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ABSTRACT

Aim Pleuragramma antarctica is an Antarctic notothenioid fish with a pelagic
life-cycle. It plays a major trophic role in coastal Antarctic waters as a predator
of krill and as prey for penguins and seals. A previous study, using mtDNA to
investigate Pleuragramma population structure at multiple Antarctic sites was
unable to discriminate between hypotheses of panmixia, with occasional fluctu-
ations of allelic frequencies, and population structure. The aim of the present
study was to investigate the population structure of P. antarctica along the
Antarctic Peninsula (AP) shelf by microsatellite genotyping.

Location Four areas along the AP shelf: Charcot Island, Marguerite Bay, Join-
ville Island and the Larsen Ice Shelf.

Methods A total of 562 individuals from nine population samples were geno-
typed at 16 expressed sequence tag (EST)-linked microsatellites. Genetic vari-
ability, Hardy—Weinberg probabilities and F-statistics were calculated, and a
hierarchical analysis of molecular variance was carried out. A Bayesian method
was applied to estimate the migration rates between geographical localities.

Results We found one genetically homogeneous population with no interannu-
al variability in the south-western AP and one off the northern tip of the AP. Sig-
nificant differences were recorded between the two geographical regions, which
also differed from the eastern AP. The extent of differentiation changed between
years and significant genetic differentiation was found between clusters of indi-
viduals of different length modes collected at Joinville Island in 2010. Bayesian
analysis suggested weak gene flow along the western AP, with a prevailing direc-
tion from north to south, following the anticlockwise-flowing Coastal Current.

Main conclusions Population genetic structure can be detected in AP shelf
samples of P. antarctica. Thus, even in this area characterized by strong ocean-
ographic currents, genetic mixing is not complete. Temporal fluctuations of
allelic frequencies and genetic differentiation between individuals of different
length collected at the same location suggest the importance of genetic drift in
this highly abundant species.

Keywords
Antarctic Peninsula, Antarctic silverfish, EST-linked microsatellites, genetic
drift, genetic patchiness, population genetic structure,
Weddell Sea.

Notothenioideli,

INTRODUCTION

Life history, ecology and large-scale ocean circulation all
influence the population genetic structure of marine fish by
forming complex interactions that shape gene flow (Hauser
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& Carvalho, 2008). In the Southern Ocean, most Antarctic
notothenioids are characterized by a benthic, sedentary habit
as adults, potentially limiting their dispersal ability. Yet those
same species often show long larval and early juvenile pelagic
stages that would promote connectivity between populations
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via passive transport by two strong currents (Matschiner
et al, 2009): the clockwise-flowing Antarctic Circumpolar
Current (ACC), which transports more water than any other
ocean current (Klinck & Nowlin, 2001), and, closer to the
continent, the anticlockwise Coastal Current (CC). The inter-
action between the two currents forms clockwise gyres in the
Weddell Sea, Ross Sea and Bellingshausen Sea (Mintenbeck
et al., 2012). The ACC is believed to be the main current
that sustains connectivity, and it determines a prevailing
eastward direction of dispersal. Early studies indicated that
young krill (Euphausia superba) entrained in fronts are ad-
vected along the ACC from the western Antarctic Peninsula
(AP) to South Georgia (Fach & Klinck, 2006), and simula-
tions of the large-scale circulation predicted that potential
transport pathways may connect disparate areas of the
Southern Ocean (Thorpe et al., 2007).

In Antarctic notothenioid fish, empirical studies using oto-
lith chemistry (Ashford et al, 2006, 2008, 2010a) found evi-
dence consistent with population structuring and connectivity
related to the large-scale circulation of the Southern Ocean.
For instance, Antarctic currents and fronts influenced the pop-
ulation structure of the Patagonian toothfish (Dissostichus eleg-
inoides), and otolith chemistry revealed significant differences
between samples from South America and Antarctica, consis-
tent with the hydrogeographical barrier formed by the polar
front of the ACC. A cluster analysis also suggested the presence
of three groups in the Antarctic sector, mixing as a result of
advective transport along the ACC (Ashford et al., 2008).

Analyses using genetic approaches, which can directly
address gene flow, have thus far shown considerable variabil-
ity in population structuring among notothenioid species.
Matschiner et al. (2009) pointed out that the connectivity
generated by oceanographic currents may promote gene flow
around Antarctica, precluding genetic differentiation. Their
study, using mtDNA and microsatellite data, indicated
genetic homogeneity in samples of Gobionotothen gibberifrons
collected in the Scotia Sea and around the north-western AP.
Unidirectional eastward gene flow was inferred between sam-
pling sites, consistent with the direction of the ACC (Mats-
chiner ef al., 2009). The authors suggested that the lack of
population genetic structure could be a general pattern in
Antarctic fish due to the combined effect of ACC transport
and long-lasting larval stages. Similarly, population differ-
ences were low or absent, and high levels of gene flow were
found in several species inhabiting the southern Scotia Arc
that were characterized by distinct life-history traits and lar-
val durations (Damerau et al., 2012; Papetti et al., 2012). In
the same geographical area, however, genetic structuring was
found among population samples of the icefish Chaenocepha-
lus aceratus. Microsatellite markers showed significant differ-
entiation both geographically and over time. Although the
prevailing direction of gene flow followed the ACC, a signal
of countercurrent migration was also detected (Papetti et al.,
2009, 2012). Evidence of population structuring has also
been reported in other Antarctic notothenioids (Patarnello
et al., 2011; Damerau et al., 2014).
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In this study, we examine genetic structure and gene flow
in the Antarctic silverfish, Pleuragramma antarctica Bouleng-
er, 1902 (family Nototheniidae; see Eschmeyer, 2014 for spe-
cies designation), which has a circumpolar distribution and,
unusually for an Antarctic notothenioid, is characterized by a
pelagic life-cycle that includes a cryopelagic egg stage. It is
an important species in the trophic web of the Antarctic
marine ecosystem: as one of the principal consumers of zoo-
plankton, it occupies a similar ecological role in the food
web to that of Antarctic krill in the seasonal sea-ice zone, in
that all of its developmental stages are among the main food
sources for a large number of predators from other fish to
seals and penguins (Mintenbeck et al, 2012). Silverfish are
found in most shelf areas around the Antarctic continent,
and are the dominant fish in terms of both abundance and
biomass (La Mesa & Eastman, 2012). They are found at
depths of 0-700 m (DeWitt et al., 1990), and their various
developmental stages display stratification by depth (La Mesa
et al., 2010). Eggs are found in coastal waters adherent to
the platelet ice layer under fast ice. The early larvae are typi-
cally epipelagic and distributed at depths of 0-100 m,
whereas postlarvae and juveniles live in deeper waters, down
to 400 m. Larger fish are generally found deeper than 400 m
and migrate vertically in the presence of seasonal light (Lan-
craft et al., 2004).

In contrast to its pelagic distribution after hatching and
consequent exposure to the physical circulation, substantial
evidence indicates that the egg stage of Pleuragramma is
ice-dependent, which may constrain connectivity. The repro-
ductive migration of thousands of individuals to coastal areas
with sea-ice cover has been observed from June to October,
suggesting that spawning aggregations form under sea ice in
winter (Daniels & Lipps, 1982). Large numbers of eggs with
embryos and newly hatched larvae were found under fast ice
in Terra Nova Bay, in the Ross Sea (Vacchi ef al., 2004).
Vacchi et al. (2012) also provided evidence that the early
life-cycle of P. antarctica begins in association with the
coastal sea ice, and that eggs and newly hatched larvae con-
stitute a major component of the cryopelagic community. Its
early life stages appear to be well adapted to the ice environ-
ment: the egg chorion protects developing embryos from
freezing (Cziko et al., 2006), and early larvae, which have no
significant antifreeze capacity, display underdeveloped gill
structures that reduce exposure to ice nuclei (Bottaro et al.,
2009). Recent evidence points toward a trophic role for sea
ice in the early life-cycle. The underside of sea ice and the
platelet ice layer are sites of enhanced primary production
that constitute the primary habitats for many invertebrate
grazing species that use sea ice as a major source of food
and refuge from predation (Bluhm et al., 2010; Caron &
Gast, 2010). Granata et al. (2009) showed that the diet of
postlarvae of P. antarctica is mainly composed of grazers
associated with sea ice. Moreover, the structure of irregularly
disc-shaped ice platelets may also protect eggs and early lar-
vae from predation (La Mesa et al., 2010). As a result, the
available evidence points towards a strong interaction
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between the sea-ice environment and life history that may
structure the spatial distributions of silverfish through the
availability of suitable spawning and nursery habitats.

Despite its obvious importance to the Antarctic marine
ecosystem, the population genetic structure of P. antarctica
has not yet been fully clarified. Partial sequencing of the
mitochondrial control region, in samples collected at four
locations around the Antarctic (Weddell Sea, Ross Sea, Ele-
phant Island and King George Island) in different years,
showed small but significant differences over time and space
(Zane et al., 2006). Genetic differentiation was detected
between samples taken 2 years apart in the Weddell Sea and
between one of the Weddell Sea samples and a population
sample collected in the Ross Sea. Nonetheless, genetic homo-
geneity was found in most pairwise comparisons, even
between samples from opposite sides of the continent. Two
hypotheses were proposed to explain this pattern. First, sil-
verfish might have significant but so far unresolved popula-
tion structure. Second, a general context of panmixia might
exist, with sporadic and weak differences between popula-
tions as a consequence of local fluctuations of allelic frequen-
cies (Zane et al., 2006).

In the present study, we used a different set of markers,
consisting of a panel of 16 expressed sequence tag (EST)-
linked microsatellite loci, and extended the genetic analyses to
a previously unexamined geographical area along the western
Antarctic Peninsula, where the southern boundary of the
ACC follows the continental slope. As a result, shelf areas are
bounded on the seaward side by the ACC and on the land-
ward side by the CC. We tested for genetic structuring and
gene flow following the large-scale circulation by examining
(1) genetic differentiation among silverfish sampled along the
AP, (2) genetic stability over time, and (3) eastward gene flow
following the ACC, or westward gene flow along the CC.

MATERIALS AND METHODS

Sample collection and DNA extraction

A total of 562 individuals from nine population samples, rep-
resentative of four geographical areas, were included (Fig. 1,
Table 1). Samples from Marguerite Bay in 2001 and 2002
were collected as reported in Donnelly & Torres (2008). The
2010 sampling was performed as described by Ashford et al.
(2010Db); fishing activity was conducted at six sites along the
western AP shelf off Charcot Island, in Marguerite Bay, south
of Joinville Island, south of Renaud Island, over the shelf west
and south of Anvers Island, and in Croker Passage (Fig. 1).
In the last three sites, the species was not detected, except for
a single specimen collected in Croker Passage. In 2011, sam-
pling was conducted based on the Palmer Long-Term Ecolog-
ical Research (LTER) regional grid (900 km x 200 km, west
of the AP) from Anvers Island to Charcot Island (Waters &
Smith, 1992), with successful collection at Marguerite Bay
(Table 1). The sampling locations along the western AP dur-
ing 2010 and 2011 were based on the position of known
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Figure 1 Approximate sampling locations of Pleuragramma
antarctica along the Antarctic Peninsula shelf (circles). Localities
where the species was not detected in 2010 and 2011 are
indicated in italics.

rookeries of Adélie penguins (Pygoscelis adeliae; major preda-
tors of Pleuragramma antarctica), changes in Adélie penguin
diet from north to south, and anecdotal reports of the disap-
pearance of P. antarctica. Three additional samples were
included in the study; one from the Larsen Ice Shelf in the
north-western Weddell Sea (hereafter, Larsen Bay 2007) and
two from Joinville Island (2007 and 2012) caught during two
Antarctic expeditions aboard the research vessel (R/V) Polar-
stern of the Alfred Wegener Institute (Table 1).

Standard length (SL) was recorded for all specimens, and a
small piece of muscle tissue was collected and preserved in
RNAlater (absolute ethanol for 2001 and 2002 samples) at
—80 °C until the molecular analyses. Genomic DNA was
extracted from 10-100 mg of muscle tissue following a
standard salting-out protocol. DNA solutions were stored at
—20 °C before amplification by polymerase chain reaction
(PCR).

DNA amplification and microsatellite genotyping

Population samples were analysed with 16 published EST-
linked microsatellites (Molecular Ecology Resources Primer

3



C. Agostini et al.

Table 1 Pleuragramma antarctica population samples collected between 2001 and 2012 at four different locations off the Antarctic
Peninsula. Collection site, sampling year, sample acronym, sampling campaign, coordinates and number of individuals () analysed at

16 EST-linked microsatellites are indicated.

Site Year Acronym Campaign Coordinates n
Charcot Island 2010 CI10 NBP 10-02° 70°07" S, 76°02' W 60
Marguerite Bay 2001 MBO01 SO GLOBEC-Cruise 1° 67°57' S, 68°21' W 28
2002 MBO02 SO GLOBEC-Cruise 3¢ 68°08' S, 68°01" W 49
2010 MB10 NBP 10-02° 67°49' S, 68°09' W 60
2011 MBI11 LMG Cruise 11-01, Palmer LTER? 67°39" S, 70°04' W 83
Joinville Island 2007 J107 ANT-XXIII/8° 62°35' S, 54°45' W 34
2010 JI10 NBP 10-02° 63°30" S, 56°40' W 148
2012 JI12 ANT-XXVIII/4¢ 62°14’ S, 55°18' W 54
Larsen Bay 2007 LB07 ANT-XXIII/8¢ 65°30" S, 61°40' W 46

*Cruise conducted during late March—April 2010 on board the Research Vessel (R/V) Nathaniel B. Palmer.
®Cruise conducted during 2001 austral autumn aboard the Antarctic Research Support Vessel (ARSV) Laurence M. Gould, as part of the Southern

Ocean Global Ocean Ecosystems Dynamics (SO GLOBEC) programme.

“Cruise conducted during 2002 austral autumn aboard the ARSV Laurence M. Gould, as part of the SO GLOBEC programme.
dCruise conducted during January 2011 aboard the ARSV Laurence M. Gould, as part of the Palmer Long-Term Ecological Research (LTER) pro-

gramme.

“Aboard the R/V Polarstern, Alfred Wegener Institute for Polar and Marine Research (AWI), Bremerhaven, Germany.

Development Consortium et al., 2011, 2013). All loci were
mined from a database of about 24,000 contigs obtained by
high-throughput sequencing of a normalized ¢cDNA library
from Chionodraco hamatus skeletal muscle (Coppe et al.,
2013). The 16 loci were multiplexed in two PCR reactions, spe-
cifically optimized for cross-amplification in P. antarctica (see
Appendix S1 in Supporting Information for primer sequences
and final conditions for all loci). Multiplexed PCRs were per-
formed in a total volume of 10 pL, containing 1x QIAGEN
Multiplex PCR Master mix (HotStarTaq DNA Polymerase,
Multiplex PCR Buffer, ANTP Mix; Qiagen, Hilden, Germany),
0.2 um primer mix and 100 ng of template DNA. PCR condi-
tions were as follows: (1) initial activation step of 15 min at
95 °C; (2) 30 cycles of denaturation at 94 °C for 30 s, anneal-
ing at 57 °C for 90 s and extension at 72 °C for 60 s; and (3) a
final extension of 30 min at 60 °C.

Fragment analysis was performed on an ABI 3730x] auto-
mated sequencer (Applied Biosystems, Waltham, MA, USA)
and microsatellite analysis was carried out using PEAK SCAN-
NER 1.0 (Applied Biosystems). In order to minimize the
negative consequences of poor allele calling, binning was
automated with FLexiBIN 2 (Amos et al., 2007), and the
final scoring was manually checked to ensure the accuracy of
the process.

Data analysis

The genetic variability within each sample was assessed by
computing the observed heterozygosity (Hp) and unbiased
expected heterozygosity (Hg) with GENETIX 4.05.2, and the
number of alleles (N,) and allelic richness (Ag) were calcu-
lated using rsTAT 2.9.3 (Goudet, 2001). Deviations from
Hardy—Weinberg equilibrium and genotypic linkage equilib-
rium were tested with GeNepop online (Rousset, 2008). The
significance of all tests was estimated by the Markov chain

4

Monte Carlo (MCMC) method (10,000 dememorization
steps, 500 batches of 10,000 iterations); the significance
threshold (o0 = 0.05) was adjusted using a standard Bonfer-
roni correction.

LoSITAN 1.0.0 (Antao et al., 2008), which implements an
Fsr outlier detection approach, was used to identify loci
potentially under selection. The program uses coalescent
simulations based on observed data to generate the expected
distribution of Fgr versus Hy with neutral markers. This dis-
tribution is used to detect outlier loci with significantly
higher or lower Fgr values than neutral expectations. In our
analysis, 1,000,000 simulations were run assuming a stepwise
mutation model (SMM).

Population structure was studied by calculating pairwise
F-statistics and hierarchical analysis of molecular variance
(AMOVA) with AriLeQuiN 3.5.1.3 (Excoffier & Lischer,
2010), and significance was assessed by 10,000 permutation
tests; the significance threshold (o0 = 0.05) was adjusted
using a correction for multiple tests as implemented in
SGoF+ (Carvajal-Rodriguez & de Una-Alvarez, 2011) when
required.

Patterns of gene flow between geographical localities
(Charcot Island + Marguerite Bay versus Joinville Island)
were investigated by the Bayesian coalescent approach imple-
mented in the program MIGRATE-N 3.6 (Beerli & Palczewski,
2010), using only individuals collected in 2010. MIGRATE-N
was run using a Bayesian model with distinct populations
and independent migration rates, with the following parame-
ters: microsatellites Brownian model, uniform priors for 6
(the mutation-scaled effective population size) ranging from
0 to 500, and for M (the ratio of immigration rate to muta-
tion rate) ranging from 0 to 1500. A static heating scheme
was used, with four chains and temperatures set at 1, 1.5, 3
and 10° ordered from cold to boiling, and two replicated
runs were performed. For each run, after discarding the first
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6.4 x 10° steps as burn-in, 80,000 genealogies were recorded
with a sampling increment of 800 (giving a total length of
the run after burn-in 6.4 x 107). Convergence was assessed
by inspecting the posterior distributions of the parameters
and comparing the results of two replicated runs. Percentages
of immigrants and effective population sizes were calculated
assuming a microsatellite mutation rate of 5 x 10~* per gen-
eration (Estoup & Angers, 1998).

To examine whether the level of gene flow estimated by
MIGRATE-N was compatible with the significant differentia-
tion observed among samples, a forward-time simulation was
performed using Easypop 2.0.1 (Balloux, 2001). Two popula-
tions were simulated with the same number of loci, the
approximate level of variability of 2010 samples, and effective
population sizes corresponding to the MIGRATE-N estimates.
The populations were allowed to exchange individuals at a
rate equal to the maximum value estimated by MIGRATE-N
(0.77%, see Results), and mutations were allowed to occur fol-
lowing a stepwise mutation model with the previously used
mutation rate. The simulation was run for 40,000 generations
to attain an approximate equilibrium. In the final generation,
two samples of 134 individuals (corresponding to the average
sample size of 2010 collections at Charcot Island + Marguerite
Bay and at Joinville Island) were taken from the two popula-
tions and used for Fsy and significance estimation. In particu-
lar, we performed 100 replicates and recorded the number of
times that a significant Fsr value (P < 0.05) was observed.

RESULTS

Sixteen microsatellites were successfully amplified and geno-
typed in all 562 individuals, with no missing genotypes. This
high performance of amplification indicates a good transfer-
ability of microsatellite loci isolated from Chionodraco hama-
tus to P. antarctica despite the relatively large phylogenetic
distance between the two species (time to most recent com-
mon ancestor ¢. 20 Myr; Near et al., 2012).

All population samples showed relatively high levels of
genetic variation at the 16 microsatellite loci (Table 2,
Appendix S2) and no significant difference in Nu, Agr, Ho
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and Hg was found across samples using one-way ANOVA
(P > 0.05). No significant genotypic linkage disequilibrium
was observed between any pair of loci, and all loci were in
Hardy—Weinberg equilibrium in all population samples after
Bonferroni correction for multiple tests (Appendix S2). No
outlier loci were identified using Lositan: none of the 16
microsatellites showed significantly higher or lower Fgr
values than neutral expectations.

Population pairwise Fsr (Table 3) showed no genetic dif-
ferentiation among replicated samples collected in the same
area, i.e. at Marguerite Bay and Joinville Island. This suggests
genetic stability over time at the two locations. Genetic
homogeneity was also found between samples collected off
Charcot Island and in Marguerite Bay, indicating a single
genetic population across this area. On the other hand, the
comparison of Joinville Island samples with those from the
south-western AP revealed a less obvious pattern. Samples
collected at Joinville Island in 2010 and 2012 were both sig-
nificantly different from Charcot Island and, to some extent,
to the four replicates of Marguerite Bay (two and three sig-
nificant values out of four, respectively, after correction for
multiple tests), whereas samples from Joinville Island 2007
showed no significant differences. Finally, the comparisons
involving the sample from Larsen Bay were all characterized
by positive Fgp values, although significant differentiation
was found only for the comparisons with MB11 and JI12.

A much simpler picture emerged when pooling replicates
collected in different years (Table 4), for which the sample
size was larger for several comparisons. Significant pairwise
Fsp values were recorded for all comparisons except that
involving the pooled Marguerite Bay sample and the Charcot
Island sample, which supported a single population as previ-
ously observed (Table 4). Accordingly, the hierarchical
AMOVA showed significant genetic differentiation among
three geographical groups, corresponding to (1) Marguerite
Bay + Charcot Island, (2) Joinville Island and (3) Larsen Bay
(Fsr = 0.0043, P < 0.0001; Fsc = 0.0001, P = 0.4645; Fep =
0.0042, P = 0.0034).

For 2010, the Joinville Island sample showed considerable
variability in the distribution of lengths, whereas a single

Table 2 Genetic variability at 16 microsatellite loci of Pleuragramma antarctica population samples collected along the Antarctic

Peninsula shelf. Number of alleles (N,), allelic richness (AR), observed heterozygosity (Hp) and unbiased expected heterozygosity (Hg)
are shown; allelic richness is calculated based on a minimum sample size of 28 diploid individuals. Standard deviation (& SD) is given

in parentheses. Sample acronyms are as in Table 1.

He £ SD

Hg & SD

0.5948 (0.2071)
0.6183 (0.2684)
0.6327 (0.2410)
0.6646 (0.2096)
0.6333 (0.2218)
0.6526 (0.2261)
0.6503 (0.1927)
0.6123 (0.2208)
0.6196 (0.2360)

0.6311 (0.2151
0.6375 (0.2433
0.6310 (0.2338
0.6588 (0.2079
0.6314 (0.2293
0.6462 (0.2170
0.6653 (0.1944)
0.6380 (0.2123)
0.6335 (0.2247)

)
)
)
)
)
)

Population sample Ny £ SD Ar £ SD
CI10 8.31 (4.85) 7.01 (4.08)
MB01 7.50 (4.55) 7.50 (4.55)
MBO02 8.13 (4.15) 7.01 (3.77)
MB10 8.69 (4.96) 7.33 (3.92)
MBI1 9.13 (5.24) 7.07 (3.91)
J107 7.56 (4.59) 7.20 (4.23)
J110 10.88 (5.58) 7.39 (3.57)
112 7.94 (3.92) 6.84 (3.49)
LB07 7.69 (4.19) 6.95 (3.72)
Journal of Biogeography
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Table 3 Genetic differentiation among population samples of Pleuragramma antarctica from the Antarctic Peninsula based on
microsatellite data. Pairwise Fgr estimates (above the diagonal) and corresponding P-values (below the diagonal) are shown; bold
indicates values with uncorrected probability below 0.05. Sample acronyms are as in Table 1.

CI10 MBO01 MB02 MB10 MBI11 JI07 JI10 JI12 LB07

CI10 — —0.0011 —0.0008 0.0007 —0.0001 —0.0009 0.0065 0.0102 0.0061
MBO01 0.7027 — —0.0015 —0.0026 —0.0015 0.0017 0.0057 0.0086 0.0063
MB02 0.6216 0.7207 — 0.0005 0.0009 0.0007 0.0037 0.0093 0.0035
MB10 0.3333 0.8018 0.4054 — 0.0004 —0.0028 0.0017 0.0062 0.0029
MBI11 0.5496 0.6757 0.2342 0.2793 — —0.0004 0.0041 0.0060 0.0089
J107 0.7838 0.2973 0.3874 0.8559 0.5315 — —0.0015 0.0008 0.0001
J110 < 0.0001* 0.0180 < 0.0001* 0.0541 < 0.0001* 0.8108 — 0.0020 0.0020
JI12 < 0.0001* 0.0090* < 0.0001* 0.0270 < 0.0001* 0.3874 0.0991 — 0.0057
LB07 0.0180 0.0991 0.0811 0.0451 < 0.0001* 0.4955 0.0991 0.0090% —

*Significant after correction for multiple tests as implemented in SGoF+ (Carvajal-Rodriguez & de Una-Alvarez, 2011).

Table 4 Genetic differentiation among Pleuragramma antarctica
samples from the Antarctic Peninsula, pooling replicates from
Marguerite Bay and Joinville Island. Pairwise Fsy estimates
(above the diagonal) and corresponding P-values (below the
diagonal) are shown; bold indicates values with uncorrected
probability below 0.05. Sample and pool acronyms are: CI,
Charcot Island; MB, Marguerite Bay; JI, Joinville Island; LB,
Larsen Bay. Sample sizes are given in parentheses.

CI (60) MB (221) T1 (236) LB (46)
CI — —0.0001 0.0060 0.0061
MB 0.5433 — 0.0037 0.0057
)i < 0.0001* < 0.0001% — 0.0023
LB 0.0180* 0.0010* 0.0487* —

*Significant after correction for multiple tests as implemented in
SGoF+ (Carvajal-Rodriguez & de Una-Alvarez, 2011).

length mode was found in both the Charcot Island and
Marguerite Bay samples. For this reason, we tested for genetic
differentiation between clusters of individuals from Joinville
Island 2010 with different length modes. Two slightly but sig-
nificantly differentiated groups were detected (Fsy = 0.0032,
P =0.0227) when individuals were separated based on a SL
of 10 cm, which corresponds to the transition from cohort
3+ to cohort 4+ (Hubold & Tomo, 1989). In pairwise com-
parisons with other population samples, the ‘Joinville Island
2010 small’ cluster (n = 68 individuals; SL < 10 cm; seven
significant pairwise comparisons out of eight) showed greater
genetic differentiation than the Joinville Island 2010 large’
fish cluster (n = 72; SL > 10 cm; three significant pairwise
comparisons out of eight) (Table 5). No difference in the
level of genetic variation was detected between the two clus-
ters (one-way ANOVA, P > 0.05) and both were in Hardy—
Weinberg equilibrium (P > 0.05).

Despite the
MIGRATE-N indicated the existence of genetic exchange

evidence of geographical heterogeneity,
between the two locations. Consistent with a prevailing gene
flow along the anticlockwise CC, migration rates suggested a
higher flow of migrants from Joinville Island to Charcot
Island + Marguerite Bay (#mj;_,crrvms = 0.77%) than in the

opposite direction (mcrimpojr = 0.28%); however, the 95%

6

Table 5 Genetic differentiation between the two clusters of
Pleuragramma antarctica (‘J110 small’ and JI10 large’) within the
Joinville Island 2010 (JI) population sample based on a standard
length (SL) of 10 ¢cm, and other population samples. Pairwise Fst
estimates and corresponding P-values (in parentheses) are
indicated; bold indicates values with uncorrected probability
below 0.05. Sample acronyms are as in Table 1.

JI10 small (SL < 10 c¢cm) JI10 large (SL > 10 cm)

CI10 0.0083 (< 0.0001%) 0.0067 (< 0.0001%)
MBO1 0.0082 (< 0.0001*) 0.0054 (0.0270%)
MB02 0.0057 (< 0.0001%) 0.0032 (0.0721)
MB10 0.0038 (0.0451%) 0.0011 (0.2883)
MBI11 0.0060 (< 0.0001%) 0.0045 (< 0.0001%)
J107 0.0022 (0.1441) —0.0036 (0.9820)
J112 0.0034 (0.0270%) 0.0026 (0.0991)
LBO7 0.0050 (0.0180%) 0.0001 (0.4505)

*Significant after correction for multiple tests as implemented in
SGoF+ (Carvajal-Rodriguez & de Una-Alvarez, 2011).

confidence intervals (95% CI) overlapped considerably (my;_,
crmp 5.00 x 107% — 0.0195; mcrmpoyp 5.00 x 107% —
0.0150). Estimates of effective population size were 6484
(95% CI, 0-12,333) for Charcot Island—Marguerite Bay and
10,924 (95% CI, 0-15,000) for Joinville Island. Forward-time
simulations indicated that this level of migration can still be
associated with significant population differentiation, in that
86 of 100 simulations resulted in statistically significant
(P <0.05) Fsr values (average Fsp 0.0016, ranging from
—0.0001 to 0.0032).

DISCUSSION

The pattern of migration and differentiation found in this
study is quite different from the genetic homogeneity pre-
dicted for Antarctic notothenioids by Matschiner et al.
(2009). Testing between previous hypotheses of panmixia
and genetic structuring in P. antarctica, using a panel of 16
EST-linked polymorphic microsatellites in fish caught along
the AP shelf, revealed local genetic homogeneity over time
and differentiation among geographical regions. Samples
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from Charcot Island (2010) and Marguerite Bay (2001, 2002,
2010 and 2011) composed a single, stable over time, genetic
population in the south-western AP. Similarly, off Joinville
Island, no genetic difference was detected among replicates
from 2007, 2010 and 2012. In contrast, pairwise Fsy and
AMOVA between geographical pools (Charcot Island + Mar-
guerite Bay, Joinville Island and Larsen Bay) showed signifi-
cant differentiation that falsified the hypothesis of panmixia
and instead suggested population genetic structuring between
the south-western AP, its northern tip and the western Wed-
dell Sea.

Despite the pelagic life history of silverfish, migration rates
were relatively low, with less than 1% of individuals
exchanged among populations per generation. Moreover,
rather than unidirectional eastward gene flow mediated by
the ACC (Matschiner et al, 2009), the analyses using
MIGRATE-N suggested a higher flow of migrants from Join-
ville Island towards Charcot Island and Marguerite Bay,
implying that the migration of silverfish is influenced more
by the CC along the western AP shelf than by the flow of
the southern ACC along the shelf slope. Taking into account
effective population sizes in the order of thousands of indi-
viduals, as obtained by MIGRATE-N, these rates indicate a
level of migration higher than the threshold (commonly con-
sidered to be Nm = 1) above which migration effects are
more important than genetic drift for an island model with
symmetrical gene flow (Waples & Gaggiotti, 2006). This
result suggests that such levels of migration, in a model
allowing different population sizes and asymmetrical gene
flow, can still be associated with statistically significant
departures from panmixia, as indicated by our forward-time
simulations. Consequently, our results add to the increasing
number of studies (Papetti et al, 2012; Damerau et al,
2014) that demonstrate that genetic homogeneity is not a
generalized pattern in Antarctic notothenioids, despite large-
scale circumpolar current flow.

A more nuanced interpretation may be appropriate, how-
ever. The general pattern of geographical differentiation and
stability over time in silverfish becomes more complicated
when considering pairwise comparisons among all the avail-
able samples. The population samples collected at Joinville
Island in 2010 and 2012 were significantly different from
Charcot Island and, partly, from Marguerite Bay samples,
whereas samples taken at this site in 2007 showed no differ-
ences in any comparison. In addition, the sample from Lar-
sen Bay 2007 showed significant differences only from
Marguerite Bay 2011 and Joinville Island 2012. Separating
individuals from Joinville Island 2010 based on a standard
length of 10 cm, two slightly but significantly differentiated
groups were detected, in which the group with smaller fish
(<10 cm) was differentiated genetically from seven of the
eight other population samples in the study, whereas the
group with larger fish (> 10 cm) showed only three signifi-
cantly different pairwise comparisons.

Aspects of the study design may partly explain the vari-
ability over time. The small sample sizes of JI07 and MBO01
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(n=34 and n =28, respectively; Table 1) could help
account for the lack of differentiation found between JI07
and the other samples. Likewise, small sample sizes may be
responsible for the homogeneity observed between MBO1
and JI10. Alternatively, highly differentiated populations out-
side our study area could have contributed immigrants, caus-
ing fluctuations in allele frequencies that generated
differences among samples (Papetti et al., 2009). This expla-
nation is inconsistent with the general weakness of differenti-
ation found for the target species by Zane et al. (2006),
however. In that study, the pattern of mtDNA differentiation
in P. antarctica over a wider area that included the Weddell
Sea, Ross Sea, Elephant Island and King George Island
showed weak and sporadic differences between samples, with
no stability over time and space. Instead, this kind of ephem-
eral structure has been described by Johnson & Black (1982),
who used the term ‘chaotic genetic patchiness’ in a study on
the pulmonate gastropod Siphonaria jeanae. Larson & Julian
(1999) observed that, in many cases, populations separated
by less than 10-100 km could be as genetically different as
populations separated by 100-1000 km. Many factors can
contribute to chaotic genetic patchiness (Johnson & Black,
1982), with divergence renewed each generation without
accumulating (Broquet et al., 2013; Aglieri et al., 2014). The
transitory patterns of genetic structure may be generated by
variation in the larval pool and recruitment, which are coun-
teracted in the long term by dispersal and gene flow (Iacchei
et al., 2013).

We hypothesize that, for silverfish, a complex dispersal
pattern is most likely to interact with high recruitment vari-
ability and genetic drift (Broquet et al., 2013) to shape the
observed genetic pattern. We suggest that geographical differ-
entiation and genetic patchiness are both important features
of silverfish population structure, and that physical and bio-
logical processes may interact to produce the pattern of vari-
ability observed by Zane et al. (2006) and in this study.
Thus, the pelagic life-cycle of silverfish may facilitate dis-
persal and connectivity at development stages from larvae to
adults, but is constrained prior to hatching by the availability
of sea-ice habitat suitable for adhesion of eggs to the sub-ice
platelet layer. The developmental stages are subsequently
stratified by depth in the water column (La Mesa et al.,
2010); in particular, the early larvae are distributed closer to
the continent, at depths of 0—100 m characterized by season-
ally warmer and well-stratified Antarctic Surface Water (Hu-
bold, 1984; White & Piatkowski, 1993; Morales-Nin et al.,
1998; La Mesa & Eastman, 2012). At this stage, larvae are
likely to be transported by local currents over the continental
shelves (La Mesa et al., 2010; La Mesa & Eastman, 2012).
Subsequently, postlarvae and juveniles are transported to
progressively deeper offshore waters, contributing to the
species’ dispersal, often in close proximity to the slopes sur-
rounding banks and near the shelf break (Hubold, 1984;
White & Piatkowski, 1993; La Mesa et al., 2010; Ferguson,
2012; La Mesa & Eastman, 2012). Adult silverfish may
further influence the observed genetic structure through
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reproductive migrations to seek spawning grounds in suitable
ice-habitats (Daniels & Lipps, 1982; Vacchi et al, 2004,
2012).

Nevertheless, dispersal may lead to interaction with other
features of shelf circulation that affect spatial distribution
and mixing. Lagrangian particle tracking simulations showed
that the circulation of the south-western AP shelf, close to
Charcot Island and Marguerite Bay, is influenced by several
clockwise gyres, the main ones of which are in Crystal
Sound, in the Laubeuf Fjord, and off Alexander Island in the
Bellingshausen Sea (Pinones et al., 2011). These gyres, which
have been shown to favour the local retention of pelagic and
planktonic species (Pinones et al., 2011), might alter connec-
tivity, especially for the larvae and juveniles of Antarctic sil-
verfish (Ferguson, 2012). As a result, the relationships
between population structure, transport and retention may
account for the low levels of gene flow between the north-
western and the south-western AP, in accordance with the
geographical genetic differences found between population
samples in this study.

Differentiation could also be generated in other ways.
Notably, the lack of silverfish in the diet of Adélie penguins
at Palmer Station and penguins’ precipitous decline (Emslie
et al., 1998; Moline et al., 2008; Ducklow et al., 2012) may
mirror a discontinuity in silverfish distributions between the
northern and the southern regions of the western AP. This is
supported by a reduction of P. antarctica larval catches
reported in the central-western AP (Moline et al., 2008;
Ducklow ef al., 2012) and the lack of fish caught during
sampling in 2010 and 2011 at Anvers Island, Renaud Island
and Croker Passage (Parker, 2012), where large populations
of silverfish were present through the 1970s and 1980s (Kel-
lermann, 1996; Lancraft et al., 2004). High recruitment vari-
ability and unstable differences in reproductive success
between genetically differentiated populations along the AP
could then provide the conditions for increased pressure of
genetic drift. Moreover, if not counterbalanced by gene flow,
genetic drift combined with constraints to dispersal can lead
to reduced population resilience to environmental changes
(Underwood et al., 2012).

Variation in the availability of suitable spawning and nurs-
ery habitat may also be important. Substantial recent
evidence suggests that there have been rapid environmental
changes along the western AP, including marked reductions
in seasonal sea-ice production (Vaughan et al., 2003; Stam-
merjohn et al., 2008) and large increases (6 °C) in midwinter
temperatures. Sea-ice declines have been particularly pro-
nounced in the mid-Peninsula region from Anvers Island to
northern Adelaide Island (Stammerjohn et al, 2008), coin-
ciding with the gap in distribution of Pleuragramma (Parker,
2012). Results from the present study suggest that a substan-
tial fraction of local Pleuragramma populations are the result
of local reproductive events, with spatially variable contribu-
tions by immigrants from other source populations. Declines
in potential spawning and nursery habitat along the western
AP may further reduce connectivity.
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CONCLUSIONS

We have shown that even on the western AP, a region charac-
terized by strong oceanographic currents, a species with a
pelagic life history can show incomplete genetic mixing. Fluc-
tuations over time of allelic frequencies and genetic differenti-
ation between individuals of different length collected at the
same location indicate the importance of genetic drift in this
highly abundant species. Genetic drift and limited immigra-
tion from other source populations may lead to an increased
risk of local extinction, which may be further exacerbated by
declines in potential habitat of this ice-dependent species.

ACKNOWLEDGEMENTS

We thank E. Bortolotto and G. Santovito for providing sam-
ples of P. antarctica during the NBP 10-02 oceanographic
campaign, performed on board the R/V Nathaniel B. Palmer
and coordinated by J.J. Torres (College of Marine Science,
University of South Florida). We thank E. Bortolotto for col-
lecting samples in 2007 during the R/V Polarstern cruise
ANT-XXIII/8 coordinated by J. Gutt (Alfred Wegener Insti-
tute, Bremerhaven, Germany). We thank the Alfred Wegener
Institute (AWI) and M. Lucassen for coordinating the ANT-
XXVII/4 R/V Polarstern cruise and allowing C.P. aboard.
We thank N. Koschnick (AWI) and E. Riginella (University
of Padova) for their precious help during samples collection
from Joinville Island 2012.

This work was supported by the National Program for
Antarctic Research (PNRA) to T.P. and L.Z.; C.A. is a PhD
student in evolutionary biology at the University of Padova,
with a program partly supported under National Science
Foundation (NSF) grant 0741348 to J.J. Torres. C.P.
acknowledges financial support of University of Padova (sal-
ary grant no. GRIC110B82) and of the Hanse-Wissenschafts-
kolleg, Institute for Advanced Study in Delmenhorst,
Germany. Funding for J.J.T. and J.R.A. was provided by the
NSF (grant no. 0741348).

REFERENCES

Aglieri, G., Papetti, C., Zane, L., Milisenda, G., Boero, F. &
Piraino, S. (2014) First evidence of inbreeding, relatedness
and chaotic genetic patchiness in the holoplanktonic jelly-
fish Pelagia noctiluca (Scyphozoa, Cnidaria). PLoS ONE, 9,
€99647.

Amos, W., Hoffman, J.I., Frodsham, A., Zhang, L., Best, S. &
Hill, A.V.S. (2007) Automated binning of microsatellite
alleles: problems and solutions. Molecular Ecology Notes, 7,
10-14.

Antao, T., Lopes, A., Lopes, R.J., Beja-Pereira, A. & Luikart,
G. (2008) LOSITAN: a workbench to detect molecular
adaptation based on a Fy-outlier method. BMC Bioinfor-
matics, 9, 323.

Ashford, J.R., Arkhipkin, A.I. & Jones, C.M. (2006) Can the
chemistry of otolith nuclei determine population structure

Journal of Biogeography
© 2015 John Wiley & Sons Ltd



of Patagonian toothfish Dissostichus eleginoides? Journal of
Fish Biology, 69, 708-721.

Ashford, J.R., Jones, C.M., Hofmann, E.E., Everson, 1., Mo-
reno, C.A., Duhamel, G. & Williams, R. (2008) Otolith
chemistry indicates population structuring by the Antarctic
Circumpolar Current. Canadian Journal of Fisheries and
Aquatic Sciences, 65, 135-146.

Ashford, J., La Mesa, M., Fach, B.A., Jones, C. & Everson, 1.
(2010a) Testing early life connectivity using otolith chem-
istry and particle-tracking simulations. Canadian Journal
of Fisheries and Aquatic Sciences, 67, 1303—1315.

Ashford, J., Ferguson, J., Pinones, A., Torres, J. & Fraser, W.
(2010b) Connectivity and population structure in Pleura-
gramma antarcticum along the West Antarctic Peninsula.
CCAMLR Scientific Papers WG-FSA-10/16. Commission
for the Conservation of Antarctic Marine Living
Resources, Hobart, Australia.

Balloux, F. (2001) EASYPOP (version 1.7): a computer pro-
gram for population genetics simulations. Journal of
Heredity, 92, 301-302.

Beerli, P. & Palczewski, M. (2010) Unified framework to
evaluate panmixia and migration direction among multiple
sampling locations. Genetics, 185, 313-326.

Bluhm, B.A., Gradinger, R.R. & Schnack-Schiel, S.B. (2010)
Sea ice meio- and macrofauna. Sea ice (ed. by D.N. Tho-
mas and G.S. Dieckmann), pp. 357-394. Blackwell Scien-
tific Publications, Oxford, UK.

Bottaro, M., Oliveri, D., Ghigliotti, L., Pisano, E., Ferrando,
S. & Vacchi, M. (2009) Born among the ice: first morpho-
logical observations on two developmental stages of the
Antarctic silverfish Pleuragramma antarcticum, a key spe-
cies of the Southern Ocean. Reviews in Fish Biology and
Fisheries, 19, 249-259.

Broquet, T., Viard, F. & Yearsley, ].M. (2013) Genetic drift
and collective dispersal can result in chaotic genetic patch-
iness. Evolution, 67, 1660—1675.

Caron, D.A. & Gast, R.J. (2010) Heterotrophic protists asso-
ciated with sea ice. Sea ice (ed. by D.N. Thomas and G.S.
Dieckmann), pp. 327-356. Blackwell Scientific Publica-
tions, Oxford, UK.

Carvajal-Rodriguez, A. & de Una-Alvarez, J. (2011) Assessing
significance in high-throughput experiments by sequential
goodness of fit and g-value estimation. PLoS ONE, 6,
€24700.

Coppe, A., Agostini, C., Marino, I.A.M., Zane, L., Bargelloni,
L., Bortoluzzi, S. & Patarnello, T. (2013) Genome evolu-
tion in the cold: Antarctic icefish muscle transcriptome
reveals selective duplications increasing mitochondrial
function. Genome Biology and Evolution, 5, 45—60.

Cziko, P.A., Evans, C.W., Cheng, C.-H.C. & DeVries, A.L.
(2006) Freezing resistance of antifreeze-deficient larval
Antarctic fish. Journal of Experimental Biology, 209, 407—
420.

Damerau, M., Matschiner, M., Salzburger, W. & Hanel, R.
(2012) Comparative population genetics of seven notothe-
nioid fish species reveals high levels of gene flow along

Journal of Biogeography
© 2015 John Wiley & Sons Ltd

Genetic differentiation in Pleuragramma antarctica

ocean currents in the southern Scotia Arc, Antarctica.
Polar Biology, 35, 1073-1086.

Damerau, M., Matschiner, M., Salzburger, W. & Hanel, R.
(2014) Population divergences despite long pelagic larval
stages: lessons from crocodile icefishes (Channichthyidae).
Molecular Ecology, 23, 284-299.

Daniels, R.A. & Lipps, J.H. (1982) Distribution and ecology
of fishes of the Antarctic Peninsula. Journal of Biogeogra-
phy, 9, 1-9.

DeWitt, H.H., Heemstra, P.C. & Gon, O. (1990) Notothenii-
dae. Fishes of the Southern Ocean (ed. by O. Gon and P.C.
Heemstra), pp. 279-331. J.L.B. Smith Institute of Ichthyol-
ogy, Grahamstown, South Africa.

Donnelly, J. & Torres, J.J. (2008) Pelagic fishes in the Mar-
guerite Bay region of the West Antarctic Peninsula conti-
nental shelf. Deep Sea Research Part II: Topical Studies in
Oceanography, 55, 523-539.

Ducklow, H., Clarke, A., Dickhut, R., Doney, S.C., Geisz, H.,
Huang, K., Martinson, D.G., Meredith, M.P., Moeller,
H.V., Montes-Hugo, M., Schofield, O., Stammerjohn, S.E.,
Steinberg, D. & Fraser, W. (2012) The marine ecosystem
of the West Antarctic Peninsula. Antarctica: an extreme
environment in a changing world (ed. by A.D. Rogers,
N.M. Johnston, E.J. Murphy and A. Clarke), pp. 121-159.
Blackwell, London.

Emslie, S.D., Fraser, W., Smith, R.C. & Walker, W. (1998)
Abandoned penguin colonies and environmental change in
the Palmer Station area, Anvers Island, Antarctic Penin-
sula. Antarctic Science, 10, 257—-268.

Eschmeyer, W.N. (ed.) (2014) Catalog of fishes: genera, spe-
cies, references. California Academy of Sciences, San Fran-
cisco, CA. Available at: http://research.calacademy.org/
research/ichthyology/catalog/fishcatmain.asp (accessed 17
July 2014).

Estoup, A. & Angers, B. (1998) Microsatellites and minisatel-
lites for molecular ecology: theoretical and empirical con-
siderations. Advances in molecular ecology (ed. by G.R.
Carvalho), pp. 55-86. IOS Press, Amsterdam.

Excoffier, L. & Lischer, H.E.L. (2010) Arlequin suite ver 3.5:
a new series of programs to perform population genetics
analyses under Linux and Windows. Molecular Ecology
Resources, 10, 564-567.

Fach, B.A. & Klinck, J.M. (2006) Transport of Antarctic krill
(Euphausia superba) across the Scotia Sea. Part I: Circula-
tion and particle tracking simulations. Deep-Sea Research
I, 53, 987-1010.

Ferguson, J.W. (2012) Population structure and connectivity of
an important pelagic forage fish in the Antarctic ecosystem,
Pleuragramma antarcticum, in relation to large scale circu-
lation. MS Thesis, Old Dominion University, Norfolk, VA.

Goudet, J. (2001) FSTAT, a program to estimate and test gene
diversities and fixation indices (version 2.9.3). Université de
Lausanne, Lausanne. Available at: http://www2.unil.ch/
popgen/softwares/fstat.htm.

Granata, A., Zagami, G., Vacchi, M. & Guglielmo, L. (2009)
Summer and spring trophic niche of larval and juvenile

9


http://research.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://research.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://www2.unil.ch/popgen/softwares/fstat.htm
http://www2.unil.ch/popgen/softwares/fstat.htm

C. Agostini et al.

Pleuragramma antarcticumm in the Western Ross Sea,
Antarctica. Polar Biology, 32, 369-382.

Hauser, L. & Carvalho, G.R. (2008) Paradigm shifts in mar-
ine fisheries genetics: ugly hypotheses slain by beautiful
facts. Fish and Fisheries, 9, 333-362.

Hubold, G. (1984) Spatial distribution of Pleuragramma ant-
arcticum (Pisces: Nototheniidae) near the Filchner- and
Larsen Ice Shelves (Weddell Sea/Antarctica). Polar Biology,
3, 231-236.

Hubold, G. & Tomo, A.P. (1989) Age and growth of Antarc-
tic Silverfish Pleuragramma antarcticurn Boulenger, 1902,
from the southern Weddell Sea and Antarctic Peninsula.
Polar Biology, 9, 205-212.

Tacchei, M., Ben-Horin, T., Selkoe, K.A., Bird, C.E., Garcia-
Rodriguez, F.J. & Toonen, R.J. (2013) Combined analyses
of kinship and Fgr suggest potential drivers of chaotic
genetic patchiness in high gene-flow populations. Molecu-
lar Ecology, 22, 3476-3494.

Johnson, M.S. & Black, R. (1982) Chaotic genetic patchiness
in an intertidal limpet, Siphonaria sp. Marine Biology, 70,
157-164.

Kellermann, A.K. (1996) Midwater fish ecology. Foundations
for ecological research west of the Antarctic Peninsula (ed.
by E.E. Hofmann, R.M. Ross and L.B. Quetin), pp. 231—
256. American Geophysical Union, Washington, DC.

Klinck, J.M. & Nowlin, W.D., Jr (2001) Antarctic Circumpo-
lar Current. Encyclopedia of ocean sciences (ed. by J. Steele,
S. Thorpe and K. Turekian), pp. 151-159. Academic Press,
New York.

La Mesa, M. & Eastman, J.T. (2012) Antarctic silverfish: life
strategies of a key species in the high-Antarctic ecosystem.
Fish and Fisheries, 13, 241-266.

La Mesa, M., Catalano, B., Russo, A., Greco, S., Vacchi, M.
& Azzalli, M. (2010) Influence of environmental condi-
tions on spatial distribution and abundance of early life
stages of Antarctic silverfish, Pleuragramma antarcticum
(Nototheniidae), in the Ross Sea. Antarctic Science, 22,
243-254.

Lancraft, T.M., Reisenbichler, K.R., Robison, B.H., Hopkins,
T.L. & Torres, J.J. (2004) A krill-dominated micronekton
and macrozooplankton community in Croker Passage,
Antarctica with an estimate of fish predation. Deep Sea
Research Part II: Topical Studies in Oceanography, 51,
2247-2260.

Larson, R.J. & Julian, R.M. (1999) Spatial and temporal
genetic patchiness in marine populations and their impli-
cations for fisheries management. California Cooperative
Oceanic Fisheries Investigations Reports, 40, 94-99.

Matschiner, M., Hanel, R. & Salzburger, W. (2009) Gene
flow by larval dispersal in the Antarctic notothenioid fish
Gobionotothen gibberifrons. Molecular Ecology, 18, 2574—
2587.

Mintenbeck, K., Barrera-Oro, E.R., Brey, T., Jacob, U., Knust,
R., Mark, F.C., Moreira, E., Strobel, A. & Arntz, W.E.
(2012) Impact of climate change on fishes in complex
Antarctic ecosystems. Global change in multispecies systems

10

part 1 (ed. by U. Jacob and G. Woodward), pp. 351-426.
Advances in Ecological Research, Vol. 46. Academic Press,
London.

Molecular Ecology Resources Primer Development Consor-
tium, Agostini, C., Agudelo, P.A. et al. (2011) Permanent
Genetic Resources added to Molecular Ecology Resources
Database 1 October 2010-30 November 2010. Molecular
Ecology Resources, 11, 418—421.

Molecular Ecology Resources Primer Development Consor-
tium, Agostini, C., Albaladejo, R.G. et al. (2013) Perma-
nent Genetic Resources added to Molecular Ecology
Resources Database 1 April 2013-31 May 2013. Molecular
Ecology Resources, 13, 966-968.

Moline, M.A., Karnovsky, N.J., Brown, Z., Divoky, G.J., Fra-
zer, T.K., Jacoby, C.A., Torres, J.J. & Fraser, W.R. (2008)
High latitude changes in ice dynamics and their impact on
polar marine ecosystems. Annals of the New York Academy
of Sciences, 1134, 267-319.

Morales-Nin, B., Garcia, M.A. & Lépez, O. (1998) Distribu-
tion of larval and juvenile Nototheniops larseni and Pleura-
gramma antarcticum off the Antarctic Peninsula in relation
to oceanographic conditions. Cybium, 22, 69-81.

Near, T.J., Dornburg, A., Kuhn, K.L., Eastman, J.T., Penning-
ton, J.N., Patarnello, T., Zane, L., Fernindez, D.A. &
Jones, C.D. (2012) Ancient climate change, antifreeze, and
the evolutionary diversification of Antarctic fishes. Pro-
ceedings of the National Academy of Sciences USA, 109,
3434-3439.

Papetti, C., Susana, E., Patarnello, T. & Zane, L. (2009) Spa-
tial and temporal boundaries to gene flow between Chae-
nocephalus aceratus populations at South Orkney and
South Shetlands. Marine Ecology Progress Series, 376, 269—
281.

Papetti, C., Pujolar, J.M., Mezzavilla, M., La Mesa, M., Rock,
J., Zane, L. & Patarnello, T. (2012) Population genetic
structure and gene flow patterns between populations of
the Antarctic icefish Chionodraco rastrospinosus. Journal of
Biogeography, 39, 1361-1372.

Parker, M.L. (2012) Micronekton and macrozooplankton of the
western Antarctic peninsula and the eastern Ross Sea: con-
trast between two different thermal regimes. PhD Thesis,
University of South Florida, Tampa, FL.

Patarnello, T., Verde, C., di Prisco, G., Bargelloni, L. & Zane,
L. (2011) How will fish that evolved at constant sub-zero
temperatures cope with global warming? Notothenioids as
a case study. BioEssays, 33, 260—268.

Pinones, A., Hofmann, E.E., Dinniman, M.S. & Klinck, J.M.
(2011) Lagrangian simulation of transport pathways and
residence times along the western Antarctic Peninsula.
Deep Sea Research Part II: Topical Studies in Oceanography,
58, 1524-1539.

Rousset, F. (2008) GeNepopr’007: a complete re-implementa-
tion of the GeEnNEpOP software for Windows and Linux.
Molecular Ecology Resources, 8, 103—106.

Stammerjohn, S., Martinson, D.G., Smith, R.C., Yuan, X. &
Rind, D. (2008) Trends in Antarctic annual sea ice retreat

Journal of Biogeography
© 2015 John Wiley & Sons Ltd



and advance and their relation to El Nino—Southern
Oscillation and Southern Annular Mode variability. Jour-
nal of Geophysical Research: Oceans, 113, C03S90.

Thorpe, S.E., Murphy, E.J. & Watkins, J.L. (2007) Circumpo-
lar connections between Antarctic krill (Euphausia superba
Dana) populations: investigating the roles of ocean and
sea ice transport. Deep Sea Research Part I: Oceanographic
Research Papers, 54, 792-810.

Underwood, J.N., Travers, M.]. & Gilmour, J.P. (2012) Sub-
tle genetic structure reveals restricted connectivity among
populations of a coral reef fish inhabiting remote atolls.
Ecology and Evolution, 2, 666—679.

Vacchi, M., La Mesa, M., Dalu, M. & MacDonald, J. (2004)
Early life stages in the life cycle of Antarctic silverfish, Ple-
uragramma antarcticum in Terra Nova Bay, Ross Sea. Ant-
arctic Science, 16, 299-305.

Vacchi, M., DeVries, A.L., Evans, C.W., Bottaro, M., Ghi-
gliotti, L., Cutroneo, L. & Pisano, E. (2012) A nursery area
for the Antarctic silverfish Pleuragramma antarcticum at
Terra Nova Bay (Ross Sea): first estimate of distribution
and abundance of eggs and larvae under the seasonal sea-
ice. Polar Biology, 35, 1573—1585.

Vaughan, D.G., Marshall, G.J., Connolley, W.M., Parkinson,
C., Mulvaney, R., Hodgson, D.A., King, J.C., Pudsey, C.J.
& Turner, J. (2003) Recent rapid regional climate warming
on the Antarctic Peninsula. Climate Change, 60, 243-274.

Waples, R.S. & Gaggiotti, O. (2006) What is a population?
An empirical evaluation of some genetic methods for iden-
tifying the number of gene pools and their degree of con-
nectivity. Molecular Ecology, 15, 1419—-1439.

Waters, K.J. & Smith, R.C. (1992) Palmer LTER: a sampling
grid for the Palmer LTER program. Antarctic Journal of
the United States, 27, 236-239.

White, M.G. & Piatkowski, U. (1993) Abundance, horizontal
and vertical distribution of fish in eastern Weddell Sea mi-
cronekton. Polar Biology, 13, 41-53.

Zane, L., Marcato, S., Bargelloni, L., Bortolotto, E., Papetti,
C., Simonato, M., Varotto, V. & Patarnello, T. (2006)

Journal of Biogeography
© 2015 John Wiley & Sons Ltd

Genetic differentiation in Pleuragramma antarctica

Demographic history and population structure of the Ant-
arctic silverfish Pleuragramma antarcticum. Molecular Ecol-
ogy, 15, 4499-4511.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Amplification conditions and descriptive sta-
tistics for the 16 EST-linked microsatellite loci used in this
study.

Appendix S2 Number of alleles, allelic richness, observed
and unbiased expected heterozygosity, and Hardy—Weinberg
equilibrium probability for each locus across population
samples.

BIOSKETCH

The research team brings together an international group of
scientists with complementary suites of skills to address the
state of Pleuragramma antarctica on the west Antarctic Pen-
insula shelf, under the funding of the NSF award 0741348
and the National Program for Antarctic Research (PNRA).
The ongoing research aims to evaluate the importance of
local reproduction versus larval advection, and the extent to
which populations in the target subregions are genetically
distinct, via analysis of population structure, otolith micro-
chemistry and molecular genetics of fish.

Author contributions: J.J.T., J.R.A. and T.P. conceived the
ideas; C.A., J.J.T. and J.R.A. collected the data; C.A., C.P.
and L.Z. analysed the data; J.J.T., ].R.A. and T.P. contributed
to data analysis and results interpretation. C.A., C.P., J.R.A,,
J.J.T. and L.Z. wrote the manuscript. All authors contributed
to the final version of the manuscript.

Editor: Alistair Crame

1



