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Abstract The evolution of the marine benthic fauna of

Antarctica has been shaped by geological and climatic

atmospheric factors such as the geographic isolation of the

continent and the subsequent installation of the Antarctic

Circumpolar Current (ACC). Despite this isolation process,

strong biogeographic links still exist between marine fauna

from the Antarctic Peninsula and southern South America.

Recent studies in different taxa have shown, for example, that

shallow benthic organisms with long larval stages maintained

contact after the physical separation of the continents and

divergence may be associated with the intensification of the

ACC in the late Miocene—early Pliocene. In this context,

here we performed phylogenetic reconstructions and esti-

mated the level of molecular divergence between congeneric

species of Harpagifer, a marine notothenioid from the Ant-

arctic Peninsula (Harpagifer antarcticus) and Patagonia

(H. bispinis) using the mitochondrial control region. Phy-

logenies were reconstructed using Maximum Parsimony and

Bayesian Inference, while the divergence time of H. antarc-

ticus and H. bispinis was estimated following a relaxed

Bayesian approach and assuming a strict molecular clock

hypothesis. According to our estimation, the divergence

between H. bispinis and H. antarcticus is more recent than

expected if it was associated with the intensification of the

ACC during the mid to late Miocene. We propose that cli-

matic and oceanographic changes during the coldest periods

of the Quaternary (i.e., Great Patagonian Glaciation,

1–0.9 Ma) and the northward migration of the Antarctic Polar

Front may have assisted the colonization of southern South

America by Harpagifer, from the Antarctic Peninsula via the

Scotia Arc Islands.
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Fundación Ictiológica, Pedro de Valdivia 2086/406, Santiago,

Chile
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Introduction

The Southern Ocean (SO) and particularly the coastal

Antarctic waters constitutes a unique marine environment

for biogeographic studies, considering its isolation and the

high levels of endemism of the fish fauna (Bargelloni et al.

2000; Clark et al. 2004; Peck et al. 2005; Aronson et al.

2007). Geological processes in the SO since the Mesozoic

influenced oceanographic and climatic changes that are

responsible for the current biogeography of the region

(Crame 1999; Zachos et al. 2001; Griffiths et al. 2009). For

instance, the opening of the Tasman Gateway and the

Drake Passage were responsible for the separation of

Antarctica, Australia and South America (Lawver et al.

2003; Barker et al. 2007). The fragmentation and disper-

sion of the continental blocks that formed Gondwana

allowed the formation of the Antarctic Circumpolar Cur-

rent (ACC). According to Crame (1999), this oceano-

graphic feature represents a barrier since the Eocene–

Oligocene boundary. Concurrently, the distance between

continents allowed a gradual bathymetric isolation through

the formation of deep zones around Antarctica (Clarke

et al. 2005).

The oxygen (d18O) isotope in the deep sea shows an

overall cooling trend of about 14 �C since the early Eocene

(Zachos et al. 2008) resulting in the expansion of the

Antarctic cryosphere in the late Eocene (Oi-1 glaciation;

Zachos et al. 1996, 2001; DeConto and Pollard 2003;

Mackensen 2004; Pagani et al. 2005). During the mid-

Miocene, Sea Surface Temperatures (SST), salinity and ice

volume trends suggest an intensification of the ACC that

presumably affected the meridional heat/vapor transport,

triggering global cooling and the initiation of subzero polar

conditions in the SO (Nong et al. 2000; Zachos et al. 2001;

Shevenell et al. 2004; Lewis et al. 2008). The Pliocene

(5.33–2.58 Ma) is marked by the onset of climate vari-

ability that increased particularly during the Quaternary

glacial cycles (1.8 Ma–10 ka) (Zachos et al. 2001). These

glacial–interglacial processes have caused fluctuations in

temperature and sea level, as well as ice sheet advances and

retreats over the continental shelves at higher latitudes

(Hewitt 2000, 2004; Thatje et al. 2005). In this context, the

SO marine benthic fauna has been shaped by the interac-

tion of geological, oceanographic and climatic events,

manifested for example in the absence of durophagous

predators such as decapod crustaceans and most teleost fish

(Aronson et al. 2007). However, some invertebrate groups

including bryozoans, polychaetes, amphipods, pycnogonids

and echinoderms are abundant and diverse, suggesting that

environmental changes have not impeded their evolution-

ary success (Clarke and Johnston 1996). One of the most

remarkable processes of diversification in the Antarctic

realm is the evolution of the cold-adapted notothenioid

fishes (Clarke and Johnston 1996). While most of the tel-

eost groups were completely eradicated from Antarctica,

this suborder dominates in diversity, abundance and bio-

mass (Eastman 2005). The evolutionary success of the

Notothenioidei in subzero ecosystems has been explained

by the presence of antifreeze glycoproteins, a key inno-

vation in this Antarctic group (Cheng and DeVries 1991;

Eastman 1993; Cheng 1998). Nevertheless, recent molec-

ular study indicates that the most species-rich lineages

within the notothenioids diversified and evolved during the

late Miocene (11.6–5.3 Ma), 10 Ma after the acquisition of

antifreeze glycoproteins (Near et al. 2012).

Despite the historical isolation of the Antarctic, a strong

biogeographic link exists between the marine benthic fauna

of Antarctica and the southern tip of South America (Arntz

et al. 2005). The accepted explanation for this affinity relies

on the fact that these continents were contiguous until the

opening of the Drake Passage and drifted apart progres-

sively (Crame 1999). Several authors have suggested that

this connection was possible through the seamounts of the

Scotia Arc (Clarke and Crame 1997; Bargelloni et al. 2000;

Clarke et al. 2005; Strugnell et al. 2008; Dı́az et al. 2011).

Different taxa including marine invertebrates such as

Euphausia sp. (Patarnello et al. 1996) and fish (Clarke and

Johnston 1996) exhibit high levels of genetic divergence

between provinces of the SO, supporting vicariance spe-

ciation associated with continental drift. However, recent

molecular studies in marine organisms with high dispersal

potential from Antarctica and South America suggest more

recent divergence, providing evidence of connectivity

between these provinces after their physical separation

(Helmuth et al. 1994; Page and Linse 2002; Thornhill et al.

2008; Wilson et al. 2009; Dı́az et al. 2011; González-

Wevar et al. 2012; Poulin et al. 2014). Recent studies in the

Central Scotia Ridge indicate that a remnant, now sub-

merged volcanic arc may have formed a barrier to deep

eastward circulation until *11.6 Ma (Dalziel et al. 2013).

The formation of a full deep ACC may have played a key

role in the subsequent expansion of the Antarctic cryo-

sphere (Lear et al. 2000; Zachos et al. 2001), as well as in

an intensification of the ACC associated with an increase in

the strength of westerly winds (Flower and Kennett 1994;

Shevenell et al. 2004). Hence, the full development of a

deep ACC was not achieved during the Eocene/Oligocene

boundary (*33.9 Ma), as long surmised, but only in the

late Miocene (Dalziel et al. 2013). It may be envisioned

that such changes created the characteristic polar condi-

tions of the region that are responsible for the thermal and

physical barriers that isolated the marine fauna of the

Southern Ocean continental shelves. As previously stated,

molecular-based analyses comparing Antarctic and South

American congeneric taxa (González-Wevar et al. 2012;

Poulin et al. 2014) suggest more recent separation
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processes associated with major oceanographic changes

related to the final establishment of a full deep ACC.

In this study, we performed phylogenetic reconstruction

and estimated the levels of molecular divergence and

genetic diversity between two congeneric species from the

Antarctic Peninsula and southern South America of the

spiny plunderfish (Harpagiferinae, as recently proposed by

Duhamel et al. 2014) a marine notothenioid that has one

genus, Harpagifer, with 10 species currently described.

The distribution of the other eight species is south of the

sub-Antarctic Front and is restricted to the sub-Antarctic

islands and islands of the southern Scotia Arc (Duhamel

et al. 2014). Harpagiferids are small (7–10 cm standard

length) benthic fishes generally characterized by narrow

and shallow bathymetric ranges (Eastman 1993) and by the

presence of a long free-living larval stage (Kock and

Kellermann 1991; White and Burren 1992). Species of the

genus have a wide head armed with opercular and sub-

opercular spines. The Antarctic species Harpagifer ant-

arcticus (Nybelin 1947) and its Magellanic relative H.

bispinis (Hureau 1990) are very similar in terms of their

ecology and morphology (Eastman 2005); however, H.

antarcticus presents a supraorbital ridge with two low

knobs, while the top of the head of H. bispinis is smooth

except for a small swelling above the rear edge of the eye

in most individuals (Hureau 1990). The information con-

tained in their DNA sequences will permit us to test the

prediction of congruence between molecular divergence

and the intensification of the ACC during the mid- to late

Miocene, as recently proposed by Poulin et al. (2014).

Similarly, DNA comparisons between Antarctic and South

American congeneric species will help us to better under-

stand the tempo and modes of differentiation in benthic

marine organisms of the SO.

Materials and methods

Sample collection, DNA extraction, PCR amplification,

sequence alignment and genetic diversity analysis

Individuals of H. bispinis (n = 63) were collected in the

intertidal zone in four localities along the Magellanic

Province from 2008 to 2012. Individuals of H. antarcticus

(n = 54) were collected in inter- and sub-tidal zone in

three localities at King George Island, South Shetland

Islands, western Antarctic Peninsula, from 2011 to 2012

(Fig. 1; Online Resource 1). All specimens were fixed in

95 % ethanol, and DNA was extracted from muscle tissue

using the salting-out method described by Aljanabi and

Martı́nez (1997). A partial fragment of the mitochondrial

control region (D-loop) was amplified using specific

primers: CR-HarpaF (50-TTA AAC CCC TCC CTA CCG

CT-30; CR-HarpaR (50-AGA GTG AAG GGG TGT CAG

AAG C-30) based on H. antarcticus control region

sequences (Zhuang and Cheng 2010). Amplifications were

performed in a 25-ll reaction containing 5 ll 59 Buffer

(50 mM KCl, 10 mM Tris–HCl, pH 8.0), 2.0 ll 25 mM

MgCl2, 100 mM dNTPs, 0.5 ll each primer (10 pg/ll), 5 U

Taq (Promega), 12.2 ll double-distilled water and 25 ng

DNA. Thermal cycling parameters included an initial

denaturation step at 94 �C for 5 min, followed by 35 cycles

of 94 �C for 90 s, 53 �C for 90 s, 72 �C for 90 s, and a

final extension of 5 min at 72 �C. PCR amplicons were

visualized in agarose gels (1.5 %) stained with Ethidium

Bromide. Double-strand amplicons were purified using

QIAquick Gel Extraction Kit (QIAGEN) and sequenced in

both directions using an automatic sequencer

ABI3730 9 1 at Macrogen Inc. (Seoul, South Korea).

Sequences were manually edited using Proseq v.2.91

(Filatov 2002) and aligned with ClustalW (Larkin et al.

2007). All sequences were deposited in GenBank under

Accession Numbers KM669173–KM669214, and a list of

haplotypes can be found in Online Resource 2. We deter-

mined the levels of genetic polymorphism in H. bispinis

and H. antarcticus using standard diversity indices: hap-

lotype number (k), segregating sites (S), haplotype diver-

sity (H), average pairwise sequence differences (P) and

nucleotide diversity (p) for each species, using DnaSP

v.5.00.07 (Librado and Rozas 2009).

Phylogenetic analysis

Phylogenetic relationships in Harpagiferinae were esti-

mated using Maximum Parsimony (MP) and Bayesian

Inference (BI). MP reconstructions were performed using

PAUP*, with the following assumptions: Characters were

treated as equally weighed using a heuristic search and tree

bisection reconnection (TBR), with the branch-swapping

option. The steepest descent option was set to off and

MULTREES to on with random-taxon addition sequences

to search for optimal trees. Node support values were

computed using nonparametric bootstrapping (BS) with a

full heuristic search option and 1,000 pseudo-replicates

(Felsenstein 1981). Nucleotide substitution models for BI

analyses were selected using the Bayesian Information

Criterion (BIC; Schwarz 1978) determined by JModelTest

v.2.1 (Posada 2008). Bayesian analyses were used to obtain

posterior probabilities for the nodes in the phylogenetic

trees using the HKY ? G ? I substitution model. Posterior

probability values of sampled trees were obtained using the

Metropolis coupled Markov Chain Monte Carlo algorithm

(MCMC) implemented in MrBayes v.3.2 (Ronquist et al.

2011). Four chains were run twice in parallel for 50 million

generations, and trees were sampled every thousand gen-

erations. We considered the chains stationary when the
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average standard deviation of split frequencies was less

than 0.01 (Ronquist and Huelsenbeck 2003). Bayesian

Posterior Probabilities (BPP) were estimated as the optimal

posterior distributions of trees (after burn-in) that showed

that specific node. Nodes in the phylogenetic tree were

considered highly supported with BPP values C0.95 and

bootstrap support (BS) C 75 %. The posterior probability

density of the combined tree and log files was summarized

as a maximum clade credibility tree using TreeAnnotator

v.1.7.1 (http://beast.bio.ed.ac.uk/TreeAnnotator) prior to its

visualization in FigTree v.1.4 (http://tree.bio.ed.ac.uk/soft

ware/figtree).

Molecular divergence

To evaluate molecular divergence, we included in the anal-

yses four randomly chosen D-loop haplotypes for each

species (H. bispinis and H. antarcticus). For phylogenetic

purposes, we included seven D-loop sequences belonging to

notothenioid species from four Antarctic subfamilies, (Not-

othenia coriiceps GU214214.1, Champsocephalus gunnari

GU217680.1, Chaenocephalus aceratus GU214227.1,

Chionodraco myersi GU214228.1, Racovitzia glacialis

GU214226.1, Pogonophryne scotti GU214223.1) and one

sub-Antarctic subfamily (Eleginops maclovinus,

GU214211.1). We performed a DNA saturation analysis

following Xia and Xie (2001) in DAMBE to evaluate how

saturation of transitions is accumulated in relation to

nucleotide divergence in the entire data set. Following

Matschiner et al. (2011) and Near et al. (2012), we used as

outgroup the South American notothenioid E. maclovinus.

We estimated a specific mutation rate for Harpagiferinae

using time-calibrated phylogenies with BEAST v.1.7.1

(Drummond and Rambaut 2007). Age priors with a normal

distribution were applied following Matschiner et al. (2011)

and Near et al. (2012), including the most recent common

ancestor (MRCA) of the Antarctic Clade (mean, 22.4 Ma;

95 % highest probability density (HPD): 19.7–25.1 Ma). We

used as internal calibration date the MRCA of Channich-

thyinae (mean 6.3 Ma; 95 % HPD: 4.8–7.8 Ma). Diver-

gence estimations used an uncorrelated lognormal relaxed

molecular clock model and a strict molecular clock model

(Drummond et al. 2006). We used a birth–death speciation

prior for branching rates along the phylogeny (Gernhard

2008). BEAST runs were conducted five times with each run

consisting of 3 9 107 generations that were sampled every

1,000 iterations. Replicates were combined using Log-

Combiner v.1.7.1 (Drummond and Rambaut 2007) after

removing the first 10 % of the trees as burn-in. Convergence

of model parameter values and estimated node heights were

confirmed by effective sample size (ESS) [ 1,200 using

Tracer v.1.5 (Drummond and Rambaut 2007). Maximum

clade credibility trees were generated using TreeAnnotator

v.1.7.1 (Drummond and Rambaut 2007). Tree settings were

compared with Bayes Factor (BF), using the marginal like-

lihood of each model as implemented in Tracer. We also

estimated the divergence between the species using the

number of pairwise differences and assuming a strict

Fig. 1 Sampling localities of Harpagifer bispinis in Patagonia, South America and H. antarcticus in King George Island, Antarctica
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molecular clock hypothesis. For this purpose, we used the

previously estimated substitution rate for Harpagiferinae.

Haplotype genealogical relationships were built following

the method described in Salzburger et al. (2011), using

phylogenetic tree reconstruction with the maximum likeli-

hood (ML) method implemented in Phylip v.3.69 (Felsen-

stein 1989) and the model of sequence evolution selected by

the BIC (Posada 2008).

Results

Genetic diversity and phylogenetic analyses

Mitochondrial D-loop sequences in Harpagifer were

581 bp long. Only 45 positions were variable (7.7 %), and

30 of these were parsimoniously informative; sequences

were A–T rich (60.2 %). The number of polymorphic sites

(S) varied between 21 (H. antarcticus) and 26 (H. bispinis).

Both species exhibited 21 different and non-shared haplo-

types (Table 1). Levels of genetic diversity, estimated as

the average number of nucleotide differences and nucleo-

tide diversity, were greater in the Antarctic H. antarcticus

(P = 5.99; p = 0.01) than in its Patagonian relative

(P = 2.04; p = 0.003; Table 1).

The maximum likelihood haplotype genealogy of H.

bispinis (Fig. 2) showed a typical star-like topology in

which the central haplotype was the most frequent

(47.6 %). Two haplotypes located no more than two

mutational steps away from the central haplotype showed

intermediate frequencies (6.35 %). The remaining haplo-

types occurred in low frequencies, and we identified 14

unique haplotypes. In contrast, H. antarcticus showed a

more complex and expanded topology, with 3 main hap-

lotypes separated by 6–10 mutation steps and mainly

eccentric in the network. One haplotype was the most

frequent (25.92 %) and two haplotypes showed interme-

diate frequency (16.7 %). The rest were found in low fre-

quencies; there were 14 unique haplotypes (Fig. 2). No

significant topological incongruences were detected using

the two reconstruction methods (MP and BI). The mono-

phyly of Harpagiferinae and the reciprocal monophyly of

H. bispinis and H. antarcticus were highly supported

(BS = 100 %) and BI (BPP = 1.0; Fig. 2). Within the

Harpagiferinae, reconstructions recognized two main

clades; H. antarcticus from the Antarctic Peninsula and H.

bispinis from South America.

Molecular divergence

Our control region sequences were not saturated in the

species, validating their use in phylogenetic reconstruction.

According to the divergence estimations, a first cladogenic

event separating the South American notothenioid E.

maclovinus from the MRCA of the Antarctic Clade

occurred during the Eocene around 36.7 Ma. Then, a sec-

ond split within the Antarctic Clade occurred during the

early Miocene *19.8 Ma (95 % HPD 17.2–22.7 Ma;

Fig. 3), that separated the Nototheninae from the most

derived groups (Artedidraconinae, Bathydraconinae,

Channichthyinae and Harpagiferinae). Subsequently, a

third separation between Harpagiferinae/Artedidraconinae

and Bathydraconinae/Channichthyinae occurred in the

mid-Miocene around 16 Ma (95 % HPD 14.4–18.6 Ma).

Divergence estimations indicate a separation during the

middle Miocene (15 Ma, 95 % HPD 12.6–17.5 Ma)

between Harpagiferinae and Artedidraconinae. Finally, the

separation between Antarctic H. antarcticus and South

American H. bispinis occurred during the early Pleistocene

around 1.7 Ma (95 % HPD 1.1–2.5 Ma; Fig. 3). The hap-

lotype genealogy constructed in Harpagiferinae corrobo-

rated phylogenetic reconstructions showing two main

haplogroups (Fig. 2); the first including H. antarcticus

(Antarctic Peninsula) individuals and the second those of

H. bispinis (South America). We observed an average of

14.6 pairwise differences and a total of 8 fixed mutations

between the species. Using molecular clock calibration in

the group (nucleotide changes/sites/Myr), the substitution

rate for D-loop in Harpagifer was 0.016 (95 % HPD

0.027–0.008 Ma). Assuming this rate, the onset of the

divergence between H. antarcticus and H. bispinis occur-

red during the Pleistocene, approximately 0.78 Ma

(1.6–0.5 Ma).

Discussion

Southern Ocean biogeographers recognize three main

periods that deeply influenced the distribution of the biota

in this region (Mackensen 2004). (1) The Eocene/Oligo-

cene boundary (*34 Ma), which coincides with the onset

of the Antarctic isolation and the initiation of the ACC

(Zachos et al. 2001; Barker and Thomas 2004; Livermore

et al. 2005; Pfuhl and McCave 2005). (2) The middle

Miocene (*14 Ma) associated with an intensification of

the ACC and the re-establishment of an ice sheet in the

Table 1 Genetic diversity indices in H. bispinis and H. antarcticus

Species n K H S P p

H. bispinis 63 21 0.77 26 2.04 0.003

H. antarcticus 54 21 0.88 21 5.99 0.010

n = number of sampled specimens; K = number of haplotypes;

H = haplotype diversity; S = polymorphic sites; P = average

number of nucleotide differences; p = nucleotide diversity
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East Antarctic and along the Pacific margin of West Ant-

arctica (Lawver et al. 2003; Verducci et al. 2009). (3) The

Quaternary characterized by the alternation between glacial

and interglacial periods that greatly affected the seasonality

and intensity of sea ice formation (Barker and Thomas

2004; Aronson et al. 2007). In recent decades, studies

based on molecular markers have tried to associate patterns

of diversification of marine benthic fauna with major

change events in the Southern Ocean. For example, some

groups such as Euphausia (Patarnello et al. 1996) and fish

(Clarke and Johnston 1996) exhibit large genetic differ-

ences that are associated with the separation of the conti-

nents, while other marine organisms show much more

recent divergences (González-Wevar et al. 2010, 2012;

Poulin et al. 2014).

Phylogenetic relationships within the suborder Noto-

thenioidei are well resolved and reasonably understood

(Near and Cheng 2008; Janko et al. 2011; Rutshmann et al.

2011). At the same time, several studies have estimated the

divergence among notothenioid lineages (Bargelloni et al.

1994; Chen et al. 1998; Bargelloni et al. 2000; Near 2004;

Matschiner et al. 2011; Rutshmann et al. 2011; Near et al.

2012). Most of the current diversity in nothothenioid spe-

cies-rich clades (Trematomus, Channichthynae and Arte-

didraconinae) occurred after the middle Miocene

(11.6–5.3 Ma), more than 10 Ma after the origin of this

Antarctic suborder (Near et al. 2012). However, most of

these studies are biased toward the relationships within the

Antarctic Clade rather than in the association among lin-

eages inside and outside the Polar Front, and particularly

Fig. 2 Haplotype genealogy including 63 H. bispinis (black) and 54

H. antarcticus (gray) mtDNA control region sequences. Circle sizes

are proportional to haplotype frequencies. Phylogenetic relationships

based on mitochondrial DNA control region haplotypes reconstructed

using Bayesian Inference (BI) and Maximum Parsimony (MP) for

Harpagifer bispinis (black) and H. antarcticus (gray). Pogonophryne

scotti was used as outgroup. Node support values are presented as

Bayesian posterior probabilities and parsimony bootstrap support
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with those species from southern South America. There-

fore, the evolutionary history of non-Antarctic nototheni-

oids remains not well established, particularly in the

subfamily Harpagiferinae. This study constitutes the first

attempt to establish the levels of genetic divergence and

genetic diversity in congeneric species of Harpagifer from

the Antarctic Peninsula and southern South America.

Phylogenetic reconstructions support the monophyly of

the Antarctic Clade (BS = 81 %; BPP = 1.0; Fig. 3), as

well as the monophyly of Harpagifer (BS = 100 %;

BPP = 1.0), corroborating previous studies (Derome et al.

2002; Near and Cheng 2008). Similarly, all the recon-

structions recovered the reciprocal monophyly and the

relationship of H. antarcticus (Antarctic Peninsula) and H.

bispinis (South America) with high levels of support

(BS = 100 %; BPP = 1.0) and corroborate previous

morphological (Hureau 1990) and ecophysiological studies

(Johnston et al. 2002; Brodeur et al. 2003; Pérez et al.

2003). Divergence times inferred from molecular analysis

include some uncertainty since the calibration points are

related to ancient fossil records used by Matschiner et al.

(2011). However, divergence estimations in notothenioids

are in agreement with recent studies in this suborder

(Matschiner et al. 2011; Rutshmann et al. 2011; Near et al.

2012).

According to our results, the MRCA of Nototheninae

occurred about 19.8 Ma (95 % HPD 17.2–22.7), a result

that is very similar and comparable to those obtained by

Matschiner et al. (2011), 21.4 Ma (95 % HPD 15.3–28.2),

Rutshmann et al. (2011) 18.6 Ma (95 % HPD 13.4–24.0)

and Near et al. (2012) 22.4 Ma (95 % HPD 19.7–25.1).

Thus, the diversification within the Antarctic Clade,

including Nototheninae, Channicthyinae, Bathydraconinae

and Artedidraconinae, occurred during the mid-Miocene

between 16 and 12 Ma (Fig. 3). The diversification within

the Antarctic Clade occurred more than 10 Ma after the

origin of this cold-adapted suborder (Near et al. 2012). The

diversification of the notothenioids in the SO occurred long

after the physical separation of Antarctica and South

America, estimated between 41 (Livermore et al. 2005) and

23.9 Ma (Eagles and Livermore 2002; Pfuhl and McCave

2005; Scher and Martin 2006; Lyle et al. 2007). A Pleis-

tocene (1.7–0.8 Ma) separation between H. antarcticus

(Antarctic Peninsula) and H. bispinis (South America) is

much more recent than previous estimations of divergence

between Antarctic and sub-Antarctic notothenioid genera,

which range from 9 Ma (Bargelloni et al. 2000) to 6.1 Ma

(Stankovic et al. 2002), following the onset of intensified

cooling conditions in the SO (Near et al. 2012). Similarly,

the divergence estimated in congeneric species of

Fig. 3 BI time-calibrated phylogeny of nine notothenioid species. Bars at nodes indicate 95 % highest posterior density intervals of age

estimates. Support values represent Bayesian posterior probabilities (above the branches)
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Harpagifer from the Antarctic Peninsula and South

America is more recent than those estimated for congeneric

species of marine benthic invertebrates with dispersive

potential including bivalves, patellogastropods and echi-

noids (González-Wevar et al. 2012). Considering the

divergence estimated in Harpagifer and life history traits,

we propose that the separation between H. antarcticus and

H. bispinis may be related to a recent dispersion process

from Antarctica to South America. This hypothesis is

supported by (1) the terminal position of Harpagiferinae

within the notothenioid phylogeny and (2) by the presence

of antifreeze activity in H. bispinis from South America

and H. antarcticus from the Antarctic Peninsula, a key

innovation of Antarctic species (Arthur L. DeVries, pers.

comm; Cheng et al. 2003).

Following this, we propose that climatic and oceano-

graphic changes during the Pleistocene, particularly during

the coldest periods (i.e., Great Patagonian Glaciation,

1–0.9 Ma, Rabassa 2008) produced the ideal conditions for

the colonization of South America from Antarctica, especially

for organisms with high dispersal potential such as Harpagifer

(Kock and Kellermann 1991). During the coldest periods, the

position of the ACC and the APF underwent major northward

latitudinal shifts (Gersonde et al. 2005; Clark et al. 2006;

Rabassa 2008; Kemp et al. 2010). In particular, during the

middle Pleistocene (0.9 Ma), the northward shift of the APF

was at least 7� latitude over a period of about 150 Ka (Kemp

et al. 2010). This northward migration of the APF may have

facilitated the dispersion of high latitude H. antarcticus

toward South America through the Scotia Arc. As stated by

Near et al. (2012), ecological opportunities resulting from

repeated creation of open niches through the extinction of

potential competitors, over substantial expanses of geologic

time could result in the evolution of the unusual pattern of

substantial morphological and ecological disparities within

Antarctic notothenioid subclades. Antifreeze protection in

Harpagifer could be responsible for the successful coloniza-

tion of Patagonia during glacial and interglacial periods of the

Quaternary following by the recent differentiation of H.

bispinis. The presence of the AFGP could have conferred to H.

bispinis the ability to resist harsh habitat conditions and reach

unoccupied shores during glacial maxima. The presence of

this key innovation would have bestowed a selective and

adaptive advantage for Harpagifer against other intertidal

Patagonian species that do not present AFGP activity (Cheng

and Detrich 2007; Fraser et al. 2009; Waters et al. 2013).

During this period, the 12 months of larval life span in H.

antarcticus (Kock and Kellermann 1991; White and Burren

1992) may have allowed the connectivity between Antarctica

and South America. The following interglacial period would

have put an end to the northward displacement of the APF that

resulted in the definitive separation of Antarctic and South

American populations of Harpagifer. Genealogical

reconstructions in Harpagifer characterized by reciprocal

monophyly between H. bispini and H. antarcticus support this

scenario, indicating that long-distance dispersal, or at least

gene flow between Antarctica to South America was defini-

tively interrupted, even during the following glacial periods.

In allopatry, Antarctic and South American populations may

have taken different evolutionary trajectories under contrast-

ing environments, as suggested by differences in their genetic

diversity patterns. Considering the genetic diversity indices

and the haplotype genealogies of H. antarcticus and H. bisp-

inis from King George Island and Patagonia, respectively, our

results suggest contrasting demographic histories of these

species. In this regard, we found high levels of nucleotide

diversity and a more complex haplotype network in H. ant-

arcticus than in H. bispinis. However, this preliminary result

should be confirmed with sampling effort in other localities of

Patagonia, Antarctic Peninsula and Scotia Arc Islands.

In conclusion, the mitochondrial control region provides

new evidence on the differentiation process between Ant-

arctic and South American marine benthic near-shore

organisms with long dispersive larval potential. Based on

our results, we propose that the northward migration of the

APF during the coolest periods of the Pleistocene may have

facilitated the colonization of southern South America by

Harpagifer, from the Antarctic Peninsula across the Scotia

Arc Islands. Such dispersal processes may have been

favored by the long larval phase described in these species.

Following the coolest periods of the Pleistocene, an abrupt

southward return of the APF occurred, to a location similar

to its modern position, where it constitutes an effective

barrier to gene flow between Antarctic and sub-Antarctic

provinces. Future studies in Harpagifer will include pop-

ulation level comparisons between the Antarctic Peninsula

region and southern South America to further understand

the genetic legacy of the Quaternary glaciations in con-

trasting areas of the SO. Similarly, a robust phylogenetic

reconstruction using different genetic markers and includ-

ing more species of the genus is required to confirm the

evolutionary origin and the biogeography of this important

fish group.
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