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Abstract

Notothenioids are among the most intensively studied lineages of marine fishes. However, notothenioid research is pre-
dominately focused on the approximately 100 species of Antarctic cryonotothenioids. Far less attention is devoted to the
non-Antarctic lineages Bovichtidae, Pseudaphritis urvillii, and Eleginops maclovinus, all of which originated prior to the
diversification of cryonotothenioid species. Here we utilize DNA sequence data from mitochondrial and nuclear genes, as
well as meristic trait morphology to investigate the evolutionary history of Bovichtidae. Bovichtus is the only polytypic
lineage of early diverging non-Antarctic notothenioids providing a unique opportunity to contextualize the diversification
dynamics of cryonotothenioids with their non-Antarctic relatives. We find strong evidence that species of Bovichtus represent
a recent evolutionary radiation with divergence times similar to those estimated among the most closely related species of
cryonotothenioids. The divergence in traditional meristic trait morphology among species of Bovichtus is consistent with their
phylogenetic relationships. The phylogeny of Bovichtus implies the wide geographic distribution of species in the clade is
likely the result of West Wind drift-driven dispersal. The phylogeny and divergence time estimates results reject a hypothesis
that species persistence in Bovichtus reflects long periods of evolutionary stasis. Instead, we hypothesize that patterns of
extinction and diversification in Bovichtus closely mirror those observed in their Antarctic relatives.
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Introduction

Notothenioids, which dominate the near-shore marine habi-
tats of the Southern Ocean, are one of the most intensively
studied lineages of teleost fishes (Cheng and Detrich 2007).
This attention is not unwarranted as notothenioids are of
critical importance to multi-national fishing interests (Kock
1992; Collins 2010), are a key component of the marine food
web dynamics of the Southern Ocean (Eastman 1985a, b;
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Kock 1985; Barrera-Oro 2002; La Mesa et al. 2004), and
are considered a rare example of adaptive radiations among
marine fishes (Clarke and Johnston 1996; Near et al. 2012).
Although important advances in understanding the evolu-
tionary history and ecology of Antarctic notothenioids have
developed over the past 25 years (Eastman 1993; Bargelloni
et al. 2000; Near et al. 2012, 2018; Dornburg et al. 2017), far
less attention has been devoted toward the development of
an evolutionary framework that focuses on the non-Antarctic
lineages Bovichtidae, Pseudaphritis urvillii, and Eleginops
maclovinus (Near et al. 2015; Papetti et al. 2016). As result,
there is no perspective to compare diversification dynamics
of the Antarctic adaptive radiation with other notothenioid
lineages.

A notable feature of notothenioid phylogenetic diversity
is the presence of non-Antarctic species-depauperate lin-
eages, Bovichtidae (6 species), Pseudaphritis urvillii, and
Eleginops maclovinus that form successive sister lineages
of the predominantly Antarctic Cryonotothenioidea (Fig. 1).
The divergences times of Bovichtidae and Pseudaphritis
are consistently placed in the Cretaceous (Near 2004, 2009;
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Near et al. 2012, 2015), with their origins hypothesized to
have resulted from continental fragmentation in the Southern
Hemisphere (DeWitt 1971; Miller 1987; Balushkin 2000;
Near et al. 2015). Given that no fossils have been found for
these lineages and that both Cottoperca and Pseudaphri-
tis are monotypic, investigating the evolutionary history of
Bovichtus represents the only opportunity to explore pat-
terns of speciation in a polytypic ancestrally non-Antarctic
notothenioid clade. Inference of a species-level phylogeny
for Bovichtus has never been attempted (Papetti et al. 2016).

Molecular phylogenetic analyzes that include Bovichtus
have only included two species, B. variegatus and B. dia-
canthus, which resolve as monophyletic with strong node
support (Near et al. 2012). All other systematic investiga-
tions of Bovichtus have used meristic and morphometric
traits to assess the distinctiveness of the described species.
Regan (1913, pp. 255-257) reviewed eight species of Bovi-
chtus, providing descriptions of B. angustifrons, B. chilen-
sis, and B. decipiens. Comparison of meristic data taken
from a large number of specimens resulted in B. argentinus
Mac Donagh and B. elongatus Hureau and Tomo being syn-
onymized with B. chilensis (Bravo et al. 1999). In a review
of the Australasian species of Bovichtus, B. oculus Hardy
was described from a single specimen, B. decipiens and B.
roseopictus Hutton were synonymized with B. variegatus
Richardson, and Aurion effulgens Waite was synonymized
with B. psychrolutes Gunther (Hardy 1988). A recent study
by Balushkin (2016) led to the additional reduction of the
number recognized species of Bovichtus by synonymizing B.
oculus with B. psychrolutes. While these studies provide an

@ Springer

70 60 50 40 30 20 10

Millions of Years Ago

informed perspective on species diversity, the current lack
of a phylogenetic hypothesis challenges the development of
a more robust understanding of the evolutionary history of
Bovichtus.

Collectively, the six recognized species of Bovichtus
are widely distributed (Fig. 2) from the Pacific and Atlan-
tic coasts of southern South American, the Antarctic Pen-
insula, Tristan da Cunha, St. Paul Island in the southern
Indian Ocean, southern Australia and Tasmania, New Zea-
land, the Campbell Plateau, and seamounts east of New
Zealand in the southern Pacific (Sauvage 1879; Hureau and
Tomo 1977; Hardy 1988; Kingsford et al. 1989; Andrew
et al. 1995; Bravo et al. 1999; Balushkin 2016). Relaxed
molecular clock analyzes have consistently estimated an age
for most recent common ancestor (MRCA) of Bovichtidae
(Cottoperca trigloides and Bovichtus) at~40 Myr. This is
nearly twice the age (~23 myr) estimated for the MRCA of
the species-rich Cryonotothenioidea (Near et al. 2012, 2015;
Dornburg et al. 2017). Given this ancient divergence time
between Cottoperca trigloides and Bovichtus (Fig. 1), it is
not clear if the wide geographic distribution of Bovichtus is
the result of speciation events that occurred in the Paleogene
and the living diversity of Bovichtus is the result of a grad-
ual accumulation of lineages through time. Alternatively, if
the timing of diversification in Bovichtus is more recent, it
suggests similar patterns of lineage diversification that are
observed among species of Antarctic distributed Cryono-
tothenioidea (Stankovic et al. 2002; Near et al. 2012; Hiine
et al. 2015; Dornburg et al. 2017). The absence of a molecu-
lar time tree has precluded investigating the evolutionary
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Fig.2 Map showing the geo-
graphic distribution of the six
recognized species of Bovichtus

B. diacanthus

B. chilensis -

history and timing of diversification in Bovichtus. Over the
past 20 years, we have been able to gather specimens from
four of the six recognized species of Bovichtus for molecular
phylogenetic analysis. In this study, we investigate the phy-
logenetic relationships within Bovichtus and timing of diver-
sification in the lineage using a dataset of DNA sequences
from mitochondrial and nuclear genes.

Materials and methods

Tissue samples were obtained from specimens collected
during several expeditions, and most of these specimens
are maintained in museum research collections (Table 1).
Qiagen DNeasy Blood and Tissue kits were used to iso-
late DNA from frozen or ethanol preserved muscle tissues.
Four nuclear genes (encl, Glyt, myh6, and ragl) and a single
mitochondrial gene (ND2) were amplified using PCR and
Sanger sequenced using primers published in various studies
(Kocher et al. 1995; Lopez et al. 2004; Li et al. 2007). Each
of the genes included in this analysis is protein coding, and
they were aligned by eye to the dataset used in Near et al.
(2012). The alignments were confirmed by examination of
the inferred amino acid sequences. No frame shift muta-
tions or DNA substitutions that resulted in stop codons were
observed in the aligned sequences. All new sequences were
deposited to Genbank MK500763-MK500829. The sam-
pled specimens of Pseudaphritis urvillii, Eleginops maclo-
vinus, Dolloidraco longedorsalis, and Dissostichus mawsoni
were included in the phylogenetic analyzes, as these taxa
represent deep divergences in notothenioid phylogeny and
allowed divergence time estimation.
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Phylogenies were inferred from each of the five sampled
genes using MrBayes v. 3.2 (Ronquist et al. 2012). For each
nuclear gene, an HKY substitution model was applied and a
GTR +1I';, model was used for the mitochondrial ND2 gene
based on Akaike information criterion-based model selec-
tion in ModelTest (Posada and Crandall 1998). The MrBayes
v. 3.2 analysis was run for 107 generations with two simul-
taneous runs each with four chains. Convergence and sta-
tionarity of the chains were assessed through visual inspec-
tion of the chain likelihoods and by monitoring the average
standard deviation of the split frequencies between the two
runs, which was less than 0.005 after 2 x 10° generations.
The first 50% of the sampled generations were discarded as
burn-in, and the posterior phylogeny was summarized as a
50% majority-rule consensus tree.

We jointly estimated divergence times and the tree topol-
ogy for early diverging notothenioids using a multispe-
cies coalescent model with a Yule branching model in the
*BEAST2 module in the BEAST v. 2.4 software package
(Bouckaert et al. 2014). The uncorrelated lognormal clock
model was applied to a partition containing the four nuclear
genes and a separate partition containing the ND2 mito-
chondrial gene. A “constant populations” was used for the
population model, and the population sizes were estimated.
An uninformative prior (1/X) was used for the strict clock
model rate. BEAST v. 2.4 was run four times for 10"8 gen-
erations in each run. Based on Akaike information criterion-
based model selection, an HKY model was applied to each
of the nuclear genes, estimating transition/transversion ratio
(kappa) and using the empirical nucleotide frequencies. In
the GTR +TI', model applied to the ND2 partition, the num-
ber of gamma categories was 4, using empirical nucleotide
frequencies, and estimating the gamma shape parameter.
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Table 1 Specimens sampled, location of voucher specimens, and collection locality

Sampling locality

Species Tissue catalog Specimen voucher
Bovichtus variegatus YFTC 1721 None

Bovichtus angustifrons CSIRO GT 4881 CSIRO H 6958-02
Bovichtus angustifrons CSIRO GT 5613 CSIRO H 7104-08
Bovichtus angustifrons CSIRO GT 7322 CSIRO H 7540-02
Bovichtus angustifrons CSIRO GT 4879 CSIRO H 6958-01
Bovichtus diacanthus YFTC 3477 YPM ICH 021534
Bovichtus diacanthus YFTC 3478 YPM ICH 021534
Bovichtus chilensis YFTC 16715 YPM ICH 027476
Bovichtus chilensis YFTC 16716 YPM ICH 027476
Bovichtus chilensis YFTC 16717 YPM ICH 027476
Cottoperca trigloides YFTC 2301 None

Cottoperca trigloides YFTC 3925 None

Cottoperca trigloides YFTC 3926 None

Cottoperca trigloides YFTC 3927 None
Pseudaphritis urvillii YFTC 1463 None
Pseudaphritis urvillii CSIRO GT 4001 CSIRO 6892-01
Pseudaphritis urvillii CSIRO GT 4002 CSIRO 6892-01
Pseudaphritis urvillii CSIRO GT 5596 CSIRO 7637-05
Eleginops maclovinus YFTC 3993 YPM ICH 021550
Dissostichus mawsoni YFTC 1226 None

Dolloidraco longedorsalis YFTC 12894 YPM ICH 020057

Otaga Harbour, New Zealand

Rockwall at Kingston Beach, Tasmania

Rockpool at north end of Pirates Bay (Eaglehawk Neck), Tasmania
Shelly Point (Orford), Tasmania

Rockwall at Kingston Beach, Tasmania

Atlantic Ocean, Tristan da Cunha

Atlantic Ocean, Tristan da Cunha

Pacific Ocean, ~25 km north of Fray Jorge National Park, Chile
Pacific Ocean, ~25 km north of Fray Jorge National Park, Chile
Pacific Ocean, ~25 km north of Fray Jorge National Park, Chile
Burdwood Banks, Atlantic Ocean

Burdwood Banks, Atlantic Ocean

Burdwood Banks, Atlantic Ocean

Burdwood Banks, Atlantic Ocean

Pedler Creek South Australia, Australia

Lachlan River, Tasmania

Lachlan River, Tasmania

Eaglehawk Bay head (Eaglehawk Neck), Tasmania, 0.5 m depth
—43.018713, 147.914897

Falkland Islands
McMurdo Sound, Antarctica
Palmer Station, Antarctica

YFTC Yale Peabody Museum Fish Tissue Collection; YPM Yale Peabody Museum, CSIRO Commonwealth Scientific and Industrial Research

Organisation

The ages of five nodes were constrained based on previous
molecular divergence time estimates for notothenioid fishes
(Near et al. 2012, 2015). An exponential distribution with
a mean of 1.0 and a minimal age of 23.0 mya was used for
the MRCA of Cryonotothenioidea. A normal distributed age
prior was used for all other calibrations. The age of the root
node (Notothenioidea) was set at 71.4 mya with an aver-
age of the distribution set to 0.0 and the standard devia-
tion of 4.0. The most recent common ancestor (MRCA) of
Pseudaphritis urvillii and Cryonotothenioidea (Pseudaphri-
tioidea) was set to 63.0 mya (mean=0.0 and standard devia-
tion=6.5), 42.0 mya for Eleginopsioidea (mean =0.0 and
standard deviation=35.5), and 39.5 mya for Bovichtidae
mean = 0.0 and standard deviation=9.0. For each model
parameter, plots of the marginal posterior probabilities ver-
sus the generation state (generated by the computer program
Tracer v. 1.76) were used to assess convergence of param-
eter estimates and effective sampling of the parameter state
space. These plots were also used to assess estimated node
heights to their optimal posterior distributions. The result-
ing tree and log files were combined using the computer
program LogCombiner v. 2.4.8. The posterior probability
density of the tree files was summarized as a maximum clade
credibility tree using TreeAnnotator v. 2.4.8.
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Meristic trait data were collected from 17 specimens of
B. diacanthus collected from Tristan da Cunha (YPM ICH
031,765). Counts of the number of pores in the lateral line,
the number of second dorsal fin rays, and the number of
anal fin rays were collected following Pequefio and Inzunza
(1987). Data for two additional specimens of B. diacanthus
were taken from Bravo et al. (1999). Meristic data for B.
angustifrons, B. chilensis, B. psychrolutes, and B. variegatus
were taken from Balushkin (2016) and Hardy (1988).

Results

The phylogenies inferred from each of the five sampled
genes are entirely consistent with previous molecular ana-
lyzes of notothenioid relationships (e.g., Near et al. 2012).
Eleginops maclovinus is resolved as the sister lineage of
monophyletic Cryonotothenioidea and Bovichtidae is
resolved as monophyletic in each of the five gene trees with
strong node support (Figs. 3, 4). However, there is incongru-
ence among the phylogenies concerning the relationship of
the species of Bovichtus (Figs. 3, 4). With moderate Bayes-
ian node support, B. angustifrons and B. variegatus are sis-
ter species in the encl gene tree (Fig. 3) and in the ND2
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gene tree with Bayesian posterior node support less than
0.90 (Fig. 4). Bovichtus angustifrons and B. chilensis are
strongly supported as sister species in the myh6 gene tree,
and B. chilensis and B. diacanthus are sister species with
moderate node support in the ND2 mitochondrial gene tree,
but this clade is strongly supported in the Glyr phylogeny
(Figs. 3, 4).

The *BEAST2 multispecies coalescent analyzes in
BEAST? scored high ESS values (> 200) for all parame-
ters. The inferred species tree resolves Bovichtus as mono-
phyletic and B. angustifrons as the sister lineage of all
other species of Bovichtus. The placement of B. variegatus
has weak node support, but B. chilensis and B. diacan-
thus are strongly supported as sister species (Fig. 5a). The
uncertainty in the phylogenetic resolution of B. angusti-
frons and B. variegatus is illustrated in the DensiTree plot
of the *BEAST? species tree topologies, which shows a
web of relationships among these taxa and the clade con-
taining B. diacanthus and B. chilensis (Fig. 5b). The pos-
terior age estimate for the MRCA of Bovichtus is 4.3 mya
[95% highest posterior density (HPD: 1.6-7.9 mya)], and
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Fig.4 Bayesian-estimated gene tree topologies for nuclear genes used in this study. Gray-scale circles indicate Bayesian posterior probabilities
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the age estimate for the clade containing B. chilensis and
B. diacanthus is 1.1 mya (HPD: 0.1-2.5 mya).

The counts of the number of lateral line pores, anal fin
rays, and second dorsal fin rays are presented in Tables 2,
3 and 4. The meristic patterns are comparable across the
three traits that individual species of Bovichtus cluster in
one of two groups that are distinguished by relatively low
and high counts. Bovichtus angustifrons and B. variegatus
exhibit a similar mean number of lateral line pores and
anal fin rays (Tables 2, 3), and the lowest modal counts for
second dorsal fin rays (Table 4). The counts for all three
traits are very similar in B. psychrolutes, B. chilensis, and
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B. diacanthus, and the trait counts are higher than those in
B. angustifrons and B. variegatus (Tables 2, 3, 4).

Discussion

The inferred phylogeny matches expectations based on com-
parisons of morphological meristic traits among species of
Bovichtus. The earliest divergences in Bovichtus involve two
species with low meristic trait values, B. angustifrons and B.
variegatus (Fig. 5a; Tables 2, 3, 4). The resolution of a clade
containing B. chilensis and B. diacanthus with strong node
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Table 2 Counts of lateral line pores in species of Bovichtus

Species Number of lateral line pores
71 72 73 74 75 76 77 78 79 80 81 82 83 8 85 8 87 8 8 N Mean SD
Bovichtus angustifrons 1 4 1 1 5 14 15 18 11 6 4 3 83 78.30 2.51
Bovichtus variegatus 2 3 4 15 19 28 28 31 10 1 141 77.70 1.81
Bovichtus psychrolutes 2 52525 19 20 6 2 3 107 82.55 1.65
Bovichtus chilensis 1 711 14 12 10 5 4 2 1 67 82.74 2.00
Bovichtus diacanthus 4 3 5 3 1 3 19 8232 2.00
N number of specimens, SD standard deviation
Table 3_ Counts O,f anal fin rays Species Number of anal fin rays
in species of Bovichtus
13 14 15 16 17 18 N Mean SD
Bovichtus angustifrons 5 30 8 43 14.07 0.55
Bovichtus variegatus 12 110 4 126 13.94 0.35
Bovichtus psychrolutes 1 35 18 1 1 56 15.39 0.65
Bovichtus chilensis 17 26 21 7 71 15.25 0.94
Bovichtus diacanthus 11 8 19 15.42 0.51
N number of specimens, SD standard deviation
Tablg 4 COl,mtS of dor‘sal fin Species Number of dorsal fin rays
rays in species of Bovichtus
18 19 20 21 22 N Mean SD
Bovichtus angustifrons 1 7 8 19.88 0.35
Bovichtus variegatus 9 104 13 126 19.03 0.42
Bovichtus psychrolutes 19 41 3 63 20.75 0.54
Bovichtus chilensis 1 19 45 8 73 20.74 0.54
Bovichtus diacanthus 1 6 12 19 20.58 0.61

N number of specimens, SD standard deviation

support is consistent with their similarity in meristic traits
that are often used to discover and delimit closely related
species of teleosts (Berendzen et al. 2009; Kozal et al. 2017,
Near et al. 2017). Although there is no morphological or
genetic data available for B. veneris Sauvage and there is no
genetic data available for B. psychrolutes, the high meristics
exhibited in the latter provide a viable hypothesis that the
species is more closely related to B. chilensis and B. diacan-
thus. A comprehensive dataset of morphological and genetic
data for all of the recognized species of Bovichtus will pro-
vide the basis for investigation of phylogenetic relationships
and species delimitation.

In addition to needing additional specimens and data to
more thoroughly investigate the phylogenetics of Bovich-
tus, the phylogenetic affinity of the bovichtid Halaphritis
platycephala Last, Balushkin, and Hutchins remains enig-
matic. In the description of H. platycephala, the species was
tentatively classified in Bovichtidae, but it was highlighted
that morphological features, such as the narrow spacing of

pelvic fin insertions were shared with Pseudaphritioidea,
which is the lineage that contains Pseudaphritis urvillii,
Eleginops maclovinus, and Cryonotothenioidea (Last et al.
2002). There is no available material for molecular analysis,
and it remains unclear whether the Australian endemic H.
platycephala represents an early divergent notothenioid or
the sister lineage to Bovichtidae (Fig. 1).

Despite the uncertainty regarding the phylogenetic affini-
ties of bovichtid species not sampled in our analyzes, the
divergence time estimates strongly reject the hypothesis that
species of Bovichtus arose prior to the diversification of cry-
onotothenioids. Instead, our results demonstrate that the ori-
gin of these lineages is temporally coincident with the rise of
many of the Antarctic notothenioid species (Near et al. 2012;
Dornburg et al. 2017). Similar to cryonotothenioids, there is
a long (> 35 Myr) waiting time after the initial divergence
of Cottoperca trigloides and Bovichtus. Most notably, the
divergence between B. diacanthus and B. chilensis occurred
within the last 0.5 to 2 million years, suggesting that the
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disjunct geographic distribution between these two species
reflects recent dispersal between South America and Tristan
da Cunha (Figs. 2, 5a).

Species of Bovichtus are widely distributed from the
Pacific and Atlantic coasts of southern South American, the
Antarctic Peninsula, Tristan da Cunha, St. Paul Island in the
southern Indian Ocean, southern Australia and Tasmania,
New Zealand, the Campbell Plateau, and seamounts east of
New Zealand in the southern Pacific (Fig. 2; Sauvage 1879;
Hureau and Tomo 1977; Hardy 1988; Kingsford et al. 1989;
Andrew et al. 1995; Bravo et al. 1999; Balushkin 2016),
raising the question of what biogeographic pathways led to
this cosmopolitan distribution. Near et al. (2015) estimated
either a South American, or South American + Austral-
ian origin for Bovichtus based on the distribution of other
non-Antarctic notothenioids. However, given the long fuse
leading to crown lineage Bovichtus estimated in the relaxed
molecular clock analyzes and the lack of species diversity
in other lineages of non-Antarctic notothenioids (Fig. 5), it
is likely that much of the signature of ancient biogeography
has been eroded by extinction events. The phylogeny shows
that the Australian B. angustifrons and the New Zealand
endemic B. variegatus diverged prior to B. chilensis (south-
ern South America) and B. diacanthus (Tristan da Cunha).
The geography of speciation in Bovichtus inferred from our
phylogenetic results is consistent with the expectations of
West Wind Drift-driven dispersal (Fell 1962; McDowall
1978; Waters 2008). More broadly the evolutionary history
of Bovichtus aligns with the growing recognition that long-
distance dispersal is an important component in explaining
the geographic distribution of both terrestrial (Gillespie et al.
2012; Reynolds et al. 2013; Federman et al. 2015; Bauret
et al. 2017) and marine (Fraser et al. 2011; Dornburg et al.
2015; Luiz et al. 2015; Carlton et al. 2017; Hou and Li 2018)
organisms.

Long-distance dispersal may be particularly important for
notothenioids. Several population genetic studies of nototh-
enioid species demonstrate connectivity over hundreds, if not
thousands of miles (Matschiner et al. 2009; Damerau et al.
2012; Dornburg et al. 2016a, b), and recent biogeographic
analyzes have demonstrated that dispersal from lower latitude
peripheral areas into high latitude shelf areas of the Antarctic
continent is an important feature of notothenioid evolution-
ary history (Dornburg et al. 2017). The early life history and
behavior of juvenile Bovichtus suggest a capacity for long-
distance dispersal. The early life stages of B. diacanthus and B.
angustifrons are pelagic silvery-colored fishes that form large
schools until they reach a total length of 30 to 60 mm, there-
upon the pelagic juveniles move into shallow inshore areas and
settle as benthic adults (Sutton and Bruce 1988; Andrew et al.
1995; La Mesa et al. 2010). The connection of early life history
to long-distance dispersal is not entirely speculative. A juve-
nile specimen of Bovichtus associating with rafting algae that
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was not B. chilensis and superficially similar to Australian B.
angustifrons was discovered off of the coast of South America
(Pequeiio et al. 2004), providing evidence that Bovichtus can
use westward flowing currents to cross major ocean basins.
As such, long-distance dispersal suggests a mechanism for the
widespread geographic distribution and recency of speciation
in the evolutionary history of Bovichtus.

Our divergence time estimates provide a perspective on the
diversification dynamics of early diverging notothenioids. The
long phylogenetic branches leading to monotypic lineages such
as Cottoperca trigloides and Pseudaphritis urvillii can be the
result of either evolutionary stasis or high levels of background
extinction (Stadler 2011), thereby providing little insights into
diversification processes (Fig. 1). In contrast, our analyzes of
phylogeny and divergence times in Bovichtus reveal that spe-
cies diversity is not the result of early divergences maintained
through time, or a gradual accumulation of species over time
(Fig. 5a). Instead, species of Bovichtus are the result of recent
evolutionary diversification. These results are consistent with
studies that infer recent speciation in lineages considered to be
either ‘living fossils’ or ‘ancient’ relative to their sister lineages
(Nagalingum et al. 2011; Near et al. 2014). In the case of Bovi-
chtus, the speciation events occur after the middle Miocene cli-
matic optimum, a period of warming that has been implicated
in driving extinction within cryonotothenioids (Near et al.
2012). As such, the radiation of Bovichtus may well have been
driven by ecological opportunities that arose as widespread
near-shore communities recovered from climatic perturbation.
This hypothesis has also been posited for the diversification
of cryonotothenioids (Near et al. 2012; Dornburg et al. 2017),
suggesting that diversification among species of Bovichtus, and
possibly extinction dynamics in other non-cryonotothenioids,
may be similar to those of their Antarctic relatives.
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