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The species is often described as the basic unit of biology, yet defining what constitutes a species 
has been a long-standing challenge. The advent of modern molecular techniques in conjunction 
with advanced analytical approaches now provide new opportunities for the robust and repeatable 
delineation of taxa from previously difficult to assess species complexes. Using marine mussels of the 
genus Mytilus (smooth-shelled blue mussels of the globally distributed Mytilus edulis species complex) 
we tested regionally differentiated putative taxa from the Northern and Southern hemispheres 
using a Bayesian species delimitation model that infers species trees. Using a multilocus panel of 
54 single nucleotide polymorphic loci (SNPs) we tested four alternative hypotheses against the 
hypothesis of the currently recognised taxonomy to better understand the evolutionary history and 
the contemporary species of this complex. Only one model provided a better fit than the contemporary 
taxonomy model: this best fit model included the three reference Northern hemisphere taxa (M. edulis, 
M. galloprovincialis, M. trossulus) plus M. chilensis (Chile), M. platensis (Argentina), M. planulatus 
(Australia) and the newly recognised M. aoteanus (New Zealand). Phylogenetic reconstruction based 
on our nuclear DNA-based SNP data suggests that M. trossulus is the oldest of the modern smooth-
shelled blue mussels, that a first migration event from the north to the south occurred that gave rise 
to M. platensis and M. chilensis in South America, subsequently that M. edulis and M. galloprovincialis 
diverged in the Northern hemisphere, and that subsequently again there was a second migration 
event from the north that gave rise to M. planulatus in Australia and M. aoteanus in New Zealand. Our 
findings provide very strong support for earlier mitochondrial DNA-based phylogenetic findings for 
globally distributed blue mussels and also help to clarify uncertainty about the number of north-to-
south migration events that gave rise to important Mytilus speciation events in South America and in 
Australasia.
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Species delimitation is a crucial task in taxonomic studies that involves identifying and defining distinct species 
within a taxonomic group1. The process of species delimitation plays a critical role in resolving taxonomic 
problems and understanding the biodiversity and genetic diversity within species complexes2,3. One such 
taxonomic problem is the delimitation of species within the global complex of marine smooth-shelled blue 
mussels (family Mytilidae), specifically the Mytilus edulis species complex4,5. The existence of this mussel 
complex has long been recognised in the Northern hemisphere6–9, but the taxonomic status of a number of 
different regionally distributed blue mussels in the Southern hemisphere is much less clear and requires further 
attention4.

Smooth-shelled blue mussels of the genus Mytilus are anti-tropically distributed bivalve molluscs9 that hold 
significant ecological10,11 and economic importance12–14. However, whilst the distribution of smooth-shelled blue 
mussels throughout the world at regional scales is well established (reviewed by Gardner et al.4) the taxonomic 
classification of the Southern hemisphere mussels (e.g., Chile, Argentina, New Zealand, Australia, Southern 
Ocean islands including the Falkland Islands, Kerguelen Islands, Campbell Islands, Auckland Islands) is still 
not entirely clear, and at times has been hotly debated4,15. The application of species delimitation methods to 
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the analysis of genetic data has proven invaluable in resolving taxonomic issues within the Mytilus edulis species 
complex. By using both nuclear and mitochondrial genetic data, researchers have been able to assess species 
boundaries and recognise distinct species within the complex5. Studies conducted during the last 20 years that 
have focussed on the description and/or delimitation of mussels in South America5,15–17, Australia18–20, New 
Zealand21 and islands of the Southern Ocean22,23 have contributed to our understanding of the taxonomic 
diversity and genetic integrity of native populations, as well as the threats posed by climate change, introduced 
species and hybridisation4,16,21,24–26.

Single nucleotide polymorphisms (SNPs) have emerged as powerful markers for species delimitation in recent 
years27. SNPs are highly informative genetic markers that can provide valuable insights into genetic diversity and 
population structure28,29. They are advantageous because they can be easily identified and genotyped with high 
throughput technologies30. Furthermore, the use of large sets of informative markers, such as SNPs, allows for 
accurate and robust delimitation of closely related species27. SNPs have been applied in species delimitation 
studies, particularly in taxonomically challenging groups that exhibit cryptic speciation processes. For example, 
species delimitation analyses using genome-wide SNPs have been conducted for various taxa, including turtles27, 
plants31, fishes32, sponges33, butterflies34, rodents35, and frogs36. These studies have demonstrated the utility and 
effectiveness of SNP-based approaches for resolving taxonomic problems and improving the understanding of 
species boundaries.

Whilst it is difficult to estimate the species tree for a group of organisms that has recently diverged, such as 
the Mytilus edulis complex, the use of a coalescent model is the most informative and robust methodological 
approach37,38. Coalescence analyses have been implemented in various software packages and can use different 
types of input data (sequence data, polymorphic sites, etc.). However, only a small number of software packages 
allow estimates of species trees directly from SNP data. This approach has the advantage that there is no 
recombination within a locus because each locus is a single SNP. In addition, SNP data are the most robust 
markers of the genome, therefore they represent particularly well the genetic differences between species39. 
However, it would be extremely demanding, from a computational point of view, to estimate the individual 
genealogy of each SNP locus, and even if it could be done, such locus-specific results would be of low resolution. 
To address this, some computational tools (e.g. SNAPP) have adopted a strategy that mathematically integrates 
all possible genealogies for each SNP locus. This method allows for estimating the probability of allele frequency 
changes between ancestor-descendant nodes40, making it a highly efficient approach—surpassing other 
methods—for species delimitation.

Leaché et al.41 addressed the problem of species delimitation using estimation of marginal probabilities. This 
method requires the a priori specification of models that incorporate the candidate species to be evaluated, 
allowing for the estimation of each model’s marginal likelihood. Bayes factors are then employed to compare 
alternative species delimitation models that differ in the number of inferred species—an approach referred to 
as Bayes Factor Delimitation (BFD). BFD relies on path sampling to estimate the marginal likelihood (ML) 
of population divergence models directly from SNP data, without the need to integrate over gene trees. This 
approach circumvents the requirement of specifying a guide tree to represent the true species relationships, a 
step that often introduces potential sources of error42.

The objective of the present paper was therefore to test for SNP-based global species boundaries in regional 
representatives of the Mytilus edulis species complex from the Southern hemisphere in the context of accepted 
reference species from the Northern hemisphere. This approach utilises an hypothesis testing framework 
that permits the testing of multiple different options (putative species designations or groupings) based on 
geographically differentiated taxa - that is, putatively different species.

Materials and methods
Samples
A total of 106 mussels was randomly collected from 21 sampling sites across 12 countries (Table 1; Fig. 1). Details 
of the collection methods, dates of collection, storage methods and the sampling sites are described for mussels 
from Argentina by Zbawicka et al.17, from Australia by Zbawicka et al.20,22, from Chile by Larraín et al.15, and 
from New Zealand by Gardner et al.21. Reference Northern hemisphere mussels (M. edulis, M. galloprovincialis, 
M. trossulus) were collected from Canada, France, Italy, the Netherlands, Northern Ireland (UK), Ukraine, 
Spain and the United States. The reference Northern hemisphere mussels were collected from localities at which 
earlier work had shown ‘pure’ reference species to exist (reviewed in Gardner et al.4). Mussels from reference 
populations of each pure Northern Hemisphere species were included to encompass the greatest possible 
intraspecific variation. All these mussels, from both the Northern and Southern hemispheres, have previously 
been used in regional analyses investigating genetic structure based on SNP marker variation15,17,20–22.

  

DNA extraction and SNP calling
DNA extraction and quantification methods have been described by Gardner et al.21, Larraín et al.15, and 
Zbawicka et al.17,20,22. Samples were genotyped using the Sequenom MassARRAY iPLEX platform44. In total, 54 
independent nuclear SNP loci were identified that were taxonomically informative at the global scale15,17,20–22, 
with sequences deposited in GenBank (KT713378–82; HQ257471; KJ871039–57; KT713368–74). Linkage 
disequilibrium and assignment to chromosomes was checked and reported in previous studies21,45,46. It is these 
54 SNPs for the 106 mussels from 12 countries and 21 sampling sites that are employed in the analyses described 
below.
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Bayes factor delimitation (BFD)
We performed the BFD analysis using SNAPP40, implemented as a plugin in BEAST v.2.447. To define the 
candidate species models, previously published information was used (e.g. 5,15,17,20–22). We tested six different 
models, including the currently accepted taxonomy (model A) as obtained from the World Register of Marine 
Species (WoRMS - https://www.marinespecies.org/), which was contrasted with five alternative models (models 
B-E) (Table 2). All six models included the accepted Northern hemisphere species including their intraspecific 
variability (M. edulis, M. galloprovincialis, M. trossulus) and models B to E had, variously, 1, 2, 3 or 4 additional 
Southern hemisphere putative species combinations that were selected to reflect possible different speciation 
scenarios (reviewed by Gardner et al.4). We estimated the marginal likelihood of each model by running path 
sampling with 24 steps (15,000 MCMC steps, 1500 pre-burn in steps). The Bayes Factor (BF) test statistic 
(2*ln(BF)) was then used to compare the strength of support according to the framework of Kass & Raftery48. 
A positive BF test statistic (2 × loge) reflects evidence in favour of model 1 (the first or null model being tested), 
whereas a negative BF value is considered as evidence favouring model 2 (the alternative model). The BF scale is 
as follows: 0 < 2×logeBF<2 is not worth more than a bare mention, 2 < 2 × loge BF < 6 is positive evidence, 6 < 2 
× loge BF < 10 is strong support, and 2 × loge BF > 10 is decisive.

Species trees
Species tree reconstruction was performed using the Bayesian package SNAPP, implemented in BEAST v2.447. 
This method is specifically designed to infer species trees directly from biallelic SNP data, without the need to 
reconstruct gene trees for individual loci. Instead, SNAPP estimates the species tree by mathematically integrating 
over all possible genealogies for each SNP49. The tree was reconstructed based on the species’ assignments 

Country/site Site code Coordinates N Status

Australia

 Port Arthur PORA 43° 08ʹ 29.9ʺ S; 147° 51ʹ 23ʺ E 5 Putative M. planulatus

Argentina

 Comodoro Rivadavia COM 45° 56ʹ 00.0ʺ S; 67° 32ʹ 00.0ʺ W 5 Putative M. platensis

 Isla de los Pájaros IPL 42° 25ʹ 16.6ʺ S; 64° 30ʹ 58.9ʺ W 5 Putative M. platensis

Canada

 Halifax KKAT 44° 30ʹ 33.8ʺ N; 63° 29ʹ 24.9ʺ W 5 Reference M. trossulus

 Vancouver VAN 49° 40ʹ 19.0ʺ N; 124° 56ʹ 34.0ʺ W 6 Reference M. trossulus

Chile

 Abtao, Chiloé Island CHT 42° 24ʹ 0.54ʺ S; 74° 24ʹ 0.54ʺ W 5 Putative M. chilensis

 Golfo de Trinidad CHGT 49° 50ʹ 43.7ʺ S; 75º 22ʹ 8.85ʺ W 5 Putative M. chilensis

France

 Loire LOI 47° 14ʹ 43.8ʺ N; 02° 13ʹ 48.8ʺ W 5 Reference M. edulis

Italy

 Oristano ORI 39° 47ʹ 59.8ʺ N; 08° 31ʹ 09.7ʺ E 5 Reference M. galloprovincialis

Netherlands

 Oosterschelde NLO 51° 50ʹ 07.1ʺ N; 03° 49ʹ 18.21ʺ E 5 Reference M. edulis

New Zealand

 Akaroa AKAR 43° 40ʹ 19.0ʺ S; 172° 54.0ʺ E 5 Putative M. aoteanus

 Chatham Island CHAI 43° 35.956 S; 176° 39.939 W 5 Putative M. aoteanus

 Greymouth GREY 42° 27.457 S; 171° 12.357 E 5 Putative M. aoteanus

 Kaikoura KAIK 42° 24.260 S; 173° 41.103 E 5 Putative M. aoteanus

 Point Kean PKEA 42° 26.067 S; 173° 41.476 E 5 Putative M. aoteanus

 Ringitingi Beach RINB 46° 53.259 S; 167° 59.907 E 5 Putative M. aoteanus

 Wharariki Beach WHBE 40° 30.223 S; 172° 39.592 E 5 Putative M. aoteanus

United Kingdom (Northern Ireland)

 Lough Foyle LGF 55° 5ʹ 35.05ʺ N; 07° 04ʹ 48.9ʺ W 5 Reference M. edulis

Ukraine

 Azov Sea AZO 45° 43ʹ 51.7ʺ N; 35° 5ʹ 0.26ʺ E 5 Reference M. galloprovincialis

Spain

 Camarinal CAM 36° 4ʹ 48.01ʺ N; 5° 47ʹ 58.0ʺ W 5 Reference M. galloprovincialis

USA

 Indian River, Delaware IRD 38° 36ʹ 27.3ʺ N; 75° 03ʹ 37.8ʺ W 5 Reference M. edulis

Total number of mussels 106

Table 1.  Country and sampling site names, site codes, geographical coordinates of sites, number of specimens 
used per site in this analysis (N), and taxonomic status (putative or reference) of the mussels.
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defined by the selected species group (model B). Independent runs were conducted using a Markov Chain 
Monte Carlo (MCMC) chain length of 4,000,000 iterations, with samples taken every 100 steps, resulting in a 
total of 40,000 samples per analysis. The first 20% of the samples (8,000) were discarded as burn-in. Convergence 
of Bayesian analyses was verified in Tracer v1.5 by examining trace plots and ensuring effective sample size (ESS) 
values > 200 for all estimated parameters (posterior, likelihood, θ, λ, tree height). Two independent SNAPP runs 
yielded consistent posterior estimates, indicating convergence. The output files were compared and combined 
using LogCombiner v1.8.1. The remaining trees were summarised using TreeAnnotator (included with the 
BEAST package) to obtain a consensus species tree with posterior probabilities assigned to each node. The tree 
was rooted according to the Yule speciation model, taking into account the ancestry of Mytilus trossulus9,50. 
All analyses were carried out on the CIPRES Science Gateway (https://www.phylo.org), which facilitated the 
computational demands of the SNAPP model—particularly important given the high resource requirements 
associated with large SNP datasets.

Results
In total, five different models covering a range of possible speciation scenarios were tested. The first model 
(model A) represented the current taxonomic situation as described by WoRMS, with the three reference 
Northern hemisphere species plus three putative Southern hemisphere species. Subsequent models (B to E) 
tested various combinations of putative Southern hemisphere species in conjunction with the three reference 
Northern hemisphere species. The Bayes Factor (BF) score for each model was compared to the BF score for 
model A. Three of the alternative models (C, D and E) had BF scores larger than that of model A, meaning 
that they were less well supported than model A. However, model B [the three Northern hemisphere reference 
species plus M. chilensis (Chile), M. platensis (Argentina), M. planulatus (Australia) and M. aoteanus (New 
Zealand)] had a lower BF score than model A, making model B the best fit model overall (Table 3). The model 
with the lowest level of support was that for the three reference Northern hemisphere species plus all Southern 
hemisphere mussels in one group (i.e., model E with four species).

BEAST was used to construct the species tree of the best supported model (Fig. 2). This tree revealed the 
early origin of M. trossulus, followed by the origin of the South American mussels (M. chilensis and M. platensis), 
then the separation of North Atlantic M. edulis from Mediterranean Sea M. galloprovincialis, and finally the 
divergence between the Australasian blue mussels (M. planulatus in Australia and M. aoteanus in New Zealand). 
Bootstrap support values for all of these branching events were 100%, except for the split between M. edulis and 
M. galloprovincialis, which was 81% (Fig. 2).

  

Discussion
The taxonomy of the smooth shelled blue mussels of the Mytilus edulis species complex has been uncertain for 
decades52–54 and has been revised following the recognition of a new species or as the status of, for example, 
a subspecies is no longer accepted (e.g. 4,5,55). Recently, modern genetic markers such as single nucleotide 
polymorphisms (SNPs) and advances in statistical analyses have helped resolve longstanding questions about 
species boundaries within various species complexes. Here, we apply a Bayesian framework to test hypotheses 

Fig. 1.  Map of the location of the reference and sample sites. The colour of the codes represents the current 
taxonomy according to WoRMS of the species of the Mytilus edulis species complex (red = M. galloprovincialis; 
black = M. trossulus, purple = M. edulis, light green = M. chilensis; dark green = M. platensis, light blue = M. 
planulatus). The map was created using the rworldxtra v1.0 package running on the R project43.
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about species boundaries of putative smooth-shelled blue mussel species at the global level, and then we examine 
the phylogenetic history of these mussels. We find evidence of the need to recognise a new species and also our 
nuclear DNA-based testing confirms earlier mitochondrial DNA-based methods that examined the evolutionary 
history of these mussels, including the number of migration events from north to south, and the relative timing 
of these events.

Model Number of putative species MLE BF score Rank

Model A, current taxonomy 6 − 2331,79912 – 2

Model B 7 − 2196,40401 − 270.8 1

Model C 5 − 2481,67500 299.8 4

Model D 6 − 2397,52080 131.4 3

Model E 4 − 3026,41392 1389.2 5

Table 3.  Empirical results for BFD species delimitation in the Mytilus edulis species complex (model details 
are presented in Table 2). MLE = Marginal likelihood estimate (loge); BF = Bayes factor (2×loge); Rank – 
ranking of models (1 = best fit; 5 = poorest fit) as determined from the BF scores.

 

Species Population codes

Model A = 6 species—current taxonomy

 M. trossulus KKAT, VAN

 M. galloprovincialis CAM, ORI, AZO

 M. edulis IRD, LGF, LOI, NLO

 M. chilensis CHGT, CHT

 M. platensis COM, IPL

 M. planulatus PORA, CHAI, AKAR, GREY, KAIK, PKEA, RINB, WHBE

Model B = 7 species

M. trossulus KKAT, VAN

 M. galloprovincialis CAM, ORI, AZO

 M. edulis IRD, LGF, LOI, NLO

 M. chilensis CHGT, CHT

 M. platensis COM, IPL

 M. planulatusa PORA

 M. aoteanusa CHAI, AKAR, GREY, KAIK, PKEA, RINB, WHBE

Model C = 5 species

 M. trossulus KKAT, VAN

 M. galloprovincialis CAM, ORI, AZO

 M. edulis IRD, LGF, LOI, NLO

 M. platensisa COM, IPL, CHGT, CHT

 M. planulatus PORA, CHAI, AKAR, GREY, KAIK, PKEA, RINB, WHBE

Model D = 6 species

 M. trossulus KKAT, VAN

 M. galloprovincialis CAM, ORI, AZO

 M. edulis IRD, LGF, LOI, NLO

 M. platensisa COM, IPL, CHGT, CHT

 M. planulatusa PORA

 M. aoteanusa CHAI, AKAR, GREY, KAIK, PKEA, RINB, WHBE

Model E = 4 species

 M. trossulus KKAT, VAN

 M. galloprovincialis CAM, ORI, AZO

 M. edulis IRD, LGF, LOI, NLO

 Mytilus spp.a CHAI, AKAR, GREY, KAIK, PKEA, RINB, WHBE, PORA, COM, IPL, CHGT, CHT

Table 2.  Current taxonomy (model A) and four candidate models (B to E) of species within the Mytilus edulis 
species complex. aGroupings that are different from the current taxonomy (Model A). These models contain 
either a species that is not currently recognised by WoRMS (e.g., M. aoteanus) or they contain geographic 
combinations of mussels (e.g., M. platensis = mussels from Chile + Argentina) that do not match the current 
recognised species-specific distributions.
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How many species of smooth-shelled blue mussels are there?
At the time of writing, the World Register of Marine Species (WoRMS -https://www.marinespecies.org/) 
recognises six species of smooth-shelled blue mussels: Mytilus chilensis Hupé, 1854, Mytilus edulis Linnaeus, 
1758, Mytilus galloprovincialis Lamarck, 1819, Mytilus planulatus Lamarck, 1819, Mytilus platensis A. d’Orbigny, 
1842, and Mytilus trossulus A. Gould, 1850. Using our SNP panel and taking the accepted WoRMS taxonomy 

Fig. 2.  Species tree based on the best fit model (model B) from the Mytilus edulis species complex estimated 
with 54 SNP loci. Posterior probabilities are shown on branches. FigTree v1.4.2 software51 was used to visualize 
the tree.
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as our starting (null) hypothesis we tested four alternative hypotheses with various combinations of species 
and/or geographic groupings of mussels. Only one alternative hypothesis provided a better fit than the current 
taxonomy. This best fit model involved the separation of native Australian mussels from native New Zealand 
mussels, with all other aspects of the currently recognised taxonomy being retained. It was Powell56 who first 
described M. aoteanus, collected from Wellington Harbour, based on shell morphometric differences when 
compared to native Australian mussels. These differences included ‘…. the dorsal slope (longer in New Zealand 
shells), hinge teeth (fewer in New Zealand shells), shape of the posterior retractor scar (narrower in New Zealand 
shells) and the anterior adductor scar (larger in New Zealand shells)’ (Gardner et al.4, p. 167). However, very 
soon after, the species status of M. aoteanus was changed by Fleming57 to subspecies status in keeping with the 
globally recognised M. edulis complex (e.g. 58) – thus, M. edulis aoteanus57. Since this time, various authors 
have employed the subspecies or full species forms of nomenclature for native New Zealand mussels (reviewed 
by Gardner et al.4), although, as noted above, neither the binomial nor the trinomial form is recognised by 
WoRMS. Nonetheless, we now know that there are clear shell morphometric56,59, shell shape59, genetic20,22,60 and 
species delimitation (present paper) differences between native Australian (the distribution of M. planulatus is 
centred around the island of Tasmania) and native New Zealand mussels, and these are, we suggest, sufficient to 
recognise the full specific status of M. aoteanus when applied to native New Zealand mussels. This would mean 
that there are, in fact, seven species of smooth-shelled blue mussel at the global level.

The evolutionary history of the Mytilus edulis species complex
Based on our panel of taxonomically informative SNP loci and the best fit species delimitation model, we used 
BEAST to construct a phylogenetic tree that best reflects the evolutionary history of the seven species of smooth-
shelled blue mussels. Consistent with earlier interpretations, M. trossulus (which is thought to have a North 
Pacific Ocean origin – 9,50,60) was recognised as the oldest species. The next oldest branch on the tree gives rise 
to the two South American taxa, M. chilensis on the Pacific Ocean coast and M. platensis on the Atlantic Ocean 
coast, which are thought to be derived from Northern hemisphere mussels. This finding supports the conclusion 
of Gérard et al.60 based on COI and 16 S mitochondrial DNA sequencing, who highlighted pronounced genetic 
differentiation between Northern and Southern hemisphere blue mussels and who suggested that this split pre-
dated the divergence between Northern hemisphere M. edulis and M. galloprovincialis. Our nuclear DNA SNP-
based results confirm this interpretation. Gérard et al.60 dated the Northern versus Southern hemisphere split to 
be between 0.5 M and 1.3 M ybp (average 0.84 M ybp), an estimate that places the event during the Pleistocene 
(0.01–1.8 M ybp) and which is reasonably consistent with the earlier estimate produced by Hilbish et al.9 of 1.2 M 
ybp based on sequence variation of the 16 S gene. The next bifurcation in our tree is for the Northern hemisphere 
M. edulis (Atlantic Ocean) and M. galloprovincialis (Mediterranean Sea), followed by a second, quite recent, 
migration event from the Northern to the Southern hemisphere, to give rise to M. planulatus in Australia and M. 
aoteanus in New Zealand. Hilbish et al.9 reported evidence of this second north to south migration event, while 
Gérard et al.60 noted that the evidence supported two migration events (with differential barriers to nuclear 
and mitochondrial gene flow) or a single migration event and ‘a view of the composition of the nuclear genome 
biased by taxonomic preconception’ (Gérard et al. 60, p. 84). In other words, Gérard et al.60 are saying that if one 
views the Australasian mussels as part of the Mytilus edulis species complex and not as taxa distinct from it then 
the interpretation is one historical migration event (to South America only) but if one views the Australasian 
mussels as being distinct (i.e., as M. planulatus in Australasia or as M. planulatus in Australia and as M. aoteanus 
in New Zealand) then the interpretation is two events (to South America and then to Australasia). However, it 
is possible that the first migration event occurred earlier than either molecular study suggests, given that the 
fossil record indicates the presence of Mytilus deposits along both coasts of South America dating back to the 
Miocene epoch (~ 5.3–23 million years before present), which contain native blue mussels (Kiel and Nielsen61, 
as reviewed in Gardner et al.4). Most recently, Popovic et al.26 estimated that Australian M. planulatus diverged in 
allopatry from Northern hemisphere M. galloprovincialis between 0.1 and 0.6 M ybp (their work did not include 
native New Zealand mussels) thereby strongly supporting the hypothesis of a second, recent, migration event. 
Based on our current taxonomic understanding of M. planulatus in Australia and M. aoteanus in New Zealand 
as separate species then the two-event interpretation (as proposed by Hilbish et al. 9 and as discussed by Gérard 
et al.60) is strongly supported by our SDM findings.

Our nuclear DNA SNPs-based findings are in full agreement with the mitochondrial DNA-based results of 
Hilbish et al.9 and Gérard et al.60 and the SNPs-based work of Popovic et al.26, and provide strong support for 
the origin of two South American species before the origin of M. edulis and M. galloprovincialis in the Northern 
hemisphere, and also for the origin of two Australasian species after the northern origin of M. edulis and M. 
galloprovincialis. At the moment, the timing of the split between M. platensis (Atlantic Ocean) and M. chilensis 
(Pacific Ocean) in South America, and the timing of the split between M. planulatus (Australia) and M. aoteanus 
(New Zealand) in Australasia cannot be determined. The main limitation in estimating divergence times lies 
in the lack of reliable fossil records that would allow for a robust molecular clock calibration for the Southern 
Hemisphere Mytilus lineages. However, based on the most likely scenario of a North Atlantic to South Atlantic 
Ocean route of colonisation9, it seems likely that in the first migration event smooth-shelled blue mussels 
colonised the Atlantic Ocean (modern Argentina) and then the Pacific Ocean (modern Chile) coastlines, and 
for the second migration event, that mussels colonised Australia and then New Zealand (reviewed by Gardner 
et al. 4). These hypotheses need further testing to help us understand both the routes of colonisation and the 
timings of these two separate events.

Conclusions
We validated seven species within the Mytilus edulis complex by analysing specimens collected across their global 
distribution, while also integrating evidence from previous studies, including both molecular-based species 
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delimitation and traditional taxonomic approaches. This comprehensive framework enabled us to confirm that 
mussels native to New Zealand and Australia represent two distinct species, and that South American blue 
mussels diverged independently from the other lineages within the complex.

Numerous unresolved phylogeographic and biogeographic questions still remain regarding the evolutionary 
history and distribution of the group. Addressing these issues will be essential for advancing our understanding 
of the complex spatial and evolutionary dynamics that have shaped the distribution of these taxa.

Accurate species delimitation is a central component of taxonomic research, as it plays a critical role in 
resolving systematic uncertainties, enhancing our understanding of biodiversity, and informing the development 
of effective conservation strategies. Furthermore, the implications of these results extend beyond evolutionary 
biology, offering valuable insights for applied contexts such as aquaculture, food provenance certification, and 
biosecurity management.

Data availability
All data analysed during this study are included in this published article. Additionally, the DNA sequences are 
stored in GenBank (KT713378–82; HQ257471; KJ871039–57; KT713368–74).
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