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Abstract:
Modern genetic data sets pre nwcedented opportunities to understand the evolutionary
origins of diverse taxonomic hen the timing of key events is known, it is also possible

to investigate biogeogrglihic MgtOTy in the context of major phenomena (e.g., cooling of a major
ocean). In this studglve IMyestigated the biogeographic history of the suborder Zoarcoidei, a
globally distributeR§ oup that includes species inhabiting both poles that produce antifreeze
proteins to su ch¥®nic subfreezing temperatures. We first generated a multi-locus, time-
caligrate Qeny for the group. We then used biogeographic modeling to reconstruct

ances Mg®s across the tree and to quantify the type and frequency of biogeographic events
(e.g., foum@er, dispersal). With these results, we considered how the cooling of the Southern
and Arctic Oceans, which reached their present-day subfreezing temperatures 10-15 million
years ago (Mya) and 2-3 Mya, respectively, may have shaped the group’s evolutionary history,
with an emphasis on the most speciose and widely distributed family, eelpouts (family
Zoarcidae). Our phylogenetic results clarified the Zoarcoidei taxonomy and showed that the

group began to diversify in the Oligocene ~31-32 Mya, with the center of origin for all families in
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north temperate waters. Within-area speciation was the most common biogeographic event in
the group’s history (80% of all events) followed by dispersal (20%). Finally, we only found
evidence, albeit limited, for ocean cooling underpinning Zoarcoidei diversification for eelpouts

living in the high Antarctic over the last 10 million years.

Keywords: phylogenetics, biogeographic modeling, biogeographic stochastic mapping,

Southern Ocean, Antarctica, polar fish

1. Introduction:
Clarifying spatial origins of diversification and the evolution of geographigyra Q key to
@ jstributions in a

phylogenetic context, it is possible to assess how key events (e.gNggisp€ , extinction,
7). With the ever-

nBank), declining costs for

understanding patterns of global biodiversity. By considering conte

speciation) shaped range evolution and diversification (Dupif %
expanding availability of genetic data in public repositorie?
generating new data, and emerging statistical tools

geogMephic stochastic mapping

(BSM), Matzke (2014)], there has never been a mpl to explore complex biogeographic
histories across large phylogenies. Cos it lades, where a single group is distributed
throughout all or most of the world, p erestfig biogeographical scenarios because no
taxonomic group begins with a glpbal dis tion and thus many dispersal and vicariance
events must occur during its evolu and geographic expansion (Nauheimer et al., 2012).
Moreover, long-term biogeogy hMs do not occur in an environmentally static landscape.
While a group is evolvingggiier , and shifting its range over millennia, the habitats it
occupies are also ch %th size and suitability. Large-scale environmental shifts can
drive species’ radjaiNggs ar®when the timing of influential events (e.g., the separation of two

land masses g co a major ocean) are known, it is possible to test hypotheses linking

biogeogragim s to processes on a calibrated timeline (Dupin et al., 2017).

A cos olitan group of particular biogeographical interest are eelpouts (family Zoarcidae), the
most ose family in the suborder Zoarcoidei, comprising ~75% of the suborder’s ~400
species (Fricke et al., 2018), and the only Zoarcoidei family with species that inhabit marine
environments surrounding both poles (Mgller et al., 2005). Eelpouts are also one of the most
rapidly speciating fish clades, with their propensity for deep-waters and high-latitudes implicated
as potential drivers of their high speciation rate (Rabosky et al., 2018). At polar latitudes, marine

environments are chronically cold, and often subfreezing, yet they retain high levels of biological



productivity and species richness (DeVries and Steffensen, 2005). Considerable focus has been
devoted to understanding how and when organisms diversified in the Southern and Arctic
Oceans (e.g., Gonzalez-Wevar et al., 2010; Hopkins and Marincovich Jr, 1984), particularly as it
relates to when both oceans reached their contemporary subfreezing temperatures [Southern
Ocean: 10-15 million years ago (Mya), Arctic Ocean: 2-3 Mya; DeVries and Steffensen (2005)].
Generally speaking, most Zoarcoidei species are found in the Northern Hemisphere, specifically
the northwestern Pacific Ocean, which has been proposed as a speciation cenjg@r fofthaegcoup
(Anderson, 1994; Shmidt, 1950).

A key innovation among the Zoarcoidei is the evolution of antifreeze prgfai @ AFPs have

% beyond the

et 2019) and have

evolved repeatedly across the Tree of Life, including in multiple fish_li

Zoarcoidei (e.g., antifreeze glycoproteins; Chen et al., 1997; Zhu

been hypothesized to underlie adaptive radiations in some Qg0 c @, notothenioids,
Matschiner et al., 2011). Adaptive radiations occur when high ation rates, common
ancestry, and a phenotype-environment correlation g apid Merease in species diversity
and often stem from ecological opportunity (Schigt Op). For instance, the Antarctic
notothenioid adaptive radiation into freez n tic Waters has been linked, in part, to the
evolution of AFPs (Matschiner et al., ar et'dl., 2012). A structurally distinct type of AFP
(Type lll) is only found within megbers o suborder Zoarcoidei and has been observed in
five families—Anarhichadidae, Cr canthodidae, Pholidae, Stichaeidae, Zoarcidae (Davies et
al., 2002; Davies et al., 1988)47 yiR!| Ps arose approximately 18 Mya, in the Northern
Hemisphere, suggesting A aters were ice-laden earlier than current estimates suggest
(Hobbs et al., 2020).

questions about

ntemporary distributions of Zoarcoidei species raises
of the Arctic and Southern Oceans may have influenced the

group’s evolugion.

Herwe @ ulti-locus sequence data to construct a time-calibrated, comprehensive
phylog ot the suborder Zoarcoidei with an emphasis on eelpouts (family Zoarcidae). Next,
we u is phylogeny to clarify issues of taxonomic uncertainty in the group and better
understand its biogeographic history. Previous phylogenetic efforts have noted issues with the
Zoarcoidei taxonomy, primarily stemming from a lack of monophyly in the Stichaeidae family,
which led to the description of two new families, Eulophiidae and Neozarcidae (Kwun and Kim,
2013). We confirm and build upon these prior efforts to continue improving Zoarcoidei

taxonomy. To better understand biogeographic history for the group, we reconstructed ancestral



ranges for every node of our phylogeny and considered what, if any, evidence exists for cooling
of polar seas to have driven patterns of speciation. We performed biogeographic stochastic
mapping on our phylogeny to quantify the types of biogeographic events (e.g., founder-event
speciation, dispersal) that have underpinned the group’s diversification. To our specific question
of whether ocean cooling has been a major driver of speciation within Zoarcoidei, and for
eelpouts in particular since they are the only globally distributed family in the suborder, we

expected to observe three lines of evidence: (1) higher support for biogeographg

incorporate the timing of polar ocean cooling, (2) bursts of speciation following f
each polar ocean at roughly 10 (Southern) and 2 (Arctic) Mya, and (3) moreglISIRsMevents
into polar regions than out of them as cold-adapted Zoarcoidei took ady, ew
ecological opportunities.

2. Materials and Methods: K

2.1. Data collection and geographic zone definition

We obtained sequence data for up to three nuclear ecom®nation activating 1 (rag?),
rhodopsin (rho), ring finger protein 213 (rnf213)] edimitochondrial genes [cytochrome
oxidase | (mt-co1), cytochrome B (mt-cyj NA(mt-rnr2)] from 223 specimens in the

suborder Zoarcoidei and an outgroup; ps mdclovinus (suborder Notothenioidei). Our

data set included a combination Qf existin®gata in GenBank and newly generated data (Table
S1). For phylogenetic biogeograp odeling and ancestral range reconstruction (see 2.3
Biogeographic modeling and ghcgmkal®ange estimation), it was important that we binned

species’ contemporary digigbuti to geographic categories. To do this, we first defined the

geographic distributig pecies in our data set using FishBase (http://fishbase.org;
Froese and Pauly, 9), a®online database with species-level distribution information that
stems from pyblish&lit®rature and observations reported on the Ocean Biogeographic
Informatiogsi BIS, https://obis.org/; Grassle, 2000) and the Global Biodiversity

@ ity (GBIF, https://www.gbif.org/; Lane and Edwards, 2007). We then binned

ary distributions for each species into five geographic zones based on their latitudinal

InfoRgati
contem
rangeqgi#’ multiple zones allowed for a given taxon: (1) Arctic (north of the Arctic Circle,
>66.5°N), (2) North Temperate (between the Arctic Circle and the Tropic of Cancer; 23.5°N -
66.5°N), (3) Tropical (between the Tropic of Cancer in the northern hemisphere and the Tropic
of Capricorn in the southern hemisphere; 23.5°N - 23.5°S), (4) South Temperate (between the
Tropic of Capricorn and the Antarctic Circle; 23.5°S - 66.5°S), and (5) Antarctic (south of the
Antarctic Circle, >66.5°S).



We chose to use large geographic zones for two reasons. First, Zoarcoidei species are poorly
studied and thus, a conservative approach to estimating their distributions was needed. Since
many taxa are only known from their type localities, larger zones accounted for uncertainty in
their true geographic distributions. Second, deep sea fishes can have considerable dispersal
potential, with ranges spanning nearly 5,000 km for some species (equivalent to ~45° of

latitude; Baco et al., 2016). Large geographic zones can help account for unce

the possibility of ecologically important deep-sea dispersal. However, it is impo

our use of strict geographic limits to zones following established latitudinal Ij WArctic and
Antarctic Circles) may have influenced our biogeographic results, parti @e South
Temperate and Antarctic zones. While the Arctic Circle aligns well wi its of cold
conditions in the Arctic Ocean, the Antarctic Circle does not align'WgrticO"™®y well with the limits

of cold conditions in the Southern Ocean, which is often defj e®tion to the Antarctic

Circumpolar Current (ACC). The ACC flows in a clockwise dj around Antarctica, is
marked by an onset of subfreezing temperatures at rctic @pnvergence, and varies

between 47°S and 60°S latitude depending longj eason (DeVries and Steffensen,
2005). The ACC and the onset of polar
dispersal for marine fauna in the Sou
al., 2009; La Mesa et al., 2017).
ACC instead of the Antarctic Circl

analyses. However, given spgffal

oy has Deen implicated as a key barrier to
ispfere (e.g., Desvignes et al., 2020; Griffiths et

hus, deMing the latitudinal limit for the Antarctic zone at the

ay have yielded different results in our biogeographic
n of the ACC, uncertainty surrounding the geographic

distributions of deep-sea r fi , and the presence of Antarctic Bottom Water which flows

from Antarctic depths throughout the world (e.g., Rhein et al., 1998), we chose to

es for the Arctic and Antarctic Zones as described above.

uence data for four specimens using polymerase chain reaction (PCR)

an ge #ger sequencing. For each specimen, DNA was extracted from frozen tissue
(either Myscle, liver, or a fin clip) using a MagAttract HMW DNA Kit (Qiagen), following the
manu rer’s protocol for 25 mg tissue samples. We amplified our six markers using primers

listed in Table S2 with the same PCR conditions: initial denaturation for 4 min at 94°C, 35 cycles
of 30 s at 94°C, 30 s at 55°C and 45 s at 72°C, and a final elongation for 7 min at 72 °C.

We also extracted sequences for Lycodichthys dearborni (rag1, rho, rnf213, mt-co1, and mt-

cyb) and Lycodes polaris (rag1, rho, rnf213, mt-cyb, and mt-rnr2) from short-read genome



assemblies. Genomes were assembled from high-coverage (>50x), short-read sequence data
(either 100-bp or 150-bp paired-end lllumina sequence data) with SPAdes v3.11.1 and default
settings (Bankevich et al., 2012). To extract sequences, we used BLAST+ v2.5.0 (Altschul et al.,
1990) to align our primers against each assembly. We elected to align primers rather than
homologous sequences to ensure that sequence variability did not affect our ability to recover
our target sequences. Matches with an e-value less than 0.5 that were also the longest match

between the query and target were identified as our best hits. We extracted thegteq
between primers (the target) with bedtools (Quinlan and Hall, 2010). To confir idegli of

< atabase
% 2d sequenced

codons or frameshifts were present. GenBank accession numbe r an®¥€netic data used in

sequences, we used BLASTn to compare the extracted sequences against

to verify they were orthologous to sequences from closely related specig

were also visually checked for evidence of pseudogenization by asge

this study, including newly generated sequences, are provi S1.
2.2. Phylogenetic reconstruction and divergence timj ,
Nucleotide sequences for rag1, rho, rf213, mt- -cyb were translated to amino acid

ith default settings (Edgar, 2004). Nucleotide
no adld alignments with PAL2NAL v14-0
for mt-rnr2 were aligned using MUSCLE v3.8.31

sequences and aligned using MUSCLE

alignments were then generated using
(Suyama et al., 2006). Nucleotide sequent

with default settings (Edgar, 2004 )Ngfter concatenation, we used the aligned nucleotide data set

to estimate phylogeny using rgxi elihood and to infer divergence times in a Bayesian
framework. To infer the ' lihood tree we used IQ-TREE v1.6.10 (Nguyen et al.,
2015). We provided jons Mpsed on codon positions in each of the five coding genes and let

each partition have 3@ indivual rate while sharing branch lengths across partitions (Chernomor
et al., 2016).

(Kalyaangg

EE find the best substitution models and partitioning scheme

de S
tree se rations to 500 from a default of 100. We assessed confidence across the tree with

5,000 cates of ultrafast bootstrap approximation (Hoang et al., 2018).

We estimated divergence timing under a fossilized birth-death process (Heath et al., 2014) as
implemented in MrBayes v3.2.7a (Ronquist et al., 2012). We used the fossil Proeleginops
grandeastmanorum (family Eleginopsidae, age 38-45 Mya) constrained as sister to the outgroup

species Eleginops maclovinus (Bienkowska-Wasiluk et al., 2013). Because of uncertainty of



their placement, two fossil species—Agnevicthys gretchinae and Palaeopholis laevis (family
Pholidae, age 11.5-12.3 Mya; Nazarkin, 2002)—were allowed to be placed as either the stem
(outside of the clade formed by extant species) or crown (within the clade of extant species) for
the group during exploration of the tree space. We included several fossils identified as
Stichaeidae but because preliminary analysis demonstrated polyphyly of this family, we allowed
these fossils to be placed anywhere within the in-group excluding Bathymasteridae: Nivchia
makushoki, Stichaeus brachigrammus, and Stichaeopsis sakhalinensis (age 1
Nazarkin, 1998), undescribed fossils NSM PV 22683 (age 13-16 Mya) and PIN
(11.6-13.5 Mya; Nazarkin and Yabumoto, 2015), and Stichaeus matsubaraidagRg. 53 Mya;
% es Lycodes

Yabumoto and Uyeno, 1994). We used fossils assigned to the contem

pacificus (family Zoarcidae) to date its age at 0.78-2.59 Mya (Fitch,

For each fossil, we sampled age from a uniform distribution g possible age range.

Because gene-partitioning for divergence dating may result i Blistically narrow confidence
intervals (Angelis et al., 2018), we used an unpartiti R md®el with gamma rate
distribution broken into six discrete categories, t pefldent gamma-rate relaxed clock
model, and extant sample proportion of t theroot age prior to be an exponential
distribution offset at 38 Mya (the you y ag€ of P. grandeastmanorum) with a mean of
70 Mya. We performed these anglyses u two scenarios: one assuming taxon sampling was
random and one assuming taxon pling was done to maximize taxonomic diversity (Zhang et
al., 2016). The choice of sam h&ne assumption can impact dating analyses if significant

mismatch between assu ual taxon sampling exists. For example, when only a few

t genera or families in a clade containing thousands of species

greater than 100, potential scale reduction factor values were close to 1.0, proposal acceptance
rates were between 20-70%, average standard deviations of split frequencies were below 0.01,
and that time-series of parameter values converged across replicates. We did not observe
differences between random and diversified sampling. Thus, we used diversified sampling

results for downstream analyses. To visualize our results, we generated a lineages through time



plot for the full species tree with the /tt function of Phytools (Revell, 2012) and plotting in ape
(Paradis and Schliep, 2019).

2.3. Biogeographic modeling and ancestral range estimation

For biogeographical modeling, we used “BioGeography with Bayesian (and likelihood)
Evolutionary Analysis in R Scripts” v1.1.2 (BioGeoBEARS; Matzke, 2014). To identify the best-

fit model, we compared likelihoods of six models for ancestral range estimationghcli
dispersal-extinction cladogenesis (DEC; Ree, 2005; Ree and Smith, 2008), dis al-vicaflance

analysis (DIVALIKE; Ronquist, 1997), and Bayesian inference of ancestral @

separately on ten randomly chosen posterior trees to accoun certainty. For all trees, we
ecies was represented only
once. We also removed tips that were not reliab to a described species (e.g., to

genus only) and/or had no sampling locay fOWgation given and thus no geographic context.

After binning species into the geggraphic 3gpes described above—Arctic, North Temperate,
Tropical, South Temperate, Antarc we ran two types of BioGeoBEARS analyses. (1)
“Unconstrained”, meaning thg#fdi s probabilities were not constrained across space and

time and taxa were allow on us or discontinuous ranges (e.g., Arctic and Tropical but

not North Temperate parameter-rich and biologically realistic “time-stratified”

analysis with dispgr: rob®bilities modified for three pre-defined time periods—0-3 Mya, 3-20
Mya, and 20 \dya aNgl o®er (i.e., the time before, during, and after cooling of the Arctic and

Southern @

e

ries and Steffensen, 2005)—to incorporate predicted geographic and

ec iC ces among range categories. Dispersal was penalized by distance only for the
time pe pefore the Southern or Arctic Oceans began cooling (>20 Mya), a dispersal penalty
was for the Antarctic zone after the Southern Ocean began cooling and reached its

present state (3-20 Mya), and a dispersal penalty was added for the Arctic zone after the Arctic
Ocean began cooling to its present-day temperature (0-3 Mya). For both sets of analyses, a
maximum occupancy of three geographic zones was allowed and for the time-stratified
analyses, only adjacent ranges were allowed (e.g., Tropical+North Temperate+Arctic). We

limited analyses to only three geographic zones because no species included in our study had a



contemporary distribution that spanned more than three zones. The dispersal matrices used in

these analyses are provided in Table S3.

2.4. Biogeographic stochastic mapping

In order to quantify the number of each type of biogeographic events in Zoarcoidei evolution we
used biogeographic stochastic mapping (Dupin et al., 2017). Six types of biogeographic events
were allowed in the models tested: speciation within-area (both species occupyghe rea

post-speciation), speciation within-area subset (one species inhabits a subset r post-
speciation), vicariance, founder event, range expansion, and range contrac@i mplete

descriptions in Dupin et al., 2017). We differentiated among models usi e
information criterion corrected for small sample sizes (AICc; Cavan 7). According to
AlCc, “BAYAREALIKE+J” was favored across all ten randomly s te terior trees for both

unconstrained and time-stratified analyses (see 3. Results). re used

BAYAREALIKE+J under the time-stratified regime for biogeo
100 stochastic replicate maps performed on each of, randOWly chosen posterior trees.
To obtain consensus results we averaged eventgo fr@m each of the 10 posterior trees for

the best-fit model (BAYAREALIKE+J).

stochastic mapping with

3. Results:

3.1. Data collection
We acquired sequence data fgf 2 imens representing at least 196 described species or
subspecies from 10 familj it arcoidei. This translates to ~51% of described species
diversity (n = 383) in
sampled 100% of deggribe

Ptilichthyidae g@and r®idae. For the most speciose family in the suborder—eelpouts

r (FishBase; Froese and Pauly, 2019). For five families, we

iversity: Anarhichadidae, Eulophiidae, Neozoarcidae,

(Zoarcidagemmy pled 113 of 290 described species (39%; Figure 1). Across all specimens

2

arker. Sampled taxa spanned 274 contemporary geographic zones with 42 species in

andQgar data set was 44.9% complete with only seven samples (3.1%) represented by

a singl
the Arig(15.1%), 180 species in the North Temperate zone (64.5%), 15 species in the Tropical
zone (5.4%), 26 species in the South Temperate zone (9.3%), and 11 species in the Antarctic
(3.9%; Table S1). Only eelpouts (Zoarcidae) had distributions in the South Temperate and
Antarctic zones (Figure 1, Table S1).
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Figure 1. A time-calibrated tree of the suborder Zoarcoidei. For visualization, when multiple species
within the same genus formed a monophyletic group, we compressed the group. The number of taxa that
were compressed are given in parentheses after the tip label. To the left of nodes, colored areas within
vertical rectangles indicate the amount of support for that ancestral distribution group (Note: Up to three
geographic zones could be combined for the ancestral range reconstruction). More area indicates more
support for that ancestral distribution over others (if applicable). To the right of tips, small pie charts
represent present-day distributions across our five latitudinally defined geographic zones (Arctic, North
Temperate, Tropical, South Temperate, Antarctic). When multiple tips are compressed into one pie chart
and/or a taxon’s range spans multiple regions, the proportion for each region is reflected in the pie chart.
Like historical distributions, contemporary distributions were also allowed to span more than

geographic zone. In the contemporary distributions key, n represents the number of spgi
geographic zone (Note: Because one specimen’s distribution can span multiple zones,
to more than the total number of samples included in the study). Thus, the number of pi
components does not necessarily equal the number of taxa in a given group. The trg
Eleginops maclovinus which was removed for visualization. The numeric scale at t
indicates millions of years before present with corresponding geological epoc
indicate timing of the cooling of the Southern and Arctic Oceans, respectivel ete trees (with
outgroups) including dating estimates, probabilities for each node, and th um likelihood tree
are included in the Supplementary Materials as Figures S1, S2, and S3Q&spes

Southern
S Ocean
~ cooled
o
D -
-

Number of lineages
100
|

o —
Oligocene | Miocene [ Piioc.[Pleis.|
30 25 20 15 10 5 0
Millions of years before present
Figure ge through time plot for the suborder Zoarcoidei with the timing of Southern and Arctic

Ocean coMing noted.

3.2. Phylogenetic reconstruction

Our phylogeny indicates that the Zoarcoidei lineage diverged from the last common ancestor of
notothenioids and Zoarcoidei during the Lower Cretaceous period, ~104 Mya [95% highest
posterior density (HPD): 72-152 Mya] and began to radiate in the Oligocene, ~31-32 Mya

(Figures 1, S1). Major families were recovered as monophyletic except for the Stichaeidae
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which were recovered as polyphyletic, in line with previous studies (e.g., Clardy, 2014;
Radchenko, 2016). Our results lend support to the current taxonomy of Eulophiidae and
Neozoarcidae which were described by Kwun and Kim (2013) and expanded by Radchenko
(2015). We also found support for the genus Kasatkia (currently in the Stichaeidae family) as
sister to Ptilichthys goodei, the only described species in the family Ptilichthyidae (Figure 1).
From a timing perspective, the eelpouts (Zoarcidae), the only family with a global distribution,
emerged in the early Miocene (~18 Mya, 95% HPD: 12.8-26.2 Mya) and have gea

diversified until the present, with only one potential burst of speciation: the larg oly in

our tree, suggesting rapid speciation, occurred ~10 Mya when the Souther largely
cooled to present-day temperatures (Figures 1-2).

(4

randomly selected posterior trees to account for polytomies in the ¢ tree. Complete model
selection results, including those for the “unconstrained” analyse osEly align with those
presented here, are included in Table S4. The models tested folloWggQosegbutlined in (Matzke, 2013) and
include dispersal-extinction cladogenesis (DEC; Ree, 2005; Re(z Qth, 2008), dispersal-vicariance
analysis (DIVALIKE; Ronquist, 1997), and Bayesian inferggmg ncest§ areas (BAYAREALIKE; Landis
et al., 2013) as well as a variant of each allowing for fou @A speciation (+)).

Wy

AAICc Model choice

Table 1. A summary of biogeographic model selection for the time-stra& s averaged across 10

Model Parameters

DEC 2 99.2 3

DECHj 3 75.2 2

DIVALIKE 2 1514 6

DIVALIKE+j 3 . 1148 5

BAYAREALIKE 676.8 106.8 4

BAYAREALIKE g 3 570.1 -- 1
3.3. Biogeographic modelgmga estral range estimation
For both time-stratifi un®nstrained analyses, our model selection results strongly
favored the BAY KE ¥model with the second-best model (DEC+j) 75 AlCc units higher in

both cases (Tgble n¥ne with similar biogeographic studies on cosmopolitan species (e.g.,

Dupin et gi§ inclusion of a founder-event speciation parameter (+j) substantially
impRe @ ss all models tested (Tables 1, S4). Our time-stratified analyses were also a
better fiQg the data with a 31 AlCc unit difference between the best-fit model (BAYAREALIKE +j)
for ti atified versus unconstrained analyses (Table S4). Given this, we focus hereafter on

the time-stratified results. Ancestral range reconstruction under the best-fit model
(BAYAREALIKE +j) supported a North Temperate origin for the entire suborder, as well as every
family within the group with the exception of wolffishes (family Anarhichadidae) with the bulk of
support (>80%) in favor of a combined Arctic+North Temperate ancestral range for that group

(Figure 1). Two other clades, one including Stichaeidae lineages with four Lumpenus species
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and the other containing three Gymnelus eelpout species, also exhibited strong support for an
Arctic+North Temperate origin. The only non-Northern Hemisphere ancestral range we found
support for was within eelpouts, specifically a number of lineages in the subfamily Lycodinae.
For example, for a clade containing several Lycenchelys and four Lycodichthys species,
including Lycodicthys dearborni, an Antarctic resident known from 72°-78°S, we found ~50%

support for an Antarctic ancestral range followed by ~40% support for South Temperate, and

10% support for a combination of Antarctic+South Temperate (Figure 1).

e described
that under

fit model (BAYAREALIKE+j). The six types of biogeographic events allowed in the \§
fully in Dupin et al. (2017). Speciation within-area and speciation within-area
the former, ranges before and after divergence are the same whereas in the g

deviations (SD) for the means] across 10 randomly selected posterior t to 2@®Bunt for polytomies in
the consensus tree.

Mode Type an (SD) Percent

Within-area speciation Speciation within-area 4.1(1.4) 80
Speciation within-a st&at 0

Dispersal Founder event 59(14) 6.5
Range expangg 32.7(24) 13.5
Range i 0 0

Vicariance Vicag 0 0

Total 241.7 (2.4) 100

3.4. Biogeographic stochastic m ing

Across the Zoarcoidei, most big#

we divided the Eart

likely reflects the tiMgouUs nature of the marine environment with few strong dispersal

e |large geographic zones. Similarly, a lack of vicariance events
barriers.

For di Qents (i.e., range expansions and founder events), 30% of all events were out of
the Nqrthl emperate zone with the bulk going into the adjacent Arctic (mean = 13.44 events) or
Tropical (9.69) zones (Figure 3A). In general, far fewer dispersal events occurred in the
Southern Hemisphere, likely reflecting how much more common Zoarcoidei species are in the
Northern Hemisphere, and the North Temperate zone in particular (Figure 1). Range expansion
events largely mirrored total dispersal events, with the bulk occurring from North Temperate into

the Arctic zone (13.20; Figure 3B). Founder events, however, followed a slightly different pattern
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with most events occurring from the North Temperate into the Tropical (4.51) and South
Temperate (3.47) zones, respectively (Figure 3C). Again, this pattern likely reflects the

concentration of Zoarcoidei species in the North Temperate zone (Figure 1).

Focusing on the Arctic and Antarctic zones which cooled to their present-day subfreezing

temperatures over the last ~2 and ~20 million years, respectively, we only observed asymmetric

generating just 1% from within.

expansions into and out of the Arctic; the Arctic received 21% of @ pansions while

A All dispersal events B {a expansion events
r

[
|
Arc NTemp Trop STemp Ant | ¢ N p Trop STemp Ant
0.43 0.30 0.19 001 | . | 0.39 0.15 0.01 5
Arc | = | 77) | (074) | (046) | (009) | 1% = | ©60) | ©38 | (0og 0@ 1%
13.44 9.69 5.07 ! ] 13.20 5.18 1.60

NTemp | .07 = 2.45) | (218) | Temp | (1.59) - 32 | 1z | 0O | 3%
0.30 2.68 4.55 0.27 1.84 3.78 0.07 | go
Trop | o'e2) | (187) - (2.02) ! P | (046) | (1.12) - (126) | (0.25) | °%
|
0.05 1.55 1.74 0.36 0.50 3.06 | o
STemp | 21y | (154) | (151 = | STemp | 0@ | @sg) | (085 = (1an | %
0.01 0.18 0.39 3.22 0 0.03 2.31 o
Ant | 005y | (035 | ©67) | (1Z = | 4% Ant | 00 00 | ©17) | (108 = 4%
14% 5% 12% % 5 | 21% 4% 9% 12% 5%
| __________________
Arctic C Founder events

North P Arc NTemp Trop STemp Ant

|
Temperate = !
P | 0.04 0.15 0.17 001 | 4
Y I Arc - (017) | (0.36) | (0.38) | (0.09) o
/ ) (SN 0.25 4.51 3.47 0.58 o
o . | NTemp | (04s) - (113) | (1.06) | (0e3) | 28%
Tropical RN \
i P X 0.04 0.84 0.77 020 | go
il P l Trop | o1e) | (076) - (076) | (042) 5%
v | 0.05 119 | 1.24 0.92
N\ 1 " - - . — - 115/
th ;QJ | STemp | 21) | (095 | (086) (0.90) °
Tem 0.01 0.18 0.36 0.91
e < > | Ant - : - 5%
Sarote , & (005) | (0.35) | (0.50) | (0.69)
[ 1% 7% 20% 17% 5%

Figure 3. Summary of dispersal events in the history of the Zoarcoidei as estimated with biogeographic
stochastic mapping (BSM). Counts of dispersal events (bold) and standard deviations (in parentheses)
were averaged across 50 replicate BSMs for each of 10 phylogenies that were randomly sampled from
the posterior distribution. (A) Total dispersal events are given in the table and are depicted on a global
map with colors representing defined geographic zones. Arrows indicate the frequency and direction of
dispersal events. Only events with total mean counts of 1 or more are shown. For visualization, arrow
thickness corresponds to the logyo of the event count multiplied by 2. Arrows only correspond to individual
geographic zones and do not correspond to specific oceans or regions. Their placements within zones
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are purely for visualization. The counts of all dispersal events in (A) are divided into the two non-zero
types of events observed in this study in (B) and (C). In (B) and (C), summarizing percentages were
calculated for each group separately so cannot be compared between them. Total event counts, however,
can be directly compared and sum to the values in (A). Within tables, color indicates event frequency with
darker green shading indicating higher frequencies. Given the counts and associated standard deviations,
lower frequency counts (e.g., less than 1) are not necessarily different from zero. For each table, rows
represent ancestral states where the lineage dispersed from and columns represent descendant states
where the lineage dispersed to. The percentage of total events that a row or column comprises in a given
table are shown in bold font to the right and below its margins. Geographic zone abbreviations include
Arctic (Arc), North Temperate (N Temp), Tropical (Trop), South Temperate (S Temp), and Anjgggtic (Ant).

4. Discussion:

temperatures. Support for these time-stratified analyses o?

suggests that cooling of both areas is important to nding Wspersal among the

Zoarcoidei. We also observed a clear skew in di d@ectionality during the group’s
evolutionary history with both range exp founder events much more likely to originate
from the North Temperate zone than e els€. Finally, we confirmed standing issues with

the Zoarcoidei phylogeny, namely a lack onophyly for Stichaeidae, and we make

recommendations to improve theseggsues below.

4.1. Phylogenetic recons biogeography

Our analyses suppo f the suborder Zoarcoidei ~31-32 Mya during the Oligocene,

beginning with thg s8aarati® of ronquils (family Bathymasteridae) from the rest of the group.
This timing difgers 0 previous estimates but is closer to the ~37 Mya estimate from
3) than the ~18 Mya estimate of Radchenko (2016), despite using the

Radchenko (2016). In general, all divergences in our reconstruction were

Betancur-

sa
deeper Wytime than those of Radchenko (2016). Betancur-R et al. (2013) included many more
taxa alibrations than Radchenko (2016) and our data set included roughly three times as

many specimens.
From an ecological standpoint, the difference between the timing of eelpout (family Zoarcidae)

emergence between our study (~18 Mya) versus the ~11-13 Mya reported by Radchenko

(2016) is important as it places the group’s initial divergence on either side of when the
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Southern Ocean reached its present-day subfreezing temperature 10-15 Mya (Figure 1).
However, we cannot draw definitive conclusions from this difference as our 95% confidence
interval for Zoarcidae emergence (95% HPD: 12.8-26.2 Mya) includes the upper end of the
range for South Ocean cooling. Still, eelpouts and other high-latitude fishes are some of the
fastest speciating fish groups (Rabosky et al., 2018). Thus, it is possible that the cooling of the
polar seas, paired with key innovations like the evolution of AFPs (Deng et al., 2010), provided

the necessary ecological opportunity and physiological tools necessary for two

speciation as the Southern and Arctic Oceans cooled. We found some, albeit li nce
for this among southern lineages, with a polytomy at 10 Mya, soon after th cean
reached its contemporary subfreezing conditions (Figures 1-2). This finding ification

since the Southern Ocean reached its contemporary subfreezing te

with findings for the Antarctic notothenioids (Near et al., 2015; N ct P00 12). We saw less
evidence for similar influence by Arctic Ocean cooling. A la e by Arctic Ocean
cooling on the evolutionary history of the Zoarcoidei could st the comparatively less
harsh summer conditions of the Arctic versus South an (e’ @, water temperatures that
are several degrees above zero, DeVries and S @005) reducing the ecological space
for diversification (e.g., warmer water re advantage of freezing tolerance), the more
extreme physical isolation of the Sout an rfative to the Arctic Ocean, the more recent

nature of Arctic cooling, or a combination ¥gthese, and perhaps other, factors.

In terms of topology, our phylglfe [I§s with related efforts (Betancur-R et al., 2013; Kwun

and Kim, 2013; Radchen 0 dchenko, 2016) and confirms standing taxonomic issues

for the Zoarcoidei th eb noted previously (Kwun and Kim, 2013; Radchenko, 2016).
o}

We observed a la

m hyly within the pricklebacks (family Stichaeidae). In some
e

instances, taxg tha nsidered Stichaeidae are sister to other families (e.g., the Stichaeidae

Q

genus Ka tilichthyidae, posterior probability > 0.95; Figures 1, S2), highlighting the
inued re-evaluation of higher-level taxonomic assignments within the suborder.
Kwun a im (2013) addressed two of these issues by establishing two new families—

e and Neozoarcidae—and reclassifying species previously considered to be
Stichaeidae and Zoarcidae within them. Radchenko (2016) expanded on these descriptions,
finding support for additional species to be grouped within both families. Our results support
these taxonomic changes as well. Still, because Stichaeidae appear to have acted—at least in
part—as a taxonomic “catch all” for the suborder, issues remain. For instance, Poroclinus

rothrocki is currently assigned to Stichaeidae but we recovered it as sister to
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Cryptacanthodidae. Similarly, we recovered Plectobranchus evides (currently Stichaeidae) as
sister to both P. rothrocki and Zaprora silenus (Zaproridae; Figure 1). Node probabilities for
these three branches ranged from 0.61-0.85 (Figure S2) highlighting uncertainty around their
placement. Thus, it is possible that they each represent monotypic families similar to the
prowfish (Zaproridae) but without additional analyses, ideally incorporating additional molecular
data with morphological characters, it will remain uncertain. Finally, given the relatively distant
relationship between the subfamily Lumpeninae and the rest of Stichaeidae (Fi re%wed
in this study and Radchenko (2015), albeit with limited evidence for monophyly in

probability = 0.61; Figure S2), elevating Lumpeninae to its own family, Lum@, y be

warranted.
4.2. Ancestral range estimations @
i

Over 70 years ago, Shmidt (1950) hypothesized that major

erior

e suborder Zoarcoidei

(23-5.5 Mya). In addition to

evolved in the northern Sea of Okhotsk (~60°N) during the
j rgence, our ancestral range

our phylogenetic results supporting this timeline of ily e

reconstructions also supported it by showing th i species largely diversified in mid-
latitude regions of the Northern Hemisphgs
clade or taxon reflected its present-da tions¥ This is particularly interesting in the context
of eelpouts and their cosmopolitgn distrib®gn, including both poles, the only family in the
suborder to exhibit such a pattern (§gd one of only 10 families across all fishes, Mgller et al.,
2005). In addition to polar dis selpouts are also the only Zoarcoidei family to
commonly inhabit the de
2005). Wide variatio

geographical range

00 m) and occur near hydrothermal vents (Mgller et al.,

depths has been proposed as one factor that enhances
rine organisms (Brown et al., 1996). This may be particularly true

for deep-wategspe e eelpouts given that the deep sea, while extreme in terms of

pressure, g rkness, is more environmentally stable than shallower habitats and has
fe @ b to dispersal (Gaither et al., 2016). Thus, the global distribution of eelpouts
relativeQotner families in the suborder (as well as their exceptionally high speciation rate,
Rabo t al., 2018) may be due to deep sea habitat connectivity paired with a propensity for

adapting to extremes, whether subfreezing waters (Deng et al., 2010) or hydrothermal vents
(Machida and Hashimoto, 2002).

4.3. Directionality of dispersal events
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Strong asymmetry in dispersal among geographic zones was observed for the Zoarcoidei. This
asymmetry was most notable for the North Temperate zone, the center of origin for the group
according to ancestral range reconstructions and the most speciose zone considered in this
study. Dispersals out of the North Temperate zone accounted for 30% of all events while
dispersals into it only accounted for 5% (Figure 3A). Similar patterns of asymmetric dispersal
have been observed for other species, particularly from the North Pacific into the Arctic, for
mollusks (Marincovich and Gladenkov, 1999) and other deep-water fishes (e.g n@
family Liparidae; Orr et al., 2019).

We also observed differences in dispersal rates for the Arctic and Antargli @Given the

@ ure drop (Barker et

al., 2007), we expected more bidirectional dispersal for the ArcticCgne. @ results, however,

relative absence of a barrier to dispersal into the Arctic, except for g t

did not align with this expectation; while dispersal into the A eed common (14% of
all events), dispersal out of the Arctic was extremely rare (~1 re 3A). This starkly
contrasts with the lower and largely equivalent rates 'séfsal and out of the Antarctic
zone (4% vs. 5% respectively, Figure 3A). Give e@water distributions of eelpouts and/or
their tolerance for subfreezing temperat esult may be linked to differences in
ecological opportunity or other factor the Pegions. It might also simply reflect lineage

age and species richness. The Arctic zon®gg adjacent to the North Temperate zone, the most

likely center of origin for the group WQd where much of its species richness remains), and by

cooling much more recently, 3 o dispersal that it presents is much younger than the

Antarctic zone. Thus, a ¢ of geographic proximity to the Zoarcoidei center of origin

paired with more rec erm&changes may best explain the dispersal differences we
observed betwee r reg¥ons.
However, gmmglt e explanation for the differences in dispersal into and out of the Arctic

verfg A d@zones that we observed may be methodological. When faced with assessing
biogeo patterns for many poorly studied, commonly deep-water taxa, we needed to set
boundiggs between geographic zones that would ideally yield zones of similar size that could

be more easily compared. In the Northern Hemisphere, we used the Arctic Circle to denote the
boundary between polar and non-polar waters. This is reasonable as no major environmental

barriers exist in the Arctic marine environment and latitude is generally a good predictor of sea
temperatures (DeVries and Steffensen, 2005). However, while all waters south of the Antarctic

Circle are no doubt polar, as evidenced by their perennial subfreezing temperatures, similarly
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harsh conditions extend to lower latitudes within our South Temperate zone depending on
season, depth, and longitude. The aforementioned ACC and the associated Antarctic
Convergence is the most obvious breakpoint between these polar conditions and less harsh
temperate waters. Thus, had we set a more ACC-focused latitude as the barrier between the
South Temperate and Antarctic zones (e.g., 60°S), we would have classified more species as
Antarctic only. In that scenario, it is possible that our biogeographic modeling would have
recovered an asymmetry in rates of dispersal into and out of the Antarctic zon 6

4.4. Potential caveats and future directions
The total numbers of biogeographic events reported in this study repre as we

sampled ~50% of the described species in the suborder. While mor

provide greater resolution of the true value of these figures, it is ely'®lter their relative
proportions of each since, to our knowledge, no major bias i ling scheme exists in

terms of both taxonomic representation and geographic sco e from the South Temperate

and Antarctic zone delineations described above). , this @ly applies to the currently

described taxonomic diversity. A more general, nt, caveat lies in the lack of

knowledge surrounding Zoarcoidei spe elpouts and the broader suborder are

relatively deep-water taxa, often living s of Nundreds to thousands of meters, with little

biomedical or economic benefit. As such, ¥ are understudied, and this lack of natural history
knowledge may bias our results in ways. First, many Zoarcoidei species have been
described from the Sea of Okj#ot southeastern coast of Russia (~55°N) and broadly

from the Northern Hemis rson, 1994). It is possible that a bias in both sampling

effort and species de wards the Northern Hemisphere, and specifically the North

Temperate zone ys tudy, influenced our results. However, our use of broad
geographic zqges mpered this effect as it allowed for broader distributions and therefore
more uncgsimgat ecies’ ranges. Second, most Zoarcoidei species have been described

U

e

ogenies that target single representatives for each clade. Given the propensity for

fro 0 alone (Anderson, 1994) and little to no molecular insight exists for the group
beyon y
cryptidgi#ersity even in well-studied groups (e.g., mouse lemurs, Hotaling et al., 2016) and the
potential for morphologically distinct animals to be the same species (e.g., steelhead and

rainbow trout, Kendall et al., 2015), future efforts to assess species boundaries with molecular

data across the suborder will improve resolution of their biogeographic history.

5. Conclusion:
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In this study, we used a densely sampled, time-calibrated phylogeny of the suborder Zoarcoidei,
with an emphasis on the globally distributed eelpouts, to understand evolutionary relationships
and biogeographic history for the group. From a taxonomic standpoint, we highlighted existing
issues with the Zoarcoidei taxonomy, most notably the widespread lack of monophyly for
pricklebacks (family Stichaeidae). We found support for two families recently established to
correct part of this issue—Eulophiidae and Neozoarcidae—and proposed additional solutions.
For instance, P. rothrocki is currently assigned to Stichaeidae but we recovere a%ﬁo
Cryptacanthodidae.

For biogeography, if polar ocean cooling has been a major driver of spegi t@in

Zoarcoidei, we expected to observe three lines of evidence: (1) highe for biogeographic
models that incorporate the timing of the Arctic and Southern Oc coOm™y, (2) bursts of
speciation following the cooling of each polar ocean at roug hern) and 2 (Arctic)
Mya, and (3) more dispersal events into polar regions than o m. We found clear support
for the first line of evidence with greater biogeographj cﬁ supWert for our time-stratified
analyses that included polar ocean cooling. We med support for our other two

predictions. We only observed one pote AU Of speciation following polar ocean cooling for

A/ e o> obs&rved far more dispersal events into versus

eelpouts in the Southern Hemisphere §

out of the Arctic zone but largely gquivaleMgates of dispersal for the Antarctic zone as defined

associated Antarctic Con
ocean cooling have b ey W@the biogeographic history of Zoarcoidei.

While our anglysesQb1a®e geographic scales yielded key insights for the suborder and major

clades, mgumgia analyses of individual families paired with finer-scale distribution

e

uture efforts to use the same biogeographic methods across multiple taxonomic

olecular data, will allow for testing of more specific biogeographic hypotheses.

infoRgati
Similar]
grou rhaps comparing eelpouts to other deep, cold-water fauna (e.g., snailfishes) or
varying how geographic zones are defined, could shed new light on how generalizable the role

of major environmental changes like ocean cooling have been for fish diversification.
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Zoarcoidei : : i O ki
196 sp., 51% e T e T P e
( p ) > e

(Number of species, percent of group sampled)
*all species numbers from FishBase

Bathymasteridae (5 sp., 71%)
Cryptacanthodidae (4 sp_, 100%) e q
N

Pholidae (12 sp., 80%)
Ptilichthyidae (1 sp., 100%)
Stichaeidae (47 sp., 73%)
Zaproridae (1 sp., 100%)
Eulophiidae (3 sp., 100%)

Unresolved

Neozoarcidae (5 sp., 50%)

1 Anarhichadidae (5 sp., 100%)
: Zoarcidae (113 sp., 39%)
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Highlights

Genetic data and timing of key events can be combined to understand biogeography.

A large phylogeny of Zoarcoidei clarifies evolutionary timing and relationships.

The subfamily Lumpeninae should likely be elevated to a family, Lumpenidae.
Zoarcoidei, including major families, diversified in North Temperate seas.

Ocean cooling has not influenced Zoarcoidei diversification, except possibly in eelpouts.
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