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INTRODUCTION

Flow through Bering Strait into the western Arctic
Ocean is predominantly northward (Coachman et al.
1975). In the summer, this flow carries large quantities
of phytoplankton (Springer & McRoy 1993) and zoo-
plankton (Springer et al. 1989), as well as nutrients
(Coachman et al. 1975), into the Chukchi Sea. This
biotic and geochemical influx fuels the highly produc-
tive ecosystem of the southern Chukchi Sea shelf
(Grebmeier et al. 1988, Springer & McRoy 1993).

The flow through Bering Strait is composed of 3
types of water (Coachman et al. 1975) (see Fig. 1).
Anadyr Water, which flows along the western side of
the strait, originates at the shelf break of the Bering
Sea and is relatively cool and nutrient rich. Alaskan
Coastal Water, which flows northward along the east-

ern side of the strait, is strongly influenced by fresh-
water runoff, making it relatively fresh, warm and low
in nutrients. Bering Shelf Water, which transits the
strait between Anadyr and Alaskan Coastal waters,
has characteristics intermediate to the latter 2 water
types. Anadyr and Bering Shelf waters merge shortly
after passing through Bering Strait and are collectively
referred to as Bering Sea Water, whereas the Alaskan
Coastal Water remains recognizable as it travels along
the coast of Alaska in the Alaskan Coastal Current
(Coachman et al. 1975).

Some quantity of Bering Sea Water travels north-
ward in the Alaskan Coastal Current (Woodgate &
Aagaard 2005), while the bulk of this water fans out
northward over the Chukchi Shelf (Windsor & Chap-
man 2002) and is channelled according to bottom
topography along 3 different exit routes from the
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Chukchi Sea (Weingartner et al. 2005, Woodgate et al.
2005). Two of these exit routes follow the shelf breaks
of the Chukchi and Beaufort Seas eastward to the
Canada Basin (Pickart et al. 2005). The coastally bound
Alaskan Coastal Current also flows eastwards towards
the Beaufort Sea (Mountain et al. 1976); both the
Bering Sea and Alaskan Coastal waters have been
detected along the shelf break of the Beaufort Sea, east
of Point Barrow (Nikolopoulos & Pickart in press).
These pathways are all potential routes for penetration
of southern flora and fauna into Arctic waters.

The biomass of zooplankton transported through
Bering Strait peaks in mid-summer (Springer et al.
1989, Piatt & Springer 2003). Each of the 3 types of
water that pass through Bering Strait carries a different
contingent of zooplankton northward into the Chukchi
Sea. Oceanic copepods such as Neocalanus cristatus,
Neocalanus plumcris, Metridia pacifica and Eucalanus
bungii predominate in Anadyr water, and Acartia lon-
gerimis and Pseudocalanus spp. predominate in
Alaskan coastal water (Springer et al. 1989). Calanus
marshallae is reported to be the dominant copepod
transported through Bering Strait (Springer et al. 1989)
in Bering Shelf Water. C. marshallae (Frost 1974), E.
bungii and N. cristatus (Hopcroft et al. 2005), as well as
M. pacifica (Ashjian et al. 2003), have been observed

in Arctic waters beyond the immediate
environs of Bering Strait. Calanus
glacialis is an ecologically important
Arctic copepod that is also found on the
Bering Sea shelf and along the western
Pacific continental shelf as far south as
the Sea of Okhotsk (Jaschnov 1970,
Frost 1974). Transport of C. glacialis
from the Bering Sea into the Arctic has
not been documented to date because it
is morphologically indistinguishable
from C. glacialis of the Arctic.

Calanus glacialis is considered to be
a shelf-associated copepod, with its
greatest abundance and productivity in
shelf break/slope waters at 50 to 1000 m
in depth (Kosobokova & Hirche 2001,
Ashjian et al. 2003). The duration of the
life cycle of C. glacialis has been ob-
served to be either 1 yr (Grainger 1961,
Safronov 1984, Smith et al. 1985) or 2 yr
(Tande et al. 1985, see Conover 1988).
Egg production begins in spring as ani-
mals ascend from depth to graze on ice
algae and phytoplankton (Conover
1988, Hirche 1998). Observations sug-
gest that water of at least 100 m depth
may be required for overwintering (see
Hirche 1991, Conover & Sieferd 1993,

Ashjian et al. 2003), and it is not known whether over-
wintering can occur successfully in water <100 m
deep.

In the present work we examined the genetic varia-
tion of populations of Calanus glacialis found in the
Pacific, Arctic and Atlantic Oceans, in order to explore
the ecological and evolutionary coupling between
populations of the species found in different regions.
Genetic divergence of C. glacialis in the Pacific and
Arctic Oceans may have been promoted by the pre-
dominant 1-way flow through the Bering Strait, as well
as by periodic closures of the Bering Strait during the
Pleistocene. We therefore placed particular emphasis
on the examination of populations found in the north-
ern Bering Sea and western Arctic Ocean. With infor-
mation regarding genetic heterogeneity of the species
across the Pacific–Arctic boundary, we hope to be able
to delimit the penetration of C. glacialis from the
Pacific Ocean into Arctic waters. This would contribute
to a better understanding of the ecological impact of
expatriates in the Arctic. This approach may also prove
to be a sensitive tool for monitoring for northward
range expansion of Pacific C. glacialis associated with
climate change. Here we have provided a genetic
baseline, which could be used for such monitoring pur-
poses.
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Fig. 1. Pathways of currents and oceanographic features of the northern Bering
Sea and western Arctic Ocean. Heavy lines indicate general pathways taken by
currents flowing from the Bering Sea into the western Arctic Ocean. Currents
depicted are (from west to east): Anadyr (AN), Bering Shelf (BS), and Alaskan
Coastal (AC). Also depicted is the Beaufort Gyre (dashed line) centered over the
Canada Basin and the area of formation of eddies along the shelf break of the

Chukchi and Beaufort Seas
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MATERIALS AND METHODS

Mixed zooplankton samples were collected by verti-
cal net hauls with either a 335 or 236 µm net (see
Table 1, Fig. 2) and were preserved in 95% ethanol, as
well as 10% buffered formalin, for most net hauls. The
geographical range of Calanus glacialis partially over-
laps the range of the morphologically similar congener
C. marshallae on the Bering Sea Shelf and in the Bering
Strait region (Frost 1974). In tows from these stations,
we discriminated between these 2 species, first by
working from the formalin-preserved samples and as-
sessing the relative size of the accessory photoreceptor
and prosome length according to Frost (1974), to deter-
mine whether C. marshallae was present. Presence and
prosome size of C. marshallae were noted, and this in-
formation was used to pick C. glacialis individuals from
the corresponding ethanol-preserved sample. In some
of the samples we examined from the eastern Arctic,

there is the potential that C. glacialis were found to-
gether with the congener C. finmarchicus; these 2 spe-
cies were distinguished according to Fleminger &
Hulsemann (1977) and Hirche et al. (1994).

As an independent check of our taxonomic work on
samples potentially containing Calanus marshallae and
C. glacialis, we determined the DNA sequence of the
16S gene (see methods below) of 13 specimens of C.
marshallae from a southerly sample in which we did not
observe any C. glacialis. Out of these 13 individuals, 12
had a sequence identical to that published for C. mar-
shallae (Bucklin et al. 1995). We observed this se-
quence in a total of 2 individuals, 1 each found in the
samples BD7 and UTBS5; these samples were collected
where it is likely that C. marshallae and C. glacialis co-
occur. These individuals may have been misidentified
individuals of C. marshallae and were removed from
further analysis. This analysis indicates that overall our
taxonomic work is accurate.

131

Sampling N Stn Region Ship Date Lat. ° N Long.° W Plankton net Tow depth Bottom depth
site (m/d/yr) meshsize (µm) (m) (m)

1 18 SLIP1 BS SWL 7/15/2002 62 00.67 175 03.59 236 082 0096
2 21 SLIP5 BS SWL 7/15/2002 62 33.72 173 33.33 236 050 0069
3 20 BCS6 BS SWL 7/16/2002 63 51.01 172 23.54 236 040 0045
4 17 UTBS5 BS SWL 7/16/2002 64 40.03 169 55.23 236 040 0048
5 13 UTN1 SECS SWL 7/17/2002 66 42.64 168 23.92 236 030 0034
6 09 BD6 SECS SWL 7/18/2002 69 11.91 166 08.74 236 026 0031
7 10 CKS1 SECS SWL 7/19/2002 70 37.02 161 05.69 236 025 0029
8 09 IT1 SECS SWL 7/19/2002 70 41.17 160 42.66 236 035 0040
9 05 BD7 SECS SWL 7/20/2002 71 09.69 158 23.38 236 044 0049
10 06 IT3 CB SWL 7/22/2002 70 39.60 149 54.00 236 015 0017
11 09 IT5 CB SWL 7/22/2002 70 06.93 142 46.71 236 020 0024
12 15 IT11 CB SWL 7/27/2002 70 38.96 127 42.62 236 100 0115
13 14 IT27 CAA SWL 8/10/2002 68 26.77 111 25.46 236 100 0120
14 17 S11 LS-BB SIV 7/22/2002 61 07.00 064 09.00 335 100 0270
15 11 S20 LS-BB SIV 8/8/2002 70 46.00 061 37.00 335 100 1625
16 11 S26 CAA SIV 8/25/2002 73 30.00 090 43.00 335 100 0198
17 10 S29 CAA SIV 9/2/2002 70 54.00 097 08.00 335 100 0120
18 19 NW1 CB LSL 8/9/2002 75 59.10 156 52.15 236 100 0850
19 19 AL10 CB LSL 8/20/2002 73 29.28 136 59.60 236 100 3170
20 14 SB1 CB LSL 8/23/2002 72 35.15 140 59.78 236 100 3220
21 14 SB3 CB LSL 8/25/2002 74 13.91 148 22.35 236 100 3850
22 10 NW8 CB LSL 8/27/2002 76 46.60 148 57.49 236 100 3880
23 14 LS19 CB LSL 8/20/2003 79 08.81 159 54.37 236 100 3010
24 22 LS20 CB LSL 8/21/2003 80 00.77 150 00.33 236 100 3660
25 11 LS23 CB LSL 8/23/2003 078 0.33 149 54.90 236 100 3823
26 10 LS26 CB LSL 8/25/2003 77 00.79 145 00.78 236 100 3757
27 10 LS27 CB LSL 8/26/2003 76 59.23 140 06.08 236 100 3675
28 13 HC11 CB MIR 9/7/2004 74 29.65 158 02.50 100 100 1500
29 14 HRC6 NCS MIR 9/9/2004 75 00.00 172 00.00 100 200 0380
30 11 MRE4 NCS MIR 9/11/2004 75 27.00 178 4.800 100 331 1083
31 13 MRW3 NCS MIR 9/12/2004 75 46.80 179 4.200 100 300 1100
32 13 CAPE3 NCS MIR 9/13/2004 75 39.00 170 25.20 100 200 1250
33 23 CBN05 CB MIR 9/21/2004 74 00.00 152 00.00 100 300 3900

Table 1. Information for each sample site. Numbers for sampling sites refer to sites shown in Fig. 2. SWL: CCGS ‘Sir Wilfrid Lau-
rier’; SIV: ‘Sedna IV’; MIR: RV ‘Mirai’; LSL: CCGS ‘Louis S. St. Laurent’; BS: Bering Shelf; SECS: southeastern Chukchi Sea; 

CB: Canada Basin; LS-BB: Labrador Sea–Baffin Bay; CAA: Canadian Arctic Archipelago; NCS: northern Chukchi Sea
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DNA was extracted by incubating individual zoo-
plankters in 100 µl of 10% Chelex-100 (Bio-Rad), 0.2%
SDS and 0.4 mg Proteinase K ml–1 for 2 h at 55°C, then
at 95°C for 15 min. A segment of the mitochondrial 16S
rRNA gene was amplified and sequenced with the
primers 16sarRNA (5’ CGCCTGTTTAACAAAAACAT
3’) (Palumbi & Benzie 1991) and 16sb2rRNA (5’ ATT
CAACATCGAGGTCACAAAC 3’) (Lindeque et al.
2005). Sequencing was carried out with an Applied
Biosystems 3700 sequencer. The computer program
PHRED/PHRAP (Ewing & Green 1998) was used for
assembly of individual contigs from forward and re-
verse sequences, and CONSED (Gordon et al. 1998)
was used to check the individual consensus sequences.
Comparison and trimming of each individual consen-
sus sequence was carried out with SEQMAN 5.05,
DNAstar Inc.. The DNA sequences reported here are
deposited in GenBank (Accession Numbers EU302866
–EU302988 and FJ628356–FJ628359).

For the genetic analysis, several different computer
programs were utilized. DnaSP 4.10.09 (Rozas et al.
2003) was used to compute average number of nucleo-
tide differences and format data for input into ARLE-
QUIN 3.11 (Excoffier et al. 2005). ARLEQUIN was also
used to compute haplotype frequencies and diversities,
conduct pairwise tests of genetic differentiation, as well
as to perform analysis of molecular variance (AMOVA)
(Excoffier et al. 1992). In the AMOVA, frequency differ-
ences and Jukes & Cantor (1969) molecular distances
between haplotypes were taken into consideration to
calculate distribution of genetic variance within samples,
between groups of samples, and within groups to test
different hypotheses of genetic structure. For the

AMOVA, samples were grouped regionally as follows:
Bering Sea Shelf (BS) Samples 1 to 4; southeastern
Chukchi Sea (SS) Samples 5 to 9; northern Chukchi Sea
(NCS) Samples 29 to 31; Canada Basin (CB) Samples 10
to 12, 18 to 28, 33); Canadian Arctic Archipelago (CAA)
Samples 13, 16, 17; Labrador Sea-Baffin Bay (LS-BB)
Samples 14 and15. In this analysis FST was taken to be
analogous to Weir & Cockerham’s (1984) φCT as reported
by ARLEQUIN. Regional pairwise differentiation tests
were performed with ARLEQUIN by pooling individual
samples of each region as defined above. Pairwise FST

among regions along with associated p-values were also
calculated. A 95% parsimony haplotype network, repre-
senting the relationship between haplotypes was con-
structed using the program TCS (Clement et al. 2000).
Visualization of the geographical distribution of genetic
variation was created by superimposing pie charts upon
a map of the study region. To simplify this figure, low fre-
quency haplotypes were pooled according to their rela-
tionship to Haplotype H1 or H2, as suggested by the
parsimony network. Haplotypes were pooled and dis-
played as follows: H2 lineage — H2, H6, H8, H13, H20;
H1 lineage — H1, H3, H4, H5, H9, H10, H11, H16, H18,
H19, H21, H22, H23, H24, H25, H26. Haplotypes H7,
H12, H14, H15 and H17 could not be unambiguously
pooled into either lineage.

RESULTS

We determined the sequence of 271 base pairs of the
16S ribosomal RNA gene of 443 Calanus glacialis from
the North Atlantic, Arctic and North Pacific Oceans.
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Fig. 2. Location of sampling sites. Dots indicate where samples were collected, and numbers adjacent to the dots refer to sam-
ples in Table 1. BS: Bering Sea; CS: Chukchi Sea; CB: Canada Basin; CAA: Canadian Arctic Archipelago; BB: Baffin Bay; 

LS: Labrador Sea
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(Fig. 2, Table 1). In the entire sample set, we found
23 polymorphic sites defining 26 haplotypes (Table A1,
available in MEPS Supplementary Material, www.
int-res.com/articles/suppl/m381p129_app.pdf), with an
average number of nucleotide differences of 0.55. The
majority of individuals carried 1 of 2 haplotypes, H1
found in 309 cases and H2 found in 95 cases; these
haplotypes differed at 1 nucleotide site. The other 25
haplotypes were found at much lower frequencies,
with 19 of them observed only once (Table A1). Within
the samples, haplotype diversity ranged from 0.0 to
0.58, with 9 samples having a haplotype diversity of 0.0
(Table A2, available at www.int-res.com/articles/suppl/
m381p129_app.pdf).

Haplotype frequencies were calculated for each
sample (Table A2). Haplotype H1 was found in every
sample, with frequencies ranging from 0.11 to 1.0.
Haplotype H2 was observed at a relatively high fre-
quency (0.6 to 0.77) in samples collected in the north-
ern Bering Sea and the southeastern Chukchi Sea
(Samples 1 to 9; Fig. 2, Table A2). Haplotype H2 was
observed at a lower frequency (0.25 to 0.05) in 4 out of
the additional 24 samples examined. These samples
were clustered in the Canada Basin north of Point Bar-
row. The third most abundant haplotype, H14, was ob-
served in a total of 9 cases across a broad area, includ-
ing the Canada Basin, on the Beaufort shelf and in the
northern Chukchi Sea region, but it was never ob-
served in the Bering or southeastern Chukchi Seas.

With AMOVA it is possible to deter-
mine the correspondence of genetic
variation with regional geographical
groupings of samples. This allows for
assessment of the extent of population
distributions. To test the hypothesis of
advection of Calanus glacialis into the
Arctic from the Bering Sea, 3 AMOVAs
were performed (Table 2). When sam-
ples were grouped regionally, an FST of
0.29 (p < 0.01) was calculated. To test
for advection of C. glacialis from the
Bering Sea into the Chukchi Sea, sam-

ples from these regions were grouped; AMOVA in this
instance produced an FST of 0.27 (p < 0.01). As a further
refinement of the advection hypothesis, the northern
Chukchi Sea samples were removed from the Bering–
Chukchi group for the third AMOVA; in this case, FST

was 0.47 (p < 0.01), the highest value seen, suggesting
that this grouping most accurately reflected the
genetic relationship between the samples.

To further explore the genetic relationship among
different regions, individual samples were pooled
within regions to carry out pairwise differentiation
tests and calculate FST between them (Table 3). In the
differentiation tests, the null hypothesis of genetic
homogeneity could not be rejected between the Bering
Sea and the southeastern Chukchi Sea, but every pair-
wise test was rejected between these 2 regions and all
others. Similarly, the FST value between the Bering Sea
and the southeastern Chukchi Sea was not significant,
while between these regions and all others FST values
were statistically significant. For both the Bering and
southeastern Chukchi Seas, the lowest pairwise FST

value detected was with the Canada Basin. These
results confirm that samples of Calanus glacialis from
the Bering and southeastern Chukchi Seas are likely
drawn from the same population, as suggested by
AMOVA, and that there is reproductive isolation be-
tween C. glacialis from the Pacific and Arctic Oceans.

The hypothesis of a unique population of Calanus
glacialis being advected into the Arctic through Bering
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BS SECS NCS CB CAA LS-BB

BS – 0.76 <0.001 <0.001 <0.001 <0.001
SECS 0.00 – <0.001 <0.001 <0.001 <0.001
NCS 0.60 (<0.01) 0.68 (<0.01) – 0.97 0.34 0.35
CB 0.50 (<0.01) 0.54 (<0.01) 0.03 (0.01) – 0.87 0.76
CAA 0.60 (<0.01) 0.68 (<0.01) 0.00 0.037 (0.03) – 0.56
LS-BB 0.54 (<0.01) 0.60 (<0.01) 0.00 0.01 (0.16) 0.00 –

Table 3. Pairwise differentiation test and pairwise FST between regionally
pooled samples. Pairwise differentiation test is shown above the diagonal, while
pairwise FST is shown below the diagonal. Region abbreviations, see Table 1

Structure No. of groups Variance component FST
Within sites Among sites Among groups (probability of Ho)

(within group)

Regional
BS \ NCS + SECS \ CB \ CAA \ LS-BB 5 0.169 0.042 0.09 0.29 (<0.01)

Advection with Pacific water
BS + NCS + SECS \ CB \ CAA \ LS-BB 4 0.169 0.050 0.08 0.27 (<0.01)

Advection Alaskan coast
BS + SECS \ NCS \ CB \ CAA \ LS-BB 5 0.169 0.003 0.17 0.47 (<0.01)

Table 2. Hierarchical FST analysis (AMOVA) of population structure. Region abbreviations are given in Table 1. Ho: observed 
heterozygosity

http://www.int-res.com/articles/suppl/m381p129_app.pdf
http://www.int-res.com/articles/suppl/m381p129_app.pdf
http://www.int-res.com/articles/suppl/m381p129_app.pdf
http://www.int-res.com/articles/suppl/m381p129_app.pdf
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Strait can be explored by considering the prevailing hy-
drographic conditions where the samples were col-
lected, keeping in mind the reported swimming speed
of 0.74 cm s–1 for a copepod of comparable size to C.
glacialis (Enright 1977). Samples 1 and 2 were collected
in water <100 m deep (Figs. 1 & 2), where the north-
ward flow has been reported to be as high as 10 cm s–1

(Schumacher et al. 1983, Clement et al. 2005). These
samples had Haplotype H2 frequencies of 0.61 and
0.62, respectively. Sample 3, collected in 45 m of water
in the Anadyr Strait, where flows of up to 40 cm s–1 have
been reported (Coachman 1993), had a Haplotype H2
frequency of 0.75. Sample 4, which was collected in
water 48 m deep with a typical northward current of 20
to 30 cm s–1 (Coachman 1993), had a Haplotype H2
frequency of 0.77.

North of Bering Strait, Sample 5 was collected in
34 m of water and had a Haplotype H2 frequency of
0.77. This region is dominated by Pacific water (Fig. 1),
with northward flows that are 20 cm s–1 on average
(Coachman et al. 1975). Samples 6 to 9 were collected
in water <50 m deep, north of Bering Strait, along the
coast of Alaska, where Pacific water is known to flow at
speeds of approximately 15 cm s–1 (Fig. 1) (Mountain et
al. 1976, Aagaard 1984). These samples had Haplotype
H2 frequencies of 0.67, 0.70 and 0.78 and 0.6, respec-
tively. In summary, the distribution of Haplotype H2
interpreted along with prevailing hydrographic condi-
tions indicates that south to north advection underlies
the pattern observed.

Four additional samples contained Haplotype H2.
These 4 samples (18, 22, 28 and 33) are found in the
Canada Basin, where newly arrived Pacific water has
been observed (Manley & Hunkins 1985, Pickart et al.
2005, Sumata & Shimada 2007).

Samples 29 through 32 were collected in the north-
ern Chukchi Sea. Haplotype H2 was not observed in
these samples. The null hypothesis of genetic homo-
geneity could not be rejected between Calanus glaci-
alis from this region when tested against the Canada
Basin, Canadian Arctic Archipelago and Baffin Bay–
Labrador Sea regions (Table 3), but the pairwise FST

value indicated some genetic distinction between the
northern Chukchi Sea and Canada Basin.

Out of 63 individuals collected in the Canadian Arc-
tic Archipelago, Baffin Bay and Labrador Sea, 61 were
Haplotype H1 and 2 had unique haplotypes. In re-
gional analyses (Table 3), the null hypothesis of ge-
netic homogeneity could not be rejected between the
Canada Basin and either the Canadian Arctic Archi-
pelago or Baffin Bay–Labrador Sea regions. However,
the FST value calculated between the Canada Basin
and the Canadian Arctic Archipelago was statistically
significant. When the low frequency haplotypes were
pooled as a class and pairwise differentiation tests

were conducted, the hypothesis of genetic homogene-
ity was rejected between the Canada Basin and the
Canadian Arctic Archipelago (p = 0.038), but it was not
rejected between the Canada Basin and Baffin Bay–
Labrador Sea regions (p = 0.41).

A 95% parsimony haplotype network representing
the relationship between haplotypes suggested the
existence of 2 lineages, one typified by Haplotype H1
and the other by Haplotype H2 (Fig. 3). One haplotype
(H15) could not be placed into the parsimony network.
Visual inspection of the geographical distribution of
these lineages, displayed by pie charts superimposed
on the study region, showed widespread distribution of
the H1 lineage, and a concentration of the H2 lineage
in the northern Bering and southeastern Chukchi Seas,
with a low frequency distribution in the Canada Basin
north of Point Barrow (Fig. 4).

DISCUSSION

The relatively high frequency of Haplotype H2 south
of Bering Strait indicates that Calanus glacialis in the
Bering Sea and Arctic Ocean are genetically distinct.
Because the currents in the northern Bering Sea and
Bering Strait are primarily northward (Schumacher et
al. 1983, Clement et al. 2005) and exceed the speed at
which C. glacialis can swim (Enright 1977), it is likely
that the animals we collected in the southeastern
Chukchi Sea were advected from the northern Bering
Sea through Bering Strait. The AMOVA, pairwise dif-
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Fig. 3. Parsimony network. Each circle represents a unique
haplotype. Numbers within each circle refer to Table A1 (Sup-
plementary Material, available at www.int-res.com/articles/
suppl/m381p129_app.pdf). Colours indicate the manner in
which each of the haplotypes was pooled for display in Fig. 4
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ferentiation tests and the analysis of FST indicate that
samples of C. glacialis from the northern Bering Sea
and from the southeastern Chukchi Sea are drawn
from the same population. The presence of both the H1
and H2 lineages in the northern Bering and southeast-
ern Chukchi Seas may be due to mixing of the Arctic
and Pacific populations due to occasional wind-driven
southward flow through Bering Strait (Coachman &
Aagaard 1988, Roach et al. 1995, Weingartner et al.
1999). Alternatively, the H1 and H2 lineages may co-
exist in the Pacific Ocean. A similar phylogenetic
break between Pacific and Arctic populations of the
planktonic protist Neogloboquadrina pachyderma was
detected by Darling et al. (2007), although these
authors found no representation of the Pacific type in
Arctic waters.

Haplotype H2 was found at low frequencies in 4
samples collected north of Point Barrow in the Canada
Basin; this represents the deepest penetration of Be-
ring Sea Calanus glacialis into the Arctic that we de-
tected. Copepods were likely transported with Pacific
water to this location in wind-driven flows, such as pro-
posed by Sumata & Shimada (2007), or via shelf-break
eddies entrained in the Beaufort Gyre (Manley & Hun-
kins 1985, D’Asaro 1988, Pickart et al. 2005, Spall et al.
2008) (see Fig. 1). Llinas et al. (2009) found Pacific zoo-
plankton in a cold-core eddy in the same general area
where we observed Haplotype H2 in the Canada
Basin; this is consistent with our observations and indi-
cates eddy-mediated transport. It is likely that both of
these mechanisms play a role in transporting Pacific
zooplankton into the Canada Basin depending on local
currents, winds and ice cover.

The transport time from Bering Strait to Pt. Barrow in
the Alaskan Coastal current is estimated to be approx-
imately 4 mo, based on a current velocity of 10 cm s–1

(Mountain et al. 1976, Aagaard 1984, Woodgate et al.
2005). Transport time for copepods to be carried from
Bering Strait to the furthest of the stations where we
detected Haplotype H2 in the Canada Basin could
range from 8 mo to >1 yr. In laboratory experiments,
Calanus glacialis survived 9 mo under starvation con-
ditions (Hirche & Bohrer 1987). Although it is difficult
to compare laboratory conditions to those found in
nature, it is not unreasonable to assume that C.
glacialis from the northern Bering Sea may be able to
survive for 8 mo or more (perhaps with some feeding)
and be transported into the Canada Basin.

The presence of Haplotype H2 along pathways of
Pacific water in the Arctic and the lack of Haplotype
H2 in the majority of the Arctic samples indicates that
Bering Sea Calanus glacialis is not reproductively
established in the Arctic. Plourde et al. (2005) found
that, generally, reproduction was strong among Cala-
nus glacialis/marshallae (they did not separate these 2
species in their study) associated with Pacific water in
the Arctic. Presumably then, C. glacialis that is ad-
vected through Bering Strait with Pacific water has the
potential to encounter conditions conducive to survival
of the species, yet Haplotype H2 was not observed in
the majority of the C. glacialis specimens from the Arc-
tic that we genotyped.

The Chukchi shelf may be a partial barrier to the
passage of Calanus glacialis from the Bering Sea into
the Arctic. The specific overwintering requirements of
the species are not known, but observations suggest
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Fig. 4. Geographical distribution of lineages. Pie charts placed at the location where the samples were collected show the fre-
quency of the H1 lineage (blue) and of the H2 lineage (red). Haplotypes that could not be placed unambiguously into either of the
H1 or H2 lineages are shown in colours as depicted in Fig. 3. Numerals adjacent to pie charts refer to sample numbers in Table 1
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that water of at least 100 m depth may be required (see
Hirche 1991, Conover & Sieferd 1993, Ashjian et al.
2003). If this is the case, the Chukchi shelf, which is
<100 m deep, does not provide suitable overwintering
habitat. High winter mortality here would inhibit the
establishment of Bering Sea C. glacialis in the Arctic
simply by reducing the number of invading animals. In
a similar manner, high winter mortality on the shallow
Bering Sea Shelf may promote reproductive isolation
of Arctic and Pacific populations if animals most suc-
cessfully overwinter and reproduce in the deeper
water of the southern Bering Sea. Seasonal ice cover
makes it difficult to collect information regarding the
overwintering habitat of C. glacialis; however, it is
clear this knowledge is of vital importance to under-
standing the ecology and evolution of this species in
the northern Pacific and western Arctic Oceans.

The connection between the Pacific and Arctic
Oceans is thought to have opened approximately
5.32 million years ago (Gladenkov et al. 2002), making
the Arctic Ocean a transit route for biotic exchange
between the Atlantic and Pacific Oceans (Vermeij
1991, Lindstrom 2001, Nikula et al. 2007, Reid et al.
2007). Since this connection was first established, it has
been disrupted multiple times due to the rise and fall of
the sea level during the glaciations of the Pleistocene
epoch (1.8 million to 11.8 thousand years ago). This
promoted independent evolutionary trajectories of
Atlantic and Pacific taxa, leading to their vicariant spe-
ciation (Grant & Stahl 1988, Collins et al. 1996).

The glacial events of the Pleistocene may have re-
stricted gene flow between Calanus glacialis in the
Pacific and Arctic Oceans, leading to the genetic diver-
gence we observe here. One-way migration due to the
predominant northward flow through Bering Strait
may have also promoted genetic divergence in the past
and may continue to do so. By whatever mechanism it
is caused, isolation may have allowed for adaptation of
Pacific populations to their local conditions, resulting
in low fitness of southern animals in Arctic waters. This
may be contributing to the failure of C. glacialis from
the Bering Sea to become established in Arctic waters.

We did not observe Haplotype H2 among the Cala-
nus glacialis sampled at 4 sites in the northern Chuk-
chi Sea, where Bering Sea Water is detectable (Wein-
gartner et al. 2005). Assuming a speed of 5 cm s–1

across the Chukchi Shelf (Woodgate et al. 2005), trans-
port to this area from Bering Strait is estimated at
approximately 8 mo. Maladaptation to Arctic condi-
tions or high winter mortality on the shelf may have
prevented C. glacialis from the Bering Sea to travel to
this location in numbers sufficient to be detected by
our sampling.

Every Bering Sea Calanus glacialis is advected
through Bering Strait, ensuring its continuing presence

in Arctic waters, but these animals appear to play only
a transient ecological role. Advected copepods are
likely to be most viable when first entering into the
Arctic. As they penetrate further into Arctic waters,
their viability may decline due to differences between
their native and new habitats. Because of this, they will
play an increasingly passive ecological role, to be con-
sumed or die, rather than grazing, excreting and repro-
ducing. Thus, the food-web and carbon-cycling
impacts of expatriates will change as they are trans-
ported further into a habitat for which they are not
adapted. This effect may contribute to the mismatch
between primary production and grazing zooplankton
in the southern Chukchi Sea region (Springer &
McRoy 1993), which results in a large quantity of
carbon export to the benthos due to the sinking
of unconsumed phytoplankton biomass (Grebmeier et
al. 2006a).

The 16S mitochondrial RNA gene is not typically
used for examination of intraspecific population differ-
entiation, because it generally does not show a large
amount of genetic variability within a species. Al-
though we observed only low levels of genetic varia-
tion in this study, the geographical distribution of the
variation we detected is clearly non-random and sup-
ports the interpretation of genetic divergence between
Calanus glacialis of the Pacific and Arctic Oceans.
Because of the low levels of genetic variation we
detected, our ability to test for finer scale population
divergence is limited. For instance, our results regard-
ing genetic differentiation between the Canada Basin
and the northern Chukchi Sea and regions to the east
are somewhat equivocal. A more variable genetic
marker should be used to explore questions of finer
scale population genetic structure. Our observation of
a unique population of C. glacialis in the Bering Sea
raises questions concerning the evolutionary history of
this population with regard to that of C. glacialis of the
Arctic and that of the congener C. marshallae. Again,
the low overall variation detected here limits our con-
clusions in this regard. However, this topic is of vital
interest, and we are currently increasing our genomic
coverage to more exhaustively explore this evolution-
ary relationship.

There is increasing evidence of change in both the
physical environment and the ecology of the Arctic
(Symon et al. 2005). The most dramatic of these
changes is the reduction in the extent, duration and
thickness of Arctic sea ice over the last few decades
(Serreze et al. 2007). This will generally lead to oceanic
conditions resembling those found further south, which
will likely foster the establishment of Bering Sea
Calanus glacialis and other Pacific endemics in the Arc-
tic Ocean. A northward shift in benthic community
structure has been observed in the Being Sea (Greb-
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meier et al. 2006b), which may foreshadow a similar
shift in pelagic organisms in the Chukchi Sea. The
adaptive divergence between C. glacialis from the
Bering Sea and the Arctic Ocean may not be as great as
that between Pacific and Arctic endemic species. Be-
cause of this, a relatively small alteration in oceanic
conditions in the Arctic could result in a northward
range expansion of C. glacialis from the Bering Sea.
The genetic results we have presented here provide a
baseline and a survey method for monitoring the stabil-
ity of the Arctic–Pacific pelagic ecosystem boundary.
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