
Marine Genomics 8 (2012) 23-34

* £ Æ â k*
ELSEVIER

Comparative phylogeography of three trematomid fishes reveals contrasting genetic 
structure patterns in benthic and pelagic species

Anton P. Van de Putte a b* 1, Karel Janko c l , Eva Kasparova c, Gregory E. Maes a, Jennifer Rock d,
Philippe Koubbi e, Filip A.M. V olckaerta, Lukás Choleva c, Keiron P.P. Fraser f, Jerzy Smykla g,h,
Jeroen K.J. Van Houdt Craig M arshallJ
a Laboratory o f Biodiversity and Evolutionary Genomics, KU Leuven, Ch. Deberiotstraat 32, B-3000 Leuven, Belgium 
b Royal Belgian Institute for Natural Sciences, Vautierstraat 29, B-1000 Brussels, Belgium
c Laboratory o f Fish Genetics, Institute o f Animal Physiology and Genetics, Academy o f Sciences o f the Czech Republic, Rumburskd 89,27721 Libëcbov, Czech Republic 
d Department o f Zoology, University o f Otago, Dunedin, 9054, New Zealand
e UPMC Université Paris OS, UMR 7093, Laboratoire d'Ocêanograpbie de Villefrancbe, BP28, 06234 Villefranche-sur-Mer, France 
f Government o f South Georgia and the South Sandwich Islands, Government House, Stanley, Falkland Islands 
g Department o f Biodiversity, Institute o f Nature Conservation, Polish Academy o f Sciences, Mickiewicza 33, 31-120 Kraków, Poland 
h Department o f Biology and Marine Biology, University o f North Carolina Wilmington, 601 S. College Rd„ Wilmington, NC 28403-5915, USA 
1 Laboratory for Cytogenetics and Genome Research, KU Leuven, O&N I Herestraat 49 - box 602 , B-3000 Leuven, Belgium 
J Department o f Biochemistry and Genetics Otago, University o f Otago, PO Box 56, Dunedin 9054, New Zealand

A R T I C L E  I N F O  A B S T R A C T

P opulation  genetics p a tte rn s  o f m arine  fish in  general an d  o f S ou thern  O cean fish in p articu lar range  from  v irtual 
panm ix ia  over o cean-w ide  scale to  d eep ly  frag m en ted  p opulations. H ow ever th e  causes underly ing  th ese  differ
e n t p a tte rn s  a re  n o t p roperly  u nders tood . In th is  paper, w e  te s ted  th e  h ypo th eses  th a t  popu la tion  connectiv ity  is 
positively  re la ted  to  a  com bination  o f life h isto ry  tra its , nam ely  d u ra tio n  o f pelagic larval p e rio d  an d  th e  ten d en cy  
to w ard s  pelagic life style in  th e  adu lthood . To d o  so, w e  analysed  th e  variability  o f six m icrosatellite  an d  one m i
tochondria l m a rk e r (cy tochrom e b) in th re e  S ou thern  Ocean fish species (Trematomus newnesi, Trematomus 
hansoni an d  Trematomus bernacchii). They share  a  re c en t com m on ancesto r b u t no tab ly  differ in  th e ir  d u ra tion  
o f  pelagic larval p e rio d  as w ell as pelagic versus b en th ic  lifestyle. W e sam pled  over a  range o f m o re  th an  
5000 km  for all th ree  species an d  u sed  a  n u m b er o f popu la tion  genetics  tools to  investigate  p a s t an d  c o n tem p o 
ra ry  levels o f connectivity . All species experienced  p o pu la tion  fluctuations, b u t coalescen t sim ulations suggested  
th a t  con tem p o ra ry  p opu la tions a re  in  m ig ration -d rift equilibrium . A lthough global Fst values w e re  ra th e r  low , a 
significant p opu la tion  s tru c tu re  sep ara ted  th e  H igh-A ntarctic from  th e  P en insu lar reg ions in all species. The level 
o f  g enetic  d ifferen tiation  w as m u ch  lo w er in  th e  pelagic versus b en th ic  species. P resen t d a ta  suggest th a t p ast and  
p re s en t g enetic  s tru c tu rin g  in  th e  S o u th e rn  O cean a re  in d ee d  re la ted  w ith  th e  ecological tra its  o f A ntarctic fish, 
h o w ev er th e  re la tive  im p o rtan ce  o f  ind iv idual factors rem ains  unclear.
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1. Introduction

Many m arine species disperse prim arily during th e  larval phase, 
while adults show  lim ited m ovem ents (Bonhom m e and Planes, 2000; 
Thorrold e t  al., 2007). Indeed, seventy percen t o f  m arine organism s 
have a planktonic stage during w hich larvae m ay disperse (Thorson, 
1950). In general, fishes w ith  longer larval duration  display less genetic 
differentiation than  those w ith shorter larval duration  (W aples, 1987; 
Bay e t  al., 2006; Bradbury e t al., 2008; Hauser and Carvalho, 2008). 
However, a growing body of evidence suggests th e  im portance of
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other factors, such as currents and larval re ten tion  (Carreras-Carbonell 
e t al., 2006), th a t m ay cause strong differentiation even in species 
w ith  a long larval phase (Taylor and Hellberg, 2003; Planes e t al., 
1998). M any larvae are also capable o f active vertical m igration, w hich 
in com bination w ith  vertically stratified flows m ay allow th em  to 
avoid advection. In m any cases, particularly in later stages o f their pe 
lagic developm ental phase, larvae m ay be able to sw im  even faster 
than  am bient currents (Leis, 2006).

Direct m easurem ents o f larval/individual dispersal o f small o rgan
isms are difficult to obtain in any m arine env ironm ent (Bay e t al., 
2006; Hedgecock e t al., 2007; and references therein) bu t population 
genetics studies, although no t w ithou t lim itations, provide som e of 
the  m ost valuable tools for estim ating such param eters (Hedgecock et 
al., 2007; Selkoe e t al., 2008; Skillings e t al., 2011). Populations evolve 
through changes in allele frequencies, w hich in tu rn  change through
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evolutionary forces such as m utation, random  genetic drift, gene flow 
and selection. In th e  absence o f environm ental change and over p ro
longed periods o f tim e, a population will reach a genetic equilibrium  d e
term ined by the  opposing evolutionary forces o f drift and m igration. 
Historical factors such as clim ate associated extinctions and rec
olonisations or changes in th e  direction o f currents also play an  im por
tan t role in shaping the  population structure o f m arine species (Maggs 
e t al„ 2008). Genetic m ethods for estim ating effective dispersal and 
connectivity are becom ing increasingly effective. However publications 
often focus on  low latitude reef species and general conclusions con
cerning the  processes driving differentiation w ith in  species rem ain 
hard to d raw  (Bohonak, 1999; Bay e t al„ 2006).

The Southern Ocean, in spite o f obvious challenges for sampling, of
fers a unique environm ent to study the effect o f biological and environ
m ental forces on patterns o f dispersal and evolution in m arine 
organisms. Characterised by tw o m ajor currents th a t prom ote dispersal 
on a circumpolar scale, the  m ajority o f the  surface flow moves in a clock
wise (eastw ard) m otion around Antarctica forming the  Antarctic 
Circumpolar Current (ACC). Along the  margins o f the  continent, how ev
er, there  is a w estw ard  current, the  Antarctic Slope Current ( ASC) (Orsi et 
al„ 1995). Application o f genetic tools has revealed th a t patterns o f pop
ulation differentiation in Antarctic/Southern Ocean organisms range 
from virtual panm ixia on a circum-Antarctic scale to isolated populations 
or even crypic species (for an overview see Rogers, 2007,2012; Volckaert 
e t al„ 2012). The causes for such differences are not fully clear bu t the  ul
tim ate outcom e likely depends on the  interplay o f several factors. Some 
studies em phasize the  dom inant roles o f m ajor climatic and geological 
events affecting southern  polar organisms m ore or less sim ultaneously 
(Thatje e t al„ 2008). O ther studies suggest th a t conditions for survival 
and dispersal differ across Antarctic biogeographic regions and hence 
the  genetic structure o f given species depends on its distribution range 
and the local conditions, especially tem perature  (McGaughran e t al„ 
2010; Patarnello e t al„ 2011).

Yet o ther studies highlight the dom inant role o f intrinsic factors such 
as habitat preference in shaping the  genetic structure o f Antarctic spe
cies. Comparative analysis o f four trem atom ids, Trematomus bemacchi, 
Trematomus pennelli, Pagothenia borchgrevinki and Trematomus newnesi 
show ed a qualitatively different response of benthic and pelagic species 
to the  Pleistocene glaciations (Janko e t al„ 2007). Benthic species in par
ticular are expected to express a m ore pronounced genetic structure 
than  pelagic ones (Rogers, 2007, 2012), w hich may either reflect lower 
dispersal a t larval and adult stages or a higher complexity o f the  benthic 
environm ent, prom oting habitat specialization. Such a situation m ay be
come extrem e w hen  populations have been historically separated during 
cycles o f glaciation, suggesting th a t life style m ay decisively affect the 
evolution and adaptability o f the  species. Although M atschiner e t al. 
(2009) recently show ed th a t passive larval dispersal w ithin Antarctic 
currents m ay be sufficient to hom ogenise populations o f benthic fish 
species a t a scale of hundreds o f kilometres, one m ay expect th a t the 
length of pelagic larval phase in com bination w ith  specialisation to a 
benthic or pelagic life history in adulthood m ay have a prom inent effect 
on the  genetic build-up of a species' genepool (Purcell e t al„ 2006; 
Bradbury e t al„ 2008; Papetti e t al„ 2012).

The streng th  o f a com parative approach lies in the  possibility to d is
entangle the  m ajor de term inants o f population structure o f Southern 
Ocean organism s and to broaden our scope of understand ing  o f m arine 
ecological spéciation in general. Here w e focus on th e  Trem atom inae, an 
endem ic tribe o f  notothenioid teleosts from th e  Southern Ocean w idely 
used as a m odel o f cold adap tation  (Patarnello e t al„ 2011). The group 
forms a m onophyletic species flock strikingly diverse in m orphology 
and dem onstrates significant evolutionary versatility w ith  a variety  o f 
ecological forms including species w ith  benthic, pelagic or cryopelagic 
ecology (Janko e t al„ 2011 ; R utschm ann et al., 2011 ).

This s tudy  aim s a t com paring  g enetic  d iversity , genetic  d ifferen ti
a tion  and  env iro n m en ta l and life-h isto ry  (tra its) b e tw een  th ree  fish 
species w ith distinct characteristics living over the same environm ental

gradient. For this the nuclear and m itochondrial genetic structure and de
mographic history of T. bernacchii, T. hansoni and T. newnesi was com 
pared. The form er tw o are bottom -feeding fish th a t lay demersal eggs 
(w ith T. bernacchii even laying eggs in sponges and displaying nest 
guarding behaviour) (DeW itt e t al„ 1990; Kock e t al„ 2006; La Mesa et 
al„ 2006). In contrast, T. newnesi prefers a semi-pelagic or even cryo
pelagic habitat. The larval phase of all three species is pelagic bu t differs 
in duration; T. hansoni has a long larval phase spanning over the  winter, 
while the pelagic larval phase o f T. newnesi is considerably shorter and ac
complished during the first fall (Duhamel e t al., 1993; detailed informa
tion on larval ecology of T. bernacchii remains undeterm ined). Adult 
individuals m ay differ substantially in dispersal ecology, since T. newnesi 
populations are known to largely vary in local abundance, indicative of 
seasonal migrations, while T. bernacchii is a rather sedentary fish (as an 
extrem e exam ple o f this behaviour, we noted the  re-capture o f a speci
m en at the Ross Sea region, which had been tagged tw o years ago in 
the  very same spot (J. MacDonald pers. Comm..). W e hypothesize that 
life history traits such as larval duration and adult ecology affect genetic 
structure and diversity.

2. Material and methods

2.1. Sampling, DNA purification, DNA amplification and species validation

Samples of T. newnesi Boulenger, 1902, T. hansoni Boulenger, 1902 and 
T. bernacchii Boulenger, 1902 of the family Nototheniidae w ere collected 
using land-based sampling in Adelie Land and the Ross Sea and by bottom  
traw ls during various scientific expeditions ( Fig. 1, Table 1 ). For T. newnesi, 
tw o tem poral samples w ere available from the  same site a t Adelie Land. 
Specimens w ere morphologically identified on site and muscle or fin tis
sue was preserved in 100% ethanol.

Total genom ic DNA w as extracted using th e  Nucleospin Extraction 
kit (M acherey-Nagel GmBH) following the  m anufacturer's specifica
tions. Amplification of a set o f  six m icrosatellites followed th e  m ethods 
described in Van H oudt e t al. (2006). PCR products w ere visualised on 
an  AB1 3130 Genetic Analyser (Applied Biosystems). Allele size w as d e 
term ined  by m eans of an  internal Genescan 500-L1Z size standard  and 
genotypes w ere obtained using GENEMAPPER v.3.7 (Applied Bio
system s). M itochondrial sequences o f the  cytochrom e b gene (cyf b) 
for a subset o f individuals w ere obtained according to the  protocol of 
Janko e t al. (2007) using the primers: CytBU15786-Tremato (5'TGAG- 
GkGGfmTCGGTAGATA-3') and CytB-L16317-Tremato (5'-GATrTAnG- 
GrTCCrCAaCGGG-3'). Haplotypes w ere com pared to those of Janko 
e t al. (2007). Novel sequences w ere subm itted to genbank JX138967- 
JX138996. For an overview of the  accession num ber see Table A4-6. Se
quences w ere aligned and analyses w ere perform ed in BioEdit v.7.0.9. 
Morphological identification w as validated genetically e ither using the 
m ethod described in Van de Putte e t al. (2009) or by blasting the  cyf b 
sequences. The form er m ethod assigns specim ens to an a priori defined 
baseline group o f eight trem atom id species based on sam ples for which 
there  w as a congruent m orphological and cyf b identification. Analyses 
w ere  perform ed in STRUCTURE v.2.3 (Pritchard e t al., 2000) using the 
non-adm ixture m odel in com bination w ith  th e  non-correlated allele fre
quency model. A burn  in period o f IO5 steps and IO6 Markov Chain 
M onte Carlo sim ulations was used. A total o f 5 runs w ere carried out 
to  check the  repeatability o f the  results. Assignments scores (q) w ere 
plotted and the  proportion of correctly assigned individuals (q > 0 .8 ) 
w as calculated.

2.2. Microsatellites

2.2.1. Genetic diversity
G enotype and allele frequencies o f th e  m icrosatellite loci w ere  

used  to  obtain  standard  estim ates o f genetic  d iversity  w ith in  and b e 
tw een  sam ple sites. Tests for null alleles and o th e r po ten tial technical 
artefacts, such as s tu tte ring  and large allele d ropout, w ere  perform ed



AP. Van de Putte et al. /  Marine Genomics 8 (2012) 23-34 25

4

SG

*SO

/
Fig. 1. Geographical distribution of the sampling sites. Sample codes as in Table 1.

using th e  softw are package MICRO-CHECKER v.2.2.1 (Van O osterhout 
e t al., 2004). Genetic variation  in each population  w as m easured  by 
calculating th e  m ean  num bers o f alleles per locus, th e  observed 
(H0 ) and unbiased  expected  (HE) heterozygosities and th e  FIS. Devia
tions from  H ardy-W einberg equilibrium  (HWE) w ere  assessed  w ith  
GENETIX v.4.05 (Belkhir e t al., 2002). Allelic richness w as de term ined  
using FSTAT v.2.9.3.2 (Goudet, 2001). Exact tests o f  linkage d isequ i
librium  be tw een  pairs o f loci w ere  calculated a t each location using 
GENEPOP v.3.4 (Rousset, 2008). To assess th e  statistical pow er o f 
ou r m icrosatellite  m arkers com pared to th e  observed levels o f differ
en tia tion  (Fs t ), w e used a m odified version of th e  p rogram  POWSIM 
(Rym an and Palm, 2006) tailored  to incorporate a h igher num bers 
o f  alleles. This p rogram  allow s to estim ate  th e  probability  o f type I 
and type II errors for a given set o f  loci.

2.2.2. Population subdivision
Six com plem entary  m ethods w ere used to determ ine th e  population 

structure  o f T. newnesi, T. hansoni and T. bernacchii. A factorial corre
spondence analysis (FCA) on multilocus genotypes was perform ed 
using GENETIX v.4.05 (Belkhir e t al., 2002). Population differentiation 
w as quantified in FSTAT v.2.9.3.2 (Goudet, 2001) using the  standard  al
lelic variation FST estim ated  as 9 (W eir and Cockerham, 1984). To calcu
late the  relationship be tw een  geographical distance (coastline 
distances am ong sam pling sites) and genetic distance (population 
pairw ise FST) w e perform ed a m antel test in ARLEQUIN v.3.5 
(Excoffier and Lischer, 2010). W e also plo tted  a linear regression b e 
tw een  geographic distance (LN(distance)) and genetic distance (FST/ 
( 1 -Est)) for a visual guidance. Bayesian clustering w as perform ed 
using STRUCTURE v.2.3.2 to de term ine  th e  num ber o f populations (K) 
w ith  th e  highest posterior probability and to estim ate  adm ixture p ro
portions. Sim ulations w ere perform ed using an  adm ixture m odel w ith 
correlated allele frequencies be tw een  populations and using sam pling 
location inform ation (MCMC consisted of 204 burn  in iterations

followed by IO5 sam pled iterations). The range of possible tested  K 
w as one to ten  and five trial runs w ere carried ou t for each putative K. 
K w as estim ated  using th e  procedure o f Evanno e t al. (2005). W e per
form ed an  hierarchical analysis o f genetic structure through an  Analysis 
o f M olecular Variance (AMOVA) (Excoffier e t al., 1992) im plem ented in 
ARLEQUIN v3.5 (Excoffier and Lischer, 2010) to tes t for geographical 
structure. Using FST m easures o f genetic distance, w e estim ated  the  
level o f genetic structuration  w ith in  populations, be tw een  populations 
w ithin a region, and betw een regions (w hich w ere defined according 
to the  results o f  STRUCTURE).

In o rder to  d e tec t pu tative  deviations from  m igration-drift, w e ap 
plied a Bayesian approach  developed by Ciofi e t al. (1999) and 
im plem ented  in th e  p rogram  2MOD by M.A. B eaum ont (h ttp :/ /  
w w w .rubic.rdg .ac.uk/~m ab/softw are.h tm l). Two m odels w ere  evalu
ated: (1) th e  gene flow m odel, w hich  assum es th a t gene frequencies 
w ith in  populations a re  caused by a balance be tw een  genetic  d rift and 
gene flow, and (2) th e  drift m odel, in w hich  allele frequencies w ith in  
populations are  evolving purely  th rough  d rift and differentiation  
am ong populations w as caused by splitting of ancestral population  
w ith  no subsequen t m igration. Both m odels assum e negligible effect 
o f m uta tions such th a t alleles are identical by descent, and th e  gene 
flow m odel assum es th a t th e  m uta tion  ra te  is m uch sm aller than  
th e  im m igration  ra te  (Ciofi e t al., 1999). For each population, th e  pro
gram  also calculates F (an  analogue o f FST), w hich  is th e  probability  o f 
coalescence am ong random ly chosen chrom osom es w ith in  th e  sam e 
population. For each species, w e analysed tw o  types o f dataset: 
a) trea tin g  each sam pling site as a separate  population  and b) pooling 
th e  sites according to th e  STRUCTURE results. The M arkov Chain 
M onte Carlo search w as carried  o u t tw ice on  each d a ta se t using IO5 
iterations. The first 10% o f th e  runs w ere  discarded to  rem ove effects 
o f initial starting  param eters. In each run, th e  probability  o f  given 
m odel w as estim ated  from  th e  num ber o f tim es it appeared  during  
th e  sim ulation.

http://www.rubic.rdg.ac.uk/~mab/software.html
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Table 1
Description of sampling sites for all species.

Trematomus species Location Location code Sampling year Expedition name Nm Ns
T. newnesi Cape Halleti CH 2004 ANZ K066 30 31

Joinville Island JI 2007 RV Polarstern ANTXIII/8 49 15
King George Island KGI 2007 RV Polarstern ANTXIII/8 15 3
South Orkneys SO 2006 RV James Clark Ross AFI6/16 43 6
Adelie Land I TAI 2003 land based /  ICOTA 89 0
Adelie Land II TA2 2005 land based /  ICOTA 57 20

T. hansoni Cape Halleti CH 2004 ANZ K066 33 27
Cape Roberts CR 2002 ANZ K066 9 7
Joinville Island JI 2007 RV Polarstern ANTXIII/8 15 22
South Georgia SG 2007 S. Georgia Groundfish Survey SG07 21 10
South Orkneys SO 2006 RV James Clark Ross AFI 6/16 5 4
Adelie Land TA 2003 land based /  ICOTA 19 3

T. bernacchii Cape Armitage CA 2002 ANZ K066 42 11
Cape Roberts CR 2002 ANZ K066 28 10
Casey CS 2008 Australian Antarctic Division 43 17
Deception Island DI 2006 RV James Clark Ross AFI 6/16 7 2
Elephant Island EI 2007 RV Polarstern ANTXIII/8 5 5
Joinville Island JI 2007 RV Polarstern ANTXIII/8 5 5
South Orkneys SO 2006 RV James Clark Ross AFI 6/16 5 5
Adelie Land TA 2003 land based /  ICOTA 12 11
Rothera RO 2006 BAS 12 8

Nm: sampling size used for microsatellite analysis, Ns: sampling size used for cytochrome b sequence analysis.

2.2.3. Inferences o f  p a st population size changes
To d e tec t deviations from  m uta tion -d rift equilibrium  indicating 

recen t population  oscillations from  m icrosatellite m arkers, the  
m ode-shift indicator te s t w as em ployed to  d e tec t genetic  bottlenecks 
using BOTTLENECK v.1.2.02 (C ornuet and Luikart, 1997). The te s t as
sum es th a t a population  un d er m uta tion -d rift equilibrium  is expected  
to have a larger proportion  of alleles w ith  low  frequencies th an  an 
expanding population. Due to lim ited sam ple size a t som e sam pling 
sites, th e  te s t w as perform ed for th e  genetically  hom ogenous popula
tion  c lusters as indicated by STRUCTURE.

2.3. Mitochondrial DNA analysis

2.3.1. Genetic diversity
The optim al m odel for sequence evolution for each d a tase t o f cyf b 

was assessed through jM odeltest (Posada, 2008) and used to m easure 
the  <tST over all populations in ARLEQUIN v.3.5, w hich is analogous to 
W right's Fs t, b u t takes into account the  divergence betw een  haplotypes. 
W e tested  w he th er the  geographic partitioning observed from  nuclear 
m arkers also explains a significant portion of mtDNA variability. To do 
so, w e applied AMOVA in ARLEQUIN to estim ate th e  level o f genetic 
structure w ith in  populations, be tw een  populations w ith in  a region, 
and betw een regions, defined according to STRUCTURE (see below). 
Appropriate values o f F statistic com ponents w ere  calculated from 
values (Excoffier e t  al„ 1992).

The relative likelihoods of a m odel o f im m igration-drift equilibrium  
versus drift w as determ ined  using 2MOD (see above). W e recoded the 
presence/absence of haplotypes into a haplotype per population m atrix 
and analysed tw o types o f datasets for each species; a) treating each 
sam pling site as a separate population and b) pooling the  sites 
according to design by the  FCA/STRUCTURE analysis o f nuclear m arkers. 
The Markov chain M onte Carlo search w as carried ou t as described 
above.

2.3.2. Inferences o f  p a st population size changes
Two neutrality  tests w ere em ployed to de tect traces o f historical d e 

m ographic changes. These tests, originally developed to tes t th e  neutral 
hypothesis under an  infinite-site m odel w ith  constan t population size 
scenario, are know n to be sensitive to past population size changes 
causing deviation from  th e  m utation-drift equilibrium . The Tajima's D 
tes t o f neutrality  (Tajima, 1989) evaluates the  significance of tw o esti
m ators o f population param eter 6, one estim ated from  th e  num ber o f

segregating sites, the  o ther from tt. D is expected to  be negative if the  
population has experienced an  expansion. Fu's Fs tes t (Fu, 1997), eval
uates the  probability o f sam pling th e  sam e or low er am ount o f alleles 
as in a sam ple from  neutral population assum ing th e  sam e num ber o f 
pairw ise differences as in th e  studied sample. It is expected to produce 
negative values in expanded populations and is considered as one of the  
strongest m ethods for detecting traces o f sim ulated logistic as well as 
stepw ise expansion m odels (Ramos-Onsins and Rozas, 2002). Both 
tests w ere perform ed in DnaSP v.5.0 (Librado and Rozas, 2009) and 
their significance was estim ated  via 1000 im plem ented  coalescent sim 
ulations. Given value was considered as significant if th e  probability of 
its occurrence in neutral population o f stable size w as lower than  0.05.

Finally, w e used a M arkov Chain M onte Carlo (MCMC) approach 
im plem ented  in FLUCTUATE v .l.4  (K ühner e t al., 1998) to estim ate  
th e  M axim um  Likelihood o f th e  ex p o n en tia l g ro w th  p a ra m e te r  g 
(0f =  Oinitiai _gt) for our datasets. The significance o f ML estim ate can 
be judged  from  likelihood surface provided by Fluctuate (Kühner, 
2003) The log likelihood ou tpu t table show s an  approxim ate 95% confi
dence interval consisting of all values o f and g th a t lay w ithin th e  2 
units o f  th e  m axim um  likelihood estim ate. If g =  0 occurs w ith in  th a t in
terval o f values o f the  best fitting , th an  is th e  population plausibly not 
expanding. Furtherm ore, the  approxim ate o f  standard  deviation gives 
an  idea of expected erro r around th e  estim ate. W e conservatively con
sidered th a t a given da tase t bears a signal o f significant population 
grow th  if the  ML estim ate  o f g w as greater than  th ree  standard  devia
tions (Lessa e t al., 2003).

3. Results

3.1. Microsatellites

3.1.1. Suitability o f  the data to evaluate population structure
The pow er to de tect population differentiation given th e  observed 

global Fst-s (see below ) and the  sam pling schem e for each species was 
assessed w ith  the  software package POWS1M. Estimates o f a -e rro r  
w ith  the  curren t sam pling design w ere low  (<5%) and th e  pow er 
approached unity  in all species suggesting th a t our sam pling schem e 
w as adequate to de tect deviations from  panm ixia given th e  observed 
variability o f m arkers.

Three loci, Trne035F22A, Trne055F55A and Trne066F58A show ed 
significant heterozygote deficiency after Bonferroni correction in some 
species-locality com binations (see below  and Tables A1-A3) bu t no
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Table 2
Estimates of genetic diversity based on microsatellite and mtDNA genotypes of I  newnesi, T. hansoni and T. bernacchii.

Species/
population

microsatellites mtDNA

He n.b. Ho Fis Ra alleles Hd TÍ

T. newnesi Tamura and Nei +  T (T
coII

CH 0.831 0.856 -0 .0 3 0 9.430 10 0.809 0.0617
JI 0.868 0.847 0.025 10.930 10 0.895 0.0768
KGI 0.841 0.724 0.143 9.154 2 1 0.0032
SO 0.846 0.783 0.076 10.437 3 0.600 0.0930
TAI 0.849 0.823 0.031 9.768 11 0.926 0.0474
TA2 0.856 0.860 -0 .0 0 4 9.780

T. hansoni Kimura 2 param eter3
CH 0.716 0.703 0.018 4.55 7 0.655 0.0046
CR 0.766 0.722 0.060 4.68 2 0.571 0.0029
JI 0.740 0.789 -0 .0 6 8 4.63 9 0.797 0.0038
SG 0.660 0.531 0.199 4.18 4 0.733 0.0034
SO 0.730 0.567 0.244 5.00 3 0.833 0.0038
TA 0.696 0.743 -0 .0 7 0 4.30 2 0.667 0.0017

T. bernacchii Tajima and Nei +  T (T == 0.1278)a
CA 0.725 0.725 0 4.63 2 0.182 0.0004
CR 0.746 0.774 -0 .0 3 9 4.77 4 0.533 0.0021
es 0.821 0.764 0.071 5.03 5 0.574 0.0018
DI 0.705 0.762 -0 .0 8 8 4.43 1 0 0
El 0.611 0.567 0.081 3.52 1 0 0
JI 0.726 0.667 0.091 4.77 1 0 0
RO 0.792 0.792 0.001 4.98 3 0.464 0.0026
SO 0.631 0.708 -0 .1 4 6 4.00 1 0 0
TA 0.721 0.706 0.023 4.60 2 0.182 0.0004

He n.b;  expected heterozygosity, H0 : observed heterozygosity, FiS: Fixation index according to W eir and Cockerham (1984), RA: allelic richness, alleles: number of alleles, 
Hd: haplotype diversity, n: mean pairwise divergence for each population, 

a The best-fit model of sequence evolution indicated for each species by jM odeltest for the mtDNA dataset. See Table 1 for sample codes. Bold values: significant FIS values after 
Bonferroni correction.

m arker pointed to a consistent patte rn  o f  heterozygote deficiency in 
m ore than  2 localities. MICROCHECKER analysis indicated th a t null al
leles m ay be p resen t a t these loci. Calculations on th e  original data 
w ere  replicated using corrected allele frequencies according to 
Brookfield (1996). Replicates using the  corrected allele frequencies 
did not change th e  results and w ere no t retained for further analyses. 
Pairwise com parisons be tw een  loci revealed no significant linkage d is
equilibrium  after Bonferroni corrections.

In each nuclear dataset, th e  2MOD analysis suggested th a t th e  m odel 
assum ing m igration-drift equilibrium  is m ore likely ( probabilities >  0.99) 
than  the  non-equilibrium  model. Hence, m easures o f genetic differentia
tion do reflect ongoing gene flow am ong populations. In the T. bernacchii 
dataset, m odal F values ranged be tw een  0.0047 (JI) to  0.0880 (Dl) w ith 
th e  exception o f El sam pling site (F =  0.1950). In th e  T. hansoni dataset, 
th e  F values w ere similar, ranging betw een  0.0014 (CR) and 0.0727 (SO) 
except for the  SG population (F =  0.1325). In th e  T. newnesi total 
dataset, the  F values ranged be tw een  0.0063 (JI) to 0.0350 (KG1).

3.1.2. Genetic diversity
M ean allelic richness corrected for sam ple size w as highest for 

T. newnesi (9 .15-10.93) w hile T. hansoni (4.18-5.00) and T. bernacchii 
(3.52-5.03) w ere  characterised by sim ilar levels o f allelic richness. 
T. newnesi displayed relatively uniform  range in m ean expected h e tero 
zygosity am ong sam pling locations (0.81-0.86) w hich w as generally 
higher than  th e  w ider ranges o f T. hansoni (0 .64-0.72) and T. bernacchii 
(0.55 -  0.81). Significant departu res from H ardy-W einberg equilibrium  
after Bonferroni correction w ere  observed in tw o populations o f 
T. newnesi (KG1 and SO), one population o f T. bernacchii (CS) and none 
of the  T. hansoni populations (Table 2, Tables A1-A3).

3.1.3. Population structure
Testing o f th e  stepw ise clustering procedure perform ed in 

STRUCTURE for T. newnesi resulted in the  separation of tw o hypothetical 
clusters (h ighest Ak for k =  2). There w as a d istinct separation betw een  
th e  cluster o f sam ples from the High Antarctic com posed o f the  Ross Sea

and Adelie Land area (CH, TAI, TA2.) and the  cluster o f  sam ples from 
the  Peninsula region (KG1, JI, SO). T. hansoni and T. bernacchii each 
show ed th ree  clusters (h ighest Ak for k =  3). Specifically, T. hansoni 
show ed a separation betw een  th e  High Antarctic (TA, CH, CR) and the 
peninsula region (JI, SO) sim ilar to T. newnesi bu t w ith an  additional 
cluster for the  m ore no rthern  sam ple a t South Georgia. For T. bernacchii

Table 3
Summary of the assignment analysis following STRUCTURE based on microsatellite ge
notypes of I  newnesi, T. hansoni and T. bernacchii.

Population3 Cluster 1 Cluster 2 Cluster 3

T. newnesi
TAI 0.249 0.751
TA2 0.207 0.793
CH 0.306 0.694
KGI 0.830 0.170
JI 0.860 0.140
SO 0.868 0.132

T. hansoni
TA 0.139 0.824 0.037
CH 0.223 0.735 0.041
CR 0.349 0.562 0.089
JI 0.915 0.053 0.032
SO 0.917 0.058 0.025
SG 0.225 0.029 0.746

T. bernacchii
es 0.939 0.041 0.021
TA 0.245 0.194 0.561
CA 0.187 0.198 0.614
CR 0.145 0.261 0.595
RO 0.275 0.644 0.081
DI 0.031 0.857 0.111
JI 0.067 0.702 0.231
El 0.026 0.901 0.073
SO 0.050 0.719 0.231

a Sample codes as in Table 1, bold values: statistical significant values after 
Bonferroni correction.
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there  w as a d istinct cluster for Casey (CS) as w ell as a further separation 
betw een  a high Antarctic cluster consisting o f th e  Ross Sea and Adelie 
Land sam ples (CA, CR, TA) and the  cluster o f th e  Peninsula region sam 
ples (RO, El Dl, J1.SO) (Table 3, Fig. 2). For all species th e  FCA clustering
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Fig. 2. Plot of the clustering analysis conducted in STRUCTURE (Pritchard et al, 2000) 
based on the microsatellite data of Trematomus newnesi (A) (K =  2), I  hansoni (B) 
(K =  3) and I  bernacchii (C) (K =  3). Each individual is represented by a vertical bar indi
cating its estimated proportion of membership to each cluster. Sample codes as in Table 1.

resulted in a sim ilar grouping o f populations w ith  clear separation of 
Peninsular and the  High Antarctic clusters (Fig. 3). Note th a t for 
T. newnesi both tem poral sam ples from the  sam e locality (TAI and 
TA2) appeared  close to  each other.

The population  struc tu re  according to th e  STRUCTURE and FCA 
analysis w as tes ted  in AMOVA. For th e  pelagic T. newnesi th e  analysis 
revealed th a t th e  am ong-group com ponen t (Fct) explained only 0.24% 
o f to ta l genetic  varia tion  and th is resu lt w as no t significant. For bo th  
ben th ic  species th e  AMOVA found significant am o u n t o f am ong- 
group partitioning o f genetic  variance, explaining 8.58% in T. hansoni 
and  3.51% for T. bernacchii.
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Fig. 3. Factorial correspondence analysis plot based on microsatellite data of 
Trematomus newnesi (A), T. hansoni (B),T. bernacchii (C). Sample codes as in Table 1.
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Table 4
Population pairwise FST (4>ST) values of T. newnesi samples. The upper triangular matrix 
lists the values for microsatellite genotypes, and lower triangular lists the values for 
mtDNA genotypes.

T. newnesi3 CH JI KGI SO TAI TA2

CH 0.0208 0.024 0.0127 0.0104 0.0138
JI 0.0854 0.0077 0.0098 0.0090 0.0111
KGI 0.0166 0.1926 0.0076 0.0157 0.0186
SO -0 .0 4 5 3 0.1597 0.1535 0.0084 0.0156
TAI -0 .0 1 6 4 -0 .0 0 3 2 -0 .0 3 3 9 -0 .1 4 2 5 0.0026

a Sample codes as in Table 1, bold values: statistical significant values after Bonferroni 
correction.

Table 5
Pairwise F St  ( ^ s t ) values of T. hansoni samples. The upper triangular matrix lists the 
values for microsatellite genotypes, and lower triangular lists the values for mtDNA 
genotypes.

T. hansonia CH CR JI SG SO TA

CH 0.0081 0.0647 0.1073 0.0986 0.013
CR 0.3032 0.027 0.0668 0.0387 0.0254
JI 0.0485 0.2881 0.0794 -0 .0 0 7 7 0.0907
SG 0.0213 0.4759 0.0805 0.1029 0.1492
SO -0 .0 0 6 4 0.3913 -0 .0 2 1 0 0.0070 0.1352
TA -0 .0 0 9 4 0.5478 0.0396 -0 .0 6 3 2 -0 .0 3 6 7

a Sample codes as in Table 1, bold values: statistical significant values after 
Bonferroni correction.

The pattern of the  pairwise Fst values o f T. newnesi resem bled the 
STRUCTURE analysis (Table 4): no significant differentiation was ob
served w ithin the  Peninsula region as well as betw een the  tw o tem poral 
sam ples from TA. Overall FST w as 0.0104 (0.0071-0.0147). Global FST for 
T. hansoni was 0.0717 (0.0320-0.1240) or 0.0459 (0.0105-0.1046) w hen 
excluding the  SG sample. All pairwise Fst values th a t include SG w ere sig
nificant after Bonferonni correction. There w ere no significant pairwise 
differentiations w ithin the  High Antarctic or w ithin the  Peninsula clus
ters (Table 5). The Global FST of T. bernacchii was similar to th a t of 
T. hansoni excluding the  SG samples: 0.0383 (0.01577-0.07169). No sig
nificant Fst values w ere observed w ithin both High Antarctic and 
Peninsula clusters (Table 6).

In all species the  pairw ise F st values correlated w ith  th e  log tran s
form ed distance betw een  sam pling locations, suggesting a pa tte rn  in
dicative o f isolation-by-distance (1BD; Fig. 4, Table 7). Although 
analysis o f all T. hansoni sam ples revealed a significant 1BD p a tte rn  w e 
also excluded the  m ost divergent SG population, in o rder to account 
for th e  possible effect o f long-term  isolation am ong populations (de 
Campos Telles e t al., 2005). This lead to a strengthening of th e  signal 
(r  =  0.79, p<0.01 ). A Global M antel tes t including all T. bernacchii sam 
ples revealed only a m arginally significant pa tte rn  o f 1BD (r =  0.27, 
p =  0.054), which, however, becam e highly significant after excluding 
an  outlying value related to the  El sam ple (Fig. 4, Table 7).

3.1.4. Demography
B ottleneck analysis found th a t bo th  population  clusters o f T. 

newnesi had a norm al L-shaped d istribu tion  o f allele frequencies as 
expected  u n d e r m uta tion -d rift equ ilib rium  and co n stan t population  
size. For T. hansoni th is analysis indicated recen t g row th  in tw o  pop
ulation  clusters including SG and those  located a round  th e  Peninsula, 
w hile  no deviations from  equilibrium  w ere  de tected  in th e  High A nt
arctic cluster. W e also found evidence o f dem ographic fluctuations for 
T. bernacchii in th e  Peninsula region, w hile  no deviations from 
m uta tion -d rift equilibrium  w ere  de tected  in e ith e r High Antarctic 
c lusters o f th e  Ross Sea-Adelie Land and Casey (Fig. 5).

3.2. Mitochondrial DNA

jM odeltest selected as best m odels for sequence evolution in 
T. newnesi, T. hansoni and T. bernacchii, respectively, th e  following m u ta 
tional m odels: Tamura&Nei +  T (r =  0.011), K im ura-2-param eter and 
Tajima&Nei +  r (P =  0.1278). Treating each population separately, the 
mtDNA 2MOD analysis favoured th e  gene-flow -drift scenario over the  
pure-drift scenario; the  probability o f  th e  m odel 1 equalled 0.98 in 
T. newnesi, 0.73 in T. hansoni and 0.79 in T. bernacchii. The probability 
o f the  m odel 1 equalled unity  w hen  populations w ere clustered 
according to th e  design suggested by th e  STRUCTURE. The haplotype di
versity  w as highest in T. newnesi varying betw een  0.60 and 0.93, w hile 
in T. hansoni and T. bernacchii it ranged be tw een  0.57-0.83 and 0-0.57, 
respectively. Similarly, th e  nucleotide diversities w ere highest am ong 
T. newnesi sam ples ranging be tw een  0.0032 and 0.0930, while in 
T. hansoni and T. bernacchii w e  observed lower values betw een 
0.0017-0.0046 and 0-0.0026, respectively (Table 2). Global (<t>ST) 
values w ere low est in T. newnesi (0 .03), in te rm ed ia te  in T. hansoni 
(0.13) and  h ighest in T. bernacchii (0.51).

The geographical partition ing  of T. newnesi mtDNA variability  was 
weak, since th e  Fct com ponen t o f AMOVA accounted  for only 8% of th e  
to ta l variability  and w as no t significant. Similarly, in T. hansoni, w e 
found 0% of explained variance, indicating no de tectab le  effect o f pop
ulation  struc tu re  on mtDNA am ong th e  regions. In contrast, th e  Fct 
com ponen t accounted for 44% o f to ta l variance in T. bernacchii, 
w hich w as highly significant.

The global M antel te s t for th e  T. newnesi m itochondrial d a tase t 
suggested a p a tte rn  corresponding to 1BD w hich w as no t clearly sig
nificant (p =  0.07) (Table 7). Similarly, a global M antel tes t including 
all T. bernacchii sam ples revealed only a m arginally  significant p a tte rn  
o f 1BD (r =  0.27, p =  0.054). After excluding an  outlying value related  
to th e  El sam ple, w e observed a highly significant p a tte rn  o f  1BD in 
th is species (Table 7). On th e  contrary, th e  global M antel te s t for 
T. hansoni did no t reveal any 1BD patte rn , even  w h en  excluding th e  
SG sam ple.

All datasets indicated the  deviations from  m utation-drift equilibri
um  suggestive o f population oscillations, albeit w ith  different intensity. 
W e found negative bu t non-significant values o f Tajima's D (D =

Table 6
Pairwise FST ( fP s t ) values of T. bernacchii samples. The upper triangular matrix lists the values for microsatellite genotypes, and lower triangular lists the values for mtDNA 
genotypes.

T. bernacchiia CA CR es DI El JI SO TA RO

CA 0.0016 0.0393 0.0527 0.1123 0.0338 0.0819 -0 .0 0 1 6 0.0556
CR 0.0523 0.0338 0.0278 0.0866 0.0201 0.0579 0.0079 0.0394
es 0.0064 -0 .0 3 6 0 0.041 0.1131 0.0372 0.0689 0.0322 0.029
DI -0 .3 2 5 3 -0 .2 6 9 0 -0 .2 7 1 4 0.0431 -0 .0 0 8 5 0.0809 0.0657 -0 .0 0 0 3
El 0.8840 0.5259 0.5392 1.0000 0.0426 0.1508 0.1242 0.0522
JI 0.8840 0.5259 0.5392 1.0000 0.0000 0.0702 0.0442 0.0123
SO 0.8892 0.5456 0.5429 1.0000 0.0000 0.0000 0.0618 0.0687
TA 0.0002 0.0525 0.0283 -0 .3 2 5 6 0.8840 0.8840 0.8833 0.0564
RO 0.5946 0.3310 0.3846 0.3773 -0 .0 8 3 3 -0 .0 8 3 3 -0 .0 4 1 4 0.5946

a Sample codes as in Table 1, bold values: statistical significant values after Bonferroni correction.
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Fig. 4. Genetic isolation by distance inferred from FST genetic distances versus geographical distance for Trematomus newnesi (A), T. hansom (B), I  bernacchii (C).

—1.06) in T. newnesi and the  g param eter o f th e  expansion m odel was 
369 (3 SD =  89) and the  InL values o f the  MLE and zero grow th w ere 
similar. However th e  Fu's Fs value was significantly negative (Fs =  
— 8.96). On th e  o ther hand, T. hansoni and T. bernacchii mtDNA datasets 
significantly deviated from  null expectations according to  both Tajima's 
D (D =  — 1.76 and —1.49, respectively) and Fu's Fs (Fs =  —7.36 and 
—4.06, respectively) tests and w e found g values higher th an  th ree  
s.e. (1263; 3 SD =  189 respectively 3969; 3 SD =  378) indicating signif
icant population grow th in both species.

Table 7
Isolation by distance: Mantel test results genetic distance (FST) with geographic distance 
(ln(km)) for microsatellite and cytochrome b genotypes of I  newnesi, T. hansoni and 
I  bernacchii.

Trematomus species Microsatellite cytb

R P r P

T. newnesi 0.63 0.02 0.6814 0.07
T. hansoni 0.60 0.03 -0 .0 0 7 8 0.49
T. hansoni (excl. SGa) 0.79 0.001 -0 .1 0 4 6 0.73
T. bernacchii 0.27 0.054 0.3109 0.03
T. bernacchii (excl. EIa) 0.52 0.01 0.5165 0.01

r: correlation coefficient, p: probability of correlation coefficient.
a For sample codes see Table 1, bold values: statistical significant values after 

Bonferroni correction.

4. Discussion

4.1. Quality o f  the data

Population structure inferred from nuclear as well as mtDNA m arkers 
was low er in T. newnesi than  in either benthic species, w hich is consistent 
w ith the  hypothesis th a t the  genetic structure o f m arine fish is affected 
by ecological specialisation. However, before proceeding w ith a discus
sion on the  biological relevance of our findings, w e have to address sev
eral issues potentially interfering w ith  th e  in terpretation o f th e  data. 
Significant deviations from HWE due to hom ozygote excess w ere ob
served a t three  ou t o f six microsatellite loci in tw o species. These may 
be attributed  to a num ber o f factors, such as population substructuring 
or admixture, inbreeding, selection a t or near a m icrosatellite locus, 
small sam ple size or null alleles, w hich are a com m on artefact o f  m icro
satellites (O'Reilly e t al., 2004). However, none of the loci displayed ho
mozygote excess in a large num ber o f populations, w hich would be 
expected under the  locus-specific problem s and the overall results did 
not change w hen  im plem enting corrected distances. Further, the 
pow er analysis suggested th a t our sampling schem e was adequate to d e 
tect deviations from panmixia under the  observed range of FST's.

Although differences in m itochondrial sequences betw een benthic 
and pelagic species observed from m itochondrial sequences are general
ly consistent w ith  the  microsatellites, global as well as pairw ise <t>ST 
values w ere usually higher than  corresponding estim ates o f FST from n u 
clear markers. This difference is m ost notable in the  case o f T. bernacchii, 
w here  the  overall <hST and FST differed by an order o f magnitude.
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Fig. 5. Haplotype networks of data of Trematomus newnesi (A), T. hansoni (B) and 
T. bernacchii (C). Sample codes as in Table 1.

Contrasts in genetic differentiation betw een m itochondrial and nuclear 
markers are com m only observed in o ther organisms (Rogers, 2007; 
Larmuseau e t al., 2010) and m ay be attributed to a num ber o f non
neutral m echanisms, such as sex-specific dispersal or selection (Bazin 
e t al., 2006). Buonaccorsi e t al. (2001 ) dem onstrated  by sim ulation that 
substantial differences in FST estim ates from nuclear and mtDNA m arkers 
m ight arise from different m odes o f inheritance and genomic sampling 
variances. Observed <bST value of 0.43 in T. bernacchii is well w ithin the 
95% C.l. predicted by Buonaccorsi e t al. (2001 ) sim ulations for a nuclear 
F st value of 0.038. Therefore, sex-specific dispersal or locus-specific se
lection do not have to be invoked to account for observed differences be
tw een  mtDNA and nuclear markers. Indeed, w e have no evidence for 
sex-specific dispersal in Trem atom inae. Janko e t al. (2007) found no ev
idence o f locus-specific selection w hen  com paring cytb and nuclear DNA 
sequences in T. bernacchii and T. newnesi.

Finally, genetic  m easures o f  population  differentiation  are  sensi
tive to  dem ographic con traction /expansion  events, and genetic  drift 
and gene flow m ay take a long tim e to  equilibrate  (Hellberg, 2009). 
Traces o f historical population  fluctuations are ev iden t in bo th  b en 
th ic  species and to a lesser ex ten t also in th e  T. newnesi d a tase t 
given th e  negative m itochondrial Fu's Fs. A lthough such fluctuations 
m ight have obscured real isolation o f con tem porary  populations, th e  
2MOD analysis unam biguously  favours th e  m odel im plying a balance 
be tw een  m igration and d rift in local dem es, suggesting th a t analyses 
o f genetic  d ifferentiation  reflect on-going dispersal ra th e r th an  past 
expansion /con traction /fragm entation  events.

4.2. Spatio-temporal partitioning o f genetic variability

There is increasing evidence th a t  Southern Ocean fish display no t 
only geographical variability, b u t also considerable tem poral variabil
ity in th e  genetic  com position of recruits (Zane e t al., 2006; Papetti e t 
al., 2007, 2009; Patarnello e t al., 2003). This m ay resu lt from  sw eep 
stakes effects. These effects are caused by stochastic larval m ortality  
w hen  only a small p roportion  o f th e  available gene pool successfully 
con tribu tes to th e  rep len ishm en t o f  th e  population  (Fledgecock, 
1994). However, w e found no evidence of a sw eepstakes effect in 
our study. This is show n by sam ples o f T. newnesi from  Adelie Land 
taken  a t d ifferent tim es a t th e  sam e locality. These sam ples displayed 
th e  low est pairw ise FST am ong all sam ples. In short, to th e  best o f our 
know ledge, th e  interspecific com parison o f th e  species should no t be 
largely influenced by a tim e-d ep en d en t effect on  sam pling.

According to our analyses o f nuclear markers, patterns o f geographi
cal structure w ere similar am ong all th ree  species. In T. newnesi, the 
STRUCTURE analysis identified tw o separated regions including the  Pen
insular sites and th e  sites in the  High Antarctic (which is also generally 
consistent w ith the  FCA). Both benthic species w ere separated into 
three  clusters, tw o of w hich m atched the  above-m entioned population 
groupings, while the  third cluster corresponded to a site th a t was m ar
ginal in our sampling scheme, i.e. the eastern-m ost site near the  Casey 
station in T. bernacchii and the  northernm ost location in the  South 
Georgia in the  case o f T. hansoni. In all species, significant pairwise FST 
values exclusively concerned com parisons be tw een  sam ples from dis
tinct regions. Despite th e  large distance am ong sam pling sites, 2MOD 
analyses revealed ra ther low  m odal F values in com parison w ith  o ther 
organisms. The tw o populations w ith relatively high F values (El in 
T. bernacchii and SG in T. hansoni) w ere also identified by pairw ise FST 
estim ates as th e  m ost aberran t ones. W hile th e  low sam ple size from 
El m ay explain the  form er observation, the  outlying character o f the  
SG population m ay reflect effective isolation by th e  Polar Front (Shaw 
e t al., 2004).

The geographical s truc tu re  identified in th is study  m atches trad i
tional biogeographic separation  o f th e  Southern Ocean (Barnes and 
De Grave, 2000) im plying th e  existence o f barriers to dispersal 
am ong distinct regions. A lternatively, observed pa tte rn s m ay resu lt 
from  th e  process o f 1BD com bined w ith  th e  absence o f sam ples from
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th e  zones be tw een  Peninsular and High A ntarctic sites. Significant re 
sults o f th e  M antel tests seem  consisten t w ith  th is possibility. Unfor
tunately, th is issue m ay no t be satisfactorily se ttled  given the  
sam pling lim itations.

4.3. Ecology-driven differences in gene flo w

C ontem porary genetic studies o f high-Antarctic notothenioids often 
report th e  lack of significant differentiation am ong sites separated by 
thousands o f kilom etres (see M atschiner e t al., 2009; Patarnello e t al., 
2011; Papetti e t  al., 2012). Genetic hom ogeneity  is supposed to be 
m aintained across large distances passive by larval dispersal through 
currents. Indeed M atschiner e t  al. (2009) show ed th a t such passive d is
persal is sufficient to hom ogenise the  populations o f benthic fish over a 
transect spanning from  the South Shetlands to  South Georgia. W e found 
significant interregional differences in all th ree  species over a transect 
length rarely considered in this paper w as rarely achieved in previous 
studies. For exam ple, th e  analysis o f M atschiner e t  al. (2009) and 
Papetti e t al. (2012) w ere restricted to  the  region m ore or less 
corresponding to our “Peninsular population cluster". Here our sam ples 
generally did no t significantly deviate from  panmixia. The significant 
differentiation o f th e  South Georgia population o f T. hansoni contrasts 
w ith  th e  non-significant results from Gobionotothen gibberifrons 
(M atschiner e t al., 2009) bu t it is unclear w hether such a difference re
flects species-specific characteristics o r sim ply insufficient sam pling 
coverage (8 vs. 21 sam ples in this study). In any case, the  p resen t dis
covery o f significant interregional differences suggests th a t processes 
determ ining geographical structure m ay operate  on larger scales than 
usually considered in genetic studies in the  Southern Ocean.

Our study revealed stronger population structuring in T. hansoni 
than  in T. newnesi, despite  the  suspected m uch longer larval period in 
the  form er species. W hen excluding the  South Georgia sam ples o f 
T. hansoni from  our analysis bo th  benthic species displayed largely sim 
ilar patterns. Furtherm ore recent barcoding studies indicate th a t 
Trematomus vicarius, w hich is endem ic to South Georgia is genetically 
similar to T. bernachii and m ay constitu te an  isolated population of the 
form er (Dettai e t  al., 2011; Lautredou e t  al., 2010). Thus our da ta  do 
not entirely  conform  to the  hypothesis th a t population connectivity of 
Southern Ocean fish is m ainly driven by passive larval dispersal. The 
w eaker level o f spatial structuring found for th e  pelagic T. newnesi com 
pared to bo th  benthic species is apparen t from  lower global as well as 
pairw ise FST and 'I's-, values. The interregional partitioning of genetic 
variability explained only a fraction (0.25%) of the  total nuclear variabil
ity and was no t significant for T. newnesi, w hile it explained m ore than 
3% of the  total variance in bo th  benthic species. This finding suggests 
th a t factors o th er th an  length o f larval period, such as ecology of adult 
stages or eggs, contribute to interspecific differences in population con
nectivity am ong notothenioid fish. However currently  the  knowledge of 
life history traits in Southern Ocean fish species is lim ited and w ould re
quire further investigation in order d raw  m ore in d ep th  conclusions. 
Differences betw een  pelagic and benthic species found in this study 
are consistent w ith  a m icrosatellite-based study of th e  m esopelagic 
lanternfish Electrona antarctica (Van de Putte e t al., 2012), w hich cov
ered a com parable portion o f the  Southern Ocean and show ed no differ
entiation. W orldw ide pelagic fishes show  considerably low er levels o f 
differentiation than  benthic and coastal taxa (Ruzzante e t al., 2006). 
Hence, our data  are consistent w ith  the  hypothesis th a t the  genetic 
structure o f  m arine fish is affected by ecological specialisation of the 
species.

It rem ains unclear, however, w hether the  different dispersal potential 
o f pelagic versus benthic notothenioids m ay translate into different 
adaptive potential or rates o f spéciation. In m any adaptive radiations in
cluding notothenioids, allopatric or peripatric spéciation m ight have 
been prom oted by the  interplay betw een  the  effects o f adaptation to 
local conditions and barriers disrupting the  genetic connectivity am ong 
populations (Rico and Turner, 2002). Population genetics tools allow

the evaluation o f population connectivity through estim ates o f the  abso
lute num ber o f m igrants (N m ~ (l-F ST)/4FsT (Lowe and Allendorfi 2010). 
Even though such estim ates are based on simplifying assum ptions and 
should be considered carefully (for example, the  FST-based counts as
sum e an infinite-island m odel w ith equal m igration rates and population 
sizes am ong demes, while coalescent sam plers are sensitive to the  effects 
o f ghost populations (Slatkin, 2005)), it is rem arkable th a t our data 
indicate large levels o f gene flow. Except for th e  mtDNA d a tase t in 
T. bernacchii, all estim ates o f geneflow  (Nm) w ere g reater th an  1, 
w hich is usually assum ed sufficient to  ensure  sharing o f the  sam e alleles 
am ong populations over long periods o f evolutionary tim e. In fact, all 
Nm estim ates w ere g reater than  0.1, w hich is supposed to be enough 
for the  spread of m ost adaptive alleles (Rieseberg and Burke, 2001). 
Hence, inferred levels o f gene flow betw een  contem porary  populations 
seem  sufficient to m aintain genetic cohesiveness w ith in  all species.

In the past levels o f gene flow m ay have changed dramatically during 
the  periods, w hen  available habitats have been reduced either by the  ex
pansion of the grounded ice sheets or mass wasting and turbidity cur
rents, or through the  shutdow n of primary productivity under 
multiannual sea ice (Thatje e t al., 2008). Footprints o f population fluctua
tions putatively related to  glacial periods are comm only observed in ge
netic studies of organisms from the Southern Ocean and there  is 
evidence that some organisms not only experienced bottlenecks during 
the  LGM but have been restricted into m ore or less isolated refugia (rev. 
in Rogers, 2007, 2012). Janko e t al. (2007) show ed that T. bernacchii 
mtDNA variability is consistent w ith the hypothesis of tem poral fragmen
tation into inhabitable refugia whose isolation m ight have been further 
strengthened by a decrease of oceanic current activities during glacial pe
riods (Kojima e t al., 1997). Bottleneck analyses further indicate th a t pop
ulation oscillations may occur asynchronously in distinct regions, since 
w e found evidence of population expansion in northerly sites o f both ben
thic species, while populations in the High Antarctic d idn 't deviate from 
m utation-drift equilibrium. Antarctic species therefore probably pass 
through periods o f transient allopatry ( Patarnello e t al., 2011 ) similar to 
mid and high latitude taxa (Hellberg, 1998; Maggs e t al., 2008).

Given th a t pelagic organism s probably w ere no t as m uch affected by 
glaciations th an  benthic organism s (Janko e t al., 2007), it is tem pting  to 
speculate th a t periods o f transien t allopatry m ight have prom oted allo
patric spéciation especially in benthic feeders (Rogers, 2007, 2012). 
However, both m itochondrial phylogroups o f T. bernacchii th a t p u ta
tively originated in isolated refugia u n derw en t postglacial expansion 
w ith  secondary adm ixture (Janko e t al., 2007); note th a t bo th  m ajor 
cytb lineages are shared be tw een  th e  regions, albeit in different fre
quencies. A sim ilar situation has been observed in Adelie penguins 
(Ritchie e t al., 2004). In a m ultiocus analyses o f the  Trem atom inae, 
Janko e t al. (2011 ) found no evidence for change o f spéciation or extinc
tion rates in relation to Pleistocene glaciations. A ltogether it seem s th a t 
although th e  Q uaternary climatic fluctuations had a dram atic effect on 
population size and structure especially in benthic fish (Zane e t al., 
2006; Janko et al., 2007; Rogers, 2007), they  did no t provoke mass ex
tinctions or vicariant spéciation and postglacial dispersal am ong tem po
rarily fragm ented populations w as strong enough to p reven t the  
achievem ent o f reciprocal m onophyly.

5. Conclusions

The p resen t com parative analysis provides strong support for the  
hypothesis th a t th e  ecology of Antarctic m arine species decisively influ
ences their population structure, leaving benthic species m ore prone to 
local d isturbances and sensitive to climatic fluctuations. This proves 
th a t the  drivers o f  genetic differentiation in the  Southern Ocean are sim 
ilar to mid and high latitude environm ents (Maggs e t al., 2008). Our 
study also conform s to  a grow ing body o f evidence th a t population con
nectivity in m arine fish is not driven exclusively by th e  duration  o f pas
sive larval dispersal bu t is influenced by o ther factors such as the  active 
sw im m ing o f adults. It is unclear, however, w h e th er inferred differences
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betw een  ecological groups translate into a different potential for local 
adaptation  or extinction, since population connectivity w as found to 
be quite high in all th ree  species and th e  Pleistocene has no t left notable 
traces on  diversification rate (Janko e t al., 2011 ). However, it is notable 
th a t m ost studies have focused on neutral m arkers in o rder to in terpret 
th e  data  in dem ographic ra ther th an  locus-specific context. Given th a t 
perm eability o f species barriers differs am ong th e  genes (Storchovà e t 
al., 2010), it becom es highly im portan t to profit from recent technolog
ical and analytical progress in genom e and transcrip tom e analysis 
(Bernatchez e t al., 2011). Com parison of neutral and non-neutral 
m arkers should allow  to elucidate the  potential o f local adaptation 
and spéciation in th e  Southern Ocean.
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