windows of 1000 sites for

were also used to estimate reductions in overlapping areas between

jackknife resampling.

lineages.

2.5 | Species distribution modelling

2.6 | Coalescent modelling

Species distribution models were generated using the maximum

Two coalescent-b ased modelling approaches were used to fur-

entropy method implemented in Maxent 3.4.1 (Phillips et al., 2006).

ther estimate the phylogeographic and demographic histories

Maxent predicts the relative suitability of habitat across a landscape

of golden perch lineages. We primarily used fastsimcoal 2.6

by modelling the relationship between presence-only species re-

(Excoffier et al., 2013; Excoffier & Foll, 2011), which performs

cords and environmental variables. We estimated the contemporary

coalescent simulations based on user-
d efined models and as-

distribution of golden perch lineages, then projected these models

sesses model fitness by comparing results to an empirical allele

onto historical climatic layers to assess the influence of past aridifi-

frequency spectrum. This program allows for the testing of com-

cation on their biogeography.

prehensive models, including population size changes, migrations

We obtained occurrence records of golden perch from the Atlas

and divergence events (Excoffier et al., 2013). It has performed

of Living Australia (www.ala.org.au). To group records by distinct

well in phylogeographic studies to infer complex evolutionary his-

lineages, we independently extracted occurrences from within the

tories (Kautt et al., 2016). Our empirical dataset consisted of the

three major drainage basins (FIT, LEB and MDB) using the polygon

joint minor-allele frequency spectrum (joint-M AF) for each pair of

tool. To minimise uneven sampling bias, occurrences were filtered to

lineages.

be at least 1 km apart using the R package ‘spThin’ (Aiello-L ammens

We initially tested three phylogenetic scenarios to establish an

et al., 2015). The final dataset included 1226 occurrence points (FIT,

underlying model of golden perch evolution (Table S3, Figure S1).

n = 75; LEB, n = 59; MDB, n = 1092).

Each of the three scenarios were tested under ‘early’ divergence

Contemporary and historical bioclimatic variables were down-

time priors, which encompass dates previously estimated from mi-

loaded from PaleoClim (www.paleoclim.org) with 2.5 arc-minute

tochondrial DNA (Faulks et al., 2010a), and more ‘recent’ divergence

resolution. This database contains 19 biologically meaningful vari-

times that were informed by our SDMs (Figure S1). We converted

ables derived from monthly temperature and rainfall values (Brown,

from number of generations to years by multiplying by eight (twice

Hill, Dolan, Carnaval, & Haywood, 2018). Although there are uncer-

the age of maturity for female golden perch) (Pusey et al., 2004).

tainties in using terrestrial-based variables for freshwater SDMs,

We also repeated the above models, changing which lineage was

studies have shown that macro-scale variables can be appropriate

considered the ‘sink’ deme (i.e. the one largely informing the ances-

proxies for local stream conditions and for patterns of aquatic ad-

tral population size) when lineages merged (Table S3). Results from

aptation (Frederico et al., 2014). Our historical environmental layers

these additional analyses are available in supplementary material.

included variables estimated for Marine Isotope Stage 19 (MIS19,

For all fastsimcoal models, we used a mutation rate of 2 × 10−8

~787 ka), the Last Interglacial (LIG, ~130 ka) and the Last Glacial

per generation per locus, following an example in the user manual

Maximum (LGM, ~21 ka) (Brown et al., 2018; Karger et al., 2017;

(Excoffier, 2016). This mutation rate was used since there is no cali-

Otto-Bliesner et al., 2006). All bioclimatic variables were imported

brated molecular clock for golden perch (Faulks et al., 2010a).

into ArcMap 10.6 and clipped to the spatial extent of Australia. A

For the two best performing models, we ran additional tests that

Pearson's correlation matrix was generated using the package ‘stats

incorporated demographic contractions at the LGM and/or histori-

3.6’ in R to evaluate correlations among the variables (Table S2).

cal migration events. In total, 29 different coalescent models were

Strongly correlated variables (r > 0.8) were removed, selectively

tested, and for each we performed 100 independent runs of fastsim-

keeping uncorrelated variables that showed high discrimination im-

coal (40 ECM cycles and 10,000 simulations per run) (Table S3). The

portance in preliminary SDMs. As variables bio3 and bio6 were un-

run with the highest likelihood was selected to compare the fitness

available for MIS19, we also removed these. The final models were

of each model based on Akaike's information criterion (AIC). For the

based on five bioclimatic variables: annual mean temperature (bio1),

overall top performing model, we calculated 95% confidence inter-

mean temperature of driest quarter (bio9), precipitation of driest

vals of parameter estimates. This was done by simulating 1000 boot-

month (bio14), precipitation seasonality (bio15) and precipitation

strap MAF spectrums based on the maximum likelihood parameters

of warmest quarter (bio18). Models were generated using default

estimated in the previous step, then re-estimating the parameters by

settings (linear, quadratic, product and hinge features; regularisation

performing 20 runs of the top performing model for each simulated

multiplier = 1) with 25% of occurrence points reserved for testing.

dataset. Confidence intervals were obtained using the R function

Model performance was evaluated using the area under the curve

boot.ci from the package ‘boot 1.3’.

(AUC) method. To test for reductions in range area across time, we

In addition to fastsimcoal, we assessed the three phylogenetic

converted SDMs to binary presence–absence maps. We consid-

scenarios under ‘recent’ divergence times using DIYABC 2.1.4

ered presence as cell suitability ≥0.25, then calculated the number

(Cornuet et al., 2014). DIYABC is a coalescent-based program that

of putative presence cells for each lineage. Putative presence maps

implements approximate Bayesian computation. For each of the

6
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three models, we simulated 6,000,000 SNP datasets. The posterior

LEB we found strong support (100% bootstrap, Figure 2a) for two

probability of each model was measured as the relative proportion

sub-clades, one comprising samples from the eastern catchment

of each model in the simulated datasets closest to the observed

(Cooper, Barcoo, and Thomson) and the other comprising western

dataset. Similarity was measured through the Euclidian distance be-

catchment samples (Diamantina, Georgina, Neales, and Warburton).

tween normalised simulated and observed summary statistics.

Little genetic structuring was identified within the MDB, although
some samples from the same locality tended to cluster together,

3
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R E S U LT S

3.1 | Sequence characteristics

such as in the Lower Lakes. Our TreeMix analysis found no support
for migration between any of the three identified clades (Figure 2b).

3.3 | Species distribution modelling

Bioinformatic analyses produced high-quality data for 70 samples
(includes the eight outgroups) (Table S1). For phylogenetics, the

All our Maxent models have high predictive power with both train-

novel concatenated dataset consisted of ~2.026 million bp from

ing and test datasets exhibiting AUC > 0.90 (Figure S4). Final mod-

24,051 ddRAD loci with 134,107 variable and 100,967 parsimony

els included five bioclimatic variables: annual mean temperature

informative sites present in >90% of individuals. After further filter-

(bio1), mean temperature of driest quarter (bio9), precipitation of

ing, 7103 putatively unlinked biallelic SNPs (from the same number

driest month (bio14), precipitation seasonality (bio15) and precip-

of ddRAD loci) were retained for coalescent and TreeMix analyses.

itation of warmest quarter (bio18). Based on jackknife tests, all

For this unlinked SNP dataset, missing data (<3% average per site

five variables contributed considerably to each model (Table S4,

and individual) were imputed.

Figure S5). Contemporary predicted ranges are broadly consistent with known distributions; however, they indicate additional

3.2 | Phylogenetic analyses and tests for migration

suitable habitat in south-western Western Australia for the MDB
lineage and an extended westward distribution for the LEB lineage
(Figure 3d). Under the current climate, models show a low degree

Our concatenated and partitioned ML analyses revealed three recip-

of overlap between the lineages in the east of the country, indi-

rocally monophyletic clades, each consisting of individuals sampled

cating the potential for some connectivity (Figure 3d, Figures S6–

from one of the three major drainage basins. This was supported by

S7). Projected SDMs for MIS19 (~787 ka), a previous interglacial

100% bootstrap and high (>95%) site concordance factors (SCFs) in

period, are generally alike the contemporary models but with less

the IQ-TREE analysis (Figure 2a, Figures S2–S3). Gene concordance

suitable habitat along the eastern coast (Figure 3a, Figures S6–S7).

factors (GCFs) were low, although this is to be expected for trees with

SDMs for the LIG (~130 ka) predict a remarkably smaller amount

short branch lengths (Minh et al., 2020) and short read sequences

of habitat for the LEB and FIT lineages compared to today, but

(Rivers et al., 2016). The phylogenetic reconstruction identified an

also some distributional overlap with possible connectivity among

initial split between the coastal (FIT) and inland (LEB and MDB) ba-

all three lineages (Figure 3b, Figures S6–S7). SDMs for the LGM

sins, followed by divergence of the LEB and MDB clades. Within the

(~21 ka) indicate that suitable habitat was substantially reduced

F I G U R E 2 (a) Maximum likelihood phylogeny of golden perch (Macquaria ambigua) based on ~2.026 million bp of ddRAD sequences,
partitioned into 24,051 loci. Three reciprocally monophyletic lineages are represented by samples from the Fitzroy (FIT), Murray–Darling
(MDB) and Lake Eyre (LEB) basins. All major clades are supported by 100% bootstrap, as denoted by asterisks. Macquarie perch (Macquaria
australasica, abbreviated as MP) and Bloomfield River cod (Guyu wujalwujalensis, abbreviated as GW) were used as outgroups. (b) Unrooted
maximum likelihood tree inferred with TreeMix based on 7103 SNPs; no migration events are supported between lineages

|
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F I G U R E 3 Species distribution models for three golden perch
(Macquaria ambigua) lineages, projected for: (a) Marine Isotope
Stage 19 (~787 ka), (b) Last Interglacial (~130 ka), (c) Last Glacial
Maximum (~21 ka), (d) present day. Each lineage is currently
endemic to one of three major Australian drainage basins: Fitzroy
(FIT), Lake Eyre (LEB), Murray–Darling (MDB). Colour tone indicates
habitat suitability for each lineage

for all lineages, which could suggest major reductions in population size and stronger isolation between the drainages during that
time (Figure 3c, Figures S6–S7).

3.4 | Coalescent modelling
Our fastsimcoal analyses revealed that all three evolutionary models performed better under the more recent divergence time priors
(i.e. when all lineages coalesce within the past 120 thousand years).
Under these divergence times, models 1 and 3 had the lowest AIC
scores (Table S3) and were therefore selected as the basis for further
model developments. The overall top performing model was based on
model 1 and incorporated a halving of effective population sizes near
the LGM (looking backwards in time) with no migration between lineages (Figure 4). This model is also supported by the SDMs, which show
a decrease in suitable habitat at the LGM, and the TreeMix analysis,
which indicates no historical migration between lineages. Maximum
likelihood parameter estimates and confidence intervals, along with
the priors for the best performing model are detailed in Table 1.
DIYABC found highest support for model 1 (where LEB and MDB
are sister lineages), although the posterior probabilities for all models were low (<0.4) (Figure S8–S9). This suggests that model 1, which
was also supported by fastsimcoal and the ML phylogenetic reconstruction, represents the most likely scenario for the divergence of
the three golden perch lineages.

4
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DISCUSSION

Understanding how past climatic changes have influenced range
limits, population demography and evolutionary diversification
is a long-standing goal of biogeography. This is particularly important for poorly studied biotas from arid and semi-arid zones,
which are projected to be severely impacted by anthropogenic climate change (Park et al., 2018). We combined coalescent analyses
based on genome-wide data and species distribution modelling to
investigate the biogeographic and evolutionary history of golden
perch (Macquaria ambigua), a migratory freshwater obligate with a
vast range in arid and semi-arid regions of Australia. Our integrative framework provides support for the previously proposed delimitation of three cryptic species, each endemic to one of the three
major drainage basins where golden perch is naturally found: the
Murray–Darling, Lake Eyre and Fitzroy. The results indicate that
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Australia (Cohen et al., 2015; Fu et al., 2017). For instance, since a peak
highstand ~125 ka the Lake Eyre playa has decreased in size by approximately three times (DeVogel et al., 2004). We propose that during
wetter phases the strong vagility and broad ecological tolerance of
golden perch has facilitated movement between drainage basins,
maintaining genetic connectivity until the onset of extreme aridification. This inference is supported by our SDMs, which suggest that
the three lineages were well connected during previous interglacial
periods (Figure 3). Our SDMs also indicate large reductions in suitable
habitat during the LGM (Figure 3), with the results of coalescent testing
supporting demographic expansions after the LGM (Table 1, Figure 4).
F I G U R E 4 Schematic of the most strongly supported
fastsimcoal coalescent model for the evolutionary history of golden
perch (Macquaria ambigua) lineages. FIT: Fitzroy Basin, LEB: Lake
Eyre Basin, MDB: Murray–Darling Basin. This model incorporates
a halving of effective population size for each lineage (looking
backwards in time) at the dates indicated in Table 1

Earlier research based on mitochondrial DNA also recovered signals
of historical demographic expansions in the MDB and LEB lineages
(Faulks et al., 2010a). These expansions were previously suggested to
have occurred ~220 ka and ~170 ka respectively (Faulks et al., 2010a).
Although these dates are earlier than our coalescent models suggest,
some discrepancies are expected due to the lack of a calibrated molecular clock for golden perch (Faulks et al., 2010a) and the better

major demographic and evolutionary events of this species complex

sampling of demographic histories and multiple gene trees provided

occurred during the late Pleistocene, in agreement with the hypoth-

by the genomic data compared to the single locus tree sampled by the

esis that historical aridification of Australia promoted the isolation

mitochondrial genome (Garrick et al., 2015). Nevertheless, there was

and divergence of freshwater taxa.

concordance in the general pattern disclosed by the two different ge-

This is the first study to statistically assess competing scenarios of
evolutionary divergence in this widespread and socio-economically

netic datasets (mitochondrial DNA and SNPs) and independent environmental reconstructions (SDMs).

important migratory species with a combination of genomics and
species distribution modelling. We further demonstrate the benefits
of integrating genomic and environmental datasets to improve the
development and testing of biogeographic hypotheses.

4.1 | The role of aridification in evolutionary
diversification

4.2 | Integration of coalescent and species
distribution modelling
Biogeographic research is often challenging because it aims to infer
past events that cannot be directly observed (Kidd & Ritchie, 2006).
While coalescent modelling provides a way to assess historical population processes, it also relies on the development of testable hypothe-

Throughout the Pleistocene epoch (2.6 mya to 11.7 ka), Earth ex-

ses (Richards et al., 2007). Such hypotheses are often conceived based

perienced a series of climatic oscillations between glacial and in-

on inferences about how climatic fluctuations have influenced the size

terglacial conditions (Paillard, 2006). These manifested in Australia

and connectivity of populations (Chattopadhyay et al., 2017). However,

as phases of heightened aridity interspersed with the formation

few studies have used species distribution modelling to inform or cor-

of broader wetlands (Martin, 2006). During the moist interglacials,

roborate coalescent analyses (de Melo et al., 2016; Gavin et al., 2014;

the low topographic relief of Australia allowed for frequent con-

Kearns et al., 2014). This is surprising, given the relative ease of acquir-

nections of drainage basins (Unmack, 2001). In contrast, intense

ing environmental and species occurrence data from publicly available

desiccation during glacial periods enhanced drainage divides and

databases (Richards et al., 2007). The benefits of combining coalescent

caused the overall fragmentation of freshwater habitats, lead-

analyses and SDMs have been exemplified by Kearns et al. (2014) in a

ing to evolutionary divergences. This has been inferred by strong

study on Australian butcherbirds. In their study, SDMs indicated that

population genetic structuring in many widespread aquatic taxa,

the arid-adapted grey butcherbird (Cracticus torquatus) had a larger

including prawns (Carini & Hughes, 2004), crayfish (Hughes &

range during the LGM compared to the present day. This inference

Hillyer, 2003), and teleosts (Beheregaray et al., 2017; Jerry, 2008;

was supported by coalescent modelling, which proposed a population

Unmack, 2001).

expansion and secondary contact with a closely related species during

Our results indicate that the coastal (FIT) and inland (MDB and

the same time (Kearns et al., 2014).

LEB) lineages of golden perch diverged ~103 ka, followed by separa-

Seeking agreement between these independent approaches is

tion of the MDB and LEB lineages ~58 ka (Table 1). These divergence

valuable, as each can be prone to inaccuracies and over-interpretation

dates fall within a time period when there was a general trend to-

(Richards et al., 2007). As aforementioned, our SDMs indicate extreme

wards reduced water connectivity of large freshwater lakes in central

reductions in habitat for golden perch during the LGM (Figure 3). This
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TA B L E 1 Maximum likelihood parameter estimates for the best performing fastsimcoal coalescent model for the evolution of golden
perch (Macquaria ambigua) lineages
Parameter
Effective population size (Ne)

Divergence time (ya)
a

Population reduction time (ya)

Point estimate

Confidence interval (95%)

Prior

FIT (current)

1155

729–1243

100–10,000

LEB (current)

1196

972–1886

100–10,000

MDB (current)

1861

1535–2836

100–100,000

LEB from MDB

58,032

25,144–65,616

20,000–70,000

Ancestral MDB/LEB from FIT

103,208

74,944–116,768

70,000–120,000

FIT

16,696

10,896–18,752

10,000–18,000

LEB

11,616

9912–19,096

10,000–18,000

MDB

12,088

10,424–19,064

10,000–18,000

Abbreviations: FIT, Fitzroy Basin; LEB, Lake Eyre Basin; MDB, Murray–Darling Basin; ya, years ago.
a

Time when each lineage experienced a halving of effective population size (looking backwards in time).

is especially true for the FIT and LEB lineages, which have no areas

and isolated waterholes to permanent groundwater-fed springs

of predicted habitat in Australia. However, literature on the sedimen-

(Fensham et al., 2011). These systems are often connected dur-

tary history of the Fitzroy and Lake Eyre basins reveal localised epi-

ing high rainfall events, facilitating organismal dispersal between

sodes of fluvial activity around the LGM (Croke et al., 2011; Nanson

localities (Attard, Sandoval-C astillo, Brauer, et al., 2022; Fensham

et al., 2008). It is therefore probable that these lineages persisted

et al., 2011). Anthropogenic climate change is projected to increase

in reduced areas during this period but had a broader distribution

aridity over much of Australia in coming decades, leading to more

than suggested by the SDMs. A modified figure that considers the

variable flow regimes and declines in water connectivity (Larkin

presence of water at the LGM is provided in supplementary mate-

et al., 2020). Our study demonstrates how such fragmentation of

rial (Figure S10). We recognise that the lack of water data for his-

freshwater habitats can minimise or prevent gene flow between

torical drainages limits the inference about historical distribution and

isolated lineages. Although golden perch currently show low ge-

physical connectivity of freshwater fish populations. Nevertheless,

netic differentiation within each drainage basin (Faulks et al., 2010a,

approaches that incorporate data from regional climate models (e.g.

2010b), climate change could disrupt population connectivity in fu-

Attard, Sandoval-Castillo, Brauer, et al., 2022; Buckley et al., 2021)

ture. Maintaining genetic connectivity between populations within

can produce reasonable hypotheses to be tested through a coales-

distinct lineages is often vital for ensuring their long-term persis-

cent framework at a basin and lineage level, as demonstrated here.

tence, especially under climate change (Frankham et al., 2019).
Golden perch in the arid reaches of the MDB have been found

4.3 | Future directions and implications for
conservation management under climate change

to exhibit adaptive genetic diversity linked to functions such as fat
storage, which allows them to survive severely dry periods (Attard
et al., 2018). Contemporary connectivity of golden perch throughout
the MDB is expected to facilitate the spread of these adaptive traits,

This study highlights the need for improved biological sampling

which could become selected for in other regions as environmental

and scientific research in arid regions of the world. We found that

conditions change (Attard et al., 2018). It is therefore important to

the number of golden perch records available for the arid Lake

focus conservation efforts on maintaining the connectivity of habi-

Eyre Basin was much lower than for the more temperate Murray–

tats (within drainage basins), for example through the construction of

Darling Basin (59 compared to 1092 after filtering). This may have

fish passages (Baumgartner et al., 2014). This will maximise the shar-

impacted the development of our SDMs, particularly when pro-

ing of beneficial genetic variation that may be necessary for popula-

jecting the models to historical times. However, we note that oc-

tions to survive extreme events such as heat waves and droughts that

currence records were spaced throughout the LEB, capturing the

are expected to occur more frequently in future (Leigh et al., 2015).

broad bioclimatic envelope of the lineage. An increased focus on

Our work adds to several existing studies that have identi-

arid biomes, and especially their freshwater elements, is important

fied cryptic diversity within M. ambigua based on allozymes and

for understanding how to manage them under future environmental

morphology (Musyl & Keenan, 1992), mitochondrial DNA (Faulks

change (Byrne, 2008). Freshwater ecosystems are severely threat-

et al., 2010a), microsatellites (Faulks et al., 2010b) and SNP data

ened on a global scale due a multitude of factors such as habitat

(Beheregaray et al., 2017). Our more advanced phylogenetic and

degradation, pollution and water extraction (Williams-Subiza &

coalescent analyses support the proposition that lineages from

Epele, 2021). In arid settings, these stresses are exacerbated by the

the Murray–D arling, Lake Eyre and Fitzroy drainage basins should

natural isolation of water bodies (Attard, Sandoval-C astillo, Brauer,

be considered as separate species (Beheregaray et al., 2017). Our

et al., 2022; Murphy et al., 2015). The Australian arid zone contains

TreeMix and coalescent analyses found little evidence of gene

various types of freshwater habitats, ranging from ephemeral rivers

flow since the lineages diverged. We recommend that stocking
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and translocations of golden perch do not take place between
drainage basins. Although this is currently regulated, there is
evidence that some illegal or unintentional releases may still
be occurring (Attard, Sandoval-C astillo, Gilligan, et al., 2022).
Stocked individuals contribute to the genetic diversity of golden
perch and could potentially swamp natural populations (Crook
et al., 2016).
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