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Long-term climatic stability drives accumulation and
maintenance of divergent freshwater fish lineages in a

temperate biodiversity hotspot
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Anthropogenic climate change is forecast to drive regional climate disruption and instability across the globe. These impacts are
likely to be exacerbated within biodiversity hotspots, both due to the greater potential for species loss but also to the possibility
that endemic lineages might not have experienced significant climatic variation in the past, limiting their evolutionary potential to
respond to rapid climate change. We assessed the role of climatic stability on the accumulation and persistence of lineages in an
obligate freshwater fish group endemic to the southwest Western Australia (SWWA) biodiversity hotspot. Using 19,426 genomic
(ddRAD-seq) markers and species distribution modelling, we explored the phylogeographic history of western (Nannoperca vittata)
and little (Nannoperca pygmaea) pygmy perches, assessing population divergence and phylogenetic relationships, delimiting

species and estimating changes in species distributions from the Pliocene to 2100. We identified two deep phylogroups comprising
three divergent clusters, which showed no historical connectivity since the Pliocene. We conservatively suggest these represent
three isolated species with additional intraspecific structure within one widespread species. All lineages showed long-term patterns
of isolation and persistence owing to climatic stability but with significant range contractions likely under future climate change.
Our results highlighted the role of climatic stability in allowing the persistence of isolated lineages in the SWWA. This biodiversity

hotspot is under compounding threat from ongoing climate change and habitat modification, which may further threaten

previously undetected cryptic diversity across the region.

Heredity; https://doi.org/10.1038/s41437-024-00700-6

INTRODUCTION

Global biodiversity is increasingly threatened by anthropogenic
climate change, with contemporary rates of extinction substan-
tially higher than throughout much of geological history (Le Roux
et al. 2019). These impacts are expected to be particularly
exacerbated within regions that have experienced long-term
climatic stability due to several convergent factors (Harrison and
Noss 2017). Firstly, species that have not been exposed to major
climatic changes over their evolutionary histories are less likely to
have evolved traits allowing adaptive responses to contemporary
climate change (Sandoval-Castillo et al. 2020), including lower
dispersal ability (Sandel et al. 2011) and thermal tolerance (Addo-
Bediako et al. 2000), than species from more historically variable
regions. Secondly, long-term climatic stability is often suggested
to be a primary mechanism driving the spatial heterogeneity of
biodiversity (Harrison and Noss 2017; Sandel et al. 2011),
particularly in hotspots of biodiversity (Carnaval et al. 2009; Habel
et al. 2019). Thus, understanding the role of climatic stability on

biodiversity is important to predicting extinction risk under
climate change.

The combination of conservation concerns within highly
biodiverse regions is epitomised within global ‘biodiversity
hotspots’. These regions are delineated by high species diversity,
endemism, and the degree of habitat loss (>70% of primary
vegetation; Myers et al. 2000). The disproportionate risk of
extinction in biodiversity hotspots is also exacerbated by the fact
that a considerable proportion of global biodiversity remains
undocumented (Joppa et al. 2011), including cryptic species
(Adams et al. 2014; Struck et al. 2018). Accurately delimiting
species remains a critical component of conservation manage-
ment at both the taxon-specific (through revision of species
classifications and associated legislation) and regional (through
identifying hotspots of cryptic diversity) scales.

The first (of only two) biodiversity hotspots to be declared for
Australia was the temperate southwest, commonly referred to as
the Southwest Western Australia (SWWA) hotspot or the
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Southwest Australia Floristic Region (Hopper and Gioia 2004;
Myers et al. 2000). This region features high floristic diversity and
endemism, with >8000 species of plants recorded and >4000 of
those endemic to the region (Gioia and Hopper 2017). While
species diversity appears lower for animal groups (~500 vertebrate
species), relatively high rates of endemism (~23%) suggest that
this pattern extends to non-plant taxa as well (Rix et al. 2015).
Despite the breadth of biodiversity, the SWWA features a
simplistic landscape with limited topographic variation (Funne-
kotter et al. 2019), no major river drainage divides, stable geology
(Hopper and Gioia 2004) and little climatic variation since the
Pliocene (Spooner et al. 2011). Within the region, biogeographic
subdivisions have been delineated primarily based on rainfall,
including the High Rainfall Province (HRP, >600 mm annual
rainfall) and the Transitional Rainfall Province (TRP, 300-600 mm
annual rainfall; Hopper and Gioia 2004; Rix et al. 2015).

Several biogeographic mechanisms have been proposed to
explain the high biodiversity of the SWWA (detailed in Rix et al.
2015). These include ancient Gondwanan lineages that diverged
throughout the Mesozoic until the late Eocene ~100 Ma (Hopper
et al. 2009); vicariantly-isolated mesic lineages that diverged from
eastern Australian lineages during the Miocene (14-16 Ma;
Buckley et al. 2018; Crisp and Cook 2007; Rix and Harvey 2012);
as well as in situ diversification (Hopper and Gioia 2004). Despite
the apparent lack of topographic or environmental barriers
(Cowling and Lombard 2002), SWWA studies have demonstrated
both interspecific (speciation) and intraspecific (phylogeographic
structure) diversification primarily associated with late Miocene -
early Pliocene aridification and contraction of mesic refugia (Byrne
et al. 2011; Rix et al. 2015; Rix and Harvey 2012). These disparate
diversification histories suggest that the persistence of lineages is
a key factor underlying the biodiversity of the SWWA.

The SWWA classification as a biodiversity hotspot is also driven by
extensive habitat loss and deforestation, with ~70% of native land
vegetation cleared primarily for agricultural purposes (Habel et al.
2019; Monks et al. 2019). These threats are exacerbated by recent
and rapid climatic changes, with a 10-15% decrease in rainfall since
the 1970s (Ali et al. 2012) and a 1.1 °C increase in temperature over
the last century (Hallett et al. 2018; Hope et al. 2015). Anthropogenic
climate change has already been implicated in regional population
and fitness declines of plants (e.g, Monks et al. 2019) and is
considered a key threatening process for threatened vertebrates
(Stewart et al. 2018). Understanding the potential impacts of climate
change in the SWWA requires a better understanding of the role of
historical climatic stability on species persistence, as well as better
documentation of existing biodiversity.

Freshwater taxa are ideal models for investigating phylogeo-
graphic history as their limited dispersal capacity, reliance on
constrained habitats, and high propensity for cryptic diversity (e.g.,
Buckley et al. 2021; Waters et al. 2020) make them effective
indicators of historical environmental change. Within the SWWA,
14 different species of freshwater fishes have been recorded of
which nearly 80% are endemic (Morgan et al. 2014), higher than
any other region in Australia. Many of these species are ancient in
origin, with interspecific divergences dating from the Miocene
back to the Eocene (Rix et al. 2015). Whilst several species are
widespread throughout the region, others show narrower ranges
and local endemism (Unmack 2001).

The western pygmy perch (Nannoperca vittata) and little pygmy
perch (Nannoperca pygmaea) demonstrate these traits, given their
late Miocene origins (Buckley et al. 2018), limited dispersal capacity
(Beatty et al. 2011), and role as ecological specialists (Allen et al.
2020). Nannoperca vittata is significantly more widespread and
occurs throughout the HRP, whereas N. pygmaea has a restricted
occurrence within only three rivers and a lake in the south-eastern
HRP (Allen et al. 2020). While both species show some similar
ecological characteristics such as body plan and reproductive
strategy, they show marked differences in body size, morphology,
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growth rate, salinity tolerance and reproductive timing (Allen et al.
2020). Additionally, clear-cut genetic differentiation in allozymes
(Morgan et al. 2013), mitochondrial genes (Unmack et al. 2011) and
genome-wide markers (Buckley et al. 2018), and a lack of observed
hybridisation with N. vittata (Allen et al. 2020; Morgan et al. 2013),
corroborates the identity of N. pygmaea as a distinct species. This is
reflected by their strong evolutionary distinctiveness, with
divergence between the two species estimated at ~4 million years
ago (Buckley et al. 2018; Unmack et al. 2011). In addition, up to
three distinct cryptic species have been suggested within N. vittata
based on allozyme, mitochondrial and nuclear data (Unmack et al.
2011), and genome-wide data (Buckley et al. 2018). However, these
studies were either lacking in genetic resolution (Unmack et al.
2011) or geographic sampling (Buckley et al. 2018). Additionally,
Nannoperca pygmaea is currently listed as Endangered under both
national and state legislation, whilst N. vittata is unlisted with no
local legislative protections (Allen et al. 2020). Thus, a thorough
investigation of phylogeographic patterns across the region is
required to refine hypotheses of species delineation and inform
conservation management for these species.

Here, we investigate the role of long-term climatic stability in the
SWWA biodiversity hotspot on the diversification and accumulation
of lineages in a group of freshwater fishes. We used genomic
(ddRAD-seq) data to characterise divergence across the clade based
on genetic differentiation, phylogenetic patterns, and species
delimitation. Additionally, we used species distribution modelling
to reconstruct species and lineage distributions since the Pliocene
and predict distribution changes under future climate change. We
hypothesised that long-term climatic stability across the biodiversity
hotspot would lead to both the maintenance of divergent and
isolated genetic lineages, including cryptic species, and long-term
stable species distributions. Conversely, we predicted that future
climate change in the SWWA poses a significant conservation threat
for these species, evidenced by projected range contractions.

METHODS

Sample collection and library preparation

Sampling sites were selected to capture the full distribution of all lineages,
including a disjunct and potentially relictual population found in the
northernmost extreme of the TRP (Fig. 1; Buckley et al. 2018; Unmack et al.
2011). We sampled a total of 25 N. vittata from seven sites and eight N.
pygmaea from two sites (Supplementary Table S1): although sparse, this
sampling design spans the full diversity of Nannoperca in the region,
including all described and previously suggested cryptic species within a
broader N. vittata species complex (Buckley et al. 2018; Unmack et al. 2011)
and all intraspecific lineages (Adams et al., unpublished allozyme data). An
additional four Yarra pygmy perch (Nannoperca obscura) were included as
an outgroup for phylogenetic analyses, following Buckley et al. (2018).
Specimens were collected using electrofishing, dip-, fyke- or seine-netting
(see Allen et al. 2020). Either the caudal fin or the entire specimen was
stored at —80 °C at the South Australian Museum, or in 99% ethanol at the
Molecular Ecology Lab at Flinders University.

DNA was extracted from muscle tissue or fin clips using a combination of a
modified salting-out method (Sunnucks and Hales 1996) and a Qiagen
DNeasy kit (Qiagen Inc., Valencia, CA, USA). Genomic DNA was checked for
quality using a spectrophotometer (NanoDrop, Thermo Scientific), integrity
using 2% agarose gels, and quantity using a fluorometer (Qubit, Life
Technologies). The ddRAD genomic libraries were prepared in house
following Brauer et al. (2016). Of the 33 samples, eight were paired-end
sequenced on an lllumina HiSeq 2000 at Genome Quebec (Montreal, Canada)
as part of a previous phylogenomic study (Buckley et al. 2018). The remaining
25 samples were single-end sequenced on a single lane of lllumina HiSeq
2500 at the South Australia Health and Medical Research Institute in Adelaide.

Filtering and alignment

Sequences were demultiplexed using the ‘process_radtags’ module of
Stacks 1.29 (Catchen et al. 2013), allowing up to 2 mismatches in the 6 bp
barcodes. Barcodes were removed and sequences trimmed to 80 bp to
remove low-quality bases from the end of the reads. Cut reads (forward
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Fig. 1 Map of sampling sites used within this study, and major rivers across the SWWA. Localities for Nannoperca vittata are indicated by
diamonds and localities for Nannoperca pygmaea are indicated with stars. Locality colours indicate putative species (see Results). Colouration
of the map indicates annual precipitation (derived from WorldClim 2.1). Grey points indicate known occurrences of N. vittata, primarily
collected from the Atlas of Living Australia (http://www.ala.org.au). Solid white lines indicate biogeographic province boundaries and the
dashed line indicates the maximum landmass extent exposed during the Last Glacial Maximum (LGM). Inset map indicates extent of
distribution to the Australian continent. Fish images demonstrate described (morphological) species and current taxonomy. Photographs:

S. Beatty. TRP Transitional Rainfall Province, HRP High Rainfall Province.

only for paired-end) were aligned using PyRAD 3.0.6 (Eaton 2014), and
further cleaned by removing reads with >5 bp with a Phred score <20. Loci
were retained if they occurred in at least ~80% of samples (30) within the
dataset. For SNP-based analyses, a single SNP per ddRAD locus was
subsampled to reduce the impact of linkage disequilibrium.

Population divergence and population clustering

We first assessed population divergence by estimating pairwise Dyy
between populations using DnaSP v6.12.03 (Rozas et al. 2017) based on
the full sequences of all ddRAD loci. Population clustering was assessed
using a principal coordinates analysis (PCoA) of all SNPs in dartR (Gruber
et al. 2018). We also calculated the number of fixed differences between
pairwise population comparisons (Unmack et al. 2022), with SNPs
considered fixed differences at a threshold of 0.05 (i.e. >95% frequency
in one population and <5% in the other) to account for sequencing errors
or ‘near fixation’ (Gruber et al. 2018).

Phylogenetic analysis

A maximum likelihood (ML) phylogeny was estimated using RAXML 8.2.11
(Stamatakis 2014) and the concatenated sequence alignment to determine
evolutionary relationships and guide species delimitation analyses. The ML
phylogeny was estimated under the GTR + ' model of evolution and 1000
rapid bootstraps. A ML phylogeny with the alignment partitioned by
ddRAD locus was also estimated, as well as estimating individual gene
trees per locus, using IQ-TREE2 (Minh et al. 2020b). This was done to
account for the potential impact of genome-wide heterogeneity in
evolutionary rates (Liu et al. 2015). Concordance between gene trees
and the partitioned phylogeny was estimated using site and gene
concordance factors (Minh et al. 2020a), with a summary species tree

Heredity

estimated using ASTRAL-IIl (Zhang et al. 2018) and assuming each
population as an individual ‘species’.

Species delimitation and divergence time estimates
The species tree and delimitation were estimated using SNAPP 1.5.0
(Bryant et al. 2012) within BEAST 2.6.1 (Bouckaert et al. 2019). We iteratively
tested nine different scenarios of species composition, ranging from two to
nine species (i.e. each population as a separate species) based on
phylogenetic patterns (see Fig. 2D). Given that SNAPP can resolve species
identities with only a few thousand SNPs (Leaché et al. 2014), and to
reduce computational time, we subsampled the alignment down to the
two individuals with the lowest missing data per population and 5000
randomly selected SNPs. We used broad priors with gamma distributions
for speciation rate (\; a=3, B =2.5) and population sizes (6; a=2.85,
3=1955.27) based on sequence divergence for all scenarios to cover
possible parameter ranges. Mutation rate priors were left at their default
settings. Two separate chains were run per model to assess convergence of
parameter estimates. Models were run for at least 10 million generations
and/or until ESS > 200 was reliably achieved. Model traces were visualised
using Tracer 1.5 (Rambaut and Drummond 2009) with the first two million
generations discarded as burn-in. Species composition likelihoods were
estimated using an AIC through Markov chain Monte Carlo analysis (AICM;
Raftery et al. 2006). Although other methods such as reverse-jump MCMC
via path-sampling or stepping-stone analysis are more widely used
(Grummer et al. 2013), given the large size of the dataset we opted to
use AICM based on its reasonable performance and reduced computa-
tional demand (Baele et al. 2012).

Divergence times across the complex were inferred by using an
extension of SNAPP described in Stange et al. (2018). We calibrated the
oldest divergence in the tree using a normal distribution with mean of
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Fig. 2 Population divergence and clustering. A Heatmap of pairwise population summaries of divergence. Numbers within cells indicate
pairwise Dyy values (x 100) based on 19,426 ddRAD loci, whilst colours indicate the number of fixed differences within the 18,177 unlinked
SNPs. B PcoA of 18,177 unlinked SNPs. Each point represents the centroid per population with shapes indicating assignment to a putative
species (circles = Nannoperca pygmaea, triangles = Nannoperca vittata [A] and squares = N. vittata [B]). Insets depict close-ups of individuals
within each cluster. € Maximum likelihood tree estimated using 19,426 concatenated ddRAD loci and IQ-TREE2. Nodes are labelled with
bootstrap support estimated using 1000 RELL bootstraps and site concordance factors (respectively). Branches are coloured by putative
species. D Allocation of samples to species delimitation scenarios in SNAPP. Each column represents a single model, with each row
corresponding to the aligned sample in the phylogenetic tree. Cell colours indicate allocation to species, with cells of the same colour
indicating one species. Blank rows indicate samples that were not used in species delimitation.

9.27 Ma and standard deviation of 0.51 (95% Cl = mean + 1 Ma) based on Historical admixture and introgression

previous divergence estimates for all pygmy perches (Buckley et al. 2018). We tested whether populations and lineages were historically isolated using
We applied broader ranges around calibration nodes than previously two different allele frequency-based approaches. First, we determined historical
suggested to accommodate potential variation in calibration age not connectivity across populations based on the SNP dataset using TreeMix
captured by the methods in that study. The topology of the tree was fixed (Pickrell and Pritchard 2012). The number of migrations within the model were
using the ML tree and the model run for one million generations. iteratively increased from none to nine, with the fit of each model estimated
Confidence intervals of divergence times were inferred using TreeAnno- using the covariance matrices and overall tree likelihood. Additionally,
tator 2.6 (Drummond and Rambaut 2019) and 95% posterior probabilities. we calculated the percentage of variation explained per migration model
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(https://github.com/wlz0726/Population_Genomics_Scripts/tree/master/
03.treemix), with the best supported number of migrations determined by the
asymptote of likelihood. We also determined whether substantial introgression
occurred between putative species (see Results) suggested by species
delimitation approaches using an ABBA-BABA test (Martin et al. 2014) in
D-Suite (Malinsky et al. 2021). Introgression was determined assuming a
pattern of divergence following the phylogenetic tree and summarised based
on Patterson’s D (Patterson et al. 2012) and the fraction of introgressed alleles
(f4-ratio).

Species and lineage distribution modelling

Species distribution models (SDMs) for N. vittata were estimated using an
ensemble modelling approach within biomod2 (Thuiller et al. 2009).
SDMs were projected from contemporary conditions to the Pliocene
using the PaleoClim database (Brown et al. 2018), including the Late
Holocene (4.2-0.3 Kya), Mid Holocene (8.326-4.2 Kya), Early Holocene
(11.7-8.326 Kya), Younger Dryas Stadial (12.9-11.7 Kya), Belling-Allerad
(14.7-129Kya), Heinrich Stadial 1 (17.0-14.7Kya), Last Interglacial
(~130Kya), MIS19 (~787 Kya), mid Pliocene warm period (3.205 Ma), and
M2 (~3.3Ma) phases. Additionally, we extrapolated SDMs to future
conditions (2020-2040, 2040-2060, 2060-2080 and 2080-2100) under
three climate change scenarios (Shared Socioeconomic Pathways, SSPs:
SSP126, SSP245 and SSP585) using the ACCESS-CM2 global circulation
model (Bi et al. 2020) derived from CMIP6 via WorldClim (Fick and Hijmans
2017). We opted for this model based on its performance in the SWWA
environment, with low error and high skill score (Moise et al. 2015).

Occurrence records for all N. vittata were obtained from a combination of
sampled sites within this and past studies (Allen et al. 2020; Buckley et al. 2018;
Morgan et al. 1998; Morgan et al. 2013; Unmack et al. 2011), as well as from
the Atlas of Living Australia (http://www.ala.org.au). To reduce the impact of
spatial autocorrelation (Elith et al. 2011), we sampled a single occurrence per
environmental raster cell. We further filtered the occurrence data by removing
occurrences outside the known distribution of species (P. Unmack, pers.
comm,; Allen et al. 2020) to remove potentially erroneous records. This
resulted in a final dataset of 114 observations used within the SDMs.

Highly correlated climatic variables (r<|0.8|) were pruned from the
dataset based on a Pearson’s correlation test within SDMToolbox
(Brown et al. 2017), resulting in eight climatic layers used across the
models (Table S2). The final input variables were annual mean
temperature (bio1), isothermality (bio3), mean temperature of the
wettest quarter (bio8), mean temperature of the driest quarter (bio9),
mean temperature of coldest quarter (bio11), annual precipitation
(bio12), precipitation of the driest month (bio14), precipitation
seasonality (bio15) and sea-level corrected elevation. For the three
oldest time periods, bio3 was unavailable and thus not included. We
generated three replicates of 1000 pseudoabsences randomly from the
background >30km from occurrences to reduce the likelihood of
generating false absences within habitable areas. Each dataset was
replicated three times, with 70% of sites independently and randomly
subset to train the model (n = nine datasets).

The SDMs were estimated using four separate algorithms: classification
tree analysis (CTA), generalised linear models (GLMs), maximum entropy
(MaxEnt) and random forest (RF) (n =36 models total). These algorithms
cover a range of different statistical approaches (Hao et al. 2019), and
model averaging in an ensemble framework is expected to reduce bias
associated with any single method (Marmion et al. 2009). Each model was
evaluated using the relative operating characteristic (ROC) and the true
skill statistic (TSS). Individual algorithms were checked for consistency by
averaging models per method under contemporary conditions. Ensemble
SDMs amalgamating the results of all SDMs per time period were
generated, excluding models with TSS<0.7. We also converted all
individual and ensemble models into binary presence-absence maps
based on the TSS within biomod2 and calculated the distribution area.

We also estimated individual lineage-specific distribution models (LDMs)
for each putative N. vittata species by assigning each of the 114 N. vittata
observations to the nearest sampled lineage (where putative species could
be confirmed), removing any observations >50km (half the distance
between the two nearest points across putative species). This resulted in
46 and 30 N. vittata [A] and [B] observations, respectively. All LDMs were
estimated under the same parameters and algorithms as the SDMs, albeit
pseudoabsences for N. vittata [A] were generated at >85km from
presences (to prevent pseudoabsences occurring in N. vittata [B] habitat).
All models were projected back to the Last Interglacial and across all future
climate change conditions.
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RESULTS

Bioinformatics

The combined sequencing runs returned a total of 71.44 million
reads, with an average of 2.16 M reads per sample. After quality
control and alignment of sequences, a dataset of 19,426 ddRAD
loci was obtained across all putative species. This alignment
contained 18,177 putatively unlinked biallelic SNPs and an
average of 4.93 (£1.76)% missing data per sample (Supplementary
Fig. S1).

Population divergence

Pairwise genetic distances and fixed differences inferred highly
divergent structure across the species complex. Pairwise Dyy
values ranged from 0.0001 to 0.0154 whilst the number of
pairwise fixed differences ranged from 8 to 5947 SNPs (Fig. 2A). A
PCoA demonstrated three major and highly divergent clusters,
with the two primary axes explaining a combined total of 77.6% of
the variation (Fig. 2B). The three clusters are herein referred to as
N. pygmaea, N. vittata [A] (widespread across SWWA,; 5 sites) and
N. vittata [B] (restricted to south-central HRP; 2 sites). Similar
clusters could be observed within the pairwise Dyy values (>0.005
between clusters) and by the number of fixed differences (>2000
between clusters).

Phylogenetic analysis

Partitioning the alignment by ddRAD loci did not affect the
topology or branch lengths of the tree, and site concordance factors
supported this tree (Supplementary Fig. S2a-c). The summary
species tree likewise showed strong support for the separation of
lineages, with posterior probabilities of one for almost all nodes
(Supplementary Fig. S2d). The highly divergent nature of lineages
across the group was supported by the concatenated phylogeny,
with all population-level and above nodes supported by 100%
bootstrap values (Fig. 2C). The phylogeny demonstrated three
divergent lineages matching the clusters defined earlier. Despite
their co-occurrence, the sympatric populations of N. vittata [A] and
N. pygmaea (NviHay and NpyMR) were not closely related within the
phylogenetic tree; instead, N. vittata [B] was the sister lineage to
N. pygmaea.

Species delimitation and divergence time

Species delimitation models increased in likelihood with an
increasing number of species, with the highest likelihood and
lowest AICM for a delimitation scenario considering all popula-
tions as separate species (Fig. 2D; scenario S10). However, there
was a noticeable plateau in AICM values after S5, with greater
numbers of species conferring relatively small increases in model
likelihood beyond this point (Supplementary Fig. S3). Divergence
time estimates suggested that most lineages diverged from one
another between 1 and 5Ma, with most populations diverging
more recently, within the last 300 Kya (Fig. 3A). For all nodes, there
was minimal overlap in 95% confidence intervals.

Gene flow and introgression

No signal of historical population connectivity was inferred across
the clade, with TreeMix best supporting a tree that contained no
migrations over models with any (Fig. 3B). This non-migratory
model explained 99.99% of the variation in allele frequencies
(Fig. 3B; Supplementary Fig. S4). Similarly, D-Suite results showed
negligible evidence of introgression across putative species, with a
Patterson’s D of 0.20 and f,-ratio of 0.028.

Species distribution modelling

All models demonstrated high fit to the data, accurately capturing
the full distribution of the species complex (Supplementary
Fig. S5a). Ensemble models built separately for each method
demonstrated highly similar areas of suitability, suggesting that
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Fig. 3 Divergence times and historical migration patterns. A Chronogram of divergence time estimates across the species complex using
SNAPP. Node labels indicate median divergence times, and error bars show 95% posterior probabilities from 1 M simulations. Lineages are
coloured according to putative species. B Best supported historical migration model using TreeMix, with no modelled migrations and lineages
coloured by putative species. Inset depicts likelihood and percentage of variation explained (labels) per model under increasing number of

migrations. OG outgroup.

variation among methods was minimal (Supplementary Fig. S5c).
Annual precipitation (bio12) was the strongest driving variable
across all models, with approximately double the variable
importance of all others (Supplementary Fig. S5b). The ensemble
projections of the SDMs over time showed little fluctuation in
distribution extent since the Pliocene (Fig. 4A; Supplementary
Fig. S6). Across all time periods, the most significant portion of
suitable habitat tended towards the coastal edges of the region,
with some expansion across the continental shelf during lower sea
levels but not inland (Fig. 4B—E). Future projections under all climate
change scenarios indicated a range contraction would be likely by
2060, particularly within the northern and inland edges of the
current distribution (Fig. 4F; Supplementary Fig. S7). More severe
climate change scenarios (e.g., SSP585) are likely to result in an
increasingly extensive range contraction and an overall reduction in
habitat suitability, beyond that of historical projections.

Similar to the SDMs, historical LDMs appeared stable over time,
with coastward expansions during lower sea levels (Supplemen-
tary Figs. S8 and S9). Future projections of LDMs also suggested
range contractions under climate change, with N. vittata [A]
predicted to have substantial northern and inland contractions
under more severe climate change scenarios (Supplementary
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Fig. S10). Range contractions for N. vittata [B] were predicted to be
even more extreme, leading to a total loss of climatic niche by
2100 under SSP245 and by 2080 under SSP585 (Supplementary
Fig. 11).

DISCUSSION

Several divergent lineages were identified across a species
complex of freshwater fish endemic to a temperate biodiversity
hotspot, including at least one cryptic species of pygmy perch. We
demonstrated that these lineages probably persisted in isolation
since the late Miocene (9-3.5 Ma) over a climatically stable region.
Current and projected climatic conditions disproportionately
threaten this region because its high lineage diversity appears
to have evolved in the absence of major climatic and geological
changes.

Maintenance of highly divergent lineages through climatic
stability

The highly divergent and ancient nature of lineages within the
clade was likely facilitated by the long-term climatic stability of the
region, with divergence events spanning the Miocene and
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Fig. 4 Species distribution modelling for the Nannoperca vittata species complex. A Estimated area of suitable habitat using binary
distribution models, from oldest (left) to future (right). Solid line indicates estimates from ensemble (weighted mean) models, lighter points
indicate estimates from individual models (n=36; shapes indicate algorithm used) and solid points indicate mean estimates across all
individual models (with standard error bars). Text labels indicate ensemble models represented in the bottom row. B Ensemble SDM for the
mid-Pliocene warm period (3.205 Mya). C Ensemble SDM for HS1 (17-14.7 Kya). D Ensemble SDM for the mid-Holocene (8.326-4.2 Kya).
E Ensemble SDM under contemporary conditions (1970-2000). F Ensemble SDM under SSP585 for 2080-2100.

Pliocene. Although major environmental changes associated with
aridification during the Pliocene impacted the biota of the SWWA
(Hopper and Gioia 2004), temperature and rainfall remained
relatively constant throughout the glacial cycles of the Pleisto-
cene, especially within the HRP (Rix et al. 2015). The stable species
distribution reflected these relatively constant climatic conditions
since the Pliocene (Spooner et al. 2011), with a coastward
expansion when sea levels were lower during glacial maxima.
Similar patterns of limited variation in inland regions have been
shown for several coastal plant species in the SWWA (Nevill et al.
2014; Nistelberger et al. 2014), suggesting that distribution extent
was consistently limited by aridity and temperature in inland
habitats (Brouwers et al. 2012). These spatial patterns reflect the
intensity of aridification further inland compared to the relatively
benign HRP (Rix et al. 2015), and likely placed significant
limitations on inland range expansions of N. vittata.

While causation of divergences within the clade was not
inferred here, the historical demographic isolation of lineages, the
overall low genetic diversity and low dispersal capacity of pygmy
perches (Brauer et al. 2016; Buckley et al. 2018) together suggest
that their persistence must owe, in part, to an enduring stable
habitat. Overall, these results add to a growing body of evidence
that broad-scale and long-term climatic stability in the SWWA has
driven the accumulation of regional biodiversity (Supplementary
Table S3). These endemic species encompass an array of lineages
ranging from Gondwanan relicts originating as early as the
Cretaceous to late Miocene - early Pliocene diversification events
(Rix et al. 2015), reflecting both ancient and recent lineages
(Sundaram et al. 2019). These concerted patterns thus demon-
strate how biodiversity in SWWA has persisted and accumulated
over millions of years due to the region’s climatic stability.

Diversification of Western Australian pygmy perches

Our results highlight a hierarchy of divergence across Western
Australia’s Nannoperca clade, ranging from morphologically

Heredity

differentiated and cryptic species to divergent populations. No
historical migration nor introgression was detected across the
clade, indicating that the inferred evolutionary distinctiveness is a
product of long-term isolation. Summaries of population diver-
gence largely identified three major clusters, including two
separate N. vittata lineages, one of which was sister to N.
pygmaea. This was supported with phylogenetic analysis, which
highlighted the paraphyletic nature of the species name N. vittata
(although N. pymgaea was also recently split from the N. vittata
complex).

Species delimitation results implied the presence of a higher
number of putative species within the complex, with greatest
support for a model considering each population a separate
species, and an approximate plateau in likelihood at five species.
However, multispecies coalescent approaches such as SNAPP have
been demonstrated to over-split lineages (Chambers and Hillis
2020), particularly when populations are highly structured and
divergent (Derkarabetian et al. 2019). Thus, we instead suggest
that the genomic data unequivocally indicate that at least three
species are present in the clade corresponding to the lineages N.
pygmaea, N. vittata [A]l and N. vittata [B], following similar
nomenclature in Unmack et al. (2011). This conservative inter-
pretation of three species both resolves the current paraphyly of
N. vittata and avoids the risk of over-splitting (Coates et al. 2018).
A morphological revision is required to diagnose the three
lineages (i.e. especially N. vittata [B]), and then match these to
the morphotypes of available names of which two are potentially
available; N. vittata [non-specific type locality] and Nannoperca
viridis [King George Sound near Albany]. It is more likely that type
material of N. vittata sensu stricto was collected from within the
wide range of N. vittata [A] compared to the more inaccessible
south-central HRP (habitat of N. vittata [B]), and if so N. viridis
occurring well to the east is likely to remain in synonymy with N.
vittata sensu stricto, and a new description required for N.
vittata [B].
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Taxonomic revision of the species complex is critical given that
species are the most common operational unit of conservation
management (Stanton et al. 2019), and particularly, are the focus
of protective legislation (Coates et al. 2018). For example, the
identification of the narrowly distributed N. vittata [B] lineage
implies that it may be of greater conservation concern than the
current status of N. vittata would denote (Buckley et al. 2018), with
its situation being more parallel to N. pygmaea, considered as one
of the most imperilled freshwater fishes in the country (Linter-
mans et al. 2020). Given that N. vittata [B] and N. pygmaea occupy
narrow distributions under threat from salinisation and aridifica-
tion (Allen et al. 2020), and that pygmy perches are highly
vulnerable to human-induced habitat loss (Brauer and Beher-
egaray 2020), ex situ conservation efforts such as translocation
and the formation of insurance populations may be required in
the immediate future (as done for other pygmy perches; eg.
Marshall et al. 2022).

A previous phylogenomic study of all pygmy perch species,
including species delimitation using a multi-species coalescent
approach, suggested that N. vittata was a complex of three cryptic
species (Buckley et al. 2018). However, this was based on few
populations within SWWA, all of which were included in this study.
Two of these species correspond to the most divergent
populations within N. vittata [A] (NviCBP and NviAR), suggesting
that the higher number of species proposed in the previous study
reflected a lack of intermediate sampling within the lineage.
However, given that NviCBP was the most divergent population
within the N. vittata [A] lineage despite being located in the centre
of its geographic range, the possibility remains that it represents a
fourth candidate species, as predicted by an allozyme dataset for
over 40 N. vittata [A] sites (M. Adams, unpublished).

Intraspecific phylogeographic structure was also detected in the
most widespread putative species (N. vittata [A]), with three
groups possibly representing evolutionarily-significant units (ESU)
following Funk et al. (2012). This is based on their relatively
ancient divergence (>1Myr) and long-term demographic and
spatial isolation. Within this delineation, the Margaret River
population (NviCBP) represented a unique ESU: this is corrobo-
rated by other aquatic taxa in the region, with a unique ESU of a
freshwater mussel (Westralunio carteri; Benson et al. 2022) and two
morphologically distinct species of freshwater crayfish (the hairy
marron (Cherax tenuimanus; Vercoe et al. 2009) and the Margaret
River burrowing crayfish (Engaewa pseudoreducta; Allen et al.
2017)) endemic to Margaret River. The remaining two ESUs
captured disjunct pairs of populations at opposing extremes of
the species distribution (in the north and the southeast).

Implications for conservation of a biodiversity hotspot

Freshwater biodiversity is considered one of the most threatened
groups globally (Collen et al. 2014; Lintermans et al. 2020). Within
the SWWA, freshwater species are currently threatened by several
convergent issues, including ongoing aridification since the mid-
last century (Smith and Power 2014), habitat clearing primarily for
agricultural development (Andrich and Imberger 2013), secondary
salinization of rivers (Allen et al. 2020; Morgan et al. 2003) and
invasive species (Beatty and Morgan 2013; Morgan et al. 2004).
These threats will likely be exacerbated by anthropogenic climate
change and their own interactive effects (Beatty et al. 2014;
Stewart et al. 2022): projections of climate change alterations
alone predict a 40-50% decrease in plant ranges and 10-44% loss
of endemic plant diversity (294-1293 species) in the SWWA (Habel
et al. 2019). Additionally, spatial heterogeneity in the effects of
climate change may affect some lineages more than others
(Hansen et al. 2019; Stewart et al. 2022), such as due to a northern
contraction of suitable mesic habitat (Klausmeyer and Shaw 2009)
or loss of permanent refuge pools (Allen et al. 2020). Relatedly, a
reduction in fitness associated with heterogeneous climate
change has already been observed in some SWWA plant species
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(Brouwers et al. 2012; Dalmaris et al. 2015; Monks et al. 2019). Our
projections of species distributions under climate change echo
these observations, suggesting a northern and inland contraction
of suitable habitat for N. vittata. Although this would likely entail a
range reduction of the more widespread putative species (N.
vittata [Al), a LDM of N. vittata [B] similarly predicted substantial
(potentially total) range contraction as well. Conservation pro-
grams must therefore consider both the spatial heterogeneity of
these impacts, and how they may interact in increasing extinction
risk, especially for freshwater fauna.

Disruption of climatic regimes, in conjunction with broadly
increased temperatures (Jeremias et al. 2018), aridity (Davis et al.
2013) and sea levels (Rotzoll and Fletcher 2012), is already
impacting species persistence globally. These effects will be
exacerbated within regions of low historical climate variability due
to both low species resilience and high species diversity, with
compounding effects for coastal temperate ecosystems (Buckley
et al. 2021). Additionally, the high biodiversity of historically stable
regions may mean they become hotspots of extinction as swathes
of taxa struggle to respond to the selective challenges of
anthropogenic climate change (Waldvogel et al. 2020). Given that
biodiversity hotspots may also have an excess of undiscovered
and cryptic biodiversity (Joppa et al. 2011), current estimates of
extinction rates may be underestimated (Le Roux et al. 2019). Two
of the three putative species delineated here have small ranges, a
pattern shared by other narrow-range endemics in biodiversity
hotspots (Goldberg et al. 2005) - including the SWWA (Ogsten
et al. 2016). Together, these components highlight why biodi-
versity hotspots are regions of high conservation concern and
should be priorities in conservation management to maximise
conservation of at-risk species and ecological communities.

Long-term climatic stability has driven the accumulation of
divergent and isolated lineages of freshwater fishes in SWWA,
providing a mechanism for its status as a biodiversity hotspot. This
included multiple diversifications within the N. vittata complex.
Given that regional climates are being disrupted globally by
climate change, and that species that evolved in historically stable
regions may lack the adaptive mechanisms to respond, biodiver-
sity hotspots like the SWWA may be exceptionally threatened.
These findings only further solidify the conservation need for
these regions, with preservation of threatened habitat such as
rivers and refugial pools crucial for the persistence of a suite of
endemic species. For those species most at risk, adaptive
conservation management strategies such as the formation of
insurance populations and captive breeding programs may
become necessary to protect lineages with lower adaptive
resilience to rapidly changing environments.
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