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ABSTRACT

Context. Galaxiids are a widespread, southern hemisphere, radiation of mostly obligate freshwater
fishes. Tasmania houses a diversity of endemic species of Galaxias and Paragalaxias. Of these, many
are at risk of extinction, being landlocked, range-restricted and subject to anthropogenic threats,
placing a high-conservation priority on the region. Aim. Our aim was to synthesise historic and
published molecular datasets to provide the sound systematic framework needed to underpin
future conservation and taxonomic efforts for Tasmanian galaxiids. Methods. Novel and published
nuclear (allozyme) and matrilineal (cytb) datasets were generated and integrated for every putative
Tasmanian galaxiid species lacking a comparable multi-gene assessment. Key results. The Tasmanian
galaxiids are phylogenetically diverse, with molecular data generally supporting the accepted taxonomy,
but with potential species-level diversity noted within an alpine radiation of the Galaxias truttaceus
complex and further support for synonymy of G. niger within G. brevipinnis. Conclusions. This study
highlights the value of multi-locus studies in both validating species-level taxonomy and resolving
taxonomic ambiguities and conservation priorities within Tasmania’s galaxiids. Implications. Our
integrated genetic analyses provide a framework to underpin more in-depth genomic approaches to
assess additional cryptic diversity and conservation planning, such as genetic rescue and ex situ
population security.

Keywords: allozymes, conservation genetics, cytonuclear discordance, Galaxiidae, landlocked
population, mtDNA, Pedder Galaxias, species delimitation.

Introduction

Despite their habitat occupying less than 1% of the earth’s surface, freshwater fishes
represent around one quarter of all described vertebrate species, making them more
speciose than all other vertebrate groups, including marine fishes (Dudgeon et al. 2006;
Lintermans et al. 2020; World Wildlife Fund 2020). At the same time, due to a broad
range of human-induced challenges, freshwater ecosystems worldwide are arguably also the
most threatened of all biomes (Dudgeon et al. 2006; Reid et al. 2019). In consequence, nearly
one-third of the planet’s freshwater fishes are under the threat of extinction (World Wildlife
Fund 2020).

With no fully documented extinctions and only one species listed as extinct in the wild
(Department of Climate Change, Energy, the Environment and Water 2022), it might seem
at first glance that Australia’s freshwater fishes are faring better than most other Australian
vertebrates (60 species listed as extinct; Department of Climate Change, Energy, the
Environment and Water 2022) and freshwater fishes elsewhere (Duncan and Lockwood
2001). However, the reality is quite different, and much more in keeping with the well
documented degradation of freshwater ecosystems in southern and eastern Australia
and consequent major declines in most freshwater fishes that live therein (Arthington
et al. 1983; Lintermans 2007; Hammer et al. 2013a; Morgan et al. 2014; Faulks et al. 2017;
Lintermans et al. 2020). The true situation could also be concealed by underestimation of
Australia’s freshwater fish diversity.


https://orcid.org/0000-0002-8185-6091
mailto:chris.burridge@utas.edu.au
https://doi.org/10.1071/MF22263
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.publish.csiro.au/mf
https://www.publish.csiro.au/
https://doi.org/10.1071/MF22263

M. Adams et al.

Marine and Freshwater Research

For a continent of its size and latitudinal range, Australia
has comparatively few genera and species of freshwater fish
(Lundberg et al. 2000; Allen et al. 2002). Some researchers
have largely attributed this taxonomic austerity to unfavourable
geographic or climatic comparisons relating to aridity, isolation,
topography, habitat and rainfall (Merrick and Schmida 1984;
Berra 1998; Allen et al. 2002). However, others have pointed
to a key additional consideration, a comparative lack of
taxonomic effort (Lundberg et al. 2000; Leis et al. 2007;
Adams et al. 2013; Hammer et al. 2013b). This latter view
has been strongly supported by the increasing availability
of multi-locus genetic studies (i.e. not stand-alone DNA
barcoding), which have routinely found compelling evidence
for additional candidate species in most genera surveyed, e.g.
Cairnsichthys (Hammer et al. 2018), Gadopsis (Hammer et al.
2014; Unmack et al. 2017), Galaxias (Adams et al. 2014),
Galaxiella (Unmack et al. 2012), Glossamia (Cook et al.
2017), Glossogobius (Hammer et al. 2021a), Hypseleotris
(Unmack et al. 2019), Melanotaenia (Unmack 2016; Hammer
etal. 2019a), Mogurnda (Cook et al. 2011; Adams et al. 2013),
Nannoperca (Unmack et al. 2011, 2013), Philypnodon
(Hammer et al. 2019b), Pseudogobius (Hammer et al. 2021b),
Retropinna (Hammer et al. 2007; Unmack et al. 2022),
Syncomistes (Shelley et al. 2018) and Tandanus (Jerry 2008).

Although only surveying a small fraction of Australia’s
freshwater fish fauna, these studies have already added
more than 50 candidate species to the national inventory. Of
these, many are now formally recognised (Welsh et al. 2014,
2017; Raadik 2014; Coleman et al. 2015; Shelley et al. 2017;
Hammer et al. 2018, 2019a; Larson and Hammer 2021; Hoese
and Hammer 2021; Thacker et al. 2022), some have become
widely accepted as valid ‘sp. nov.” (Raadik 2019a, 2019b,
2019c, 2019d; Lintermans et al. 2020), and the rest occupy
a ‘twilight zone’ of taxonomic anonymity, awaiting attention
from the nation’s small, over-stretched and underfunded
ichthyological community (Leis et al. 2007).

Another great strength of multi-locus molecular datasets is
that they can either help validate the species status of already-
described species or expose doubts about their taxonomic
distinctiveness (Richardson et al. 1986; Georges and Adams
1996). Examples of the former abound in the above-cited
studies, while the latter outcome has already been demon-
strated in several genera, including Chlamydogobius (Mossop
et al. 2015), Craterocephalus (Adams et al. 2011), Milyeringa
(Page et al. 2018), and Retropinna (Hammer et al. 2007).
Three of these four cases involve ‘species’ with a restricted
geographic range (i.e. a predisposing factor in extinction
risk), with the genetic data inferring that they may instead
represent a peripheral subpopulation of a more wide-ranging,
valid species and thus not merit the enhanced conservation
attention often afforded to short-range endemics (Harvey
et al. 2011). Finally, molecular markers can also highlight
inconsistencies with natural distributional patterns that can
signal potential human-mediated dispersal or range extension
(translocation), especially for smaller species that often lack
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detailed historic baseline distribution data (Waters et al.
2002; Hammer et al. 2013b). Multi-locus studies of Australian
freshwater fishes are particularly valuable in each of these
contexts, given their often-imperilled status.

In all, 40 of the 55 Australian fishes listed as endangered or
vulnerable live in freshwater, and 10 of these are Tasmanian
galaxiids (Department of Climate Change, Energy, the
Environment and Water 2022). Furthermore, Tasmanian
galaxiids represent a significant component of what is
Australia’s most speciose and imperilled group of freshwater
fishes (the family Galaxiidae; Bray 2018; Lintermans et al.
2020). Tasmanian galaxiids are therefore a prime group for
taxonomic or conservation-focused genetic investigation,
having a high proportion of endemic and threatened species
and with biological and geographic attributes that set them
apart from most other Australian freshwater fishes. Most
species are naturally range-restricted, occur in specific habitats
(e.g. flowing water, alpine lakes) and complete their life as
obligate freshwater species (landlocked), thus rendering them
susceptible to anthropogenic change (Hardie et al. 2006).
Many galaxiids have suffered heavily from interaction with
introduced piscivores (various salmonids), along with other
general catchment modification and degradation (Crowl
et al. 1992; Hardie et al. 2006). Hydroelectric development
has both created human-mediated dispersal opportunities
(e.g. canals, headwater connections: Waters et al. 2002;
Chilcott et al. 2013) and impounded facultatively diadromous
populations, thus allowing their greater penetration inland
and enabling competition with non-diadromous species
(Humphries 1990; Chilcott et al. 2013). Furthermore, galaxiids
are often used as bait by recreational anglers and, hence,
bait-bucket transfer may have influenced their current range
(Lintermans 2004) and perhaps even created artificial
hybrid zones.

In this study, we present the results of an allozyme
‘overview’ of the Tasmanian galaxiid fishes, buttressed with
extended analyses of two already-published allozyme datasets
on several members of that radiation, and all cross-referenced
using a mitochondrial DNA (mtDNA) gene tree combining
both previously published and newly generated sequence
data. Together, these multi-locus data provide a range of
important taxonomic and conservation perspectives on 15
of the 17 described Tasmanian galaxiid species (Table 1;
historic distribution maps for each species are presented in
Fig. 1), with comprehensive nuclear and matrilineal datasets
already available to confirm species status in the remaining
two species (Lovettia sealii and Galaxiella pusilla, Table 1).
The synthesis of allozyme and mtDNA datasets has already
proved pivotal in the delineation and discovery of ~18
additional endemic Galaxias species on mainland south-
eastern Australia, all previously considered to be part of a
single widespread Galaxias olidus sensu lato (McDowall
and Frankenberg 1981; Adams et al. 2014; Raadik 2014;
Lintermans et al. 2020).
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Table I. Distributional and conservation status of all galaxiid species occurring in Tasmania.
Species Geographic distribution EPBC IUCN Range-wide nuclear genetic data
Galaxias auratus, L Tasmania Endangered EN Morgan et al. (2016)
Galaxias brevipinnis, D South-eastern Australia and New Zealand LC
Galaxias fontanus Tasmania Endangered EN
Galaxias johnstoni Tasmania Endangered EN
Galaxias maculatus Southern Australia and southern hemisphere LC
Galaxias niger, L Tasmania —
Galaxias parvus Tasmania Vulnerable \'
Galaxias pedderensis, L Tasmania Extinct in the wild EN
Galaxias tanycephalus, L Tasmania Vulnerable CR Morgan et al. (2016)
Galaxias truttaceus, D Southern Australia WA population endangered LC Morgan et al. (2016)
Galaxiella pusilla Tasmania and south-eastern Victoria Vulnerable EN Coleman et al. (2010), Unmack et al. (2012)
Lovettia sealii, D Tasmania and Victoria LC Schmidt et al. (2014)
Neochanna cleaveri, D South-eastern Australia EN Whiterod et al. (2020)
Paragalaxias dissimilis, L Tasmania Vulnerable EN
Paragalaxias eleotroides, L Tasmania Vulnerable EN
Paragalaxias julianus, L Tasmania EN
Paragalaxias mesotes, L Tasmania Endangered EN

Also shown are any published studies that present range-wide multi-locus data to assess taxonomic validity. Conservation status: EPBC, Environment Protection and
Biodiversity Conservation Act 1999 national listing; IUCN, International Union for Conservation of Nature Red List of threatened species reviewed in 2019.
D, diadromous; L, landlocked or lacustrine species; CR, critically endangered; EN, endangered; VU, vulnerable; LC, least concern.
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Fig. 1. Historic distribution maps (south-eastern Australia) for all the Tasmanian galaxiids surveyed in this study. Source
data from the ‘Atlas of Living Australia’ (see https://www.ala.org.au/, accessed 2 February 2023). There have been
considerable but difficult-to-quantify reductions in the distribution or abundance of several endemic Tasmanian Galaxias
and Paragalaxias species in recent times, most notably for G. pedderensis, which now occurs only as a translocated
population (identified by the yellow arrow).
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Methods

Timeline of allozyme analyses

The original allozyme overview study was undertaken in
1985, to identify areas of taxonomic uncertainty, obvious
phylogenetic and phylogeographic patterns and a suite of
markers for follow-up assessments of population structure
in selected species (L. sealii and Galaxias maculatus; Pavuk
1997). As such, it focused on small numbers of individuals
per site and taxon, screened for as many allozyme markers as
were established in the SA Museum’s allozyme laboratory at
that time. Whole fish were collected and snap frozen, often
with the assistance of staff from the Tasmanian Inland
Fisheries Commission, before being shipped to the SA
Museum for inclusion in their frozen-tissue collection (the
Australian Biological Tissues Collection; ABTC). These
collections were planned to include exemplars of all species
of Galaxias (10 species), Paragalaxias (4 species) and
Neochanna (Neochanna cleaveri at that time was included
in the genus Galaxias; Waters and White 1997), plus a
single population of the mainland galaxiid G. olidus sensu
stricto (i.e. referable to correct taxon on the basis of the
taxonomic revision of Raadik 2014). It should be noted that
Galaxias pedderensis and Galaxias niger are morphologi-
cally similar to Galaxias brevipinnis, and specimens were
largely assigned to these two species on the basis of
collection locality. Furthermore, although many (but not all)
researchers have regarded G. niger as likely synonymous with
G. brevipinnis (McDowall and Fulton 1996; Hardie et al. 2006;
Raadik 2014), we have conservatively applied the name to the
original 1985 collection from its type locality.

A subsequent allozyme study was then conducted in 1988,
using additional frozen material collected and dispatched
earlier that year. The aim of this study was to explore
population structure and species integrity in the Galaxias
truttaceus species group, including G. truttaceus plus its two
sister species G. tanycephalus and G. auratus. This study
focused on the polymorphic markers identified for these three
species in the initial overview study, plus a handful of
additional enzymes that are generally likely to be polymor-
phic. Ultimately, this second screen of 20 polymorphic loci,
along with companion mtDNA restriction fragment-length
polymorphism (RFLP) data, were published as two discrete
studies, one on the widespread G. truttaceus (Ovenden and
White 1990), and the other on its two lake-restricted
congeners (Ovenden et al. 1993). Of relevance here is that the
raw genotypes for all individuals screened were generated in
our laboratory, and so were able to be integrated with those
obtained in the final study (see below).

We next conducted one final allozyme study in 2012,
focused on assessing the genetic distinctiveness of the threatened
Western Australian population of G. truttaceus (thought prior
to the study to be a subspecies). By this time, the ABTC
collection of frozen tissues had been enhanced to include
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additional Tasmanian and some mainland populations of
G. truttaceus. As a consequence, this final allozyme screen
surveyed all populations for which frozen tissues were
available (12 coastal and two landlocked sites for G. truttaceus)
and again included both G. tanycephalus and G. auratus. The
resultant published study (Morgan et al. 2016) included a
companion mtDNA tree, but excluded the genetic data for the
eastern landlocked populations; this latter decision reflected
our desire to focus on the broader Australian perspective and
subsequently explore the distinctive genetic profiles of these
landlocked populations in a future study.

Herein, we present two analyses of all existing allozyme
data for the G. truttaceus species group, one for the full 2012
allozyme dataset and the other incorporating the allozyme
profiles of all sites surveyed for the 20 polymorphic loci
common across all three allozyme studies (excluding sites
with n = 1). Sampling details and sample sizes for all
allozyme studies and the ‘2022’ analysis (i.e. the integrated
dataset of 20 loci for the 1985, 1988 and 2012 studies) are
presented in Table 2 and the geographic arrangement of
these sites are displayed in Fig. 2.

General allozyme methods

Allozyme electrophoresis on muscle homogenates was
undertaken as described elsewhere (Richardson et al. 1986;
Hammer et al. 2007). Homogenates were successfully screened
for various combinations of the enzymes employed in our other
studies on galaxiids (Adams et al. 2014; Morgan et al. 2016).
Histochemical stain recipes plus enzyme, locus and allozyme
nomenclature all follow Hammer et al. (2007).

We employed a range of different approaches to analyse
the allozyme data, depending on the dataset under considera-
tion. For the initial overview study, we generated a neighbour-
joining (NJ) tree among all individuals, constructed from a
pairwise matrix of Roger’s genetic distances (Rogers’ R).
This NJ tree was rooted using N. cleaveri, identified as the
earliest-branching species among this group based on
mtDNA and nDNA sequence data (Burridge et al. 2012). We
also calculated the pairwise number of fixed differences
and unbiased Nei’s distances (Nei Ds) among all species to
assess their distinctiveness and for cross-referencing with
the NJ tree among individuals. For the 2012 study we used
principal co-ordinates analysis (PCoA) to assess the genetic
affinities of individuals, independent of locality or taxon.
Analysis of the ‘2022’ dataset involved generating an unrooted
NJ network among sites on the basis of unbiased Nei Ds. All
details for these methods have been published previously
(Hammer et al. 2007; Adams et al. 2014).

mtDNA sequencing

As the majority of published mtDNA sequences for the
Australian galaxiids involve the cytochrome b (cytb) gene,
we constructed our mtDNA gene tree using a combination
of newly generated cytb sequences plus Genbank-held
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Table 2. Locality and sample-size information for all individuals screened across all molecular datasets.
Site Locality Species 1985 1988 2022 cytb Latitude Longitude Tissue code
| Giblin River, Tas. G. brevipinnis | —43.083 145.860 UTas:Gbr014
2 Lake Pedder, Tas. [L] G. parvus 3 3 —42.832 146.122 White#2
G. pedderensis 3 2 Whitett|
3 Creek near Lake Pedder, Tas. [L]  G. brevipinnis 2 —42.925 146.175 UTas:LPO1+
4 Crossing River, Tas. G. brevipinnis | —43.119 146.123 UTas:Gbr010
5 Reservoir Lakes, Tas. [L] G. niger 3 3 —43.483 146.731 White#27 (1985)
G. brevipinnis 2 UTas:RL (2014)
6 Snug Falls, Tas. G. brevipinnis | —43.084 147.207 UTas:SnugF05
7 North West Bay River, Tas. G. maculatus 3 —43.006 147.244 White#t! |
8 Styx River Bushy Park, Tas. G. truttaceus | —-42.711 146.904 FISHy4:MT5-1
9 Derwent River, Tas. G. truttaceus 3 —42.740 147.220 M30:T8+
N. cleaveri B M30:C3+
10 Allens Creek #1, Tas. G. truttaceus 40 40 —43.067 147.867 GALAX2:A
G. brevipinnis 3 White#5
Il Allans Creek #2, Tas. G. truttaceus 8 | —43.072 147.890 FISHy4:MT5-5 A
12 Fortescue Lagoon Creek, Tas. G. truttaceus 42 42 —43.133 147.950 GALAX2:F
N. cleaveri 2 White#26
13 Prosser River, Tas. G. truttaceus 3 | —42.607 147.699 White#t14
G. maculatus 3 | White#13
14 Swan River, Tas. G. fontanus 3 4 —-42.017 148.083 White#10
15 Cygnet River, Tas. G. brevipinnis 2 —41.942 147.877 UTas:GbO| +
16 Last River tributary, Tas. G. maculatus 2 —41.125 148.206 FISH98:MT47+
17 Boobyalla River, Tas. G. truttaceus | —41.032 147.822 FISH98:MT53
18 Lake Sorrell, Tas. [L] G. auratus 40 40 —42.144 147.175 GALAX2:S
19 Lake Crescent, Tas. [L] G. auratus 8 5 —42.167 147.167 White#t16
G. auratus 3 3 White#7
20 Woods Lake, Tas. [L] G. tanycephalus 3 3 3 —42.065 147.015 GALAX2:W
21 Arthurs Lake, Tas. [L] G. tanycephalus 3 3 —41.980 146.880 GALAX2:Wm
G. tanycephalus 3 3 6 White#19
P. mesotes B 3 White#3
22 near Shannon Lagoon, Tas. [L] G. truttaceus 8 5 —41.985 146.754 FISHy4:MT5-2
23 Great Lake, Tas. [L] G. brevipinnis | | —4].845 146.696 White#2|
G. brevipinnis 2 UTas:GL
P. dissimilis 3 3 White#22
P. eleotroides 3 2 White#23
24 Carters Lake, Tas. [L] G. truttaceus 6 6 3 —41.862 146.535 White#8
G. brevipinnis 3A | Whitett17
P. julianus 3 2 White#t18
25 Isabella Lagoon, Tas. [L] G. truttaceus 40 40 3 —41.879 146.489 GALAX2:
26 Clarence Lagoon, Tas. [L] G. johnstoni 3 2 —42.086 146.318 White#24
27 Rocky River, Tas. G. brevipinnis | —41.651 145.237 UTas:Fish- 14
28 Thornton River, Tas. G. brevipinnis | —41.317 144.805 UTas:Fish-12
29 Lawson Rivulet, Tas. G. brevipinnis | —41.112 145.190 FISH98:MT 17+

(Continued on next page)
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Table 2. (Continued).
Site Locality Species 1985 1988 2012 2022 cytb Latitude Longitude Tissue code
30 near Wynyard, Tas. G. truttaceus 5 5 | —40.972 145.699 FISHy4:MT5-6B
N. cleaveri 3 FISHy4:MT5-8
31 near Montagu, Tas. G. truttaceus 8 8 | —40.783 144.882 FISH98:MT-78
32 Katoomba Creek, NSW [L] G. olidus 3 —33.679 150.307 White#25
33 Mclvor River, Vic. [L] G. truttaceus 24 2 3 —36.899 144.686 FISHy4:MDrt- | +
34 Bald Hills Creek, Vic. G. truttaceus 8 | —38.751 145.978 PU02-75GT
35 Barongarook Creek G. truttaceus 8 | —38.345 143.594 PU02-90GT
36 Ellard Creek, SA G. truttaceus | —38.052 140.959 E350:CY75+
37 Pick Swamp, SA G. truttaceus 6 6 | —38.046 140.894 E350:CY69
38 Angove River, WA G. truttaceus 10 10 | —34.923 118.152 FISHy4:Gt2+
39 Goodga River, WA G. truttaceus I I | —34.939 118.083 FISHy4:Gt25+
Total 63 168 9l 265 85

Allozyme datasets are listed by year. [L], landlocked site. cytb sample sizes exclude the |5 Genbank sequences that were not generated by the study of Morgan et al.

(2016).

AA single F, hybrid, confirmed by allozyme profiling, was also found at each of these two sites (Site 24, G. truttaceus X G. brevipinnis; Site 33, G. truttaceus X G. oliros).

Fig. 2.
studies. Site numbers mirror those used in Table |.

exemplars for all taxa and most of the populations profiled in
the allozyme studies. Importantly, we confirmed (Jonathan
Waters, pers. comm.) that the G. pedderensis sequences
published by Burridge et al. (2012) were obtained from a
single individual, directly sourced from the population of
G. pedderensis that was translocated into Lake Oberon prior
to the species becoming extinct in the wild (Chilcott et al.
2013). Our final cytb dataset also included sequences for two
individuals collected in 2014 by one of us (C. P. Burridge)
from the type locality for G. niger.

Some of the new sequences were generated and edited
using the methods and primers detailed in Morgan et al.
(2016), whereas others were obtained using protocols that
differed only in the choice of primers (those described in
Nielsen et al. 1994), and edited using software Geneious
Prime (ver. 2021.2, see https://www.geneious.com). All new
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Composite map showing the location of all sites surveyed across the various molecular

sequences have been deposited in GenBank, with Accession
numbers 0Q738621-0Q738684 and 0Q738809-0Q738811.
The final gene tree was generated using RAXML (ver. 8.2.12,
see https://github.com/stamatak/standard-RAxML; Stamatakis
2014) on the CIPRES cluster (see http://www.phylo.org/; Miller
et al. 2010) by using the model GTRGAMMA and searching for
the best-scoring maximum likelihood (ML) tree. Bootstrapping
was set to finish on the basis of the autoMRE majority-rule
criterion.

Results

1985 allozyme overview study

The final dataset for the initial overview study comprised
the allozyme profiles of 63 individuals at 43 putative loci.
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Excluded from this dataset was a single fish, allozymically
identified as a G. truttaceus X G. brevipinnis F; hybrid (both
species being present at that site; Table 2). Allozyme
frequencies for each locus and species are summarised in
Supplementary Table S1. Most of the 16 nominal species
(15 Tasmanian species plus G. olidus) appeared as distinct
clusters within the NJ tree (Fig. 3), the exceptions being
one cluster comprising G. brevipinnis—G. pedderensis—G. niger
and the other involving G. truttaceus-G. tanycephalus—G.
auratus. This outcome is supported by the number of pairwise
fixed differences among species (Table 3), with every species
readily diagnosable by multiple fixed differences (range 6-34)
except for the two clusters described above (range 0-3).
Under the usually reliable assumption that phylogenetic
relatedness is roughly correlated with overall genetic similarity,

—_—

Rogers’ R=0.20

we infer from Fig. 3 the following results: (1) Galaxias johnstoni
and G. fontanus appear to be sister species to the G. brevipinnis
‘complex’, (2) the four species of Paragalaxias comprise a
monophyletic genus, (3) G. parvus and G. maculatus are not
closely related to any other included species, (4) Tasmanian
Galaxias species may not be monophyletic, and (5) the
genus Galaxias is likely to be paraphyletic.

2012 allozyme study of G. truttaceus
species group

The final allozyme dataset for this study comprised 91
individuals profiled at 57 putative loci (i.e. the dataset of
Morgan et al. (2016) plus landlocked sites of Tr22 (n = 8)
and Tr33 (n = 2)). A single fish identified by its allozyme

G. brevipinnis
G. pedderensis
G. ‘niger’

J26a ) )
—M | G. johnstoni
J26b

F14a
|'||_—F14b | G. fontanus
F14c

032a .
I_F|_—032b I G. olidus
032c
f_r—nggbI G. parvus
L pa2c P
aaee | e
c
i ) mesotes
PJ24a o
4|"PJ24b | P. julianus
PJ24c
PD23a .
—[[PDZBC I P. dissimilis
PD23b
PE23a

PE23b I P. eleotroides
PE23c

G. truttaceus
G. tanycephalus

M7a
’—LLEWb G. maculatus
| LR

N. cleaveri

NC12a
NC9c
NC12b
NC9a

! NC9b

Fig. 3. Neighbour-joining tree among the 63 individuals included in the 1985 allozyme overview
study, rooted using N. cleaveri. Individuals are labelled by a unique species code (a one- or two-letter
abbreviation) plus site; multiple individuals from the same site are labelled alphabetically. Highlighted
individuals: supplied as G. pedderensis (blue); supplied as G. niger (green); G. tanycephalus (yellow).
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Table 3. Pairwise genetic distances among species for the 1985 allozyme overview study.
Species Pe B N ) F o Pa A T Ta M NC PM P) PE PD
G. pedderensis (Pe) = 0.01 0.03 0.18 0.43 0.67 0.98 0.63 0.68 0.73 0.78 0.94 1.36 1.70 1.24 1.44
G. brevipinnis (B) 0 - 0.04 0.17 0.43 0.68 0.98 0.63 0.68 0.70 0.77 0.92 1.33 1.67 1.21 1.41
G. niger (N) 0 | — 0.18 0.46 0.65 1.08 0.63 0.68 0.73 0.73 0.89 1.34 1.67 1.22 1.42
G. johnstoni (J) 6 6 7 - 0.46 0.62 0.97 0.69 0.70 0.75 0.77 0.95 1.32 1.52 1.18 1.38
G. fontanus (F) 13 14 15 15 = 0.74 1.18 0.87 0.89 0.94 0.79 0.99 1.15 1.41 1.15 1.10
G. olidus (O) 21 20 20 20 22 - 0.65 0.54 0.52 0.56 0.68 0.80 1.02 1.03 0.93 0.94
G. parvus (Pa) 25 25 26 26 27 20 - 0.63 0.6l 0.64 0.84 1.25 1.20 1.22 1.17 1.04
G. auratus (A) 19 19 19 21 24 16 18 - 0.08 0.09 0.55 0.89 1.15 1.29 1.04 1.06
G. truttaceus (T) 20 20 19 21 23 15 18 3 — 0.06 0.52 0.95 1.23 1.34 I.14 I.16
G. tanycephalus (Ta) 21 21 20 22 26 16 18 2 - 0.57 0.86 1.24 1.32 1.14 1.14
G. maculatus (M) 22 21 20 21 22 21 23 17 16 17 = 0.92 1.19 1.29 1.09 1.05
N. cleaveri (NC) 24 24 23 25 25 21 27 23 24 23 24 - 1.17 1.03 1.32 1.18
P. mesotes (PM) 31 30 31 31 29 26 28 29 30 29 28 28 - 0.30 0.23 0.22
P. julianus (P)) 34 33 34 33 32 27 29 30 30 30 30 26 10 - 0.24 0.20
P. eleotroides (PE) 29 28 29 28 28 25 27 27 28 28 26 28 7 8 - 0.15
P. dissimilis (PD) 31 30 31 31 28 25 25 27 28 27 26 28 8 8 6 -

Lower triangle, number of fixed differences (allowing a cumulative 10% tolerance for any shared allozymes); upper triangle, unbiased Nei distances.

profile as a G. truttaceus X Galaxias oliros F; hybrid (Site Tr33, PP EE T N

Table 2) was excluded from this dataset. Allozyme frequencies G. auratus G. tn ”ttace“s/”/ ® 8 ™

by locus for each of the 16 sites are provided in Table S2. A /e ”» .f.. )

A PCoA of these 91 individuals displayed three primary A !~JW A " °

clusters, corresponding to the three member species in this < ‘\\ A/ '\‘ ' o® LA ‘.‘

group. Conventi‘on.all measures 'of‘ among-s‘pec?es gengtic il ——— % o

divergence are similar for all pairwise comb.lnatlons ‘(Nel D Q|| resast o 01T O \ site [O .\‘

range: 0.17-0.24); however, only G. auratus is fully diagnos- SInE o 90 5 0P oa \ @ 33 f

able by fixed differences (Fig. 4). In contrast, G. tanycephalus 2|la N B S F ;

and G. truttaceus are only marginally diagnosable by fixed g (‘<> \\‘ ‘\\ OO I,'I

differences, particularly when the latter is partitioned by [ AN site /

habitat type (see next section). G. tanycephalus \\ <>\‘ C@ 22 J

As expected for a widespread species, G. truttaceus \\ <>) \\\ d) ,,/

exhibited far greater genetic diversity than was present in = mateene

its two lacustrine congeners. However, less predictably, a Dimension 1= 21%

substantial proportion of this allozyme diversity (i.e. as Fig. 4. Scatterplot of the relative scores in the first two dimensions

shown in PCoA Dimension 2, Fig. 4) does not correlate with
geographic distance (e.g. over 3500 km between WA and
Tasmanian sites) but instead correlates well with whether
the site is landlocked or ‘coastal’ (e.g. with easy access to the
ocean). Indeed, putting aside species boundaries, a significant
proportion of the genetic diversity in this complex clearly
resides in landlocked habitats.

2022 combined allozyme analysis of G. truttaceus
species group

The final 2022 allozyme dataset comprised 265 individuals at
the 20 loci found to be polymorphic in the G. truttaceus
species group (Ovenden and White 1990; Ovenden et al.
1993). Allele frequencies at all 21 sampling events across

1120

for the principal coordinates analysis of 91 G. truttaceus group
individuals, based on the 2012 allozyme study. Species are identified by
a unique symbol corresponding to the cluster label. Symbols shown in
green represent fish from landlocked or lake populations (blue circles
for G. truttaceus being fish from ‘coastal’ sites that are presumed
diadromous). A pairwise genetic-distance matrix among the major
groups and subgroups is shown in the boxed inset; lower-left triangle
shows number of fixed differences (numbers in parentheses allow a 10%
tolerance for all shared alleles summed); upper right triangle shows
unbiased Nei Ds.

19 sites are summarised in Table S3 (Sites Ta21 and A19
were independently sampled in each stand-alone allozyme
screen). Four clusters corresponding to G. auratus,
G. tanycephalus, coastal G. truttaceus and landlocked
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Fig. 5.
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Unrooted neighbour-joining network for the combined 2022 allozyme dataset (all populations of the

G. truttaceus species group, profiled at 20 polymorphic loci). Populations represented in the 1985 study are in
bold blue text; those in the 1988 study (Ovenden and White 1990; Ovenden et al. 1993) are in bold red text.

Landlocked populations are highlighted in blue.

G. truttaceus are evident from the NJ network (Fig. 5) and
PCoA (Fig. 4), with the mainland Tr 33 site again being the
least divergent of the latter group. Importantly, this same
pattern holds even after the inclusion of additional landlocked
and coastal sites for G. truttaceus (Tr24 and Tr25 are lake
populations; Trl0 and Trl2 are coastal sites), plus the
addition of one extra site for both G. auratus (A18) and
G. tanycephalus (Site Ta20; Site Ta21 also represented by a
second sampling event).

Matrilineal genealogy for the Tasmanian galaxiids

The final mtDNA dataset comprised 100 cytb sequences of
length 1120 bp, representing all species and most popula-
tions. This included 68 novel sequences, 17 Genbank sequences
directly linked to the 2012 allozyme study (Morgan et al.
2016), and 15 Genbank sequences from other sources. RAXML
recovered a single tree and the rapid bootstrap search ended
after 450 replicates (Fig. 6). This tree shares many features
with the original allozyme overview study (Fig. 3). Both
analyses support the monophyly of (1) G. johnstoni and
G. fontanus with the G. brevipinnis ‘complex’, (2) the four
species of Paragalaxias, and (3) the three species in the
G. truttaceus species group. Likewise, both show that
G. maculatus and G. parvus are distinctive early branching
lineages, and both infer the genus Galaxias overall and
Tasmanian Galaxias in particular as being unlikely to be
monophyletic. A final point of similarity was the inability to
distinguish G. niger from G. brevipinnis; indeed, the same cytb
haplotype was present in both G. niger and the G. brevipinnis
collected from Reservoir Lakes in 2014 (Site 5; Fig. 6).

Notwithstanding the overall concordance of allozyme and
mtDNA perspectives, there are two notable differences
between them. First and foremost is the discrepancy between
the cytb haplotypes displayed by the two G. pedderensis
included in the 1985 allozyme study (Pe 2.1 and Pe 2.2,
Fig. 6) when compared with the true-to-label cytb haplotype
available on Genbank (accession number JN232623.1, from
Burridge et al. 2012). Although both datasets confirm that
G. pedderensis is closely related to G. brevipinnis, the mtDNA
results suggest that the fish allozymed in 1985 may not have
the same provenance as the separately sourced tissue
sequenced by Burridge et al. (2012). Second, although both
agree that the three members of the G. truttaceus species
group are closely related, two modest discrepancies are
evident; the nuclear markers suggest that G. tanycephalus and
G. truttaceus are sister species (Fig. 3-5), whereas mtDNA
places G. tanycephalus sister to G. auratus (Fig. 6). In
addition, the mtDNA shows that the landlocked population
near Shannon Lagoon (Site Tr22) is the only population of
G. truttaceus that harbours cytb haplotypes from each of the
two primary cytb subclades, which otherwise diagnose the
G. truttaceus versus G. tanycephalus—G. auratus matrilineal
dichotomy.

Discussion

Multi-locus genetic datasets (mostly involving allozyme
profiling in the pre-genomics era) have already played an
important role in species delineation and discovery for
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Fig. 6. Maximum-likelihood tree, based on 1120 bp of cytb and rooted using N. cleaveri. Nodes
with bootstrap support of 90% or more are indicated by an asterisk. As for Fig. 3, individuals are
labelled using their abbreviated species code (Ol = G. oliros) plus a site code (if known); multiple
individuals at a site are labelled numerically (.1, .2, etc.). Genbank exemplars (red) are labelled
with their accession number and, where traceable, their source site (Site 2# was the
translocated population of G. pedderensis, originally sourced from Site 2); all other sequences
were listed in Genbank only as from ‘Tasmania’. Highlighted sequences: G. truttaceus from Site
22 (Shannon Lagoon; yellow); F; hybrids (grey); G. pedderensis as included in the 1985 allozyme

study (blue); G. niger (green).

Australia’s freshwater fishes, and such datasets will inevitably
become even more valuable into the future (Hammer et al.
2013b). Most researchers now accept that the gold standard
for contemporary molecular systematics ought to centre
around genomic data, with single nucleotide polymorphisms
(SNPs) arguably the simplest and most cost-effective
approach at present (Leaché and Oaks 2017; Georges et al.
2018). However, this acknowledgement does not diminish
the ability of allozyme profiling to continue to provide
key taxonomic and conservation insights for groups where
genomic data are lacking (i.e. most of Australia’s freshwater
fishes). Indeed, recent studies have now demonstrated that
allozymes provide exceptional concordance with a companion
SNP dataset for the delineation of all primary and admixed
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lineages in every group examined thus far (Gadopsis,
Unmack et al. 2017; Hypseleotris, Unmack et al. 2019;
Retropinna, Unmack et al. 2022; Craterocephalus, Mogurnda
and Rhadinocentrus, M. Adams and P. J. Unmack, unpubl.
data), and can even provide comparable insights into fine-scale
population structure (Jusaitis and Adams 2005; Brooks et al.
2022).

Species boundaries in Tasmanian galaxiids

Despite occupying less than 1% of Australia’s total landmass,
Tasmania is home to 25% of its threatened freshwater fishes
(10 of the 40 species listed nationally as ‘extinct in the
wild’, ‘critically endangered’, ‘endangered’, or ‘vulnerable’;
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Lintermans et al. 2020; Department of Climate Change,
Energy, the Environment and Water 2022). All the threatened
Tasmanian species are galaxiids and most lack even the most
basic multi-locus genetic assessment of their taxonomic
integrity. Furthermore, their threatened status limits routine
contemporary sampling of tissues, thus placing additional
value on our historic tissue collections. In this light, the
genetic appraisals presented herein provide an important
baseline assessment of species boundaries plus an indepen-
dent perspective on evolutionary relationships in this
highly threatened group (Adams et al. 2014; Raadik 2014;
Page et al. 2018; Lintermans et al. 2020).

Both allozyme and mtDNA analyses were concordant in
unequivocally supporting the taxonomic validity of the
following Tasmanian galaxiids: G. fontanus, G. johnstoni,
G. maculatus, G. parvus, N. cleaveri, Paragalaxias dissimilis,
Paragalaxias eleotroides, Paragalaxias mesotes and Paragalaxias
julianus (all Tasmanian endemics except for N. cleaveri and all
of conservation concern apart from G. maculatus). These nine
species were readily diagnosable from each other at multiple
genes and, apart from a single F; hybrid, displayed no evidence
of hybridisation with co-occurring or sibling congeners. The
remaining six species fell into one of two distinctive species
groups, namely (1) a G. brevipinnis lineage (the diadromous
G. brevipinnis plus the lacustrine endemics G. pedderensis
and G. niger), or (2) the G. truttaceus complex (diadromous
and landlocked G. truttaceus plus the lacustrine endemics
G. auratus and G. tanycephalus).

Our G. pedderensis and G. niger exemplars, collected in
1985 and assigned to these taxa primarily on the basis of
being taken from the type locality for each species, were
genetically indistinguishable from G. brevipinnis for both
allozymes and cytb. Such an outcome has two possible
explanations, namely (1) the fish collected in 1985 were
actually G. brevipinnis and thus the real endemics were not
sampled, or (2) both endemic ‘species’ are simply lacustrine
populations of G. brevipinnis that have undergone discernable
phenotypic divergence since being isolated from coastal
populations. Unfortunately, no voucher specimens were
collected at that time to distinguish between these alternatives.
In the case of G. pedderensis, we suggest that the first
explanation (i.e. genuine G. pedderensis were not collected
in 1985) is the most tenable, for two reasons. First, the
G. pedderensis sourced by Burridge et al. (2012) displayed a
cytb haplotype that was sister to but distinct from all
G. brevipinnis haplotypes (n = 16; Fig. 6) plus was genetically
most similar to G. johnstoni rather than to G. brevipinnis for
two nuclear genes (S7 and RAG-1; Fig. 7), and thus seems
genuine. Second, historical records indicate that G. brevipinnis
was known to have colonised Lake Pedder by the early 1980s,
although intensive surveys failed to detect G. pedderensis in the
lake itself after 1987 (Chilcott et al. 2013). Thus, it is plausible
that the fish collected from Lake Pedder in 1985 were
G. brevipinnis rather than G. pedderensis.

In contrast to G. pedderensis, all available genetic data
suggest that G. niger is likely to represent a darker, conspecific
form of G. brevipinnis (see also Fulton 1990; McDowall and
Fulton 1996; Hardie et al. 2006; Raadik 2014). Nevertheless,
these data cannot exclude the possibility that, as for
G. pedderensis, there was once an endemic galaxiid in
Reservoir Lakes when first collected, but which subsequently
became rare or was extirpated following colonisation by
G. brevipinnis. This possibility could be confirmed or refuted
in either of two ways. First, an explicit morphological
comparison of the two species could re-assess the original
assertion by Andrews (1985) that G. niger is readily
diagnosable from G. brevipinnis on the basis of the latter’s
large, paired fins and canine teeth (the two species were not
otherwise compared). Second, it is now possible to generate
genomic data from formalin-preserved voucher specimens,
an approach that would help resolve this and many other
taxonomic grey areas (Card et al. 2021), including any
uncertainty surrounding G. pedderensis.

As well as confirming previously observed low levels of
genetic divergence between G. truttaceus and its sister species
G. auratus and G. tanycephalus (Ovenden et al. 1993; Morgan
et al. 2016), our study further explored the relationships
among these species by including allozyme and mtDNA
assessments of additional landlocked G. truttaceus (Sites
Tr22, Tr24, Tr25 in Tasmania, and Tr 33 from the Murray-
Darling Basin; Fig. 2, 4-6). Together these analyses showed
a consistent pattern whereby landlocked G. truttaceus
display levels of nuclear genetic divergence from their
diadromous coastal counterparts that mirror those between
the three species themselves (Fig. 5). Importantly, whereas
most landlocked G. truttaceus individuals exhibited the cytb
subclade unique to this species, three of the five fish from
Shannon Lagoon (Site Tr24) possessed a haplotype belonging
to the subclade representing the two landlocked species
(Fig. 6). Given how similar both subclades are to one another
(average cytb sequence divergence = 2% and minimal
divergence at S7 and RAG-1; Fig. 7), such an outcome
either reflects lineage sorting among recently diverged taxa
or post-isolation gene flow, both further indicators of the
close affinities among these three species.

Evolutionary relationships

Our nuclear and matrilineal datasets complement and support
the comprehensive, family-wide phylogeny of Burridge et al.
(2012). Both studies found that the Tasmanian galaxiids are a
heterogeneous assembly of evolutionarily distinct species
(herein G. maculatus, G. parvus and N. cleaveri, but also
including G. pusilla and L. sealii), plus three distinctive and
monophyletic clades, namely, Paragalaxias, the G. brevipinnis
complex (herein G. brevipinnis, G. ‘niger’, G. pedderensis,
G. johnstoni and G. fontanus, plus many other galaxiids from
New Zealand and New Caledonia), and the G. truttaceus
complex (G. truttaceus, G. auratus and G. tanycephalus).
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0.2%

G. fontanus JN232683.1

G. tanycephalus JN232697.1
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Fig. 7. Neighbour-joining trees constructed using p-distances for G. brevipinnis and G. truttaceus
complex species, on the basis of the published sequences for two nuclear genes of S7 and RAG-/
(Burridge et al. 2012). Sequences are labelled with their Genbank accession numbers. Nodes
with bootstrap support of 90% or more are indicated by an asterisk.

Both studies also demonstrated that the genus Galaxias is not
monophyletic, particularly with respect to Paragalaxias,
which, along with G. parvus, appears to have closer evolutionary
ties to members of the G. olidus complex in south-eastern
Australia (Fig. 3; Burridge et al. 2012).

Isolation and landlocking as drivers of speciation

As Burridge et al. (2012) have already published a thorough
exploration of evolutionary patterns, biogeographic affinities
and life-history characteristics for the Galaxiidae, further
discussion here will be limited to one key evolutionary theme
applicable to this group, namely landlocking. Detailed studies
of galaxiids, both in Australia and elsewhere, have demon-
strated that the establishment of a non-migratory landlocked
population from a diadromous, vagile ancestor has often
driven rapid morphological, ecological and genetic diver-
gence in the newly founded population which, if left
untainted by subsequent gene flow, may ultimately result
in speciation (Humphries 1990; Waters and Wallis 2001;
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Zattara and Premoli 2005; Waters et al. 2010). This
phenomenon is most notable in the extended clade of
species containing the diadromous G. brevipinnis and its
many congeners (especially in New Zealand and, as further
demonstrated herein, for Tasmania; Burridge et al. 2012).
Moreover, it may also explain speciation events in two of
Australia’s other galaxiid species complexes, one involving
the diadromous G. maculatus and its non-migratory sister
species G. rostratus and G. occidentalis, and the other being
the G. truttaceus complex in Tasmania.

Our genetic data for the G. truttaceus complex showed a
range of populations at differing stages along the path from
landlocking to speciation. Mirroring an earlier morphological
study (Humphries 1990), lacustrine populations of
G. truttaceus displayed levels of genetic divergence from
their diadromous counterparts that approached those among
the three described species within the complex. Given that the
budding of isolated populations from a vagile ancestor seems
to be a common life-history characteristic of galaxiids,
isolated populations of G. truttaceus and other species
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ought to be priority candidates for any genomic search for
cryptic species or to identify high-value populations for
conservation. A landlocked population of G. truttaceus in
the Murray-Darling Basin (Site Tr33), variously regarded as
either a bait bucket introduction or long-lost native popula-
tion (Humphries 2009), was genetically intermediate between
lacustrine and diadromous, which implies that it may either be
native to the region or display a founder effect after transloca-
tion. This prediction requires mtDNA combined with SNPs or
similar genomic data to confirm which scenario is in play.

Conservation perspectives

Freshwater fishes are well known for their tendency to
hybridise with congeners (Verspoor and Hammart 1991,
Hammer et al. 2013b), particularly after experiencing
anthropogenic habitat modification (McFarlane and Pemberton
2019). We detected two F; hybrids in this study, both
involving sympatric species from quite different evolutionary
lineages (G. brevipinnis and G. truttaceus, Site 24; G. truttaceus
and G. oliros, Site 33) and neither identified a priori on the
basis of external appearance. Unacknowledged introgression
from widespread common species can seriously affect
conservation efforts for rarer and narrowly distributed
species (Guildea et al. 2015; Frankham et al. 2017),
particularly if managers unwittingly choose only admixed
populations for conservation management or as source
populations for future translocations.

In recognition of these concerns, Adams et al. (2011)
advocated that congeneric species should initially be
included in any ‘best practice’ conservation genetic or genomic
study of an imperilled freshwater fish if at least one of the
following criteria was satisfied for the target species and its
congener:

currently sympatric or parapatric, currently allopatric
but with a reasonable likelihood of prior sympatry or
parapatry, allopatric but co-occurring in a natural
corridor (e.g. a river) capable of facilitating gene flow,
or conspecific prior to a taxonomic revision [Adams
et al. 2011, p. 768].

With conservation concerns over so many Tasmanian
galaxiids, our study effectively satisfies this recommenda-
tion by demonstrating that all vulnerable species were, in the
1980s, readily diagnosable at multiple unlinked loci except for
those involved in the G. brevipinnis—pedderensis—niger’ and
G. truttaceus—tanycephalus—auratus complexes. Nevertheless,
as anthropogenic-directed catchment changes, accidental and
deliberate translocations, and climate change have seen
G. brevipinnis colonise new catchments in Tasmania and
elsewhere (e.g. the Murray-Darling Basin; Waters et al. 2002),
conservation managers should always be mindful of the
potential for hybridisation and cryptic introgression between
congeneric species.

Future molecular research priorities

In the current age of genomics, it is likely that all future
molecular genetic explorations of species boundaries,
population structure, and wildlife conservation will aspire
to large-scale SNP datasets (Georges et al. 2018). One such
study is already being undertaken on taxonomic integrity
and population structure in the Swan River galaxias
G. fontanus (Bruce Deagle, CSIRO, pers. comm.) and the
fine-scale assessments provided for the few remaining natural
populations and their translocated counterparts will be
invaluable in guiding future management efforts. We advocate
comparable studies for all of Tasmania’s imperilled galaxiids,
using the evolutionary and taxonomic affinities presented
herein to guide which studies can be stand-alone and which
require the inclusion of a few samples of the relevant
congeners (e.g. G. brevipinnis ought to be included in any
conservation genomic study of G. pedderensis). Such studies
can be non-invasive (Le Vin et al. 2011) and need not
involve large sample sizes to be highly informative, provided
they include all known populations and, if possible, historic
exemplars (Baverstock and Moritz 1996; Card et al. 2021).
A second molecular research priority ought to be the
contemporary genomic sampling of all landlocked populations
of apparently common species, to assess the possibility they
represent unacknowledged ‘cryptic’ species (whether truly
cryptic or simply not identifiable a priori morphologically).
Even if shown to be conspecific, the levels of genetic
diversity contained in landlocked populations are often
disproportionally high compared with those in other, more
connected populations. Such populations merit recognition
as having high value conservation and evolutionary potential
should the species suffer future declines in abundance.

Supplementary material

Supplementary material is available online.
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