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Connectivity of the marine epipelagic environment is subject to presence of subtle barriers that can be difficult
to identify and to signals from the geological history of the oceans. This study examines the effects of species’
geographical distribution on their population structure as mediated by differential effects of the recent
geological history of the oceans. For this purpose, we studied the sequence variation of the mitochondrial
cytochrome oxidase ¢ subunit I (COI) gene in samples of two sibling species of the calanoid copepod genus
Clausocalanus. Analyses included molecular population genetic, phylogeographic, and phylogenetic
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1. Introduction

Connectivity among the geographic populations of a species is
necessary to maintain genetic integrity throughout its distributional
range. Barriers to gene flow in the marine pelagic environment are often
not clearly identified (Cowen et al., 2007; Goetze, 2005; Knowlton,
2000) and the effect of these barriers will differ depending on the spatial
distribution of the species. To examine evidence of barriers to gene flow
and cohesion among pelagic populations in different ocean basins, the
biogeography of species must be studied in relation to the geological
history of the oceans (Bradbury et al., 2008; Hellberg, 2009).
Comparative studies of species that overlap in both time and space
can provide better understanding of the existence of boundaries and
their variable effects (Avise, 2009; Hickerson et al., 2010; McGovern et
al., 2010; Peijnenburg et al., 2005; Reece et al., 2010).

Heterogeneous approaches to phylogeographic analysis and
dispersal estimates (e.g., tag-and-release) have yielded inconsistent
results in the ocean (Cowen and Sponaugle, 2009). In particular, it is
uncertain whether previous studies may accurately represent global
patterns (Bradbury et al., 2008). The development of molecular
markers allowed genetic studies in phylogeography (Avise, 1998,
2009) and yielded improved understanding in the marine environ-
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ment (Hedgecock et al., 2007; Selkoe et al., 2008). Many studies have
used mitochondrial DNA (mtDNA) genes as markers (Avise, 2009;
Avise et al., 1987), although multigene analysis including also nuclear
loci is a clear and desirable trend in phylogeographic studies (Avise,
2009; Brito and Edwards, 2009). Despite recent doubts about the
adequacy of mtDNA for this purpose, these genes have proved to be
useful tools to address recent — up to several million years ago -
phylogeographic and speciation phenomena (Avise, 2009; Galtier et
al., 2009; Knowlton, 2000; Lessios, 2008).

Many studies have focused on species with planktonic larval stages
(Bradbury et al., 2008; Weersing and Toonen, 2009), with fewer
studies on holoplanktonic taxa (e.g., Caudill and Bucklin, 2004; Eberl
et al., 2007; Goetze and Ohman, 2010; Goodall-Copestake et al., 2010;
Milligan et al., 2011; Peijnenburg et al., 2006; Unal et al., 2006).

To investigate the presence and effect of barriers to population
connectivity and gene flow of marine holoplanktonic species, we
chose the calanoid copepod genus Clausocalanus (Giesbrecht, 1888).
This genus comprises thirteen geographically widespread, epiplank-
tonic species of small copepods (Frost and Fleminger, 1968) and
includes dominant zooplankton taxa from low to high latitudes
(Pakhomov and Perissinotto, 1997; Peralba et al., 2010; Peralba and
Mazzocchi, 2004; Schnack-Schiel et al.,, 2010). Despite their over-
lapping distributions, the species are ecologically, biogeographically,
and genetically distinct (Bucklin and Frost, 2009; Cornils et al., 2007;
Peralba et al., 2010; Saiz and Calbet, 1999; Schnack-Schiel et al., 2010).
This study focuses on two species, C. lividus and C. arcuicornis. Both
species are epipelagic, with distributions in both shelf and open ocean
waters (Frost and Fleminger, 1968; Peralba et al., 2010; Peralba and
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Fig. 1. Range of distribution and sample locations for Clausocalanus lividus and
Clausocalanus arcuicornis.

Mazzocchi, 2004; Schnack-Schiel et al., 2010). The species show
different geographical ranges (Fig. 1): C lividus has a disjunct
antitropical distribution, while C. arcuicornis is a cosmopolitan species
(Frost and Fleminger, 1968) that is found in all ocean basins between
40° N and 40° S. Although Frost and Fleminger (1968) described the C.
lividus distributional range as spanning the Pacific and Indian Oceans
in the Southern Hemisphere, the species has not to our knowledge
subsequently been reported in these regions (M.D. Vifias, INIDEP,
Argentina; P. Ay6n, IMARPE, Peru; R. Escribano, Universidad de
Concepcion, Chile; D. McKinnon, AIMS, and F. Coman, CSIRO,
Australia; pers. comm.).

In this work, we examine DNA sequence variation of the mitochon-
drial cytochrome oxidase ¢ subunit I (COI) gene in samples of two
species of copepods collected throughout their distributional ranges. We
present here our findings of the comparative effects of barriers to gene
flow and recent geological history of the oceans on the phylogeography
and connectivity of these epipelagic zooplankton species.

Table 1

109
2. Methods
2.1. Samples

A total of 87 individuals for C. lividus and 96 for C. arcuicornis were
analyzed, including samples from cruises in the Atlantic, Pacific and
Indian Oceans (Fig. 1; Table 1). Samples were preserved in 95%
ethanol, which was changed after 24 h. The material analyzed for this
study included samples stored in the Census of Marine Zooplankton
(CMarZ) archives located at the Department of Marine Sciences,
University of Connecticut.

2.2. DNA extraction, PCR amplification and sequencing

DNA extractions were carried out using the DNeasy Blood & Tissue
Kit (QIAGEN) from whole individuals and with an elution volume of
50 to 300 pl AE buffer. PCR amplifications for a fragment of COI were
performed in a total volume of 25 pl, including 5l of 5x Green
GoTaq® Flexi Buffer, 2.5ul of 25mM MgCl,, 1l of dNTPs (final
concentration 0.2 mM each), 1 pl of each primer (10 uM), 0.75 units of
GoTaq® Flexi DNA Polymerase (Promega) and 3 ul of DNA sample.
Two primer sets were used: the consensus primers LCO1490 and
HCO02198 (Folmer et al.,, 1994) and the specific primers for
Clausocalanus spp., COI 5" GAGCCTGGTCAGGAATAATCG 3’ (forward)
and 5’ GGTCTCCTCCTCCTCCAACAT 3’ (reverse) (Blanco-Bercial and
Alvarez-Marqués, 2007). The PCR protocol included an initial
denaturation step of 94 °C (4 min), followed by denaturation at
94 °C for 35 s, annealing at 53 °C (Clausocalanus primers) or 45 °C
(1490F/2198R) for 45 s, and extension at 69 °C for 45 s for 35 cycles. A
final extension phase at 69 °C for 20 min was followed by storage at
4°C. PCR products were checked by electrophoresis on a 1%
agarose/TBE gel; positive results were purified using UltraClean®
PCR Clean-Up Kit (Mo Bio). The purified PCR products were
sequenced using the same set of primers as in the original
amplification and Big Dye Terminator Ver. 3.1 (Applied Biosystems
Inc., ABI), and run on an ABI 3130 Genetic Analyzer capillary DNA

Location, number of individuals (N), collection, date, geographical coordinates, and grouping pattern for the AMOVA pool and for coalescence (Coals., C. lividus) and isolation with

migration (IwM, C. arcuicornis) analyses for all samples.

Clausocalanus lividus

Location N Cruise Date Latitude Longitude Pool Coals.
Alaska 9 Seward Line Sep 2005 58°09.65’' N 147°47.60' W Alk Pacific
California Current 11 RR-9610 Oct 1996 32°25.05' N 123°08.50’ W cC1 Pacific
23 RR-9610 Oct 1996 32°20.00' N 123°18.70' W cc2 Pacific

Japan 3 KT 09-4 Apr 2009 35°01.18' N 139°22.04’' E - Pacific
Bay of Biscay 22 Radial Cudillero Feb 2004 43°42,00' N 06°09.00' W NEA Atlantic
NW Atlantic 6 RHB-0603 Apr 2006 33°3147' N 69°57.68' W NWA Atlantic

4 DE-0808 Aug 2008 38°16.30' N 74°24.40' W NWA Atlantic

1 DE-0711 Oct 2007 38°26.00' N 73°46.100 W NWA Atlantic

6 OCE-258 Apr 1993 40°45.80' N 62°28.10' W NWA Atlantic

2 OCE-258 Apr 1993 39°46.30' N 54°44.70' W NWA Atlantic
Clausocalanus arcuicornis
Location N Cruise Date Latitude Longitude Pool IwM
California Current 11 RR-9610 Oct 1996 32°25.05' N 123°08.50' W CcC CcC

11 RR-9610 Oct 1996 32°20.00' N 123°18.70' W CC CcC

Tahiti 21 S202A Jan 2006 17°10.60’ S 150°24.50' W Tah Tah
Central Pacific 5 EUC-FE-2006 Sep 2006 01°20.91’' N 155°59.71’' E - -
Japan 1 KT 09-4 Apr 2009 35°01.18' N 139°22.04’' E - -
South Africa 4 SARP-OM-EN26/12 Dec 2005 34°13.74' S 18°04.46' E SA SA

4 Pel. Sp. Biomass-225 Nov 2006 33°26.74' S 17°48.63' E SA SA

8 Pel. Sp. Biomass-225 Nov 2006 34°43.68' S 24°56.94' E SA SA

6 Pel. Sp. Biomass-225 Nov 2006 34°25.91’ S 25°59.01" E SA SA
Bay Biscay 17 Radial Cudillero Jul 2004 43°42.00' N 06°09.00' W NEA NAt
NW Atlantic 2 OCE-258 Apr 1993 40°45.80' N 62°28.10' W NWA NAt

6 RHB-0603 Apr 2006 33°3147' N 69°57.68' W NWA NAt
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sequencer. Sequences were edited using MEGA Ver. 4.1 (Tamura et
al., 2007) and aligned with the ClustalW (Thompson et al., 1994)
included in MEGA. The aligned sequences were trimmed to a length
of 465 base pairs for analysis.

2.3. Molecular diversity indices and population structure

Nucleotide (1) and haplotype (Hq) diversities and neutrality tests
were calculated with DnaSP Ver. 5 (Librado and Rozas, 2009).
Neutrality was tested with Tajima's D (Tajima, 1989), Fu's Fs (Fu,
1997) and R, (Ramos-Onsins and Rozas, 2002). It should be noted that
R, performs better than the other two metrics with small sample sizes
(Ramos-Onsins and Rozas, 2002). The significance of the tests was
estimated through 10,000 coalescence simulations.

Parsimony haplotype networks were constructed with TCS Ver.
1.2.1 (Clement et al., 2000), in order to visualize the diversity and
phylogenetic relationships among the different haplotypes and
provide qualitative assessment of their geographic distributions. The
best-fitting substitution model was determined with jModelTest
(Posada, 2008). Once the appropriate model was selected, the
estimated parameters and the most similar model from the available
were set in Arlequin Ver. 3.5.1.2 (Excoffier and Lischer, 2010) to
evaluate the population structure for each species. Samples that had
fewer than 5 individuals and distant from others were excluded from
these analyses. Samples from the NW Atlantic were pooled for
analysis of both species. For C. arcuicornis, samples from the California
Current (CC) were also pooled. Pairwise Fsr distances among the
different population were calculated and tested for significance
through 100,172 permutations, with o =0.05 under strict Bonferroni
correction (Bonferroni, 1936). An hierarchical Analysis of MOlecular
VAriance or AMOVA (Excoffier et al., 1992) was performed with
different a priori groupings, which were tested based on the
geographical distributions of the samples and the previously obtained
Fsr distances. The significance of the Arlequin statistics for the
variance corresponding to among groups (®cr), among populations
within groups (Psc), and within populations (Pst) was determined
based on 100,172 permutations. Also, average pairwise distances (i.e.,
numbers of nucleotide differences) were calculated for within- and
between-groups in MEGA Ver. 4.1 (Tamura et al., 2007).

2.4. Clausocalanus lividus coalescence analysis

Since sequences with substantial levels of saturation are not
suitable for molecular clock estimates (Wilke et al., 2009), the degree
of substitution saturation was examined prior to analysis using the
test of Xia et al. (2003), as implemented in the package DAMBE (Xia
and Lemey, 2009). Divergence times between the Atlantic and Pacific
Ocean populations of C. lividus were estimated by haplotype
coalescence with the BEAST package Ver. 1.5.4 (Drummond and
Rambaut, 2007). Markov Chain Monte Carlo chains (Drummond et al.,
2002) were run for 10,000,000 generations, sampling every 1000
generations after a burn-in period of 1000 sampled generations. The
analysis was run under the strict molecular clock model and HKY + 1
substitution model, as obtained from jModelTest, and under two
different partition designs: a) without partitioning the data; and b)
with two partitions following the codon positions, 1+ 2 and 3. The
tree prior distribution selected was of constant size, as was estimated
from Tajima's D, Fu's Fs and R, results. The prior for proportion of
invariable sites (p-inv) was set according to the value obtained from
jModelTest, whereas priors for the rest of parameters were left as
default. The posterior distribution was examined in Tracer Ver. 1.5
(Rambaut and Drummond, 2007). The final tree with divergence
estimates was computed in TreeAnnotator Ver. 1.5.4, with a burn-in
value of 1000 generations, and analyzed with FigTree Ver. 1.3.1
(http://tree.bio.ed.ac.uk/software/figtree). To our knowledge, no
direct estimates of mutation rates for COI are available for copepods;

thus, the time of the most recent common ancestor (tmrca) was
estimated from a range of mutation rates corresponding to other
related crustaceans, ranging from 1.2 to 1.5% per million year
(Knowlton and Weigt, 1998; Lessios, 2008).

2.5. Clausocalanus arcuicornis isolation with migration analysis

For C. arcuicornis, coalescence analysis for isolation and migration
was performed in order to complement the Fsr and AMOVA analyses.
Coalescent genealogies can provide more realistic results for many
biological systems than can summary statistics, such as Fsy (Kuhner,
2009). The migration rates among the different ocean regions [i.e.,
North Atlantic, South Atlantic/SW India Ocean boundary (South
Africa), North Pacific (California Current) and South Pacific (Tahiti)]
were estimated with the software IMa2 (Hey, 2010). The advantage of
the Isolation with Migration model implemented in this software is
that the only assumptions (in our case) are neutrality and no
recombination within the locus, allowing non-equilibrium between
genetic drift and migration (Hey and Nielsen, 2007; Nielsen and
Wakeley, 2001). The samples from the Central Pacific and Japan were
excluded from this analysis; the NW and NE Atlantic samples were
pooled. Two parallel procedures were followed on the basis of the tree
prior distribution. In the first case, an UPGMA tree was constructed
using the Neighbor program of PHYLIP Ver. 3.69 (Felsenstein, 2004)
based on a matrix of Fsr distances among the four groups established,
using the same procedure as described for the population structure
study. The second tree prior was based on coalescence methods and
was constructed in BEAST following the same procedure as described
for C. lividus, but under the HKY 4 14T substitution model and with
priors indicated by jModelTest. This approach helps recognize
possible bias introduced by the tree prior probability distribution.
The mutation model chosen for IMa2 was HKY, as recommended for
mitochondrial data by the IMa2 documentation. Short runs were
initially performed to empirically obtain a proper upper bound on the
prior distribution for the population parameters (i.e., time of
divergence, migration rates and population size). Once these
parameter priors were established, long runs of the Markov chain
Monte Carlo (MCMC) simulations were done; in each case, burn-in
period was run until reaching the stationary state; then every 100th
genealogy was sampled until at least 100,000 genealogies were saved.
Only migration among sampled populations was considered (i.e.,
ancestral populations had migration rates of zero) under two different
modeled scenarios: a) full migration, and, b) zero migration between
North Atlantic and any Pacific Ocean population.

3. Results
3.1. Molecular diversity and neutrality

Analysis of the 465 base-pair fragment of COI identified 43
haplotypes for C. arcuicornis and 33 for C. lividus (GenBank accession
nos. JF279610-JF279685). All the haplotypes were shown to code for
the same protein based on the amino acid sequence.

Total and per-sample haplotype (Hq) and nucleotide () diversity
are indicated in Table 2. When considering all individuals, C. lividus
showed lower Hq but higher m values than C. arcuicornis. Both Hq and
1 were higher for C. arcuicornis when considering single samples or
groups of samples from the same ocean basin (Table 2). Test results
showed non-significant departures from neutrality for Tajima's D, Fu's
Fs or R, for either species. The exception was Fu's Fs for C. arcuicornis,
which showed a significant negative value (Fs= —16.385, p<0.005),
perhaps indicating a recent population expansion. However, for all
analyses we assumed constant size for the demographic models.

The haplotype networks showed different patterns for the two
species. C. arcuicornis showed a core with a large number of
haplotypes separated by one to three substitutions, with a small
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Table 2
Total and per-sample number of individuals (N) and haplotypes (No.H.), and haplotype
(Hq) and nucleotide () diversities.

Species Sample N No.H. Hq it

C. arcuicornis 96 43 0.958 0.0180
South Africa 22 10 0.857 0.0057
NW Atlantic 8 8 1.000 0.0127
NE Atlantic 17 10 0.919 0.0326
California Current 22 12 0.887 0.0174
Tahiti 21 13 0.910 0.0101
Equatorial Pacific 5 3 0.800 0.0138

C. lividus 87 33 0.874 0.0337
NW Atlantic 19 11 0.877 0.0072
NE Atlantic 22 8 0.732 0.0043
California C1 11 5 0.618 0.0034
California C2 23 8 0.581 0.0020
Alaska 9 4 0.806 0.0032

number of very divergent haplotypes (Fig. 2). In contrast, C. lividus
showed two cores corresponding to the Atlantic and Pacific Oceans
(Fig. 3). The cores were separated by ~30 substitutions with each
containing a group of very closely related haplotypes separated by one
or two substitutions.

@ NE Atlantic
@ NW Atlantic
<= South Africa
<> California C
<@ Japan

@@ Equatorial Pacific
@ Tahiti

Fig. 2. Haplotype network of Clausocalanus arcuicornis. Each branch represents a
mutational step, and small black circles, missing haplotypes needed to connect
observed haplotypes. The size of the ovals is proportional to the number of sampled
individuals with that haplotype.

B NE Atlantic
@ NW Atlantic
<> Alaska
< California C1
<= C(alifornia C2
<= Japan

Fig. 3. Haplotype network of Clausocalanus lividus. Each branch represents a mutational
step, and small black circles, missing haplotypes needed to connect observed
haplotypes. The size of the ovals is proportional to the number of sampled individuals
with that haplotype.

3.2. Population structure

The model of sequence evolution selected for both species using
jModelTest under the Akaike Information Criterion (AIC) was the
Tamura and Nei model (Tamura and Nei, 1993). For C. arcuicornis, the
proportion of invariable sites was 0.406 with a gamma shape of 0.201
(+ I+ G). For C. lividus, the gamma shape (+ G model) was 0.016.
Under these models, C. arcuicornis Fsy values were relatively low (0.06
to 0.3) and significant for pairs of samples from different ocean basins,
except the NW Atlantic/California value that was not significant
(Table 3). In contrast, C. lividus showed high Fst values between pairs
of samples from different ocean basins, and differences between
sample pairs from the same basin were much lower (Table 3). The
largest values for with-in ocean comparisons were between Alaska
and the two California Current samples, but both comparisons were
non-significant after Bonferroni correction.

The a priori AMOVA grouping established for C. arcuicornis divided
the samples into three groups, each corresponding to a major ocean
basin: Atlantic Ocean (NW and NE samples), Pacific Ocean (CC and
Tahiti), and Indian Ocean (South Africa). This configuration also
agreed with the pairwise Fsr values (see above). The AMOVA results
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Table 3
Pairwise Fsy between samples. Bold numbers indicate significant values after strict
Bonferroni correction (g = 0.005).

Table 5
Percentage of pairwise distances (as nucleotide differences) between AMOVA groups
(average + standard deviation) for a 465 base pair region of COL

Species Sample SA NWA NEA CcC Species Sample SA Atl Pac
C. arcuicornis South Africa - C. arcuicornis South Africa 0.5740.48
NW Atlantic 0.14352 - Atlantic 2.134+1.70 2.85+0.48
NE Atlantic 0.30092 0.14020 - Pacific 1.25+0.88 2454+1.75 147+1.13
California C 0.14348 0.06181 0.15510 -
Tahiti 0.29597 0.22944 0.27472 0.08799 Atl Pac
C. lividus Atlantic 0.57+0.39
NWA NEA 1 — Pacific 6.27 £0.27 0.28+0.29
C. lividus NW Atlantic -
NE Atlantic 0.00000 -
California C1 0.99999 0.99999 -
California C2 099999 099399 001789 - different (Fig. 4). The Fsr-based tree showed a close relationship
Alaska 0.99999 1.00000 0.09299 0.25490

indicated that the among-group variation (Pcp) was the smallest
component of the variance and not significant; the largest component
of the variance corresponded to with-in populations (®Pst). The
between populations with-in group variance (dsc) was lower, but
significant (Table 4). For C. lividus, the AMOVA grouping tested the
Atlantic (NE and NW samples) versus the Pacific samples (Alaska, CC1
and CC2). The analysis showed that, although almost all of the
variance was explained by differences between ocean basins (dc¢r), it
was not significant (p=0.098). The differences between samples
from the same ocean basin (dsc) were low and not significant;
variance explained by the within samples component (dst) was low,
but significant.

Average number of nucleotide substitutions within and between
the AMOVA groups (Table 5) was relatively low for C. arcuicornis in all
cases (<3%). For C. lividus, nucleotide differences were very low for all
within group comparison, but they were very high (>6%) when
comparing individuals from the Atlantic to the Pacific Oceans.

3.3. Clausocalanus lividus coalescence analysis

The test of substitution in DAMBE showed little saturation,
indicating that the data are suitable for this analysis. The BEAST
analysis showed good mixing and effective sample sizes (ESS) higher
than 1000 for every parameter. The analysis found two very divergent
clades: the North Atlantic and North Pacific Oceans. The time of
coalescence of the two clades (or the tmrca for the species) was
determined to be 3.8-4.7 My (Million years) for the unpartitioned
data set and 3.6-4.5 My for the codon-partition model.

3.4. Clausocalanus arcuicornis isolation with migration analysis
The trees obtained from the Fst matrix (not shown) and the BEAST

analysis comparing the different ocean sub basins were slightly

Table 4
Analysis of molecular variance (AMOVA) for C. arcuicornis and C. lividus (d.f.: degrees of
freedom).

Source of variation d.f.  Variance components & statistics p-value

Clausocalanus arcuicornis

Among groups 2 0.3529 $er=10.0628 0.2657

Among populations 2 0.8047 Psc=0.1528 0.0079
within groups

Within populations 85 4.4618 dgr=0.2060  <0.0001

Clausocalanus lividus

Among groups 1 335193.1368 Der=0.9999 0.0985

Among populations 3 0.0418 Psc=0.0180 0.1998
within groups

Within populations 79 2.2929 Psr=0.9999  <0.0001

between the North Atlantic and the North Pacific (California Current),
while the coalescent-based BEAST analysis indicated the same, except
for the south hemisphere ones (South Africa and Tahiti). The IMa2
analysis with full migration pattern was not able to resolve the model
of migration when considering the BEAST tree as phylogenetic tree
prior (results not shown). Reduced migration models gave similar
patterns for migration rates for every pair, although the range was
narrower for the BEAST analysis (Table 6). When considering the full
migration model under the Fst tree prior conditions, the analysis was
able to resolve the pattern. The resulting migration rates tended to
reduce the differences among the rates, when compared to the
reduced models results; the maximum rate corresponded to the
migration from the North Atlantic to the California Current sample.
For the reduced models, the tendency was much higher migration
from Tahiti and South Africa toward the other locations than the
reverse, a high rate from Tahiti to South Africa, and a very low rate
from South Africa toward Tahiti (Table 6).

4. Discussion

This study elucidates the effects of species’ biogeographical
distribution on population connectivity, genetic structure, and
vicariance over recent geological history. Comparisons among
congeneric sibling species are particularly useful to allow stronger
inferences of the underlying biological and geological processes
driving patterns of connectivity, since many aspects of species'
ecology and evolution are held in common among such species. The
cosmopolitan distribution of C. arcuicornis is shown to allow high
connectivity among different ocean basins. In contrast, the disjunct
antitropical distribution of C. lividus is hypothesized to be influenced
by vicariance processes after the closure of the Isthmus of Panama and
the loss of direct communication between the North Atlantic and
North Pacific Oceans.

a) Ftree California C

North Atlantic
Tahiti
South Africa

b) BEAST e South Africa

Tahiti
California C
North Atlantic

Fig. 4. Prior probability distribution Fsr based (a) and BEAST coalescence-based
(b) trees for the isolation and migration analysis.
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Table 6

Migration rates per generation between the North Atlantic (NAt), California Current
(CC), Tahiti (Tah) and South Africa (SA) samples under the three models considered
(see Methods and Results).

NAt to CC CC to NAt Tah to NAt NAt to Tah SA to NAt NAt to SA

Full - Fsy  0.7763 0.1762 0.0013 0.0013 0.0013 0.0013
Reduced
Fst 0.9350 0.0008
BEAST 0.7025 0.1380
SAtoCC CCtoSA SAtoTah TahtoSA CCtoTah Tah toCC
Full - Fsy  0.7238 0.0013 0.0088 0.0013 0.0013 0.5513
Reduced
Fst 1.9040 0.0010 0.0010 1.6420 0.0010 0.8712
BEAST 1.1920 0.0025 0.0025 0.6775 0.0025 0.2975

Although the analysis of multiple genes (especially nuclear) may
have enhanced or provided additional insights from this study,
especially for resolving the deep node between ocean basin clades of
C. lividus, the single mitochondrial marker used provides sufficient
and compelling support for the conclusions

C. lividus is shown to have a high number of closely-related
haplotypes within each ocean basin population, which are very
distant between different ocean basins. On the contrary, C. arcuicornis
shares and mixes haplotypes from samples scattered along a more
than 40,000 km route that crosses four ocean basins and many
recognized biogeographical barriers. It was not possible to identify a
single cluster of haplotypes that could be assigned to a single ocean
basin. These differences between the two species can explain the
mismatch between the global Hy and 1. The high m values found for
C. lividus reflects a high number of variable sites, but many of the
variable sites are not shared across the whole range and the final Hq is
lower than that obtained for C. arcuicornis, which has a lower m.
Within each ocean basin, there is a pattern of lower Hq and m for
C. lividus than for C. arcuicornis. The higher diversities of C. arcuicornis
may also reflect the general connectivity through the whole
distributional range of the species, resulting in larger effective
population size, and thus higher number and diversity of haplotypes.

4.1. Clausocalanus lividus

Clausocalanus lividus is shown to comprise two genetically and
geographically distinct populations that have been subjected to a
vicariance process, which according to our results would have started
between 4.7 and 3.6 Mya (Million years ago). This estimate matches
with the interval between the depletion of the water flow through the
Central American Seaway and reorganization of the general ocean
circulation around 4.6 Mya (Haug and Tiedemann, 1998; Schneider and
Schmittner, 2006) and the final and definitive rise of the Isthmus of
Panama 3.5 Mya (Bartoli et al., 2005; Coates et al., 1992) (Fig. 5). These
events contributed to the isolation and divergence of many marine
species (Knowlton and Weigt, 1998; Lessios, 2008; Marko, 2002), and
also to the Atlantic and Pacific populations of this neritic to open ocean
epipelagic copepod. C. lividus results indicate that almost all the
molecular variance is due to the differences between ocean basins.
Within ocean basins, the Fsr distances were not significantly different
from zero, but Fsr distances of ~ 1 between samples from different ocean
basins supports their complete isolation (Hedgecock et al., 2007;
Hellberg, 2009). In addition, the high divergences for C. lividus were
slightly higher than values found between populations of other calanoid
copepods (Bucklin et al., 2003; Hill et al.,, 2001) or sibling species of
other crustaceans (Knowlton and Weigt, 1998) from the different
ocean basins, but were much lower than the ~20% differences found
between Calanus species occurring on either side of the Isthmus of
Panama (Hill et al., 2001).

Fig. 5. Map of the ocean surface currents before and after the closure of the Isthmus of
Panama (after Haug and Tiedemann, 1998; Luyendyk et al., 1972; Maier-Reimer et al.,
1990; Schneider and Schmittner, 2006; Schweitzer, 2001).

4.2. Clausocalanus arcuicornis

Clausocalanus arcuicornis populations are shown to lack persistent
and definitive barriers to gene flow between ocean basins, with
widespread connectivity throughout the geographical range of the
species. This pattern of genetic structure of the population is similar to
the found for other marine copepods (Eberl et al., 2007; Goetze, 2005).
The absence of significant differences between the NW Atlantic and the
East Pacific (CC) and the high theoretical migration rates between North
Atlantic and CC may reflect the past direct connection between the
ocean basins. Migration of planktonic taxa can be considered to be
primarily driven by ocean currents (Cowen and Sponaugle, 2009).
Before the closure of the Central American Seaway, the current flow
migration between basins would have been from the Pacific into the
Atlantic through this passage. At that time, the weak flux from the Pacific
into the Indian Ocean (Schneider and Schmittner, 2006) and from the
North to South Atlantic (Maier-Reimer et al., 1990) might have resulted
in the relative isolation of the Indian Ocean. This would explain the high
proportion of individuals in the South Africa sample with private
haplotypes, despite its low Hq and the high differentiation of the South
Africa station compared to others. Water flow from the Pacific into the
Indian Ocean would have increased after the closure of the Isthmus of
Panama (Fig. 5), when the net flux from the Pacific into the North
Atlantic was only through the Indonesian Archipelago and the Indian
Ocean (Schneider and Schmittner, 2006). This would match with the
relatively strong migration rates found from Tabhiti to South Africa and
from South Africa into the North Atlantic, when there was no flow of
migrants between the Atlantic and the Pacific Oceans.

4.3. A historical view of pelagic biogeography

Before the closure of the Isthmus of Panama, the flow from the
Pacific into the Atlantic would have maintained the connections
between conspecific planktonic populations from the Atlantic and the
Pacific Oceans through the Central American Seaway (Fig. 5). The
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connection through the Southern Hemisphere via the Indonesian
Archipelago would have been weaker. After 15 Mya, the processes
that originated the Isthmus of Panama began, filling the gap
completely about 3.5 Mya. But much earlier, around 4.6 Mya, the
currents were definitively changed (Fig. 5). For epiplanktonic species
without a cosmopolitan distribution, this would have meant the
separation of the species’ continuous range into two disjunct regions,
with populations then becoming genetically isolated. The closure of
the Central America Seaway also interrupted the direct contact
between Atlantic and Pacific populations of cosmopolitan species.
However, the connection for those species was maintained from the
Pacific to the Indian and from the Indian to the Atlantic Oceans, with
the enhanced flow through the Indonesian Archipelago, and the
contact and genetic integrity of the species persisted throughout the
global range.
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