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ARTICLE INFO ABSTRACT
Keywords: Our understanding of speciation processes in marine environments remains very limited and the role of different
Speciation reproductive barriers are still debated. While physical barriers were considered important drivers causing

Plio-Pleistocene transition

reproductive isolation, recent studies highlight the importance of climatic and hydrological changes creating
trans-Atlantic species

Cryptic species unsuitable habitat conditions as factors promoting population isolation. Although speciation in marine fishes has
Shotgun sequencing been investigated from different perspectives, these studies often have a limited geographical extant. Therefore,
SNAPP data on speciation within widely distributed species are largely lacking. Species complexes offer valuable op-
DECX portunities to study the initial stages of speciation. Herein we study speciation within the Mugil cephalus species
complex (MCSC) which presents a unique opportunity due to its circumglobal distribution.
We used a whole-genome shotgun analysis approach to identify SNPs among the 16 species within the MCSC.
We inferred the phylogenetic relationships within the species complex followed by a time-calibration analysis.
Subsequently, we estimated the ancestral ranges within the species complex to explore their biogeographical
history.
Herein, we present a fully resolved and well-supported phylogeny of the MCSC. Its origin is dated at around
3.79 Ma after which two main clades emerged: one comprising all West Atlantic and East Pacific species and the
other all East Atlantic and Indo-Pacific species. Rapid dispersal following an initial founder colonization from the
West to the East Atlantic led to the population of all major realms worldwide in less than 2 Myr. Physical and
climatic barriers heavily impacted the ancestral distribution ranges within the MCSC and triggered the onset of

speciation.
1. Introduction Understanding the mechanisms that lead to the emergence of new spe-
cies has been extensively studied both theoretically and experimentally
Speciation is an intriguing evolutionary process as it fundamentally (Turelli et al., 2001; White et al., 2020). However, most of our knowl-
shapes biodiversity in all environments (Coyne and Orr, 2004). edge comes from terrestrial systems and insights into speciation
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processes in aquatic environments remain limited (Bernardi, 2013;
Potkamp and Fransen, 2019; Faria et al., 2021). Even within aquatic
systems, progress has been unevenly distributed, with a greater focus on
freshwater environments. These systems generally provide more
restricted conditions to study spatial, ecological, and sexual components
of speciation in unison (Bernardi, 2013). Marine ecosystems on the other
hand have fewer physical barriers that limit gene flow and marine
species are often associated with large distribution ranges and high
dispersal potentials (Norris and Hull, 2012; Bernardi, 2013; Faria et al.,
2021).

The geographical aspect of speciation, particularly allopatric speci-
ation, has long been considered the main driver of reproductive isolation
(Palumbi, 1992; Potkamp and Fransen, 2019; Faria et al., 2021). The rise
of a physical boundary can strongly limit gene flow between populations
leading to reproductive isolation and speciation in marine environments
(e.g., Bernardi et al., 2003; Gaither and Rocha, 2013). Well-known ex-
amples include the disappearance of the Central American seaway due
to the formation of the Isthmus of Panama and the rise of the Sundaland
with Pleistocene sea level regressions in the Indo-Malaysian region
(Chappell and Thom, 1977; Voris, 2000). Both events led to the estab-
lishment of geminate species in their respective regions (Briggs, 1995;
Bernardi et al., 2003; Hubert et al., 2012; Bernardi, 2013; Cowman and
Bellwood, 2013; O’Dea et al., 2016; Crandall et al., 2019). More recent,
sea level fluctuations during the late Pleistocene glacial periods likely
played a significant role in speciation of coastal species. For instance, sea
level regressions have been shown to fragment habitats leading to
population bottlenecks that disrupted gene flow and promoted repro-
ductive isolation as observed in closely related but genetical distinct
species with overlapping geographical distributions (Shen et al., 2011;
Ludt and Rocha, 2015). Additionally, evidence suggests that sea level
regressions exposed previously submerged sea mounts, which may have
served as temporary dispersal pathways or “stepping stones”, facilitating
range expansions before subsequent isolation drove speciation (Macieira
et al., 2015).

However, physical barriers are relatively rare in marine environ-
ments (Steeves et al., 2005). In contrast, soft barriers such as climatic
(Gee, 2004) or hydrological (Cowman and Bellwood, 2013) barriers,
which create ecological discontinuity due to unsuitable habitat condi-
tions (Pyron and Burbrink, 2010), appear to be much more common and
significant (Fransen, 2002; Hickerson and Meyer, 2008; Luiz et al.,
2012; Cowman and Bellwood, 2013). Water currents, large open ocean
areas, and other abiotic factors (e.g., temperature or salinity) can impact
the distribution of populations which may lead to disruption and
isolation (Hickerson and Meyer, 2008; Pyron and Burbrink, 2010). Local
adaptations linked to temperature have been found in several fish spe-
cies (Teske et al., 2019; Cayuela et al., 2021; Fuentes-Pardo et al., 2023;
Fuentes-Pardo et al., 2024), reinforcing the notion that the distribution
of marine species largely conforms to their thermal limits (Sunday et al.,
2012). However, soft barriers in general remain permeable (Drew and
Barber, 2012) and different life history traits related to species dispersal
abilities (e.g., pelagic larvae stages) or reproductive strategies (benthic
vs pelagic spawning) may prevent the complete isolation of populations
(Riginos et al., 2014). Therefore, the impact of both soft and hard bar-
riers should be interpreted with caution (Cowman and Bellwood, 2013).

Consequently, it has been questioned whether allopatric speciation
should be considered the sole driver of speciation in marine ecosystems
(Rocha and Bowen, 2008; Puebla, 2009; Norris and Hull, 2012). In
addition to the geographical aspect of speciation, it has been proposed
that the ecological aspect, i.e. reproductive isolation due to divergent (in
allopatry) or disruptive (in sympatry) natural selection, also contributes
to the speciation process in marine species (Puebla, 2009). While
different components such as feeding competition or character dis-
placements were evaluated, examples and data especially for disruptive
selection in marine environments remain scarce (Puebla, 2009; Faria
et al., 2021).

Oceans may not be considered homogenous environments and
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species with large distribution ranges, even those with extensive
dispersal abilities, are subject to selection processes which can lead to
gene flow limitations (Faria et al., 2021). Gaither et al. (2016) sum-
marized that of the 107 circumtropical species originally described by
Briggs (1960) molecular data suggest that 35 represent species com-
plexes with restricted distribution areas. Species complexes offer a
valuable opportunity to study the initial stages of species formation
(Pinheiro et al., 2018), particularly given that they often include cryptic
species, where morphological variation is minimal (Bickford et al.,
2007). To date, studies addressing speciation in species complexes
within marine environments have tended to focus on restricted
geographic areas and/or primarily examined the spatial scale of speci-
ation modes (Leray et al., 2010; Amor et al., 2014; Cornils and Held,
2014; Kolbasova et al., 2023). Within the list of circumtropical distrib-
uted species complexes (Gaither et al., 2016), the Mugil cephalus species
complex (MCSC) is arguably the most conspicuous as it contains at least
16 cryptic species (Durand et al., 2012a; Whitfield et al., 2012; Durand
and Borsa, 2015; Durand et al., 2017; Hasan et al., 2021).

The family Mugilidae is a ubiquitous fish taxon present in all major
coastal areas from tropical to temperate waters around the world
(Crosetti and Blaber, 2015). For a long time, Mugil cephalus Linnaeus
1758 was considered the most common and widespread mugilid species
occurring in all oceans from about 42°N to 42°S (Whitfield et al., 2012;
Crosetti and Blaber, 2015). Thomson (1997) even synonymized 48
nominal species from around the world with Mugil cephalus due to their
highly conserved and uniform eidonomy and anatomy. However, early
genetic analyses already suggested the presence of genetically distinct
species (Crosetti et al., 1993; Rossi et al., 1998), which were later sup-
ported by more comprehensive genetic studies (Durand et al., 2012a;
Whitfield et al., 2012; Durand and Borsa, 2015; Durand et al., 2017). At
present, 16 species are recognized within the MCSC (Durand et al., 2017;
Hasan et al., 2022), which are distributed along the coastlines of all
major continents (Fig. 1), including Mugil liza, the only species within
the MCSC which is distinguishable from the other species by morpho-
logical characters (Thomson, 1997). While most species exhibit distinct
distribution ranges, there are areas of contact between some species, and
even partial sympatry in others (Shen et al., 2015). Interestingly, species
of the MCSC are absent or are not reported from many tropical areas
(Fig. 1) such as eastern Africa, southwest Central America (Gilbert,
1993), or the southern Indo-Australian Archipelago (Delrieu-Trottin
et al., 2020).

Although 16 species can currently be distinguished by molecular
methods (Durand et al., 2017; Hasan et al., 2021), these species share
many life history traits raising questions about their evolutionary origin,
possible speciation events and speciation barriers. Species within the
MCSC in general show an extraordinary adaptability to a variety of bi-
otic and abiotic conditions (Crosetti and Blaber, 2015). These species
exploit a unique trophic niche as primarily detritivorous feeders mainly
consuming microphytobenthos, but also feeding on phyto- and
zooplankton (Harrison and Howes, 1991; Carlier et al., 2007; Cardona,
2015; Crosetti and Blaber, 2015). Within coastal and estuarine envi-
ronments these species inhabit various habitats as they can tolerate a
variety of salinities, including freshwater and hypersaline ecosystems, as
well as varying turbidity regimes, sediment types, dissolved oxygen
levels, and temperatures (Whitfield et al., 2012; Nordlie, 2015; Whit-
field, 2015). Another common life history trait is their reproduction
cycle. During spawning season, adult specimens migrate to their
offshore marine spawning areas (Whitfield et al., 2012). Reproduction in
open ocean environments appears to be necessary, because stable
salinity levels are a requirement for successful spawning and egg
development (Van der Horst, 1981; Walsh et al., 1989; Walsh et al.,
1991; Nordlie, 2015; Whitfield, 2015). Following spawning events,
adults return to their coastal habitats, while fertilized eggs and pre-
flexion larvae remain passively drifting in the offshore marine envi-
ronment. They only actively migrate towards the surf zone in a post-
flexion stage before recruiting to nursery areas in coastal or estuarine
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Fig. 1. Geographic distribution of the 16 different species currently recognized within the Mugil cephalus species complex based on barcoding data retrieved Genbank
and BOLD (Supplementary Table 1). Additionally, origin of samples used in this study are depicted as diamonds; points marked as Mugil cf. liza correspond to samples

156_S19 and 157_S23.

habitats (Whitfield, 2015).

Adjustments in the spawning strategies of the single MCSC species
seem to be an important factor preventing hybridization between them.
Shen et al. (2015) revealed that segregation in spawning grounds among
otherwise sympatric species in the Northwest Pacific constitutes a major
prezygotic barrier. Furthermore, their work showed the presence of a
partial reproduction asynchrony between the studied species. Both
factors were likely influenced by the isolation of populations during
Pleistocene glacial events, which led to speciation on one hand, but also
exposed them to different temperature and current regimes on the other
(Shen et al., 2011). Available data from different species across multiple
ecoregions suggest that reproduction asynchrony occurs between spe-
cies and to a lesser extent also within species (see Table 2 in Whitfield
et al.,, 2012; Whitfield, 2015). A strong indication for the timing of
spawning migrations seems to be temperature related: spawning occurs
more frequently in summer in temperate regions, whereas in subtropical
regions spawning peaks during winter (Whitfield et al., 2012). Whitfield
(2015) suggested an optimal temperature range of 20-26 °C in coastal
area sea surface temperatures (SST) for breeding activity, although
spawning migrations also occur outside this range in areas with
constantly high SSTs. In addition, other abiotic factors such as photo-
period and changes in meteorological tides have been suggested to in-
fluence the gonad development and onset of spawning migrations (Kuo
et al., 1974; Whitfield et al., 2012; Castellanos-Juarez et al., 2024).

Overall, the MCSC constitutes an ideal case study due to its world-
wide distribution and conserved morphology that can offer valuable
insights into key aspects of the speciation process. In this study, we
analyse the evolutionary history of the MCSC using a genome-wide
shotgun analysis approach to infer for the first time a time-calibrated
phylogeny. Additionally, we applied an ancestral range reconstruction
analysis based on the resulting phylogenetic framework to gain new
insights into the origin of the species complex. Lastly, we employed
Genome-Environment Association (GEA) analyses to identify the pres-
ence of genetic variation linked to variations in sea surface temperature,
which we hypothesise to be an important abiotic factor driving the
speciation process in the MCSC.

2. Material & methods
2.1. Taxon sampling & DNA extraction and sequencing

Specimens used in this study were collected from fish markets across
various global localities between 2010 and 2022 (Supplementary
Table 2). Fin clips were taken, preserved in 100 % ethanol for genetic
analyses and stored at —20 °C until DNA extraction. All specimens were
morphologically identified as Mugil liza or M. cephalus and species
affiliation was characterized using nucleotide variation present in the
Cytochrome Oxidase I (COI) marker as detailed in Durand et al. (2017).

A total of 38 samples (Fig. 1) were available for this analysis repre-
senting 15 species of the MCSC (no sample of Mugil sp. S was available)
and one sample of M. bananensis (Pellegrin 1927) as outgroup
(Supplementary Table 2). Total genomic DNA was extracted from tissue
samples using the Maxwell® 16 Bench-top extraction system (Promega
Corporation, Madison, USA), following manufacturer’s instructions.
Small amounts of tissue preserved in ethanol were incubated 2 h at 56 °C
in 300 pL of lysis buffer and 30 pL of proteinase K from Maxwell® Buccal
Swab LEV DNA kits (Promega Corporation, Madison, USA). The totality
of the solution was then placed in the Maxwell® cartridge of the
extraction kit and extracted DNA was purified by magnetic beads
technology before being eluted in 100 pL of elution buffer (Promega
Corporation, Madison, USA), and quantified by spectrophotometry
NanoDrop™One (Thermo Scientific, Waltham, MA, USA). Genomic
DNA was sent to Montpellier GenomiX Facilities (MGX, Montpellier,
France) where libraries were prepared and sequenced on an S4 chip on
[llumina NovaSeq6000. Afterwards, raw Illumina sequence reads of
Mugil sp. S (Shekhar et al., 2022; https://www.ncbi.nlm.nih.gov/ sam-
ple: SRR15214610) were added to the dataset resulting in a total of 39
samples.

2.2. Read filtering, and alignment to mitochondrial and nuclear genome

The quality of raw sequences was checked using FastQC and reads
were trimmed with Fastp V0.23.2 (Chen, 2023), removing the poly-g
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tails, reads with PHRED quality score lower than 28, reads containing N
bases, and reads smaller than 50 bp. Filtered reads were aligned onto the
M. cephalus reference mitochondrial and the whole genome (ref NCBI,
Shekhar et al., 2022) using BWA (Li and Durbin, 2009) with default
parameters, and BAM files were filtered with Sambamba V0.8.0
(Tarasov et al., 2015) to only keep properly paired reads and reads with
a mapping quality MAPQ greater than 10. PCR duplicates were identi-
fied and removed using Picard Toolkit (2019). Variants were called
using Freebayes (Garrison and Marth, 2012) with default parameters.
For the mitochondrial dataset, diploid genotypes were corrected and
haplotyped for the allele with the highest depth. We then extracted the
FASTA sequences of all individuals from the mitochondrial VCF dataset
with beftools v1.13 (Danecek et al., 2021) and aligned them with other
M. cephalus mitochondrial genomes (Supplementary Table 3) to validate
their lineage. Two of the analysed samples (72_.S2 and 73_S7 repre-
senting Mugil sp. I) had an outlier position in the mitochondrial tree and
were discarded from the rest of the analyses (Supplementary Fig. 1). All
datasets analysed herein therefore only contained a maximum of 37
samples representing 15 of 16 species within the MCSC and one out-
group species.

Before further filtering of the whole genome data, we created two
datasets, one for phylogenetic inference (PI) and the other for the GEA
analysis. For the GEA dataset, the outgroup sample was removed first.
Only SNP variants were retained using the “TYPE” option of the
“vcffilter” function implemented in vcflib v1.0.0-rc1 (Garrison et al.,
2022). We then used the “genotype-filter” option of the “vcffilter”
function to remove loci that did not fit the specified read depth range
(PI: min. = 5, max. = 500; GEA: min. 4, max. 500). Variants were
trimmed to be left-aligned and parsimonious and successive SNPs that
were clumped during variant calling were split with the “normalize” and
“decompose_blocksub”-options implemented in the software package vt
(Tan et al., 2015). Loci with a minor allele frequency below 0.01 and
sites with either a proportional rate (PI: 10 %) or an absolute number
(GEA: 4) of missing genotypes were excluded using vcftools V0.1.16
(Danecek et al., 2011). Only biallelic sites were retained using bcftools
v1.13 (Danecek et al., 2021) with the —M2 and —m2 options of the
“view” function. Afterwards, a custom R-script was used to filter
invariant sites as recognized by RAXML and IQtree from the PI dataset.

2.3. Phylogenetic inference and species delimitation

After trimming and filtering, two PI datasets (PI1: with invariant
sites, PI2: without invariant sites) were converted into concatenated
sequence alignments in FASTA-format and Phylip-format using the py-
thon script vef2phylip.py (Ortiz, 2019). We first conducted the phylo-
genetic inference based on the concatenated sequence alignment of PI1
using the maximum likelihood algorithm implemented in RAxXML
v8.2.12 (Stamatakis, 2014) with the nucleotide evolution model
GTRGAMMA. For branch support evaluation, 1,000 rapid bootstrap
searches were conducted. Phylogenetic inference was then repeated
with PI2, adjusting the nucleotide evolution model to ASC_ GTRGAMMA
to account for ascertainment bias using the ascertainment bias correc-
tion by Paul O. Lewis. Additionally, PI2 was used to perform phyloge-
netic inference in IQtree 2.2.0 (Minh et al., 2020) using the best-fit
model (Kalyaanamoorthy et al., 2017) according to the Bayesian Infor-
mation Criterion (UNREST + FO + ASC + R2) and with 1,000 optimized
ultrafast bootstrap replicates (Hoang et al., 2018). The best-scoring trees
were visualized using the software FigTree v1.4.4, respectively (avail-
able at https://tree.bio.ed.ac.uk/software/figtree/).

Afterwards, species delimitation hypotheses were tested using the
Bayes factor delimitation with SNP data as described by Leaché et al.
(2014). We combined the functions of the packages SNAPP v1.5.2
(Bryant et al., 2012) and MODEL_SELECTION v.1.5.3 both implemented
in BEAST 2.6.7 (Bouckaert et al., 2019) to evaluate a total of eight
species delimitation models in path sampling analyses. Species delimi-
tation models were set up either based on previous phylogenetic
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hypotheses (e.g., Mugil liza split into two species [runB]: Cousseau et al.,
2005) or based on results from phylogenetic inference presented in this
study. To accommodate computational constraints due to the high
number of species, we created a subset of SNPs sampled from PI1 using
the Ruby script snapp_prep.rb (https://github.com/mmatschiner/sna
pp_prep). A total of 10,000 randomly sampled SNPs was retained with
a minimum distance of 5,000 bp between loci. Afterwards, XML files
were modified to match the species delimitation hypotheses and
adjusted for species delimitation analysis according to Leaché et al.
(2014). For each model, a path sampling analysis with 48 steps was
performed of which each step was run for 200,000 generations, sampled
every 100 generations, with 1,000 pre-burnin generations, and dis-
carding the first 10 % of entries as burn-in. We then compared marginal
estimate likelihoods (MLE) and calculated (log) Bayes factors (BF) by
subtraction of the (log) MLE values for two models and multiplying the
difference by two following the framework of Kass and Raftery (1995) to
evaluate competing models.

2.4. Time calibration

We estimated divergence times based on the PI1 dataset using the
package SNAPP v1.6.1 (Bryant et al., 2012) implemented in BEAST
v2.7.4 (Bouckaert et al., 2019) which can directly infer species trees
from SNP data as well as estimate precise divergence times in combi-
nation with a molecular clock model (Stange et al., 2018). For preparing
the input data and analysis settings we utilized the Ruby script snapp_-
prep.rb (https://github.com/mmatschiner/snapp_prep). Due to dispro-
portionately long calculation times and lack of convergence with larger-
sized datasets, we used the options provided by the script to randomly
sample SNPs for the divergence time estimation. We sampled 10,000
SNPs with a minimum distance of 5,000 bp in between each selected
locus. Two secondary calibration points were used, i.e., a lognormal
distribution (in real space) with a mean of 26 Ma and a standard devi-
ation of 0.22 for the last common ancestor of our outgroup and the
MCSC and a lognormal distribution (in real space) with a mean of 4.5 Ma
and a standard deviation of 0.25 for the last common ancestor of the
MCSC, based on results from Neves et al. (2020). The phylogenetic tree
from the RAXML analysis of PI1 was used as a starting tree. The “tree-
nodeswapper”-operator was removed from the BEAST input file to fixate
the tree topology to that of the provided starting tree to, one, enhance
computational efficiency and, two, prevent changes in tree topology
caused by subsampling.

We used BEAST v2.7.4 (Bouckaert et al., 2019) to run Markov Chain
Monte Carlo (MCMC) analyses for 2,500,000 generations, sampling
every 100 generations. This analysis resulted in 25,000 trees in the
posterior distribution with the first 10 % discarded as burn-in. To assess
the convergence of runs and check the effective sample size (ESS) we
used Tracer v1.7.2 (Rambaut et al.,, 2018). TreeAnnotater v2.7.6
(Drummond and Rambaut, 2007) was then employed to build the
maximum clade credibility tree containing the mean node heights.

2.5. Biogeographical reconstruction

We used a maximum likelihood approach to estimate the ancestral
states of origin and geographic range evolution of the MCSC. The
Dispersal Extinction Cladogenesis eXtended model as implemented in
DECX (Beeravolu and Condamine, 2016; https://github.com/champost
/DECX) was used to model transitions between predefined, discrete
biogeographical areas along the branches of a provided, time-calibrated
phylogeny. Different scenarios including multiple combinations of time-
stratified adjacency assumptions and varying transition rates between
these areas, were tested to reconstruct the biogeographical history of the
MCSC. A set of fourteen discrete biogeographical areas was defined
based on the realms established by Spalding et al. (2007; Fig. 2). Coastal
regions not directly adjacent to each other but originally grouped in one
realm were separated. For example, the Tropical Atlantic was divided
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Fig. 2. Map sections of (A & B) the East Pacific and West Atlantic, (C & D) the East Atlantic and Western Indo-Pacific, and (E & F) the West and Central Pacific
detailing (A, C, E) the distribution of the respective Mugil cephalus species and (B, D, F) the distinct biogeographical areas (based on coastal realms defined by
Spalding et al., 2007) used for the modelling of the biogeographical history of the Mugil cephalus species complex.
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into Tropical West and Tropical East Atlantic (Fig. 2B and D). Addi-
tionally, realms connected through areas not inhabited by any species of
the species complex were split up. For instance, Temperate South
America was split into Temperate Southwest and Temperate Southeast
America (Fig. 2B). Further, we used the time-calibrated phylogenetic
tree we obtained from the BEAST analysis. Models were calculated
without and with time-stratified adjacency assumptions. For the latter,
we created two biogeographic scenarios reflecting major geological
events that changed the connectivity of our selected biogeographic areas
during the evolutionary history of the MCSC. For the first time-stratified
assumption (TS1) we defined two time slices, i.e. 0-3 million years ago
(Ma) and 3-27 Ma, reflecting the closure of the Isthmus of Panama. TS2
assumes that the closure of the Isthmus of Panama was a gradual process
with a phase of limited dispersal between East Pacific and West Atlantic,
which we reflected in three time slices, i.e., 0-2.7 Ma, 2.7-3.3 Ma,
3.3-27 Ma. Additionally, we tested the application of rate matrices
(none, equal rates, current dependent rates) that changed the transition
rates between adjacent areas. In the equal rates transition matrix (ER),
all transition rates between adjacent areas were uniformly set to 1,
assuming equal probability of dispersal among connected regions.
Conversely, in the current dependent transition matrix (CD), the tran-
sition rates between adjacent areas varied. These rates were adjusted if
the areas were connected solely via ocean currents or if connectivity
between areas changed across the defined time slices, reflecting the
impact of historical changes in marine pathways and current systems on
species dispersal. Finally, the maximum number of areas inhabited by
the most recent common ancestors (MRCA) was varied across the
different scenarios ranging from one (MXA1) to three (MXA3). We
evaluated model performance through pairwise comparison of their
final log-likelihood (LnL) values as the number of free parameters, i.e.,
dispersal (d) and extinction (e), did not vary between the models.

2.6. Genotype environment association

To identify genetic variations associated with sea surface tempera-
ture differences, we performed a partial redundancy analysis (RDA) on
the genotypes of the individuals, while controlling for geographical
location. We divided our GEA dataset into three new datasets corre-
sponding to different geographical regions and phylogenetic groups: 1)
all samples, 2) only West Atlantic and East Pacific samples, i.e., Mugil sp.
A, B, G, Q and Mugil liza, 3) only Indo-Pacific and West Pacific samples, i.
e., Mugil sp. C, D, E, F, H, K, L, and S, and performed the analysis within
each group. We used Moran’s Eigenvector Maps (MEM; Dray et al.,
2006) as they can model spatial structure resulting from multiple pro-
cesses in heterogeneous landscapes (Manel et al., 2010).

We used the cartesian latitudinal and longitudinal coordinates of
each sample to compute a pairwise Euclidean distance matrix, which
reflects the spatial arrangement of sampling sites (Supplementary
Table 2). To represent geographic isolation of each site, distance-based
Moran’s eigenvector maps (db-MEMs; Dray et al., 2006), were calcu-
lated using the R package adespatial v0.3-23 (Dray et al., 2023). These
db-MEMs were then incorporated as conditional variables in a RDA
conducted with the R package vegan (Oksanen et al., 2022). Using the
MEMs as conditional variables in a partial redundancy analysis can help
identify and visualize spatial patterns in molecular genetic data and
detect cryptic spatial genetic structure that may result from isolation by
distance (IBD), isolation by resistance (IBR), isolation by environment
(IBE), or a combination of the three (Hein et al., 2021). Four sea surface
conditions, i.e., maximum temperature, temperature range, long term
maximum temperature and long-term temperature range, were
retrieved for each sample from the Bio-ORACLE dataset v2.2 (Assis
et al., 2018; Supplementary Table 2). We used the pairs.panels function
of the R package pych (Revelle, 2024) to test for co-variation of envi-
ronmental variables and we kept variables showing a correlation less
than R = 0.7 with the others.

The significance of the model, of each RDA axis, and of each
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environmental variable was tested with the anova.cca function using
1000 steps and variance inflation was verified using the vif.cca functions
in vegan. Outlier SNPs were defined according to their loading co-
ordinates on the significant axes and belonging to the extreme 1 %o of the
global loadings’ distribution. We finally used SNPEff with default pa-
rameters (Cingolani et al., 2012) to predict the impact of the outlier
SNPs on potential surrounding genes of the M. cephalus genome.

3. Results
3.1. Sequencing, SNP Calling, and SNP filtering

A total of 1,004,650,984 raw reads (min = 7,137,438; max =
172,473,770) were generated by Illumina sequencing which averages
26,438,183 reads per sample. After adding an additional sample
(Shekhar et al., 2022: SRR15214610 — Mugil sp. S) followed by adapter
trimming and initial filtering an average of 622,535,712 reads remained
for further processing. For the mitochondrial dataset, a total of 2,122
variant sites were identified with Freebayes. After filtering and hap-
lotyping, we retained 1,931 variant sites. For the nuclear datasets, a total
of 70,784,927 variant sites were identified using Freebayes, of which
62,744,404 were identified as SNPs. On average 6.2 % of data were
missing per sample while the average read depth per sample was 10.9.
After filtering and keeping only bi-allelic SNPs 871,972 variant sites
were retained for the PI1 dataset with an average of 10.8 % missing data,
159,027 variant sites were retained in the PI2 dataset with an average of
13.2 % missing data, and in the RAD dataset 1,485,742 variant sites
were retained with an average of 8.1 % missing data.

3.2. Phylogenetic relationships

The maximum likelihood tree inferred with RAXML of the concate-
nated sequence alignment of PI1 is shown in Fig. 2. The analysis pro-
duced a fully resolved and highly-supported phylogenetic tree with two
nodes (85 %-98 %) and three nodes (60 %-70 %) between samples of
the same species not fully supported (Fig. 3). The maximum likelihood
tree inferred from the concatenated sequence alignment of PI2 with
IQtree showed the same topology we retrieved from PI1 and while the
tree is fully resolved and overall well-supported, the same nodes be-
tween samples of the same species as retrieved from PI1 are the ones
without full support (Supplementary Fig. 3). The results from the
RAxML analysis of PI2 showed consistent results with the other two
analyses and only one node (between samples of Mugil sp. H) is not fully
supported (Supplementary Fig. 4).

Generally, two clades within the MCSC can be distinguished (Fig. 3):
Clade I comprises the Western Atlantic Mugil liza and Mugil sp. B and the
Eastern Pacific species Mugil sp. A, G & Q. Clade II comprises the Eastern
Atlantic M. cephalus and Mugil sp. J, the South African Mugil sp. E, the
Northern Indic Mugil sp. S, the Western Australian Mugil sp. K, the Ha-
waiian Mugil sp. D, and the Western Pacific species Mugil sp. C, F, H & L.
Samples of Mugil liza indicate the presence of two lineages, one in the
Caribbean Sea (107_S4 and 110_S9) and another in southern Brazil
(156_S19 and 157_S23). Within the second clade, the Eastern Atlantic
Mugil cephalus and Mugil sp. J branch first from the other species. Two
subgroups, the first comprising Mugil sp. E, L & S (Indo-Pacific subgroup)
and the second Mugil sp. C, D, F, H & K (West Pacific subgroup) can be
observed within the remaining taxa. The analysis of the mitochondrial
genomes further suggests that Mugil sp. I, which was not included in the
final PI datasets is closely linked to Mugil sp. C (Supplementary Fig. 2).

Species delimitation analyses based on a subset of the whole genome
SNP data supports the division of Mugil cephalus into multiple species
(Table 1). Lumping of species into one (sensu Thomson, 1997: runF) or
two species (according to the two clades identified herein: runE) is
clearly rejected by high Bayes Factor values (46526.52 & 31218.43,
respectively). Splitting Mugil liza into two species (sensu Cousseau et al.,
2005) was also rejected (run B: BF = 469.72), although combining



P. Thieme et al.

Molecular Phylogenetics and Evolution 205 (2025) 108296

148_S30
ﬁ 147_S34  Mugil sp.Q
149_S18
mm—t
133_S33
112.828  Mugilsp.A | o
113_832 g
1 156_S19 -
157_S23 .
110.89 Mugil liza
L 107_S4
114_S29
—
154 S36
m _ﬂj 104_S8 Mugil cephal
155_S25
141 _S15
139_1-10_S3 Mugil sp. )
140 _S24
122
e RN
L 9 S5 5
10_86 Mugif sp. K
116_S26 A
121 _S10 2
] 168_S2 =
170_S2
167 i ch
131 _S13 .
132514 Mugil sp. F
— srris214610 I
143_S17 |
—ul 142_516 Muaili
-
126_S35
{E 163_S37
67-75_S20
iy 161_S38 Mugil b

0.01

Fig. 3. Phylogenetic tree based on maximum likelihood analysis of the Mugil cephalus species complex inferred from whole-genome SNP data (PI1 dataset). Node
support depicted by coloured circles representing posterior probabilities: black, 100 %; grey; 75-99 %; white, <75 %.

separated Mugil liza species with lumped Mugil sp. F and Mugil sp. H and
lumped Mugil sp. L and Mugil sp. S based on a similar genetic distances
between the latter species and within Mugil liza (runG: BF = 45.17)
resulted in the second-best supported hypothesis. The analysis of the
current taxonomic classification (sensu Durand et al., 2017 & Hasan
et al., 2021) resulted in the highest (log) marginal likelihood estimate
value and therefore the hypothesis best explained by whole genome SNP
data.

3.3. Divergence time estimations

Divergence times were estimated running a SNAPP analysis of a
random subsample of PI1 (Fig. 4). The analysis ran for 2,500,000 gen-
erations and reached stationarity for all evaluated parameters with all
ESS values greater than 180. The origin of the MCSC is estimated to be at
the end of the early Pliocene (3.79 Ma, 95 % highest posterior density
(HPD): 2.58-4.99 Ma). Within Clade I, the West Atlantic Mugil liza and
Mugil sp. B diverged from the East Pacific species at the beginning of the
Piacenzian (3.61 Ma, HPD: 2.46-4.77 Ma). Separation of M. liza and

Mugil sp. B (3.32 Ma, HPD: 2.27-4.41 Ma) and divergence of Mugil sp. A
from Mugil sp. G & Q (3.21 Ma, HPD: 2.23-4.30 Ma) occurred shortly
after. The two lineages retrieved within the Mugil liza samples show a
divergence dated to the Chibanian (0.22 Ma, HPD: 0.01-0.36 Ma).
Within Clade II, M. cephalus and Mugil sp. J diverged from the South
African, Indian Ocean and West Pacific species in the late Pliocene (3.12
Ma, HPD: 2.13-4.13 Ma). Divergence between the Indo-Pacific subgroup
and the West Pacific subgroup of Clade II occurred shortly after (2.96
Ma, HPD: 2.06-3.96 Ma). Mugil sp. E diverged from the northern Indic
Mugil sp. S and the West Pacific Mugil sp. L by the end of the Pliocene
(2.72 Ma, HPD: 1.91-3.68 Ma) while the latter two species were esti-
mated to have diverged in the Late Pleistocene (0.11 Ma, HPD:
0.001-0.24 Ma). Divergence within the West Pacific species occurred
within the Gelasian (between 2.4 Ma and 1.9 Ma) and only Mugil sp. F
and Mugil sp. H separated later, presumably within the Chibanian (0.55
Ma, HPD: 0.36-0.78 Ma).
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Table 1

Path sampling results for the eight species delimitation models ranked by (log)
marginal likelihood estimate (MLE) values. 15 out of the 16 currently recognized
species were evaluated (Mugil sp. I not included). (Log) Bayes factor (BF) cal-
culations are made against the current taxonomy model (sensu Hasan et al.,
2021) and used for model evaluation.

Model Number of MLE Rank  BF
assigned
species in
dataset
runA: Current taxonomy 15 —84814.11 1 -
runB: split Mugil lizaintwo 16 —85048.97 4 469.72
clades
runC: lumped based on five 5 —92664.35 6 15700.48
geographical regions, i.
e., East Pacific, West
Atlantic, East Atlantic,
Indo-Pacific, and West
Pacific
runD: lumped M. sp. F& H, 12 —85202.50 5 776.78
M. sp. L & S, and
M. cephalus & sp. J
runE: lumped Clade I and 2 —-100423.32 7 31218.43
Clade II
runF: lumped all samples 1 -108077.37 8 46526.52
as one species
runG: lumped M. sp. H&F 14 —84836.70 2 45.17
and M. sp. L& S
runH: split Mugil lizaintwo 15 —84872.49 3 116.76

clades and lumped M. sp.
H&Fand M. sp. L& S

3.4. Biogeographic reconstructions

The biogeographic history of the MCSC was analysed under the
DECX model. We tested different scenarios with varying parameters
which included different time-stratification assumptions, adjusted
transition rate matrices, and varying maximum numbers of areas
inhabited by the most recent common ancestors. A full list of results, i.e.,
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LnL-values utilized to assess model performance are compiled in Table 2.

The best-scoring model combined the following model parameters:
TS1, ER, and M2. The estimated parameters suggest a higher dispersal
rate with respect to the extinction rate (d = 0.6483 and e = 0.084).
Results of the ancestral distribution range estimation under the best-
scoring model are shown in Fig. 4. The origin of the MCSC is located
in the Atlantic, more specifically in the tropical Atlantic. The model
suggests that an ancient vicariance event separated Clade I and Clade II.
Within Clade I, another vicariance event split the East Pacific species
from the West Atlantic species, while the latter experienced a sympatric
speciation event within the Tropical West Atlantic followed by a range
extension by Mugil liza. Separation of Mugil sp. A and the MRCA of Mugil
sp. G & Q cannot unambiguously be allocated to one mode of speciation.
The biogeographical history of Clade II is much more complex. Initially,
the MRCA of Clade II experienced a rapid range extension towards the
Indo-Pacific while a MRCA of M. cephalus and Mugil sp. J split from the
remaining species due to vicariance. The MRCA of Mugil sp. E, L, & S
remained in a range composed of the Temperate Southern Africa and
Western Indo-Pacific. Allopatric speciation led to the split of Mugil sp. E,
followed by a range extension of the MRCA of Mugil sp. L & S and
subsequent vicariance. Model estimations of the distribution ranges of
the MRCAs of the remaining species were less clear. They indicate an
initial range shift towards the West Pacific and an early separation of
Mugil sp. D potentially as a result of a founder event. This was followed
by an allopatric separation of the MRCA of Mugil sp. F & H and the MRCA
of Mugil sp. C & K, which subsequently split due to a vicariance event.
Further, this scenario suggests that the MRCA of the MCSC and the
outgroup supposedly was located in the Tropical West and East Atlantic.

3.5. Genome environment association

Of the six environmental variables we considered, four showed high
correlations and were discarded to only conserve the “long-term tem-
perature range” and “long-term maximum temperature” variables
(Supplementary Fig. 5). We identified five, two and three MEMs for
group I, IT and III respectively, and used them in the partial RDA as
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Fig. 4. Time-calibrated species tree of the Mugil cephalus species complex from SNAPP analysis. Nodelabels show mean divergence times and blue bars indicate the
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Table 2

Overview of tested scenarios with varying time-stratification assumptions (TS),
transition rate matrices (TRM), and maximum number of areas inhabited by the
MRCA (MXA). Final Log-Likelihood (LnL) values are used for model comparison.

TS TRM MXA Final LnL Dispersal rate Extinction rate
0 none 1 - — -

0 none 2 —59.726 0.548319 0.10015

0 none 3 —66.6982 0.148523 0.0850943
0 ER 1 — — —

0 ER 2 —58.0242 0.810613 0.128884
0 ER 3 —64.816 0.202604 0.0908958
0 CD 1 — — -

0 CD 2 —61.0313 2.85629 0.181192
0 CD 3 —65.9051 0.251332 0.0253442
1 none 1 — — —

1 none 2 —59.361 0.42508 0.0549699
1 none 3 —64.9768 0.149038 0.0587276
1 ER 1 — - —

1 ER 2 —57.9681 0.648344 0.0840069
1 ER 3 —63.1486 0.194557 0.0556959
1 CD 1 — - —

1 CD 2 —61.5222 0.795762 0.0220783
1 CD 3 —62.7138 0.311556 0.02423

2 none 1 - - —

2 none 2 —59.7711 0.422631 0.0566522
2 none 3 —65.3346 0.14742 0.0600114
2 ER 1 - - -

2 ER 2 —58.4092 0.664373 0.0898868
2 ER 3 —63.5713 0.194251 0.0591492
2 CD 1 - - -

2 CD 2 —61.7618 0.845581 0.0238781
2 CD 3 —62.8835 0.312423 0.023835

conditional terms against the two environmental variables.

Within group I, the RDA model explained 2.72 % of the genomic
variance and was statistically significant (Table 3). The first RDA axes
showed significance and the long-term maximum temperature signifi-
cantly contributed to the genomic variance of the dataset (Table 3). A
total of 185 SNPs were extracted from the top 1 %o distribution on RDA1.
These SNPs were located within or upstream/downstream (5 kb) of 83
genes, among which many Inc-RNAs, pseudogenes, as well as a secretory
phospholipase A2 receptor, a free fatty acid receptor and an immuno-
globulin lambda (Supplementary Table 4).

Within group II, the model explained 8.99 % of the genomic variance
and was statistically significant (Table 3). The first RDA axes as well as
the long-term maximum temperature showed a significant correlation to
the genomic dataset. A total of 301 SNPs were extracted from the 1 %o
distribution of RDA1. These SNPs were located within or upstream/
downstream (5 kb) of 96 genes, among which many Inc-RNAs, pseu-
dogenes, as well as a secretory phospholipase A2 receptor, a free fatty
acid receptor, an immunoglobulin lambda, and a Butyrophilin-like
protein (Supplementary Table 4).

Within group III, the model explained 5.74 % of the genomic vari-
ance of the dataset and was statistically significant with a p-value =
0.014. RDA1 contributed significantly to the variance of the genomic
dataset (p-value = 0.034) and both the long-term maximum tempera-
ture and the long-term temperature range correlated to the genetic

Table 3

Results of the partial RDA performed on the three groups, indicating the adjusted
r2 value of the model, as well as the p-values associated with the model, the RDA
axes and the two environmental variables tested.

Group I Group II Group III
r2adj (%) 2.72 8.99 5.74
Model p-value 0.001 0.012 0.014
RDAL1 p-value 0.001 0.015 0.034
RDA2 p-value 0.062 0.284 0.119
TempMaxLT ss p-value 0.001 0.006 0.019
TempRangeLT ss p-value 0.340 0.239 0.294
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variance (Table 3). In total, 453 SNPs were extracted from the top 1 %o
distribution on RDA1 and were located within or upstream/downstream
(5 kb) of 183 genes (Supplementary Table 4). Among these, several
pseudogenes and non-coding RNAs were identified, as well as small
rRNA subunit (58, 5.8S), 18S and 28S rRNA, genes involved in immunity
(immunoglobulins receptors, PARP12, PLA2R, mannose specific lectin
like, C type lectins, T-cell receptors), genes involved in reproduction
(Pibf1), genes involved in fatty acid metabolism (TMEM68, FFAR) and
genes involved in translational functions (tRNAs, Granulito).

All three groups shared a total of 12 genes correlated with long-term
maximum temperature (Supplementary Fig. 6, Supplementary Table 4).
These include secretory phospholipase A2 receptor-like proteins, free
fatty acid receptor 2-like proteins as well as Inc-RNAs. Groups II and III,
representing East Pacific and West Atlantic as well as Indo-Pacific and
West Pacific species, respectively, share eleven additional genes.

4. Discussion
4.1. Phylogenetic relationships & taxonomy

Analyses on the genetic structure of Mugil cephalus began over three
decades ago (Crosetti et al., 1993; Crosetti et al., 1994; Rossi et al.,
1998). The pronounced structure observed within the mitochondrial
DNA suggested that M. cephalus is not a single species but rather a
globally distributed species complex. Early morphometric analyses
identified differences between various geographical locations (Corti and
Crosetti, 1996). Despite these findings, a comprehensive taxonomical
revision of the Mugilidae by Thomson (1997) did not recognize or
incorporate this evidence, leaving the taxonomic status of the complex
unresolved. The latter study maintained M. cephalus as a single species
with a circumglobal distribution and synonymized it with 48 previously
described species from around the world. However, subsequent genetic
analyses revealed significant differences among M. cephalus populations
(Rocha-Olivares et al., 2000; Rocha-Olivares et al., 2005; Fraga et al.,
2007; Aurelle et al., 2008) leading to renewed calls for a taxonomical
revision (Heras et al., 2009; Jamandre et al., 2009). Extensive genetic
analyses eventually identified 14 distinct lineages (Durand et al., 2012a;
Durand et al., 2012b; Whitfield et al., 2012), which later were recog-
nized as distinct species based on the unified species concept of De
Queiroz (2007) and prompted the assignment of arbitrary species names
(Durand and Borsa, 2015). Further research uncovered additional spe-
cies increasing the total number of recognized species within the MCSC
to 16 (Durand et al., 2017; Viet Tran et al., 2017; Hasan et al., 2021). All
of these studies relied solely on mitochondrial data and the resulting
phylogenetic reconstructions did not provide sufficiently resolved and
supported results to thoroughly investigate species evolution within the
complex.

The whole-genome SNP data presented herein provided significantly
enhanced phylogenetic resolution enabling the accurate identification
of the phylogenetic relationships among the different species (Fig. 4).
Within the MCSC we identified two main clades estimated to have
diverged approximately 3.79 Ma (HPD: 2.58-4.99 Ma). Clade I includes
five species that are present in the West Atlantic and East Pacific, while
Clade II encompasses eleven species (including Mugil sp. I according to
mitochondrial genome data; Supplementary Fig. 2) ranging from the
East Atlantic to the West Pacific. The species delimitation analysis
(Table 1) conducted in this study supports the recognition of at least 15
distinct species within the Mugil cephalus species complex (MCSC),
consistent with the findings of (Durand et al., 2017) and (Hasan et al.,
2021). However, these results should be interpreted with caution, as the
limited number of specimens analysed per species may overlook intra-
specific genetic variation or fail to capture the full geographic range of
certain lineages. Future studies incorporating larger sample sizes and
more comprehensive geographic coverage will be crucial to validate
these findings and refine our understanding of species boundaries within
the complex.
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The phylogenetic reconstruction suggested a considerable genetic
divergence between Mugil liza samples from the Caribbean Sea (107_S4
and 110_S9) and those from southern Brazil (156_S19 and 157_S23).
This finding is consistent with previous studies indicating morphological
disparity between samples from Argentina and the Caribbean Sea
(Cousseau et al., 2005). However, despite the morphometric evidence
supporting the division of Mugil liza into two species, molecular studies
did not corroborate this (Heras et al., 2009; Heras et al., 2016). Our
species delimitation methods, based on whole-genome SNP data, align
with previous genetic findings and do not support the split of Mugil liza
into two species (Table 1). However, our time-calibration analysis sug-
gests that divergence among the analysed samples occurred as early as
the Chibanian, around ~0.22 Ma (Fig. 5). To validate these results, we
recommend conducting a more comprehensive whole-genome analysis
encompassing samples from across the entire distribution range of Mugil
liza.

Our results support the classification of the different lineages as
species, much like Durand and Borsa (2015) already proposed, based on
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the unified species concept by De Queiroz (2007). Thomson (1997) was
only able to separate M. liza from the remaining Mugil species he syn-
onymized with M. cephalus by morphological and morphometric data,
however, as seen in other species complexes primarily identified by
genetic analyses, morphological variation is low and they are referred to
as cryptic species or cryptic species complexes (Bickford et al., 2007).
While the MCSC species appear superficially undistinguishable accord-
ing to the results of Thomson (1997), no detailed morphological analysis
has been conducted after specimens were assigned to specific species. A
comprehensive taxonomical revision of the MCSC as suggested over 15
years ago (Heras et al., 2009) remains essential. This revision should
integrate morphological and morphometric analyses alongside ecolog-
ical and biogeographical data. Such efforts must focus on specimens that
have been unequivocally matched to specific species through DNA
barcoding as presented in this and in previous studies (e.g., Durand
et al., 2017), to enable a thorough and accurate description of the spe-
cies within the complex.

Mugii sp. K

Mugil sp- B

Temperate Northwestern
Pacific

. Western Indo-Pacific

Central Indo-Pacific

Eastern Indo-Pacific

. Temperate Australasia

Undisclosed

Fig. 5. Historical biogeography of the Mugil cephalus species complex according to the best-scoring model. Estimations of ancestral distribution areas were per-
formed with a time-stratified model in Dispersal-Extinction-Cladogenesis. The legend at the bottom indicates biogeographic areas (illustrated in Fig. 2) used in this
study according to Spalding et al. (2007). Coloured circles for each node depict inferred ancestral ranges, with probability for each single biogeographical area or
combination of multiple biogeographical areas (indicated by striped sections) represented by the proportion of the circle (grey areas represent proportion for areas or

area combinations not further disclosed by DECX).
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4.2. Historical biogeography of the Mugil cephalus species complex

While there has been significant progress in unravelling the structure
of the MCSC over the past 15 years, it remained unclear how these
species dispersed and retained their unique morphological characteris-
tics. Previous phylogenetic analyses suggested that the origin of the
species complex dates back to around 4.5 Ma (Neves et al., 2020) indi-
cating that its species would have dispersed around the globe in a very
short time frame during a period when major contemporary physical
barriers already existed. Our whole genome data suggests that the origin
of the species complex is likely younger than indicated by Neves et al.
(2020) at around 3.79 Ma (HPD: 2.58-4.99 Ma). Furthermore, ancestral
range reconstruction revealed that all major marine realms were
inhabited within less than two million years (Figs. 5 and 6). Such a rapid
dispersal and speciation along with the retention of morphological,
ecological, and behavioural traits is unique and not reported for any
other fish species or species complex.

Ancestral range reconstruction traced the origin of the MCSC back to
the Atlantic Ocean, although not one ecoregion could be identified
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exclusively (Fig. 5). Species within the complex are known to mainly
inhabit coastal waters (Crosetti and Blaber, 2015) making it unlikely
that the MRCA of the species complex maintained a distribution range
spanning from the Tropical West to the Tropical East Atlantic. While the
Tropical West Atlantic is a known hotspot for Mugil diversity with nine
different species of the genus found in that area (Whitfield and Durand,
2023), previous phylogenetic inferences (Santini et al., 2015; Neves
et al., 2020) suggest that the MCSC is more closely related to M. capurii
(Perugia 1892) and M. bananensis, which are only present in the Tropical
East Atlantic indicating that their MRCA probably was already estab-
lished in that region.

Briggs (1995) noted that trans-Atlantic species are a common phe-
nomenon in the shallow fish fauna of the Atlantic representing about 27
% of species along the tropical East Atlantic coast (Briggs and Bowen,
2013). However, many of these species likely form cryptic species
complexes without persistent gene flow (Briggs and Bowen, 2013).
When resolved phylogenies are available, they often show that these
species originated in the West Atlantic and dispersed eastward (Muss
et al., 2001; Floeter et al., 2008; Beldade et al., 2009; Boehm et al.,
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Fig. 6. Potential dispersal and speciation history of the Mugil cephalus species complex based on whole-genome SNP data presented in this study. Black bars: physical
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Fig. 6. (continued).

2013). Boehm et al. (2013), who analysed the biogeographic history of
the Hippocampus erectus complex, concluded that a founder colonization
from the tropical West Atlantic to the East Atlantic around 3.35 Ma
followed by subsequent trans-Atlantic isolation prompted the speciation
of H. hippocampus (Linnaeus 1758). They attributed this to the reorga-
nization of North Atlantic currents especially the Gulf Stream and
changes in the warm-temperate North Atlantic Gyre system (Kaneps,
1979; Haug and Tiedemann, 1998; Auderset et al., 2019). Although
H. erectus Perry 1810 is a rather stationary species with seasonal mi-
grations to avoid cold temperatures in northern West-Atlantic areas
(Teixeira and Musick, 2001; Boehm et al., 2015), Boehm et al. (2013)
hypothesised that a passive transportation of early life stages through
the Gulf Stream or rafting via free-floating habitats likely facilitated the
dispersal to the East Atlantic. A similar trans-Atlantic dispersal of Mugil
cephalus occurring around 3.79 Ma (HPD: 2.58-4.99 Ma), might have
followed analogous pathways. Mugil cephalus adults migrate off-shore
for spawning with larvae remaining passively in open-water environ-
ments before recruiting to estuaries as juveniles (Whitfield et al., 2012).
Casazza and Ross (2008) observed juvenile Mugil within the Gulf Stream
associated with Sargassum and in open water, suggesting that both
passive transport and rafting could have contributed to a trans-Atlantic
dispersal of M. cephalus. Although ancestral range reconstruction and
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current phylogenetic placement do not provide a clear origin of the
MCSC, the aforementioned mechanisms for trans-Atlantic dispersal
support the hypothesis of an initial founder colonization from the West
to the East Atlantic (Figs. 5 and 6).

Overcoming trans-Atlantic barriers kickstarted the successful
dispersal of the MCSC. Two clades subsequently evolved in parallel,
Clade I in the Western Atlantic and Eastern Pacific and Clade II from the
Eastern Atlantic to the Indo-Pacific (Fig. 5). Within both clades, rapid
range expansions with subsequent speciation occurred during the late
Pliocene and beginning Pleistocene (Figs. 5 and 6). Especially within
Clade II species dispersed rapidly towards the Indian Ocean and the
West Pacific. Biogeographical reconstruction suggests two independent
dispersal phases: The first one occurred between ~3.1 Ma and ~2.96 Ma
involving the MRCA of the West Pacific subgroup which expanded
quickly into the West Pacific but then disappeared from the Indian
Ocean (Fig. 6). The second phase happened shortly after the divergence
of the Indo Pacific/West Pacific MRCAs between ~2.96 and ~2.73 Ma.
Pinsky et al. (2020) summarized that marine species are sensitive to
environmental changes and can rapidly respond to shifting climatic
conditions. The late Pliocene and the Plio-Pleistocene Transition are
known for drastic climatic changes affecting all major marine realms,
which likely influenced distribution range changes in the MCSC (e.g.,
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O’Brien et al., 2014; Karas et al., 2017; He et al., 2021; Taylor et al.,
2021).

Interestingly, in both clades one species each is endemic to an island
group: Mugil sp. Q to Galapagos and Mugil sp. D to Hawaii. The origin of
Mugil sp. Q can be linked to a founder colonization from the Tropical
Eastern Pacific coast to Galapagos (Fig. 6). Previous studies have shown
a high degree of endemism in the benthic and reef-related marine fauna
of the Galapagos islands (Kelley et al., 2019) with founder colonizations
from the mainland contributing to the regions diversity (e.g., Palmerin-
Serrano et al., 2021).

The origin of Mugil sp. D, however, is much more challenging to
reconstruct. Although Hawaii is recognized as a source for marine
biodiversity export (Bowen et al., 2013), the biogeographical origin of
Hawaiian species is poorly understood. McDowall (2003) showed that
freshwater fish species from Hawaii have close relationships with sister-
taxa in the Indo-Pacific, suggesting a possible marine dispersal from
Central Pacific archipelagos south of Hawaii. The origin of Mugil sp. D
might have followed a similar pathway, including an eastward dispersal
along Central-Pacific island groups and a subsequent northward move-
ment to Hawaii (Fig. 6). Although Mugil sp. D diverged early on from
other West Pacific M. cephalus species and no closely related species are
found in the southern Central Pacific, the presence of Mugil sp. F from
Australia to French Polynesia suggests that M. cephalus species have the
potential to disperse across widely separated islands. Details on the
rapid dispersal of Mugil sp. D from the central West Pacific to Hawaii
remain unclear. However, further data on the distribution and dispersal
potential of South Pacific Mugil sp. F could provide a better under-
standing of its biogeographic history.

4.3. New insights into speciation in marine environments

4.3.1. Evidence for allopatric speciation through physical barriers

The rise of physical barriers and therefore the geographic isolation of
and subsequent suppression of gene flow between lineages has been
considered to be an important driver of speciation in marine ecosystems
(Faria et al., 2021). However, absolute geographical barriers such as
rising land masses are rare in marine environments, especially during
the Pliocene and Pleistocene. Shen et al. (2011) previously identified an
instance where a physical barrier led to the separation of Mugil sp. C and
I. Their biogeographic analysis based on genetic markers suggested that
parts of the population of their unique MRCA were repeatedly trapped in
the Japan Sea during glacial periods. These populations experienced
multiple demographic crashes which is still visible in the genetic data of
Mugil sp. C (Shen et al., 2011). After a secondary contact both species
now occur in sympatry but are isolated due to asynchronous reproduc-
tive seasons (Shen et al., 2015).

Within the MCSC, two other speciation events can be explained by
the rise of physical barriers in the respective ecoregion: (1) separation of
East Pacific and West Atlantic species at the origin of Clade I, and (2)
separation of Mugil sp. L and Mugil sp. S (Fig. 6). In the first case, the time
frame of the separation of the East Pacific lineage and the West Atlantic
lineage coincides with the rise of the Isthmus of Panama. Fossil data
from shallow water species indicate that the formation of the isthmus
was completed at around 3.6 Ma (Coates et al., 1992), while a recent
review points out that gene flow between marine populations ceased at
around 3.2 Ma (O’Dea et al., 2016) despite surface water exchange be-
tween the East Pacific and West Atlantic probably continuing until about
2.76 Ma (Haug and Tiedemann, 1998). While our time-calibration es-
timates (Fig. 4) align with the latest median separation times of other
fish species (O’'Dea et al., 2016), additional climatic effects may have
contributed to an earlier separation of both lineages while both water-
bodies were still connected.

The separation of Mugil sp. L and Mugil sp. S is much more recent,
around 114 ka. The current distribution of Mugil sp. S in the northern
Indian Ocean (Fig. 1) and Mugil sp. L in the Northwest and Southwest
Pacific as well as the biogeographical reconstruction (Fig. 5) suggest that
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both species separated in an area between Western Indo-Pacific and the
Central Indo-Pacific. During the Pleistocene, extreme sea level fluctua-
tions occurred within the Indo-Australian Archipelago, which restricted
connections between the Indian Ocean and the Central West Pacific
(Coates and Stallard, 2013). Voris (2000) estimated that during 62 % of
the past 150,000 years (~93,000 years) sea levels were at least 30 m
below today’s levels, leading to a disconnection of the northern Indian
Ocean and the northern and central West Pacific. Although multiple
disconnections and reconnections between the two areas occurred, the
physical barrier seemingly persisted long enough for the two lineages to
evolve independently. Gaither and Rocha (2013) examined tropical reef
fish distribution in the Western Indo-Pacific and Central Indo-Pacific
and found other sister-species with a similar distinct distribution
although many species show signs of much earlier separation. Further-
more, many species experienced secondary contact in the Indo-
Australian Archipelago, a region where current data indicates that
neither Mugil sp. L nor Mugil sp. S are present (Delrieu-Trottin et al.,
2020).

4.3.2. Soft barriers promoting speciation

Species within the MCSC are highly adaptable and opportunistic
(Crosetti and Blaber, 2015; Whitfield, 2015). Environmental factors
such as salinity, turbidity, or dissolved oxygen levels, which otherwise
act as limitations to the geographical ranges of other species, have little
to no effect on these species (Nordlie, 2015; Whitfield, 2015). Their
ability to feed on a broad spectrum of microphytobenthos, benthic in-
vertebrates, or phyto- and zooplankton, allows them to exploit a unique
trophic niche in their environments (Cardona, 2015). One environ-
mental factor that has been shown to affect important aspects of their
life history, such as larval development, or onset of reproductive pe-
riods, is temperature (Whitfield, 2015). It stands to reason that tem-
perature has had a significant impact on the evolutionary history of the
species complex.

Within the MCSC, we identified two instances where physical bar-
riers directly impacted speciation. Although some species occur in
sympatry today, differences in their reproductive cycles suggest that
they experienced physical separation during their evolution, potentially
caused by a temperature barrier (Shen et al., 2015). The following sec-
tion details two examples demonstrating how changes in ocean currents
and ocean temperature may have influenced ancestral species distribu-
tion ranges and therefore initiated speciation events.

The first example is the separation of the northeast Atlantic species
(Mugil sp. J and Mugil cephalus) from the Indo-Pacific/West Pacific
species which occurred around 3.12 Ma (Figs. 4 and 6). Ancestral range
reconstruction indicates that the MRCA of these two clades was
distributed within the Tropical East Atlantic and Temperate South Africa
(Fig. 5). Today, the southwest African coastline is heavily influenced by
the Benguela Upwelling System (BUS) which transports cold and
nutrient-rich waters from deeper zones to the surface. A portion of the
Benguela Current, the Benguela Coastal Current, flows close to the
Namibian coastline transporting cool water northwards and meeting the
southward-flowing, warm-water Angola Current at the Angolan coast
(Leduc et al., 2014). The BUS supposedly started during the Miocene
with a period of reduced upwelling during the early Pliocene and a
steadily progressing temperature decline starting in the late Pliocene
(Marlow et al., 2000; Etourneau et al., 2009; Rommerskirchen et al.,
2011; Leduc et al., 2014; Rosell-Melé et al., 2014; Petrick et al., 2015;
Mohanty et al., 2024). Sea surface temperature reconstructions from
different localities within the BUS showed that upwelling in the mid-
Pliocene (3.5 Ma to 3.0 Ma) initially occurred in the southern areas of
the BUS as seasonal events (Leduc et al., 2014; Rosell-Melé et al., 2014;
Petrick et al., 2015; Mohanty et al., 2024). Temperature differences of
5 °C or more were estimated between upwelling (winter) and non-
upwelling (summer) periods accompanied by an overall decrease in
SSTs (Leduc et al., 2014). The intensification of the BUS during the late
Pliocene led to a more pronounced Angola-Benguela Frontal Zone
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followed by its northward displacement (Rosell-Melé et al., 2014;
Mohanty et al., 2024). This period also saw the occurrence of seasonal
temperature fluctuations along the northern Namibian coastline (Leduc
et al., 2014; Petrick et al., 2015), as well as to structural modifications of
the Namibian coastline (Etourneau et al., 2009). These factors poten-
tially had a significant impact on the life history of the MRCA of the
above-mentioned clades. More pronounced temperature fluctuations
due to seasonal upwelling could influence the onset of reproductive
migrations. While reproductive cycles in temperate regions today are
initiated by rising temperatures, falling temperatures contribute to the
beginning of the reproduction cycle in subtropical populations
(Whitfield et al., 2012). Although estimated annual mean SSTs during
the late Pliocene remained above 24 °C in the BUS, seasonal upwelling
generated a pronounced temperature gradient in the southern BUS
(Leduc et al., 2014). This suggests that populations of the MRCA prob-
ably remained in sympatry along the BUS but potentially experienced a
(gradual) shift in the initiation phases of their reproductive cycles along
a northern to southern BUS gradient. Full geographical isolation of the
MRCAs of the East Atlantic and the Indo-Pacific/West Pacific clades
probably occurred only at the transition from the Pliocene to the
Pleistocene, when the cooling temperatures and coastal landscape
changes influenced their distribution ranges and both clades were
already well established (Fig. 5; Etourneau et al., 2009; Rosell-Melé
et al., 2014).

Today, a similar development can be observed in North Atlantic
herring Clupea harengus Linnaeus 1758: two ecotypes can be identified,
spring and autumn spawners, which differ in their reproductive cycles
(Haegele and Schweigert, 1985). Fuentes-Pardo et al. (2024) showed
that gene flow still persists between these ecotypes with different
spawning seasons representing a state of incomplete reproductive
isolation. Furthermore, Teske et al. (2019) implied temperature-related
divergence in the absence of physical barriers in the Knysna sandgoby
Psammogobius knysnaensis Smith 1935 along the South Africa coast,
indicating that reproductive isolation can also occur along a thermal
gradient.

The second example focusses on the divergence events along the East
African coast. According to the biogeographic reconstruction, two sub-
sequent events occurred in this region: (1) the separation of the MRCAs
of the Indo-Pacific subgroup and the West Pacific subgroup around 2.96
Ma, and (2) the divergence of Mugil sp. E from the MRCA of Mugil sp. S
and L around 2.73 Ma (Figs. 4-6). Predating the first event, the mid-
Pliocene Warm Period (~3.3 Ma-3.0 Ma) was generally characterized
by stable and warm SSTs (Haywood et al., 2016). However, data from
the southeastern coast of Africa indicate unique paleoclimatic changes
within the Indian Ocean. First, a gradual decline of SSTs between 3.7 Ma
and 3.2 Ma by ~3°C led to cooler temperatures during the mid-Pliocene
Warm Period (Taylor et al., 2021). This temperature decline coincides
with the range extension of the MRCA of both subgroups observed after
the divergence event described in the previous example (Figs. 5 and 6).
This suggests that high SSTs in the southwest Indian Ocean coastal areas
acted as dispersal barriers preventing the expansion into the Indian
Ocean before ~3.2 Ma. Furthermore, paleoclimatic data indicate that
this temperature decline was followed by a clear and gradual warming of
SSTs from ~3.2 Ma to 2.9 Ma, increasing by ~2.2 °C with SSTs reaching
above 30 °C (Taylor et al., 2021). Similar to conditions before ~3.2 Ma,
this temperature rise likely caused a progressive disruption of the dis-
tribution range, acting as a barrier between the MRCA of the Indo-
Pacific and the West Pacific subgroup.

The scarcity of paleoclimatic data for the northern Indian Ocean
presents a challenge for the reconstruction of the biogeographic history
of the MRCA of the West Pacific subgroup prior to its arrival in the
Central West Pacific. However, the availability of additional data from
the southwest Indian Ocean offers a valuable opportunity to gain deeper
insights into the history of the Indo-Pacific subgroup. Following a period
of gradual warming during the late Pliocene, a steep SST decrease by
~3.6 °C between 2.8 Ma and 2.2 Ma, presumably triggered by the
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Northern Hemisphere Glaciation, reopened the pathway to the Indian
Ocean again. This event facilitated the rapid dispersal of the MRCA of
the Indo-Pacific subgroup into the northern Indian Ocean (Fig. 6; Taylor
et al., 2021). Beginning with the transition to the Pleistocene at ~2.7
Ma, coinciding with the divergence of Mugil sp. E from Mugil sp. L and S,
periodic temperature fluctuations have been observed in the southwest
and northwest Indian Ocean (Herbert et al., 2010; Taylor et al., 2021).
However, while SSTs in the southwest Indian Ocean show a continuous
cooling reaching a minimum of 24.4 °C ~ 2.5 Ma (Taylor et al., 2021),
the long-term mean SSTs in the northwest Indian Ocean remain rela-
tively stable between 2.7 Ma and 2.2 Ma, fluctuating around 27 °C
(Herbert et al., 2010). The divergence within the Indo-Pacific subgroup
could be explained by two primary hypotheses: 1) an increasing tem-
perature gradient between both areas promoted distribution range shifts
followed by distribution range disruption, or 2) decreasing SSTs in the
southwest Indian Ocean combined with periodic temperature fluctua-
tions caused reproductive cycles of populations along the east African
coastline to become increasingly asynchronous. Similar to the patterns
observed in the first example, these temperature-driven shifts in repro-
ductive timing could have contributed to reproductive isolation without
the need for physical barriers, gradually leading to divergence. The
assessment of the first hypothesis is challenging due to the lack of pa-
leoclimatic data on SST evolution from the tropical western Indian
Ocean, the region that connects both areas. This gap in data makes it
difficult to confirm whether such a gradient could have driven range
shifts and disruptions leading to divergence. Similarly, data supporting
the second hypothesis is also scarce. However, current observations of
the reproductive activity provide some indirect support: Mugil sp. E from
South Africa and Mugil sp. S from India exhibit asynchronous spawning
seasons today (Whitfield, 2015). However, more detailed information is
needed on the reproductive cycles in general, but also their plasticity, in
the different species and how these are influenced by thermal gradients
present in their distribution areas (e.g., Teske et al., 2019). Further,
distinct spawning seasons could have evolved unrelated to the above-
mentioned events due to climatic changes occurring in following time
periods.

4.3.3. Genetic indications for temperature-related speciation

The examples discussed illustrate how coinciding paleoclimatic
events, particularly changes in SSTs have likely influenced diversifica-
tion within the MCSC. These temperature changes impacted distribution
range expansion, shifts and disruptions resulting in periods of isolation
with unique temperature influences throughout the evolutionary history
of the species. Given that an important aspect of the life history of extant
Mugil cephalus species, i.e., the reproduction cycle, is at least partially
related to temperature, it is reasonable to expect that a genetic signature
correlated with current temperature factors might be present.

Although we recognize that our results need to be taken carefully
regarding the low number of individuals per clades, we showed that
temperature variables can explain SNP genotype variation in our sam-
ples, considering their geographical location. The model applied to the
whole species complex was significant, so we subdivided our dataset
into the phylogenetic groups identified above to explore it further. Only
the partial RDA of the third subset comprising the Indo-Pacific and West
Pacific species was significant. RDA1 carried the significant variance of
the genomic data, which correlated with both long-term temperature
range and long-term maximum temperature (Table 3). We were able to
identify 453 SNPs that are associated with temperature variation and
which affect genes that are known to be influenced by temperature.
Among these are copies of the 5S and 5.8S rRNA which have been shown
to be impacted when species are experiencing heat stress (Rubin and
Hogness, 1975; Darriere et al., 2022). Further, immunity and inflam-
mation related genes were also impacted by SNPs, among whichHA1F
and PLAR play a role in inflammation responses (Zhou et al., 2021) as
well as Butyrophilin-like proteins which are mainly affecting the activity
of T lymphocytes (Malinowska et al., 2017). Genes related to the lipid
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metabolism like PLA2R for lipid mediator production, or FFAR2 for fat
development were also identified and are known to be impacted by
temperature changes, especially toward high temperatures (Zhao et al.,
2021).

This analysis represents a first approach revealing important facets
for future studies. Our results illustrate potential temperature-related
variations in the genome due to specific temperature regimes experi-
enced by the different species. Correlation of genomic data and tem-
perature range and the retrieval of affected genes related to heat stress
show differences between temperate and subtropical species. A broader
sampling covering the complete temperature and distribution range of
each species will contribute to a better understanding of genes affected
by temperature-related diversification processes.

4.4. Implications for future speciation events

The mid-Pliocene Warm Period is frequently cited as an analogue to
current and future climate conditions (Haywood et al., 2016). Spanning
from ~3.3 Ma to ~3.0 Ma, this interval was characterized by a warmer
and more stable climate within the Pliocene, for which a general cooling
trend can be witnessed from its early to late period. The transition to-
wards the Pleistocene is characterized by multiple severe sea surface
temperature decreases and more temperature fluctuations (Haywood
et al., 2016). Within the mid and late Pliocene, ancestral lineages of the
MCSC experienced large distribution range expansions followed by
divergence events due to changing climatic conditions. The slightly
cooler SSTs during the late Pliocene in comparison to early and mid-
Pliocene seemingly initiated and promoted their dispersal. This in-
dicates that SSTs above the late Pliocene annual mean SSTs from warm
water regions are inadequate habitats for M. cephalus and act as dispersal
barriers. The current distribution of species within the MCSC supports
this hypothesis. Modern warm water regions, such as the southern Indo-
Australian Archipelago or the coastal region of eastern Africa, exhibit
SSTs comparable to those of the mid-Pliocene Warm Period (Dowsett
and Robinson, 2009). However, there are no records of M. cephalus
species occurring in these areas (Fig. 1; Delrieu-Trottin et al., 2020). This
has already caused a disruption in the distribution range of Mugil sp. L,
with isolated populations now observed in the South China Sea as well as
the Coral Sea (Fig. 1). This fragmentation may potentially lead to
reproductive isolation and subsequent speciation within Mugil sp. L. A
similar process can be predicted for Mugil sp. G, which is distributed
along the East Pacific coast from Southern California to Peru. However,
Mugil sp. G has not been observed in the tropical East Pacific, which
could either be due to insufficient sampling in that area or could indicate
that this species has also undergone distribution range disruption
resulting in two isolated populations remaining north and south of the
Equator.

In addition to distribution range disruptions, changing sea surface
temperatures could impact all MCSC species, particularly in higher lat-
itudes. Rising SSTs may lead to distribution range expansions or shifts.
One example could be Mugil cephalus from the Northeastern Atlantic and
Mediterranean Sea. Predicted warming of SSTs in the temperate
Northern Atlantic and relatively stable SSTs in the subtropical Northern
Atlantic (Dowsett et al., 2009) may allow this species to expand further
north into the North Sea while retaining its current distribution. On the
other hand, species in the West Atlantic, such as Mugil liza in the
Caribbean Sea and Mugil sp. B in the Gulf of Mexico might be negatively
affected by rising temperatures as predicted by mid-Pliocene Warm
Period comparisons (O’Brien et al., 2014). SSTs that potentially exceed
the thermal limit of both species in the respective areas could lead to
distribution range shifts further south and north, respectively.

5. Conclusion

Following extensive analyses based on mitochondrial DNA data
examining the structure of the Mugil cephalus species complex, genomic
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data provided in this study confirms the presence of at least 15 species
currently grouped under the M. cephalus name. Phylogenetic recon-
struction based on whole genome SNP data identified two main clades,
the West Atlantic/East Pacific clade and the East Atlantic/Indo-Pacific
clade. Our time calibration analysis dates the origin of the Mugil ceph-
alus species complex within the early to mid-Pliocene transition and
suggests a rapid colonisation of all major marine realms within less than
2 Myr. An initial founder colonization from the West to the East Atlantic
may have been facilitated by changes in the North Atlantic current
system. Within both clades we found support of physical barriers pro-
moting speciation. Ancestral range reconstructions indicate that cli-
matic changes, such as fluctuations in sea surface temperatures during
the late Pliocene and early Pleistocene, likely impacted the distribution
ranges and reproductive cycles of the species complex, playing a sig-
nificant role in the early phases of speciation. However, to fully un-
derstand the evolutionary processes underlying speciation within the
Mugil cephalus species complex, regional studies combining extensive
genetic sampling and paleoclimatic reconstructions with a modelling
approach (e.g., Yannic et al., 2020; De Jode et al., 2023) are needed.
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Appendix A. Supplementary data

Supplementary Fig. 1: Phylogenetic tree of the Mugil cephalus spe-
cies complex based on the mitochondrial genome (without the D-Loop)
including all 39 samples sequenced herein (samples of Mugil sp. I are
marked with blue dots) as well as seven mitochondrial genomes (marked
with red dots) retrieved from Genbank (Supplementary Table 3). Sup-
plementary Fig. 2: Phylogenetic tree of the Mugil cephalus species
complex based on the mitochondrial genome without sequenced sam-
ples of Mugil sp. I. Supplementary Fig. 3: Phylogenetic tree of the Mugil
cephalus species complex inferred with IQtree2 from PI2. Supplemen-
tary Fig. 4: Phylogenetic tree of the Mugil cephalus species complex
inferred with RAXML from PI2. Supplementary Fig. 5: Pairwise panels of
geographical and surface-temperature data evaluated in the GEA
(Supplementary Table 2) showing co-variation between environmental
factors. Supplementary Fig. 6: Venn diagram depicting the number of
shared genes between the three groups of the GEA analysis. Supple-
mentary Table 1: List of barcoded specimens (based on COI), with
geographical locations and references, visualized in Fig. 1. Supplemen-
tary Table 2: List of samples used in whole-genome shotgun analysis
including species association according to DNA barcoding results as well
as respective BIN, alternative artificial species references used in Shen
et al. (2011, 2015), their geographical origin, and sea surface data, i.e.,
maximum temperature, temperature range, long term maximum tem-
perature and long-term temperature range, retrieved for each sample
from the Bio-ORACLE dataset v2.2 (Assis et al. 2018). Supplementary
Table 3: List of mitochondrial genomes referenced in Supplementary
Figs. 1 and 2. Supplementary Table 4: Results of the partial RDA anal-
ysis, listing the outlier SNPs for group I and III, as well as the lists of
genes impacted by those SNPs (shared genes between all three groups
are marked in red). Supplementary data to this article can be found
online at https://doi.org/10.1016/j.ympev.2025.108296.
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