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Abstract.—Crater lake fishes are common evolutionary model systems, with recent studies suggesting a key role for gene 
flow in promoting rapid adaptation and speciation. However, the study of these young lakes can be complicated by human-
mediated extinctions. Museum genomics approaches integrating genetic data from recently extinct species are, therefore, 
critical to understanding the complex evolutionary histories of these fragile systems. Here, we examine the evolutionary 
history of an extinct Southern Hemisphere crater lake endemic, the rainbowfish Melanotaenia eachamensis. We undertook 
a comprehensive sampling of extant rainbowfish populations of the Atherton Tablelands of Australia alongside historical 
museum material to understand the evolutionary origins of the extinct crater lake population and the dynamics of gene 
flow across the ecoregion. The extinct crater lake species is genetically distinct from all other nearby populations due to 
historic introgression between 2 proximate riverine lineages, similar to other prominent crater lake speciation systems, 
but this historic gene flow has not been sufficient to induce a species flock. Our results suggest that museum genomics 
approaches can be successfully combined with extant sampling to unravel complex speciation dynamics involving recently 
extinct species. [DArTseq; diversification; hybridization; Melanotaenia; Melanotaeniidae; threatened species; introgression]

With the advent of next-generation sequencing tech-
nologies and the development of new protocols, it is 
becoming increasingly viable to extract DNA from  
ethanol-preserved and formalin-fixed tissues in a mini-
mally destructive way. These techniques can enable the 
use of museum specimens for genomic studies (Card 
et al. 2021; Lalueza-Fox 2022). This historical DNA 
(hDNA) unlocks new uses for museum and herbarium 
collections, and its study is emerging as a distinct sub-
discipline that bridges the gap between ancient DNA 
(aDNA) and modern samples. While hDNA is obtained 
from voucher specimen tissues usually <200 years old, 
aDNA is normally recovered in trace amounts from nat-
urally preserved organic material and is often signifi-
cantly older (Raxworthy and Smith 2021). Information 
from hDNA has the potential to document genetic 
erosion in endangered or recently extinct species (e.g., 
Roycroft et al. 2021; Burns et al. 2023); to explore past 
biodiversity of extant species (e.g., Chattopadhyay et al. 
2019); to understand species invasions in the last few 
centuries (e.g., Lees et al. 2011); to obtain genomes from 
recently extinct species (e.g., Feigin et al. 2018; Irestedt 
et al. 2019); to resolve evolutionary relationships (e.g., 
Baveja et al. 2021; Ciucani et al. 2023); and to resolve 
taxonomic uncertainties with holotypes (e.g., Wielstra 
and Arntzen 2014). These applications are of particular 
use in conservation and in documenting recent biodi-
versity loss.

Although museum genomics approaches typi-
cally emphasize the importance of collecting whole- 
genome data, few complete palaeogenomes have been 
sequenced, and still fewer have been sequenced at high 
coverage (Lalueza-Fox 2022). Whole genomes are diffi-
cult to assemble from museum specimens, particularly 
from older samples, as DNA degrades and fragments 
with time (Raxworthy and Smith 2021). Furthermore, 
when coverage is low, it becomes difficult to infer het-
erozygous loci, which limits the data’s utility in resolv-
ing population histories. Mitochondrial DNA may be 
easier to extract at higher coverage from preserved sam-
ples than genomic DNA due to the higher copy num-
ber of mtDNA in cells (De Bruyn et al. 2011). However, 
mitogenome data are unsuitable for reconstructing evo-
lutionary histories and interrelationships that cannot 
be represented by tree-like structures, that is, histories 
of population admixture and introgression. The use of 
short-read nuclear DNA approaches, such as RADseq 
and ddRADseq, may provide a tractable alternative to 
whole-genome and mitochondrial DNA approaches. 
These data provide genome-wide information, and may 
be more feasible and cost-effective than whole-genome 
approaches for older, more degraded samples in which 
DNA is more fragmented. It is also easier to infer het-
erozygosity with RADseq data than from low coverage 
whole genome data, so they can also be used to explore 
population genetic histories including the possibility of 
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hybridization and introgression, a useful component of 
exploring the past genetic diversity of endangered spe-
cies with declining ranges.

Hybridization and introgression are important con-
siderations when evaluating relationships between 
closely related populations, as may be done when con-
sidering past and present biodiversity of endangered 
species. Hybridization and introgression can facilitate 
diversification and evolutionary innovation (Dowling 
and Secor 1997; Meier et al. 2017; Marques et al. 2019) 
or drive homogenization and extinction (Huxel 1999; 
Seehausen 2006; Seehausen et al. 2008). The prevalence 
of interspecific hybridization varies across the tree of 
life, and plants show a higher incidence of hybridiza-
tion than animals (Mallet 2005). The role of hybridiza-
tion and subsequent introgression in adaptation and 
speciation is widely discussed in the literature, and 
its importance in plant speciation has been accepted 
for many years (Wong et al. 2022). Increasing evidence 
shows that it also plays an important role in animal spe-
ciation, and that introgression following hybridization 
events can result in species radiations (Meier et al. 2017; 
Grant and Grant 2019; Marques et al. 2019) or generate 
species via the formation of hybrid taxa (DeMarais et 
al. 1992; Abbott et al. 2013; Hobbs et al. 2022). Although 
hybridization is typically studied in the context of 2 
interacting lineages, more complex forms of hybrid-
ization exist in nature. In such cases, multiple species 
may hybridize directly (e.g., Wu et al. 2018; Natola et 
al. 2022), or a species may act as a conduit for gene flow 
between 2 or more other species that do not directly 
interbreed (e.g., Kronforst et al. 2006; McDonald et al. 
2008; Ottenburghs 2019).

Historical DNA may be particularly suited to study-
ing evolution in dynamic but extinction-prone systems 
like isolated islands and lakes. Lakes play a pivotal role 
in understanding speciation, both in cases where iso-
lation in lakes leads to impressive adaptive radiations, 
such as the amphipod and cottoid radiations of Lake 
Baikal (Kontula et al. 2003; Gurkov et al. 2019), or the 
large cichlid species flocks of East Africa (Meier et al. 
2017, 2023; McGee et al. 2020), but there are also many 
cases where colonization of lakes does not lead to radi-
ation (Wagner et al. 2012).

While lakes offer a fascinating natural laboratory for 
evolution, the youth and evolutionary dynamism often 
found in lake endemics can pose multiple problems. 
The incomplete lineage sorting and hybridization often 
seen in lake species flocks can be difficult to quantify 
using a handful of genes, leading to dramatically dif-
ferent evolutionary interpretations depending on the 
type of data utilized (Schliewen et al. 1994; Schliewen 
and Klee 2004; Martin et al. 2015). Additionally, lake 
systems can be extremely fragile, with many recent and 
ongoing extinctions due to invasive species and other 
human-mediated processes (Taylor et al. 2006; Ismail et 
al. 2014; McGee et al. 2015). The ever-increasing number 
of extinct lake endemics means that in many cases, the 
only available material for genetic studies is preserved 
specimens in museums.

Some of the most exceptional lake systems involve 
crater lakes. These lakes are often deeper and more iso-
lated than other lake systems of similar sizes, and they 
frequently host remarkable species flocks (Schliewen 
and Klee 2004; Pfaender et al. 2010; von Rintelen et al. 
2012; Martin et al. 2015; Lemoine et al. 2019; Kautt et 
al. 2020). Although many crater lake flocks were ini-
tially considered as examples of sympatric speciation 
(Schliewen et al. 1994), evidence suggests that crater 
lake diversity is more often driven by complex patterns 
of repeated invasion and gene flow, with both allopatric 
and sympatric phases (Martin et al. 2015).

Here, we utilize a museum genomics approach to 
examine the evolutionary history of one of Australasia’s 
few known crater lake endemics, the now-extinct Lake 
Eacham rainbowfish, Melanotaenia eachamensis (Allen and 
Cross 1982). While there are some examples of crater lake 
endemics in Australasia, such as the cyprinid Rasbora 
maninjau of Lake Maninjau (Lumbantobing 2014), fish 
radiations in this region are more commonly associated 
with ancient lakes, such as the Oryzias ricefish radiation 
of Lake Poso and the species flocks of sailfin silversides in 
the genera Telmatherina, Paratherina, and Tominanga found 
in Lakes Towuti, Mahalona, and Matano (von Rintelen et 
al. 2012). The Lake Eacham rainbowfish is a member of 
Melanotaeniidae, a family closely related to Sulawesi sil-
versides and the most speciose clade of freshwater fishes 
in Australia and New Guinea.

The Lake Eacham rainbowfish was described based 
on a single locally abundant population in Lake Eacham 
in the Atherton Tablelands, Queensland (Fig. 1a,b). 
However, the fish disappeared from the lake in the mid-
1980s, concurrent with the appearance of 4 other native 
species translocated by humans from nearby streams 
(Barlow et al. 1987). The species is suggested to have dis-
appeared after the introduction of the predatory freshwa-
ter cardinalfish Glossamia aprion, with studies suggesting 
that the Lake Eacham rainbowfish was predator-naïve 
due to its long isolation from predator species (Brown 
1997; Brown and Warburton 1997). After its disappearance 
from the lake, the species was declared extinct in the wild. 
However, captive populations (Fig. 1c) had been main-
tained (Barlow et al. 1987), and the Australia New Guinea 
Fishes Association (ANGFA) made efforts to breed and 
conserve these populations as part of Project Eachamensis 
(Leggett and Merrick 1997). Each captive population was 
traced back to its original collection to determine the 
extent of the bottleneck effect on populations (Caughey 
et al. 1990). Attempts were also made to reintroduce the 
Lake Eacham rainbowfish to its type locality, but these 
failed due to the persistence of the introduced species 
(Lintermans 2013). Any future reintroduction into Lake 
Eacham is unlikely to succeed whilst introduced predator 
species are still present (Leggett and Merrick 1997; Pusey 
et al. 2004). Moreover, a second, larger species of rain-
bowfish (M. splendida, Fig. 1d) was introduced to the lake 
between 2000 and 2007 and has now become established 
(Brown et al. 2012).

Subsequent to the species being declared extinct in the 
wild, other eachamensis-like populations were discovered 



SYSTEMATIC BIOLOGY508

in Dirran Creek, a tributary of the North Johnstone River 
(Allen 1989) and later identified based on morphology in 
other locations (Pusey et al. 1997). Although some of these 
populations (Fig. 1d) are still assigned to M. eachamensis 
today, and the species is currently listed as Endangered 
by the International Union for the Conservation of Nature 
(IUCN) (Unmack and Brown 2019), it has long been noted 
that the extinct Lake Eacham population was morphologi-
cally distinct from the extant populations in terms of shape 
and color (Allen 1989; Crowley and Ivantsoff 1991; Tappin 
2011). From this point, we will refer to the extinct type local-
ity population from Lake Eacham as M. eachamensis, and 
to the morphologically distinct extant populations from 
the wider Tablelands area as M. sp. “eachamensis-like.” 
Rainbowfish morphology is known to vary between lake 
and stream environments (McGuigan et al. 2003), and it is 
unclear whether the physical differences between extinct 
M. eachamensis and extant M. sp. “eachamensis-like” are 
due to adaptive heritable genetic components or due to 
environment-related phenotypic plasticity. While analyses 
of mtDNA have been conducted to examine the relation-
ships between extant M. sp. “eachamensis-like” and M. 
splendida (Zhu et al. 1998), the relationships between the 
extinct lake M. eachamensis and nearby M. sp. “eachamensis- 
like” populations remain unclear. Understanding the evo-
lutionary origin of M. eachamensis, and its relationship to 

nearby M. sp. “eachamensis-like” populations, has impli-
cations in species delineation and conservation.

Here, we present a case study utilizing historical DNA 
from specimens in the Queensland Museum, along-
side genomic data from recent surveys in the Atherton 
Tablelands. We determine the evolutionary relation-
ships between the extinct crater lake population of M. 
eachamensis and nearby extant populations of M. sp. 
“eachamensis-like,” addressing the long-standing taxo-
nomic uncertainties associated with these populations. 
We then place these populations into a broader evolu-
tionary context, exploring the wider population history 
of rainbowfish species in the Atherton Tablelands and 
tracking the extent of introgression with the invasive M. 
splendida. Furthermore, we test for unique variants in 
the populations using fixed difference analysis to assess 
the possibility of lost genetic diversity in the extinct cra-
ter lake population.

Materials and Methods

Study System

In addition to the extinct M. eachamensis and extant 
M. “eachamensis-like” populations, the Tablelands 

Figure 1.  a) Location of the Tablelands and Lake Eacham within north-east Australia. Study region shown in Fig. 2 corresponds to the 
inset box. Stronger lines (blue in the online version) show major rivers running through the Tablelands, and are labeled in Fig. 2. Fainter 
lines represent drainage basin boundaries; b) Lake Eacham (photo: Bruceanthro, Attribution-ShareAlike 3.0 Unported (CC BY-SA 3.0); c) M. 
eachamensis aquarium lineage (photo: Gunther Schmida); d) the 3 rainbowfish lineages of the Atherton Tablelands (photos: Michael Hammer)
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region is also home to 2 other rainbowfishes from 
the “Australis” group: Melanotaenia splendida and 
Melanotaenia sp. “Malanda” (Fig. 1d). These species 
are both closely related to M. eachamensis (Brauer et 
al. 2023), although the 3 are considered distinct due to 
morphological and genetic differences (Allen and Cross 
1982; Zhu et al. 1998; Unmack et al. 2016). Most rain-
bowfishes are known to readily hybridize in captivity 
(Unmack et al. 2013), and sympatry between closely 
related species (those within the same major lineage 
of Melanotaeniidae; Unmack et al. 2013) is almost non- 
existent in the wild despite a lack of geographical iso-
lation that would prevent interaction between species 
(Moy et al. 2019). This suggests that when 2 closely 
related species come into contact, they either introgress 
or one is extirpated. In the Tablelands, both M. sp. 
“eachamensis-like” and M. sp. “Malanda” are known 
to hybridize with M. splendida in contact zones (Zhu 
et al. 1998; Unmack et al. 2016; Brauer et al. 2023), and 
hybridization with M. splendida is considered a threat-
ening process to both species. Melanotaenia splendida is 
thought to be a relatively recent arrival to the Tablelands 
(with one estimate placing initial colonization at 
around 100,000 years ago; Hurwood and Hughes 2001) 
and may have displaced the other species from parts of 
their range. This displacement is ongoing due to recent 
and rapid climate change warming the cooler upland 
streams, shifting conditions toward those that favor the 
more generalist lowland species (Brauer et al. 2023). 
The effects of climate change may be exacerbated by 
clearing of catchment rainforest and riparian shading 
due to land use changes following European settlement 
(Unmack et al. 2016).

A recent assessment showed M. sp. “eachamensis- 
like” and M. sp. “Malanda” to have very restricted 
distributions, with areas of occupancy estimated at 72 
km2 (Unmack and Brown 2019) and 28 km2 (Brown et 
al. 2019), respectively, and to be subjected to predicted 
ongoing declines. Melanotaenia sp. “Malanda” is consid-
ered Critically Endangered (Brown et al. 2019) but has 
yet to be formally described. Its description has been 
hindered by the complicated taxonomy of fishes in the 
region and a lack of understanding of the species’ phys-
ical characteristics due to widespread hybridization 
with M. splendida (Unmack et al. 2016). An understand-
ing of the population genetics and patterns of gene flow 
between lineages is, therefore, critical for robust species 
description and appropriate conservation management.

Sampling sites and collection

A total of 379 rainbowfishes were sampled from 73 
locations in and around the Atherton Tablelands as part 
of a larger study of Australian rainbowfishes. For the 
extinct Lake Eacham population, we sampled 5 ethanol- 
preserved individuals from the collections at the 
Queensland Museum (registration I.20307, collection 
date 1 March 1981), plus 5 individuals taken from 2 dif-
ferent aquarium lineages descended from the extinct 
Lake population. Three individuals were sampled from 

an Australian aquarium lineage and 2 from a European 
lineage.

Genotyping using silicoDArT and SNP markers

DNA was extracted by Diversity Arrays Technologies 
(DArT Pty Ltd, Canberra, Australia) and sequenced 
for an SNP dataset using DArTseq™, a variation of 
the double-digest RAD technique that combines next- 
generation sequencing, complexity reduction using 
restriction enzymes, and implicit fragment size selec-
tion, as described by Kilian et al. (2012). All details 
of the sequencing methods used follow Georges  
et al. (2018). This yielded datasets of both SNP and sil-
icoDArT markers. SNPs contain information on allele 
states within tag sequences at specific positions along 
the genome, while silicoDArTs are based on the pres-
ence or absence of specific sequence tags within the 
genome. SilicoDArT data provide a complementary 
source of information to SNPs and increase the amount 
of data available for analysis. SilicoDArT data are also 
more appropriate for certain types of analyses because 
they are explicitly binary (presence/absence), while 
SNPs may also include heterozygous loci.

Data analysis

Data were filtered using v2.0.4 of the dartR package 
(Gruber et al. 2018) in R (v4.1.3) (R Core Team 2022) to 
remove non-informative monomorphic markers and 
loci for which no data were available for any individ-
uals. We also mapped SNP reads to the genome of 
Melanotaenia duboulayi, the most closely related rain-
bowfish species for which an annotated genome is 
available, using bbmap (Bushnell 2014) to affirm that 
our panel of SNPs were randomly and evenly distrib-
uted across the genome. Pairwise linkage disequilib-
rium tests of SNPs within 10 kbp of each other were 
performed using the “ld” function from the genetics 
package v1.3.8.1.3 (Warnes et al. 2021). These tests con-
firmed there was relatively little LD in the data even 
at short distances, and that removal of the few highly 
correlated SNPs made very little difference to the 
observed results (Supplementary File S1, https://doi.
org/10.5061/dryad.bk3j9kdjw).

ASTRAL.—We used the silicoDArT presence/absence 
dataset to construct individual trees for each marker 
in R (v4.1.3). ASTRAL requires its input to be binary, 
and the silicoDArT dataset was therefore more appro-
priate for this analysis than the SNP dataset, for which 
we would have had to randomly resolve or exclude all 
heterozygous loci. The silicoDArT dataset contained 
389 individuals and 28,996 markers, and with an addi-
tional 6 Melanotaenia trifasciata from the Blyth River 
in the Northern Territory included as an outgroup to 
root the tree. Data were not filtered to remove loci or 
individuals with missing data. ASTRAL is reasonably 
robust to missing data (Xi et al. 2016; Nute et al. 2018), 
and filtering based on missing data may reduce mean 
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branch support for true branches (Molloy and Warnow 
2018). The silicoDArT trees were then used to construct 
a species tree in ASTRAL (v5.15.5) (Mirarab et al. 2014). 
ASTRAL provides a statistically consistent estimation 
of the true species tree from unrooted gene trees under 
the multi-species coalescent model. This was per-
formed to test the assumption of shared genetic history 
and population-like behavior of individuals from each 
sampling site. When single individuals do not cluster 
with other individuals from the same sampling site, or 
when individuals from the same sampling site are not 
resolved as sister taxa, the assumption of shared genetic 
history is violated. This may be caused by poor-quality 
reads (inferred sequences of base pairs) with high error 
rates in an individual’s data, or by differing levels of 
hybridization and introgression between individuals 
from a single sampling site. Subsequent population his-
tory analyses with Admixtools relied on the assump-
tion of shared genetic history at each sampling site, 
to prevent estimates of population history becoming 
swamped by signals from a genetically distinct individ-
ual within a population. Because of this, populations 
and individuals that did not meet this assumption were 
pruned from the dataset at this stage to create a subset 
of populations that would form the core of our subse-
quent analyses. (However, STRUCTURE results from 
an analysis of all 389 individuals are presented along-
side the ASTRAL results in Supplementary File S3).

STRUCTURE.—Based on ASTRAL results, the SNP 
dataset was pruned to 234 individuals and 23,502 infor-
mative markers. The genetic structure of the remain-
ing populations was analyzed using STRUCTURE 
(v2.3.4) (Pritchard et al. 2000), implemented using the 
“structureRun” function in the strataG package (v2.5.1) 
(Archer et al. 2017) in R (v4.1.3). STRUCTURE imple-
ments a model-based Bayesian clustering method to 
infer population structure based on allele frequency 
data. For this reason, the SNP dataset was used for all 
STRUCTURE analyses. Individuals were assigned to 
one of an a priori number of populations (K), or jointly 
to multiple populations if their genotypes indicated the 
presence of admixture. Previous genetic and morpho-
logical work putatively suggests that 3 rainbowfish lin-
eages are present (see section “Study System”). To test 
this hypothesis, numbers from 1 to 5 were assumed for 
K, and the best value of K was determined by plotting 
an average across all iterations of the estimated natural 
logarithm of the probability of the data (Ln Pr(X|K)). 
We also implemented the ΔK method of Evanno et al. 
(2005) using STRUCTURE HARVESTER (Earl and von-
Holdt 2012) for comparison. Five individual Markov 
Chain Monte Carlo (MCMC) simulations were run for 
each K-value, with an initial burn-in period of 10,000 
followed by 10,000 MCMC iterations per simulation. 
The admixture and uncorrelated allele frequency mod-
els were applied with no population prior estimate. 
Results for each of the 5 runs were then aggregated 
using the “clumpp” function in the strataG package.

There is little consensus in the literature regard-
ing optimum data filtering practices, and a range of 
thresholds and filter types (e.g., site-wise coverage, 
individual-wise coverage, minimum allele frequency) 
have been used. To test the effects of filtering by data 
coverage and minimum allele frequency, we applied 3 
different coverage thresholds (80%, 90%, and 95%) to 
loci and then to individuals, and further filtered these 
datasets by minimum allele frequency (<1%) to give a 
total of 6 data subsets. The number of individuals and 
loci in each data subset is presented in Supplementary 
File S2. We found no difference in coverage between the 
5 ethanol-preserved individuals from the collections 
at the Queensland Museum and the recently sampled 
individuals. Missing values leading to lower coverage 
primarily arise from failure to call a SNP because of a 
mutation at one or both of the restriction enzyme recog-
nition sites. The similar coverage suggests that the DNA 
in the preserved samples was not heavily degraded or 
more prone to sequencing errors.

We also tested the effects of implementing the 
LOCPRIOR population prior and the correlated allele 
frequency model on the most stringently filtered 
dataset (>95% coverage, >1% MAF). The LOCPRIOR 
population model uses sampling locations as prior 
information to assist with clustering in cases where 
population structure may be relatively weak, as in the 
case of closely related populations (Hubisz et al. 2009). 
This model does not tend to find spurious population 
structure and gives similar results to models with no 
population prior in cases where the population struc-
ture is strong (Pritchard et al. 2010). Although the inde-
pendent allele frequency model works well for many 
datasets, the correlated allele frequency model (Falush 
et al. 2003) may improve clustering for closely related 
populations (Pritchard et al. 2010).

Finally, we re-ran STRUCTURE using only the 8 
populations that did not show any significant signs 
of admixture to test the effects of different K-values 
on populations thought to correspond to the 3 paren-
tal species in the Tablelands. The data were filtered to 
remove loci and individuals with <80% coverage, and 
the admixture and uncorrelated allele frequency mod-
els were applied with no population prior estimate.

Admixtools.—Population histories were inferred using 
admixture graphs developed with the Admixtools pack-
age (v2.0.0) (Maier and Patterson 2022) in R (v4.1.3). 
Admixture graphs describe relationships among pop-
ulations allowing for both population divergence and 
population mixture events. Analyses were performed 
using the SNP dataset as this is required by Admixtools. 
We used the “find_graphs” function to produce admix-
ture graphs using loci with >80% coverage and with-
out filtering data by allele frequency (setting options 
minmaf = 0 and maxmaf = 1 when data were read in 
with the “extract_f2” function). SNPs were split into 
blocks of 100 loci by assigning dummy positions to 
the SNPs in the order in which they appeared in the 
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dataset. The Australian aquarium lineage of M. eacha-
mensis was excluded from Admixtools analyses based 
on STRUCTURE results, which suggested that breeding 
with M. splendida had occurred at some point during 
the population’s history in captivity.

We conducted multiple runs of Admixtools using 
different population subsets to infer population histo-
ries. We used the results from STRUCTURE to identify 
genetically pure populations of each species, plus popu-
lations representing hybrids of 2 species with significant 
genetic input from both species (>5%). We then ran 3 data 
subsets: i) non-introgressed M. sp. “eachamensis-like,” 
non-introgressed M. sp. “Malanda,” and introgressed 
“eachamensis-like”-“Malanda”; ii) non-introgressed M. 
sp. “eachamensis-like,” non-introgressed M. splendida, 
and introgressed “eachamensis-like”-splendida; and iii) 
non-introgressed M. sp. “Malanda,” non-introgressed 
M. splendida, and introgressed “Malanda”-splendida. We 
ran Admixtools multiple times, allowing for different 
numbers of admixture events.

We compared the fits of different admixture graphs 
for each population subset. We used the “qpgraph_res-
ample_multi” function to evaluate admixture graphs 
based on 1000 bootstrap resampled SNP block train-
ing and test datasets. We then used the “compare_fits” 
function to test which graph was a better fit to the data 
based on the distribution of bootstrap scores. We also 
implemented ABBA–BABA tests (Durand et al. 2011) 
using the “qpdstat” function with the option “f4mode 
= FALSE” to evaluate biological models of admixture 
in our key results. Further description of ABBA–BABA 
tests and the populations evaluated with them can be 
found in Supplementary File S10.

Unique variant testing.—We tested each population for 
unique variants using the silicoDArT dataset, which 
contains restriction site presence–absence data, and the 
“gl.fixed.diff” function in the dartR package. We fil-
tered the dataset to include loci with a callrate of >0.95 
and a reproducibility of >0.99, leaving a total of 19,142 
non-monomorphic loci. We compared individuals from 
each population, in turn, against all other sampled 
individuals to determine the number of unique vari-
ants, that is, the number of restriction site loci that were 
present in all members of the focal population but were 
absent in all others, or that were absent in the focal pop-
ulation but present in every other sampled individual. 
We set the options “test = TRUE” to calculate the prob-
ability that the observed number of unique variants 
could have arisen due to sampling error alone.

Results

ASTRAL

The species tree estimated by ASTRAL is presented 
in Supplementary File S3, alongside STRUCTURE 
results for the full dataset of 389 individuals. Of the 73 
sites, 22 had all sampled individuals clustered together 

and were resolved as distinct from all other sites. 
Individuals from 23 sampled sites were found to be 
genetically indistinguishable from at least 1 nearby site; 
these sites were condensed into 8 distinct populations 
for subsequent analyses (Table 1). Individuals from 27 
sites did not cluster together in the ASTRAL tree, sug-
gesting those sites cannot be treated as populations due 
to the differing ancestry of individuals at the site; these 
sites were removed from subsequent analyses. One 
further site was removed due to a small sample size 
(n = 2). Five singletons that did not cluster with other 
members of their otherwise monophyletic site group-
ing were also removed from the dataset. A total of 234 
individuals across 32 populations (30 sampled sites and 
2 captive aquarium populations) were retained for sub-
sequent analyses.

Melanotaenia splendida was found to be the first 
branching species and was resolved as a monophyletic 
group, with many of its early branching lineages being 
hybrid populations. Similarly, all M. sp. “Malanda” 
populations formed a clade, with hybrid popula-
tions appearing as the earliest-branching lineages. 
Melanotaenia eachamensis and M. sp. “eachamensis-like” 
together formed a sister clade to M. sp. “Malanda.” 
The earliest branching lineages of this clade were the 
extinct Lake Eacham M. eachamensis and the extant M. 
sp. “eachamensis-like” population from Dirran Creek.

STRUCTURE

The SNP markers were used to estimate the genetic 
structure of 32 rainbowfish populations in STRUCTURE 
(Fig. 2; Supplementary File S3). Inspection of mean Ln 
Pr(X|K) plots across different values of K does sug-
gest an optimal value of K = 3 regardless of data sub-
set, as the addition of extra populations to the model 
beyond this point did not result in any marked increase 
of Ln Pr(X|K) (Supplementary File S4). However, 
STRUCTURE HARVESTER suggests an optimal value 
of K = 2 for all data subsets based on the ΔK method. 
This value contradicts what is known about population 
differences based on prior morphological and phylo-
genetic work, and we believe it is likely an example of 
ΔK detecting the uppermost level of a more hierarchi-
cal classification (Evanno et al. 2005; Janes et al. 2017). 
Given the small size of the study region and that popu-
lations of the 3 lineages exist in close proximity (Fig. 2), 
we do not expect there to be a major effect of isolation 
by distance (Slatkin 1993). The average result across the 
5 model runs with K = 3 using the most stringently fil-
tered dataset (95% coverage across loci and individu-
als, plus MAF > 1%) are presented in Fig. 2. Individual 
STRUCTURE runs for each filtered data subset were 
highly consistent, with an average variation of only 
0.1% in the estimates of each individual’s population 
assignment between runs.

The STRUCTURE results reveal widespread 
admixture between all 3 rainbowfish lineages (Fig. 
2; Supplementary File S3 and S7). Unexpectedly, we 
found that crater lake M. eachamensis has a hybrid 
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origin, showing a signal of introgression with extant 
M. sp. “eachamensis-like” populations and with 
M. sp. “Malanda” in an approximately 3:1 ratio. 

This admixture proportion appears to be consistent 
across all preserved specimens and individuals from 
the European aquarium lineage and was observed 

Table 1.  Table of populations included in STRUCTURE and Admixtools analyses.

Site Population name River Basin Population 
code

Latitude Longitude Sample 
size

Taxon

1 Tinaroo Creek Barron PU16-139 −17.0797 145.5012 5 M. splendida
2 Emu Creek Barron PU16-138 −17.0995 145.5259 3 M. sp. “eachamensis-like”

−17.1063 145.5205 2
3 Lake Euramoo Barron PU18-20 −17.1598 145.6275 5 M. sp. “eachamensis-like”
4 Little Mulgrave Mulgrave GM14-04,

PU21-21a
−17.1277 145.7015 5 M. splendida/M. sp. “eachamensis-like” 

[<5%]
5 Barney Springs Barron KM051 −17.1694 145.4503 5 M. splendida
6 Upper Rocky Creek Barron KM071 −17.1931 145.4356 5 M. splendida/M. sp. “eachamensis-like” 

[<5%]
7 Lake Eacham 

Australian aquarium 
lineage

Barron PU16-AA −17.2849 145.6259 3 M. sp. “eachamensis-like”/M. sp. 
“Malanda” [20%]/M. splendida [15%]

7 Lake Eacham 
European aquarium 
lineage

Barron Euro −17.2849 145.6259 2 M. sp. “eachamensis-like”/M. sp. 
“Malanda” [25%]

7 Lake Eacham 
Queensland 
Museum samples

Barron EachQM −17.2849 145.6259 5 M. sp. “eachamensis-like”/M. sp. 
“Malanda” [25%]

8 Imrie Creek North Johnstone KM099 −17.3009 145.6367 5 M. splendida/M. sp. “Malanda”[25%]/M. 
sp. “eachamensis-like” [<5%]

9 Gowrie Creek Barron PU16-124 −17.3486 145.4855 5 M. sp. “eachamensis-like”/M. splendida 
[<5%]

10 Spider Creek Barron PU16-123 −17.3542 145.4920 5 M. sp. “eachamensis-like”/M. splendida 
[5%]/M. sp. “Malanda” [<5%]

11 Gwynne Creek Barron PU15-61 −17.3408 145.5383 3 M. sp. “eachamensis-like”/M. splendida 
[5%]/M. sp. “Malanda” [<5%]PU16-93 −17.3408 145.5383 5

12 Nicholas Creek Barron PU16-92 −17.3357 145.5578 5 M. splendida/M. sp. “eachamensis-like” 
[20%]

13 Cleminson Creek North Johnstone PU16-91 −17.3459 145.5774 5 M. splendida
14 Williams Creek East North Johnstone MH18-11 −17.3659 145.5942 6 M. sp. “Malanda”/M. splendida [<5%]

PU16-88 −17.3947 145.5967 20
15 Williams Creek East 2 North Johnstone PU19-35 −17.3757 145.6026 3 M. sp. “Malanda”/M. splendida [15%]

PU19-37 −17.3793 145.6082 4
PU19-36 −17.3809 145.6083 4
PU19-50 −17.3813 145.6011 4
PU19-33 −17.3846 145.5993 3

16 Battle Creek PU16-107 −17.3491 145.6596 5 M. splendida/M. sp. “Malanda [15%]
17 Short Creek North Johnstone PU15-63 −17.3819 145.6655 5 M. splendida/M. sp. “Malanda” [5%]
18 Wallace Road North Johnstone PU15-64 −17.3955 145.6589 2 M. sp. “Malanda”

PU16-100 −17.3955 145.6589 8
PU16-101 −17.3965 145.6579 7
PU16-111 −17.4013 145.6561 3

19 Wallace Road lower North Johnstone PU16-110 −17.4101 145.6551 5 M. splendida/M. sp. “Malanda” [<5%]
20 Molo Creek tributary North Johnstone MH18-13 −17.4286 145.5710 10 M. sp. “Malanda”

PU16-126 −17.4286 145.5710 5
21 Molo Creek and 

tributary
North Johnstone PU19-47 −17.4160 145.5839 2 M. sp. “Malanda”/M. splendida 

[<5%]/M. sp. “eachamensis-like” [<5%]PU19-46 −17.4175 145.5814 3
PU19-49 −17.4251 145.5763 3
PU19-48 −17.4257 145.5758 4

22 Thiaki Creek North Johnstone PU15-67 −17.4136 145.5881 5 M. sp. “Malanda”/M. splendida [45%]
23 Thiaki Creek tributary North Johnstone PU16-134 −17.4197 145.5946 5 M. sp. “Malanda”

MH18-08 −17.4239 145.5888 10
24 Gillies Creek North Johnstone PU16-96 −17.4422 145.5940 5 M. splendida/M. sp. “Malanda” [<5%]
25 Dirran Creek North Johnstone PU15-66 −17.4511 145.6000 5 M. sp. “eachamensis-like”/M. sp. 

“Malanda” [25%]
26 Victoria Creek North Johnstone PU16-129 −17.4546 145.7313 5 M. splendida
27 Beatrice River North Johnstone PU15-71 −17.5522 145.6093 5 M. splendida
28 Middle Brook North Johnstone PU16-119 −17.5699 145.6090 5 M. splendida
29 South Johnstone South Johnstone MH18-15 −17.6536 145.7173 5 M. sp. “eachamensis-like”
30 Charappa Creek South Johnstone MH18-14 −17.7017 145.6731 5 M. sp. “eachamensis-like”

Notes: Site numbers correspond to numbers in Supplementary File S5. Latitude and longitude show sampling localities included in each 
population. The taxon column shows the lineage to which the population belongs. Where the population has more than a trace introgression 
signal, approximate contributions are given for the minor parental lineage(s) in square brackets.
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consistently in all individual STRUCTURE runs where 
K = 3. The Australian aquarium lineage shows evidence 
of the same “eachamensis-like”-“Malanda” admixture, 
but additionally shows some admixture by M. splendida 
that is likely to have accidentally occurred in captivity. 
The extant Dirran Creek population appears to also be 
of hybrid origin, although with a slightly different pro-
portion of M. sp. “Malanda” admixture.

In the extant M. sp. “eachamensis-like” samples, 
admixture with M. splendida is evident in the Gowrie 
Creek, Gwynne Creek, Nicholas Creek, and Spider 
Creek populations (Barron system), while the Lake 
Euramoo (Barron system) and South Johnstone River 
(section above larger waterfalls) and its tributary 
Charappa Creek populations appear to remain genet-
ically pure (see Supplementary File S5 for map with 
locality names). Among the populations of M. sp. 
“Malanda,” we found that the populations sampled 
from Wallace Road and from the Thiaki Creek tributary 
were not introgressed with either M. sp. “eachamensis- 
like” or M. splendida. We also found that admixture 
proportions were very low in the Molo Creek tributary, 
with only 3 individuals from the population showing 
signs of admixture with M. sp. “eachamensis-like.” 
Remaining populations show differing levels of intro-
gression, primarily with M. splendida. The Imrie Creek 
(upper North Johnstone River near Lake Eacham) and 
Battle Creek populations of M. splendida also showed 
evidence of genetic admixture with M. sp. “Malanda.”

STRUCTURE plots of the filtered dataset for differ-
ent K-values are presented in Supplementary File S6. 
When K = 2, M. splendida and M. sp. “Malanda” are 
placed into different clusters, and M. sp. “eachamensis- 
like” clusters largely with M. splendida but show 
small amounts of M. sp. “Malanda” influence. This 
occurred whether or not admixed populations were 
included in the STRUCTURE analysis, and is some-
what unexpected, given that M. sp. “Malanda” and M. 
sp. “eachamensis-like” are considered closer relatives 
to each other than to M. splendida. The Lake Eacham 
and Dirran Creek populations show higher amounts 
of M. sp. “Malanda” genetic structure than the remain-
der of the M. sp. “eachamensis-like” populations. 
Results for K = 2 are highly consistent across indi-
vidual STRUCTURE runs, but individual run results 
are more divergent for K = 4 and K = 5. When K = 4, 
the Lake Eacham and Dirran Creek populations show 
slightly different admixture proportions in a manner 
similar to the K = 3 results across 4 of the 5 runs; in 
the fifth run, the Lake Eacham population is placed 
in a separate cluster than all other populations, while 
the Dirran Creek population shows similar admixture 
proportions as the other 4 runs.

Our results were robust to the effects of missing data 
and data filtering, with all data subsets yielding similar 
results (Supplementary File S7). The mean difference in 
population assignment for K = 3 between the strictest 
and loosest filters was <0.5%. Results were also congru-
ent between runs that did not use any prior population 

information and runs using the LOCPRIOR models. 
This is consistent with expectations based on Pritchard 
et al. (2010), who state that the 2 models “give essen-
tially the same answers when the signal of population 
structure is very strong.” Finally, the differences in pre-
dicted admixture proportions depending on whether 
the correlated allele frequency model was used were 
also small (mean difference < 0.1%, 95th percentile 
difference < 2%).

Admixtools.—We modeled a range of possible popula-
tion histories across different population subsets and 
numbers of admixture events using Admixtools. The 
admixture graphs broadly support the results seen in 
the STRUCTURE plots.

Admixtools identified both the extinct Lake Eacham 
form and extant Dirran Creek population as having 
genetic input from both pure M. sp. “eachamensis- 
like” and M. sp. “Malanda” (Fig. 3; Supplementary 
File S7). The genetic contributions were estimated to be 
26% M. sp. “Malanda” and 74% M. sp. “eachamensis- 
like” when a single admixture event was modeled 
(Supplementary File S7). When 2 separate admixture 
events were modeled, contribution estimates were 74% 
M. sp. “eachamensis-like,” 26% M. sp. “Malanda” for the 
Dirran Creek population, and 70% M. sp. “eachamensis- 
like,” 30% M. sp. “Malanda” for Lake Eacham (e.g., 
Supplementary File S7). The admixture models with 
separate hybrid origins for each population fit the data 
slightly better than models with a single hybrid origin 
and subsequent divergence of the 2 populations (likeli-
hood scores of 12.3 v 19.8). While bootstrapping results 
from “compare_fits” showed that the separate-origin 
model tended to be better (average difference of 3.7), 
this difference was not significant (P > 0.05). With 
the inclusion of the Molo Creek tributary population, 
minus the 3 individuals with significant admixture sig-
nal, models with separate hybrid origins for each pop-
ulation fit the data significantly better (P = 0.014) than 
models with a single hybrid origin and subsequent 
divergence of the 2 populations (Supplementary File 
S7). These results fit with other lines of evidence that 
suggest the Lake Eacham and Dirran Creek populations 
have separate evolutionary histories (Supplementary 
File S8). ABBA–BABA testing confirmed that the Lake 
Eacham and Dirran Creek populations share excess 
alleles with Malanda populations compared to M. sp. 
“eachamensis-like” populations (Supplementary File 
S10). Tests also showed evidence of excess allele sharing 
between the Molo Creek tributary population of M. sp. 
“Malanda,” and M. sp. “eachamensis-like” populations, 
driven by the 3 individuals identified in STRUCTURE 
plots. When these 3 individuals were removed from the 
population, ABBA–BABA test results were not signifi-
cant (Supplementary File S10).

Admixture graphs focusing on interactions between 
M. splendida and M. sp. “Malanda,” and between M. 
splendida and M. sp. “eachamensis-like,” also supported 
the admixture patterns seen in the STRUCTURE plots. 
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Figure 2.  Map showing sampled locations and admixture proportions of 30 different rainbowfish populations. Major rivers are named 
and denoted by thicker lines (blue in online version); smaller waterways are denoted by thinner lines. Dotted black lines denote catchment 
boundaries. The study region corresponds to the inset box in Fig. 1a. A traditional STRUCTURE plot is inset on the bottom left of the figure. 
Numbers correspond to locality numbers marked in Supplementary File S5.
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These graphs are presented in Supplementary Files S11 
and S12, and the wider patterns of gene flow across the 
Tablelands are discussed in Supplementary File S13.

Unique variant testing.—We found a total of 50 unique 
variants spread among 10 of the 30 populations 
(Supplementary File S14). The Lake Eacham samples 
had 8 unique variants, the most of any population 
with an introgression signal. Only 2 populations had 
higher numbers of unique variants than this. The Little 
Mulgrave population of M. splendida had 15 unique 
variants, the most of any population. This population 
represents our only sample from the Lower Mulgrave 
basin, which contains a distinct Lowlands form of M. 
splendida separate to the invasive form in the Tablelands. 
The Wallace Road population of M. sp. “Malanda,” and 
the Lake Euramoo M. sp. “eachamensis-like” popu-
lation, were found to have 12 and 6 unique variants, 
respectively. These unadmixed populations contain 
unique genetic diversity and should be considered as 
priority populations for conservation.

Discussion

Using historical DNA from museum samples, we 
found that the extinct type locality population of M. 
eachamensis was of hybrid origin. The two parent lin-
eages for this hybrid population are the extant M. sp. 
“eachamensis-like” and M. sp. “Malanda.” The admix-
ture proportions appear to be consistent across all 

individuals, suggesting a stable natural genetic makeup 
within the crater lake. The genetic makeup of the extinct 
crater lake population was unique among our samples, 
as no extant populations were found to have the same 
admixture signal as the extinct Lake Eacham fish. This 
suggests that the Lake Eacham population arose from 
hybridization within the lake rather than colonization 
by an introgressed riverine population. Furthermore, 
our results suggest that this population has a unique 
origin and is not connected to other hybrid populations 
in the region (Supplementary Files S8 and S9).

Fixed-difference analysis of silicoDArT data uncov-
ered 8 unique variants in the extinct Lake Eacham fish, 
more than double that of any other site with signals of 
introgression (Supplementary File S14). The number  
of unique variants seen in this population is indicative 
of unique evolution within the lake environment subse-
quent to introgression. Lake Euramoo, another nearby 
crater lake, contains an unadmixed population of M. 
sp. “eachamensis-like” with 6 unique variants, the most 
of any M. sp. “eachamensis-like” populations. These 
results highlight that crater lakes are key environments 
for unique adaptation and evolution, and suggest that 
the Lake Euramoo population should represent a prior-
ity population for conservation to preserve this unique 
diversity. The presence of significant numbers of 
unique variants in the Lake Eacham and Lake Euramoo 
populations contrasts with sites that have signals of 
introgression with M. splendida, which have few unique 
variants, suggesting more recent rather than historic 
introgression followed by in situ evolution.

Figure 3.  One of the population histories modeled by Admixtools. This model provides a possible population history of the Lake Eacham 
and Dirran Creek populations, and a number of M. sp. “eachamensis-like” and M. sp. “Malanda” populations that do not have genetic signatures 
of admixture. This population model suggests two different hybrid origins for Lake Eacham and Dirran Creek populations, with similar but not 
identical admixture proportions. Numbers on solid lines are estimated measures of genetic drift shared by descendant populations.
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There are 2 primary and contrasting interpretations 
of our findings: i) the type locality of M. eachamensis 
represents a hybrid population, or ii) crater lake M. 
eachamensis is a distinct evolutionary species with more 
ancient hybrid origins. Each scenario has important 
implications for species delineation and conservation. 
Type locality (scientific name bearing) populations rep-
resented by hybrids are currently not known to be com-
mon, but more are likely to be discovered as molecular 
analyses are applied to different groups. One example is 
with newts of the genus Triturus, where the type locality 
for the name T. arntzeni was found to represent a hybrid 
population of 2 other named species and the name was 
thus considered invalid and instead assigned as a junior 
synonym of both its previously described parental spe-
cies (Wielstra and Arntzen 2014). In the case of M. eacha-
mensis, under interpretation 1—that the extinct Lake 
Eacham population is a hybrid population, with noted 
morphological differences reflecting differing parental 
gene expression and phenotypic plasticity—the scien-
tific name would be invalid, but may be available for 
the genetically dominant undescribed parental species 
M. sp. “eachamensis-like.” In this case, redescription of 
M. eachamensis s.l. would be required to accurately rep-
resent this new taxonomic framework (Allen and Cross 
1982). Under interpretation 2—that the extinct crater 
lake M. eachamensis was a distinct evolutionary species 
where physical differences in shape and colouration 
reflect heritable traits and adaptation to a unique crater 
lake environment—the scientific name would remain 
valid, reaffirming that M. eachamensis was Australia’s 
first fish species to become extinct in the wild, and M. 
sp. “eachamensis like” would require description as a 
new species. Any final decision on the taxonomic status 
of M. eachamensis is best left until more intensive mor-
phological assessments have been undertaken as part of 
a full taxonomic revision of all candidate species.

The results from museum hDNA of Lake Eacham 
specimens are validated by data from modern captive 
populations. The European aquarium lineage speci-
mens exhibit very similar admixture proportions of 
M. sp. “eachamensis-like” and M. sp. “Malanda” to 
the original lake population. Further, all but one of the 
unique variants present in the museum samples are 
also seen in the European aquarium lineage specimens. 
This suggests that the results presented here reflect the 
true genetic makeup of the extinct lake species, and 
are not simply the result of DNA degradation in his-
toric samples or an error due to small sample sizes. 
The Australian aquarium lineage also has similar ratios 
of M. sp. “eachamensis-like”- to M. sp. “Malanda”-
derived alleles, despite evidence of additional admix-
ture with M. splendida in captivity (Supplementary Files 
S3 and S7).

In contrast to many other crater lakes, we find no 
evidence of a species flock occurring within Lake 
Eacham, showing that it is possible to have widespread 
hybridization that does not necessarily lead to adaptive 
radiations. While crater lakes host many exceptional 

fish species flocks, like the Cameroonian crater lakes 
Barombi Mbo and Lake Bermin (Martin et al. 2015), 
as well as the Nicaraguan crater lake species flocks of 
Apoyo and Xiloá in Nicaragua (Kautt et al. 2016), there 
are many cases of crater lakes where species fail to radi-
ate. In Cameroon, Lake Barombi-ba Kotto houses the 
singleton lake endemic Coptodon kottae and Nicaragua’s 
Lake Asosoca Managua contains only a single young 
Amphilophus species. The Lake Eacham rainbowfish 
offers another example of a non-radiating lake endemic, 
even though it possesses a clear signature of hybridiza-
tion that resembles the patterns seen in exceptional lake 
species flocks. This suggests that while hybridization 
may be necessary, it is certainly not sufficient for species 
flock formation in young lakes.

The size and age of Lake Eacham also complicate 
theories of species flock formation. Lake Bermin is of 
similar size to Lake Eacham (~0.5km2), but supports 
a species flock (Walker 1999; Martin et al. 2015), sug-
gesting that lake size is not the limiting factor. While 
Lake Bermin is much older than Lake Eacham, and 
speciation has, therefore, had more time to occur, other 
lakes of similar age to Lake Eacham (~10ka, Whitehead 
et al. 2007) have been found to support species flocks. 
Lake Ejagham, another Cameroonian lake (although 
not a crater lake), is of similar size to Lake Eacham and 
formed approximately 9000 years ago, yet contains 2 
distinct radiations of cichlids (Martin et al. 2015; Stager 
et al. 2018). Lake Xiloá is also of a similar age and sup-
ports a young radiation of 4 species (Kautt et al. 2016).

The lack of adaptive radiation in Lake Eacham rain-
bowfish could involve the presence of other fish species 
already occupying several niches commonly exploited 
by young lake species flocks. Rainbowfish feed on 
a variety of food items (Allen et al. 2002), including 
algae, terrestrial and aquatic insects, as well as plank-
tonic crustaceans, suggesting that in theory, it would be 
possible for the lineage to evolve more planktivorous, 
herbivorous, or benthivorous forms. However, 2 fishes 
were known to co-inhabit pre-European Lake Eacham: 
the fly-specked hardyhead (Craterocephalus stercusmu-
sarcum), a species also known to feed on algae and 
plankton, and possessing a highly protrusible mouth 
not dissimilar to many limnetic stickleback popula-
tions (McGee et al. 2013); and the insectivorous eleo-
trid species, Mogurnda adspersa (likewise extirpated 
in the 1980s), which possesses a robust and relatively 
non-protrusible mouth similar to benthic stickleback 
populations. The presence of both more “limnetic-like” 
and “benthic-like” lineages in Lake Eacham may have 
reduced the likelihood of an ecomorphologically 
diverse species flock.

Our results also highlight the utility of short-read data 
in obtaining genetic information from museum speci-
mens. While DNA from ethanol-preserved specimens 
fragments rapidly within 5–10 years of preservation 
(Zimmermann et al. 2008), we find that reliable short-
read sequence data can still be obtained in the right 
circumstances using hDNA from samples around 40 
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years old. This is likely because DArT data rely on short 
unpaired reads, reducing the impact of breaks in double- 
stranded DNA that can compromise the sequencing of 
slightly longer paired reads typically used for whole 
genome assembly or resequencing.

DArTseq and similar restriction-site based data have 
previously been demonstrated to be obtainable from 
museum samples (Ewart et al. 2019), and have been 
used to explore population structure (e.g., Ryan et al. 
2018; Parham et al. 2020; Baveja et al. 2021). However, 
these short-read data approaches are not often extended 
to detailed population genetics approaches. Although 
some studies have demonstrated that museum spec-
imens can be used to infer population histories with 
admixture graphs (Garg et al. 2022; Salter et al. 2024), 
these studies did not integrate modern data with his-
torical data. Here, we demonstrate that short-read 
sequence data obtained from museum specimens can be 
easily integrated into datasets including modern sam-
ples, allowing for population histories to be inferred for 
species whose ranges may have changed over time or 
decreased due to local extinction. This integration of 
modern and historical data allows researchers to exam-
ine changes and trends over extended periods, and to 
assess the impact of human activities, climate change, 
and other factors on population structure and genetic 
diversity.

We show that restriction-site data derived from his-
torical samples can be leveraged to explore non-tree-
like patterns of evolution. When admixture graphs 
are developed using both museum and modern sam-
ples, they are often done so using data obtained from 
whole-genome approaches and just a single or few indi-
viduals per population (e.g., Stroupe et al. 2022; Ciucani 
et al. 2023; Hernández‐Alonso et al. 2023; Sun et al. 
2023). While these approaches increase the number of 
markers that can be identified, the samples can often 
only be sequenced below the level necessary to accu-
rately gauge heterozygosity (Sims et al. 2014). Without 
accurate heterozygosity information, it can be chal-
lenging or impossible to use many population genomic 
models.

We suggest that when using historical samples, 
DArTseq and other restriction-site-based methods may 
represent a better alternative to low-coverage whole- 
genome resequencing, particularly when inferring pop-
ulation histories under complex scenarios.

Conclusions

Our results show that ethanol-preserved museum 
specimens have the potential to yield useful quanti-
ties of genome-wide SNP and silicoDArT data even 
40 years after sample collection. Using short-read data 
derived from hDNA, we have been able to shed light 
on the history of the extinct Lake Eacham rainbowfish, 
revealing its hybrid origin, relationships to extant pop-
ulations, and the presence of unique variants. The type 

locality of M. eachamensis has a substantially different 
genetic make-up and evolutionary history than do the 
extant M. sp. “eachamensis-like” populations of the 
Atherton Tablelands, and adds to the exceptional biodi-
versity known from this endemism hotspot. We suggest 
that utilizing a museum genomics approach with other 
recently extinct taxa may provide comparable insights 
into complex speciation dynamics, particularly in heav-
ily human-impacted systems.
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