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COPEPODA: BIOLOGY AND ECOLOGY

Phylogeography of the copepod Acartia hudsonica
in estuaries of the northeastern United States
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Abstract Copepods of the genus Acartia dominate
zooplankton assemblages in northwestern Atlantic
estuaries, many of which originated after the last
glacial maximum 10,000-18,000 years ago. Acartia
hudsonica occurs, at least seasonally, in estuaries
from Chesapeake Bay to Labrador/Newfoundland.
We sequenced the mitochondrial gene Cytochrome B
(CytB) of 75 individuals of A. hudsonica from 26
estuaries from New Jersey to Maine, covering four
biogeographic regions, and 11 individuals of Acartia
tonsa from four of these estuaries in the southern part
of the sampling range. A. hudsonica exhibited
exceptionally high intraspecific DNA sequence var-
iation. Uncorrected p-distances between sequences
ranged from 0.3 to 31%. Five highly divergent
sequence groups differed in frequencies across
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populations and biogeographic regions. One sequence
group dominated northern localities, and two
sequence groups were found at intermediate to high
frequencies in two southern biogeographic regions.
Ages of the sequence groups were estimated to be 11,
13, 30, and 37 million years, by applying a molecular
clock calibrated by divergence in Alpheus snapping
shrimps across the Isthmus of Panama. These ages
were compared with independent biogeographic
paleoceanographic data, and may have coincided
with periods of global climate change over the past
40 MY.

Keywords Acartia hudsonica - Genomics -
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Introduction

Most offshore oceanic plankters exhibit widespread
cosmopolitan distributions and extensive gene flow
because parameters that determine distributions, such
as temperature, salinity, and food concentration, may
be similar over vast geographic distances. Con-
versely, in estuarine embayments, plankton may
remain physically isolated from more offshore pop-
ulations, and retain distinct assemblages more influ-
enced by “embayment” parameters such as low
salinity from runoff, warmer temperatures in summer,
and shallow depth which may influence resting egg
life cycles. If estuarine plankton remain isolated for
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sufficient periods, then reduced gene flow with
conspecific populations of adjacent estuaries would
be expected to increase genetic variability between
populations.

Copepods of the genus Acartia often dominate
mesozooplankton assemblages in estuaries of north-
eastern North America. Two congeners of Acartia
may co-occur in the same estuaries, albeit sometimes
with seasonally offset occurrences, due to different
periods of population dormancy in resting eggs
(Sullivan et al., 2007, and references therein).

Acartia hudsonica Pinhey 1is typically found
between Chesapeake Bay and Cape Cod, mainly
during the colder months of the year. North of Cape
Cod, A. hudsonica occurs year-round, with highest
abundances in summer and fall (Lee & McAlice,
1979). South of Cape Hatteras, A. hudsonica gener-
ally does not occur (Turner, 1981). Although this
species was described in 1926 from the Strait of Belle
Isle between Labrador and Newfoundland, until the
last three decades or so, on the western side of
the North Atlantic, A. hudsonica was confused with
the Eurasian species Acartia clausi (Bradford, 1976).

Acartia tonsa Dana occurs primarily during the
warmer months between Cape Hatteras and Cape
Cod, with year-round presence in estuarine waters
south of Cape Hatteras, but only ephemeral seasonal
occurrence, primarily in summer, from north of Cape
Cod to the Baie-des-Chaleurs, New Brunswick
(Turner, 1981). McAlice (1981) has argued that
occurrences of A. fonsa in estuarine waters north of
Cape Cod are isolated glacial relicts of a population
that was continuous from Cape Hatteras to the
Northumberland Strait (southern Gulf of St. Lawrence)
in warmer waters during post-glacial periods
15,000-5,000 years before present (BP), which sub-
sequently became isolated from source populations to
the south due to rising sea level and continental
cooling by 3,000 years BP. The seasonal reappear-
ance of A. tonsa during summer in warm shallow
embayments is likely due to hatching of resting eggs.
Indeed, A. tonsa occurs in warm shallow waters of
Shediac Bay, New Brunswick, but not further out into
the Northumberland Strait between New Brunswick
and Prince Edward Island (Citarella, 1982).

The Acartia congeners are primarily found in
protected estuarine embayments, rather than in open
coastal waters. When found in coastal or continental
shelf waters, they are less frequent and less abundant
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than in estuaries (Turner, 1994, and references
therein). Possible reasons include requirements for
sufficient temperature and salinity ranges for com-
pletion of naupliar development (Tester & Turner,
1991), and shallow depths to allow completion of
resting egg cycles (Marcus et al., 1994).

The requirement of embayment habitats, coupled
with the fact that northeastern North American
estuaries were recently glaciated, might suggest that
populations of A. hudsonica and A. tonsa are more
isolated, with possibly greater genetic divergence
than in offshore copepods with presumed greater
gene flow. Indeed, Caudill & Bucklin (2004) found
that populations of A. fonsa from four estuaries on the
Atlantic and Gulf of Mexico coasts of the United
States exhibited substantial genetic diversity in DNA
sequence variation of the 16S rRNA gene.

The high diversity within A. tonsa may be related
to its substantial range compression and southern
displacement during glaciations over the last
20,000 years. Estuarine and coastal habitats of east-
ern North America would have been drastically
impacted by recent glaciations (Davis & Shaw,
2001; Lambeck & Chappell, 2001). This might have
caused extinction of numerous estuarine organisms.
In addition, long-lived diapause eggs may have
accumulated in “egg banks” in estuarine sediments
(Marcus et al., 1994), allowing for survival of
multiple ancient lineages of A. fonsa to the south
of glaciated areas. This combination of sequestration
of some lineages from southern egg banks, together
with extinction of intermediate clades in glaciated
estuaries, may have led to deeply diverged lineages
that re-colonized new estuarine habitats as the
glaciers retreated (Caudill & Bucklin, 2004).

The high diversity in estuarine A. fonsa is unlike
the low genetic diversity demonstrated for other
offshore copepods. Calanus finmarchicus appears to
exhibit a single interbreeding population with exten-
sive gene flow throughout the region from the Gulf of
St. Lawrence, through the Gulf of Maine, to Georges
Bank and waters to the west of Georges Bank
(Bucklin et al., 1996).

Although Caudill & Bucklin (2004) examined the
genetic variability of A. fonsa in four estuaries of
the eastern United States, and compared these to
A. hudsonica from a single location (Narragansett Bay),
to our knowledge, there has never been a similar
extensive study of genetic variation in A. hudsonica.
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Since A. hudsonica is primarily found in such
estuaries at temperatures lower than 15-16°C
(Sullivan et al., 2007), the main season when it would
be found throughout most of its present range would be
in winter. Also, since this copepod is usually active in
the plankton in colder waters than its congener A.
tonsa, and has a temperature-dependent diapause egg
cycle that is the seasonal reverse of that in A. fonsa,
the biogeographic history of A. hudsonica in relation
to glaciation might be different from that hypothe-
sized for A. tonsa (Caudill & Bucklin, 2004; McA-
lice, 1981). Accordingly, we sampled 37 embayments
from northeastern Maine to southern New Jersey in
winter, and examined the Cytochrome B mitochon-
drial gene (CytB) from adult female A. hudsonica
which occurred in 35 of these embayments. We also
performed similar analyses on adult females of A.
tonsa which co-occurred in four of these embayments
at the southern end of the sampling range. Our
expectation was that since the embayments we
sampled had only been formed since the last glaci-
ation, and since A. hudsonica are characteristic of
sheltered embayments rather than open coastal
waters, recent isolation in estuaries might cause the
genetic diversity of A. hudsonica to be high compared
to open-ocean copepod species, and that divergence
between populations would be relatively recent.

Methods
Sample collection

Zooplankton samples containing Acartia spp. were
collected from 35 estuarine habitats (Fig. 1) between
northeastern Maine and southern New Jersey during
December 28, 2005-January 20, 2006. Collections
were made with a 333-um mesh net, and preserved in
95% EtOH. Salinity was measured using a refrac-
tometer, and temperature was measured with a
thermometer. Adult females of A. hudsonica, and if
present, A. fonsa were sorted from collections and
retained in 95% EtOH. A. hudsonica were present in
35 of 37 samples, with genetic material sufficient for
sequencing obtained from 26 locations (Fig. 1). A.
tonsa were collected from four locations in Long
Island Sound and New Jersey (Fig. 1). A total of 75
A. hudsonica and 11 A. tonsa females were analyzed.

DNA extraction

DNA was extracted from individual female copepods
with 100 pul of DNAzol® and 2.0 pl of polyacryl-
amide, followed by repeated centrifugation and
aspiration in 100 and 75% EtOH. Pelletized samples
were then dehydrated in a vacuumed centrifuge,
15 pl of TE 10:1 buffer was added, and the samples
were refrigerated for storage.

DNA amplification and sequencing

A 362 base pair segment of CytB was amplified using
the polymerase chain reaction (PCR). This gene was
chosen because it has been shown to be variable at the
population level in copepods (Schizas et al., 1999;
Papadopoulos et al., 2005). For the amplification of
CytB, we used the forward 151F (5-TGTGGRGCNA-
CYGTWATYACTAA-3’) and reverse 270R (5'-AA
NAGGAARTAYCAYTCNGGYTG-3') primers of
Merritt et al. (1998). The Basic Local Alignment
Search Tool (BLAST) algorithm (Altschul et al., 1990)
was used to search the GenBank database for the
closest matches for each sequence (http://www.ncbi.
nlm.nih.gov/blast).

Eighty-six individuals were aligned using MacC-
lade 4.0 (Maddison & Maddison, 2000). A multiple
sequence alignment of 311 base pairs included 75 A.
hudsonica sequences and 11 A. tomsa sequences
(which were missing 33 bases at the 3’ end). The
outgroup FEucalanus bungii (GenBank accession
number ABO091772, bases 4712-4402; Machida
et al.,, 2004), an oceanic calanoid copepod, was
included in phylogenetic analyses. Sample and hap-
lotype sequence information have been submitted to
GenBank (accession numbers FI916905-FJ916931).

Phylogenetic analyses

Population differentiation, and the geographical
pattern of variation were examined by hierarchical
analyses of molecular variance (AMOVA). AMOVA
(Excoffier et al., 1992, 2005) used pairwise compar-
isons to decompose variation into components within
populations, between pairs of populations within
groups, and between pairs of populations between
groups. Fixation indices, or F-statistics, represent the
proportion of each component of variation, relative to
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Fig. 1 Map of the
sampling area with
sampling locations marked
with triangles

(A. hudsonica), and squares
(A. tonsa). Pie diagrams
depict the percent frequency
of sequence types found in
the four areas: Gulf of
Maine (GOM), outer Cape
Cod, the south coast of
Massachusetts and Rhode
Island (CC-SC), Long
Island Sound (LIS), and
New Jersey (NJ). Sample
size (n = number of
individual copepods) in
each of the four areas is
shown next to the pie
diagrams. The five

A. hudsonica sequence
types (I-V) are represented
by the different patterns
referenced in the key. The
A. tonsa sequence group is
not represented in a pie
diagram

total variation (Weir, 1996). Fgr represents the
proportion of variation among populations, Fgsc
represents the proportion of variation among groups,
and Fct represents the proportion of variation among
populations within groups.

Hierarchical likelihood ratio tests were used
to examine similarities and differences between
sequences. These tests (Modeltest 3.6, Posada &
Crandall, 1998) were to determine the appropriate
model of nucleotide substitution. Within the substi-
tution model we used maximum likelihood (ML) and
Bayesian analysis to construct CytB gene genealogies
in PAUP* v4.10 (Swofford, 2003) and MrBayes
(Ronquist & Huelsenbeck, 2003), respectively. The
robustness of clades produced using ML were
evaluated with 100 bootstrap replicates (Felsenstein,
1985). The conditions for the Bayesian analysis were
the following: four independent runs were conducted
with 2 million generations, starting with random
trees, employing four simultaneous chains and sam-
pling every 100th tree. The initial 10% of the
sampled trees were discarded as burn-in before
stationarity was reached. Additional analyses were
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conducted in PAUP, DNAsp 4.10 (Rozas et al,
2003), and MEGA 3.1 (Kumar et al., 2004).

Hierarchical likelihood ratio tests yielded a six-
parameter model with Gamma-distributed rates and a
proportion of invariant sites (GTR + G + I). We
estimated DNA base frequencies (A = 0.26,
C =0.20,G = 0.15, and T = 0.39), substitution rate
ratios of 8.17 for transitions and 2.20 for A < T and
C < G transversions, relative to A < Cand G «— T
transversions, a Gamma-distribution shape parameter
of 1.568, and the proportion of sites invariant to be
0.387. A ML pairwise distance matrix was generated
for use in population analyses and to estimate
divergence times through the application of a
molecular clock.

Divergence times between sequence groups were
estimated using a rate of 2.25% difference per million
years (2.25%/MY) for CytB. This rate was based on
1.4%/MY for cytochrome oxidase subunit I (COI) of
snapping shrimps (Alpheus spp.) (Knowlton & Weigt,
1998), multiplied by 1.61 from estimates of substi-
tution models and rates from the Calanus helgo-
landicus and Calanus euxinis data of Papadopoulos
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et al. (2005), in which some individuals of haplotypes
H6 and H7 were sequenced at both CytB and COL.

Results

The 75 individual A. hudsonica sequenced at the
CytB gene were sampled from 26 locations from New
Jersey to Maine, which spanned portions of two
biogeographic provinces, separated by Cape Cod
(Ekman, 1953). All but the southernmost portion of
our sampling range was glaciated during the last
glacial period. Thus, we sampled estuarine popula-
tions from four regions: (1) New Jersey (NJ in
Fig. 1); (2) Long Island Sound (LIS in Fig. 1);
(3) outer Cape Cod, the south coast of Massachusetts
and Rhode Island (CC-SC in Fig. 1); and (4) the Gulf
of Maine (Cape Cod Bay northward through Maine—
GOM in Fig. 1). The Beach Haven, NJ site was the
only A. hudsonica population sample from New
Jersey. We also included individuals of A. tonsa from
four locations in Long Island Sound and New Jersey,
which is near the northern end of their winter range
(Turner, 1981).

Acartia hudsonica sequences exhibited substantial
DNA sequence polymorphism. Uncorrected p-dis-
tances between sequences from Acartia (including A.
hudsonica and A. tonsa) ranged from 0.3 to 31.0%.
The Acartia and the E. bungii sequences differed by
an average of 31.8% (SE = 0.23%).

There were 25 unique sequence haplotypes for
A. hudsonica (Fig. 2). In the multiple sequence
alignment of 311 nucleotides, 141 sites varied among
A. hudsonica sequences, including 30 out of 32
fourfold degenerate third positions. Among the 141
variable sites, 84 had two segregating nucleotides
while 57 had three or four; 25 of 30 fourfold
degenerate variable sites had more than two segre-
gating DNA bases. No stop codons were detected in
any sequence, and coding sequence polymorphism
analyses (Nei & Gojobori, 1985) estimated 106
synonymous and 12 non-synonymous mutations at
82 polymorphic sites (excluding sites in 24 codons at
which complex mutation pathways obscure the amino
acid mutation pathway).

Pairwise distances among A. hudsonica CytB
sequences revealed five highly divergent sequence
groups (numbered I-V, Figs. 1, 2). For our data set of
unique A. hudsonica sequence haplotypes, average
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Fig. 2 Maximum likelihood tree was composed of all 27
unique sequence types from both A. hudsonica and A. tonsa.
Bootstrap values and Bayesian posterior probabilities are in
bold italics below, and branch lengths are above lines denoting
branches. The five groups of A. hudsonica sequence types are
indicated by Roman numerals (1, 11, 1II, IV, and V) and unique
sequences within those five groups are denoted by lower case
letters, with their respective sample size in parentheses. There
was one group of A. fonsa with two unique sequences, which
fell within the sequence variation of the A. hudsonica groups
when E. bungii was used as an outgroup

uncorrected pairwise p-distance is 0.180 overall, and
0.011 within and 0.254 between sequence groups.
The largest average uncorrected pairwise p-distances
are 0.293 within A. hudsonica between Sequence
Groups II and III, and with an average of 0.304
between A. hudsonica sequences and the outgroup.
After correction using our inferred substitution
model, ML pairwise distances averaged 0.483 for
the data set, 0.015 within, and 0.766 between
sequence groups. The largest average ML pairwise
distances were 0.976 within A. hudsonica between
Sequence Groups I and II, and 0.965 between all
A. hudsonica sequences and the outgroup. A satura-
tion curve (not shown) revealed that substitutions
among groups approached saturation indicating that
the largest estimated divergences carry substantial
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Table 1 AMOVA results

Source of variation

Using sequence differences

Using only frequencies

Percentage of variation Fixation Percentage of variation Fixation

(P-value) indices (P-value) indices
Among groups 18.81 (0.05) Fsc =0.12 3.26 (0.20) Fsc = 0.033
Among populations within groups 9.45 (0.06) Fer = 0.19 13.41 (0.005) Fer = 0.139
Within populations 71.74 83.33

Total population differentiation using maximum likelihood DNA sequence pairwise distances, Fsy = 0.28 (P = 0.02), and using

haplotype frequencies, Fst = 0.17 (P = 0.0008)

uncertainty. Nonetheless, divergence among groups
ranged from 20 to 65 times the average within-group
[non-zero] sequence divergence.

Geographic analysis

The percent frequencies of the five sequence groups
across biogeographic regions are shown in Fig. 1. A.
hudsonica exhibited a widespread group (Sequence
Group I) that encompassed locations from Maine to
New Jersey (56 of 75 sequences), and three
geographically distinct smaller groups. The latter
included Sequence Group V (4 of 75 sequences) from
Rhode Island/South Coast Massachusetts/Cape Cod
to southern Maine, Sequence Group IV (3 of 75
sequences) from southern Connecticut/Long Island
Sound, and Sequence Group II (7 of 75 sequences)
from southern New Jersey plus a single copepod from
Maine. Our southern New Jersey population sample,
56% of which was Sequence Group II, was the only
population sample in our study that was not domi-
nated by Sequence Group I. The smaller widespread
Sequence Group III (5 of 75 sequences) ranged from
Rhode Island to northern Maine. A. tonsa from four
locations between Connecticut and New Jersey
formed a single group that fell within the sequence
variability of A. hudsonica.

AMOVA revealed that populations were signifi-
cantly different in their DNA sequence haplotype
frequencies, and between-population variation among
the four biogeographic regions was greater on average
than variation within regions (Table 1). AMOVA
based on haplotype frequencies only (identity/differ-
ence of DNA sequence haplotype, as opposed to DNA
sequence distances) revealed significant population
differentiation (Fgt = 0.17, P < 0.001), significant
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differentiation among populations within groups
(Fsc = 0.139, P = 0.002), and a lack of differentia-
tion among groups (Fcr = 0.033, P = 0.2). How-
ever, AMOVA using the ML DNA sequence pairwise
distances between haplotypes revealed significant
population differentiation (Fst = 0.28, P = 0.02),
and marginally significant differentiation both among
populations within groups (Fer = 0.19, P = 0.06),
and among groups (Fsc = 0.12, P = 0.05). Increased
differentiation among groups in the latter analysis
reflected the differentiation among groups, particu-
larly for highly diverged sequence types, which were
heavily weighted by including pairwise sequence
divergence.

Phylogenetic analyses of unique sequences

There was substantial divergence among the five
different sequence groups of A. hudsonica (Fig. 2).
All sequence groups were recovered as monophyletic
in the majority of bootstrap replicates. Sequence
Groups I-IIT and V were highly reproducible, exhib-
iting bootstrap values of 95 or greater, while
Sequence Group IV was recovered in 64% of
bootstrap replicates. The Bayesian analysis resulted
in an identical topology as the ML method with
overall higher levels of nodal support as indicated by
the posterior probabilities (Fig.2). The use of
E. bungii as the outgroup in the phylogenetic analysis
was based on the tremendous divergence found
between the groups of Acartia species. The inclusion
or exclusion of the outgroup did not change the
topology of the tree, nor did it significantly change
the DNA substitution model.

Additional samples of A. tonsa from four sampling
locations (Fig. 1) were included in the phylogenetic
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Table 2 Divergence and divergence time estimates for A.
hudsonica sequence groups, and between A. fonsa and
A. hudsonica Sequence Group III: (A) maximum likelihood
divergences are averaged for the appropriate pairwise comparisons

according to the phylogeny (Fig. 3), standard errors, and estimated
divergence times (millions of years BP) are shown; (B) results for
all pairs of sequence groups are shown, with divergence in the lower
wedge and divergence times in millions of years in the upper wedge

A)

A. hudsonica sequence Average pairwise

SE Estimated divergence

group (comparison(s)) divergence time (MY BP)

I (vs. II-V) 0.834 0.0644 37.0

I (vs. 11, IV, V) 0.674 0.0639 29.9

V (vs. I, 1IV) 0.295 0.0005 13.1

IT and IV 0.251 n/a 11.1

A. tonsa (vs. III) 0.027 1.19

B)

A. hudsonica 1 I I v v A. tonsa
1 - 43.32 29.92 35.43 39.34 35.80
1T 0.976 - 34.70 11.13 12.87 30.10
I 0.674 0.782 - 24.87 30.15 1.18
v 0.798 0.251 0.560 - 13.28 23.19
v 0.886 0.290 0.679 0.299 - 27.78
A. tonsa 0.806 0.678 0.027 0.522 0.626 -

analyses. A. fonsa exhibited two unique sequences
out of 11 total, which were one change apart from
each other (Fig. 2). The A. tonsa sequences grouped
together and were closely related to A. hudsonica
Sequence Group III. Divergences between A. hudso-
nica sequence groups vastly exceeded the divergence
between A. tonsa and A. hudsonica Sequence Group
III (Table 2).

Discussion

Acartia hudsonica from 26 estuaries from New Jersey
to Maine revealed very high levels of intraspecific
DNA sequence variation at the mitochondrial CytB
gene, with greater variation than previously recorded
for other copepod species. Five highly divergent
sequence groups were identified, which differed in
frequency across populations and biogeographic
regions.

Geographical differences

The four geographic regions, and populations within
regions, were different in their frequencies of sequence

groups (Table 1). Differentiation among regions
increased when pairwise DNA sequence divergences
were included in the analysis. This differentiation
between regions was marginally significant only when
the New Jersey samples were included, because our
Beach Haven, NJ sample (56% Sequence Group II,
33% Sequence Group I, 11% Sequence Group IV—
Fig. 1) was the only population in which Sequence
Group I was not the most common type. Interestingly,
New Jersey was the only region sampled that was south
of the last glacial maximum, whereas all other
locations have emerged since the last glacial retreat.

The frequency of Sequence Group I increased
systematically from south to north. Thus, one might
speculate that the widespread Sequence Group I
could be associated with post-glacial estuarine colo-
nization, for historical reasons (i.e., from Sequence
Group I-dominated source population(s)) and/or in
association with genotype(s) adapted to environments
in the post-glacial habitats.

These sequence groups may relate to cycles of
diapause. With a single exception, Sequence Group II
was found only in New Jersey, and Sequence Group
IV was found only in New Jersey and Long Island
Sound (Fig. 1). A. hudsonica undergoes summer/fall
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diapause in waters south of Cape Cod, Massachusetts
(Sullivan et al., 2007). Thus, Sequence Groups II and
IV could represent A. hudsonica genotypes which
undergo diapause, whereas Sequence Group I may be
associated with non-diapausing genotypes.

Nearshore currents may disperse Acartia spp.
between estuaries. Since the Gulf Stream flows away
from the North American coast near Cape Hatteras, it
likely has a minimal influence on the dispersal of
copepods between estuaries along the mid-Atlantic
coast between Cape Hatteras and Cape Cod. How-
ever, since the Maine Coastal Current flows from
north to south close to shore in the Gulf of Maine, this
current may assist dispersal of copepods between
adjacent estuaries north of Cape Cod. Therefore,
Sequence Group I could be of northern (Canadian/
subarctic) origin, with its dispersal facilitated by the
Maine Coastal Current. Conversely, the lack of
similar alongshore currents between Cape Hatteras
and Cape Cod may contribute to isolation of estuarine
populations in the southern part of A. hudsonica’s
range (New Jersey and Long Island Sound), facili-
tating the endemism of minor sequence groups in
these regions.

Deep divergences within Acartia species

The levels of divergence for A. hudsonica (0.3-31%
uncorrected p-distances between sequences) are high
compared to reported values for other species of
marine calanoid copepods (Bucklin et al., 1995, 1999,
2003), and may represent a cryptic species assem-
blage. In most other calanoids, interspecific variation
is typically 10-25%, whereas intraspecific variation
is typically <1-2%. However, congeners of Acartia
exhibit higher intraspecific variation than most other
calanoids, typically 10-14% (Caudill & Bucklin,
2004; Chen & Hare, 2008; Durbin et al., 2008). Some
of this variation might be due to our measurement of
CytB rather than other genes, because CytB has a
higher substitution rate than either COI or 16S rDNA,
but since we used the higher substitution rate in our
divergence-time estimates, the high variation within
Acartia species found in our study, as well as those of
Caudill & Bucklin (2004), Chen & Hare (2008),
Durbin et al. (2008) may relate to the general
restriction of Acartia spp. to isolated estuarine, rather
than more open coastal or oceanic habitats.
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Molecular clock estimates

Possible divergence times between sequence groups
were estimated based on an adjusted molecular clock.
We used the divergence rate for the COI gene of
snapping shrimps of the genus Alpheus of 1.4% per
million years (Knowlton & Weigt, 1998), adjusted by
the ratio (1.61) of CytB and COI substitution rates in
the data of Papadopoulos et al. (2005). This ratio was
based on ML estimation using data from individual
copepods for which both genes were analyzed
concurrently. Our CytB/COI substitution rate ratio
is also consistent with the data of Bucklin et al.
(1997) for euphausiids. This molecular clock analysis
provides divergence-time estimates between A. hud-
sonica sequence groups ranging from 11.1 to 37.0
million years ago (Table 2). These estimates should
be treated with caution as small variations in
estimated substitution rates can imply large differ-
ences in time of divergence.

The maximum divergence time among sequence
groups was for the origin of Sequence Group I versus
the other sequence groups, with a mean of 37 million
years ago (four comparisons, range = 29.92-43.32
million years ago—Table 2). Thus, the maximum
divergence time among A. hudsonica sequence
groups was 37.0/1.19 = 31.1 times greater than
between A. tonsa and the closest A. hudsonica group
(Sequence Group III). Using our aforementioned
molecular clock procedure, we estimated a diver-
gence time between A. hudsonica sequences and the
outgroup E. bungii sequence of 42.9 million years
(results not shown). Thus, divergence within A.
hudsonica was as great as 37.0/42.9 = 86.2% of the
divergence between A. hudsonica and E. bungii.
These divergence estimates, although uncertain,
strongly suggest that variation within A. hudsonica
pre-dates the Pleistocene glaciation that produced the
northeastern US estuarine habitats. Similarly, diver-
gence-time estimates for other calanoid copepods
(>10 million years) also pre-date Pleistocene glaci-
ation (Bucklin et al., 1992, 1995; Goetze & Bradford-
Grieve, 2005).

In the absence of interbreeding between species,
the divergence between A. hudsonica and A. tonsa
should be represented by the divergence time
between A. fonsa and A. hudsonica Sequence Group
III. This estimated time is 1.19 million years
(Table 2). Given the close relation of A. tonsa and
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A. hudsonica in the data set of this study, as well as
the divergent sequence haplotypes identified in the
previous studies of A. tonsa (Caudill & Bucklin,
2004; Chen & Hare, 2008), A. fonsa may harbor some
of the same sequence groups found in A. hudsonica.
Such ancient trans-specific polymorphism, shared
between A. hudsonica and A. tonsa would be older
than the separation of these two species.

Estimates of molecular clocks have been used
extensively in phylogeographic studies, but they are
uncertain due to a variety of factors (Graur & Martin,
2004; Welch & Bromham, 2005; Ho & Larson, 2006;
Pulquerio & Nichols, 2006; Donoghue & Benton,
2007). These include estimating age from genetic
distance assuming constant rates of genetic change,
estimates of times of divergence for taxa that have
little or no fossil record, calibration of molecular
clocks based on ages of fossils, or earth-history
events of uncertain age, different rates of genetic
change for different types of organisms, differences
in rates of mutations (changes in nucleotides) com-
pared to rates of substitutions (mutations becoming
fixed in populations), multiple duplications of por-
tions of DNA (“pseudogenes”) which artificially
increase apparent diversity in sequences, and cali-
bration against rates of divergence of other organisms
that are not closely related.

We inferred a complex DNA substitution model
with rate heterogeneity, which could contribute to
higher estimated divergence times than in previous
studies. Our molecular clock calibration comes from
the snapping shrimp Alpheus distributed on both sides
of the Isthmus of Panama (Knowlton & Weigt, 1998).
The Isthmus arose approximately 3 MYA. However,
there is disagreement regarding the timing of the
separation of the habitats of Alpheus by the Isthmus
(Hickerson et al., 2003). If the actual DNA diver-
gence rate of our copepods is greater than that of
Alpheus, then our sequence group ages might be
overestimates. Although copepods and Alpheus are
both crustaceans, they are only distantly related.
Nonetheless, usage of Alpheus as a reference in
molecular clocks is standard in the growing copepod
molecular literature.

Our estimated origination times of Acartia CytB
lineages invite comparisons of historical biogeo-
graphic events/scenarios with independent paleocea-
nographic data. A. hudsonica requires colder inshore
waters, such as north of Cape Cod, to persist

year-round without laying resting eggs. This might
make A. hudsonica particularly affected by climatic
fluctuations. Episodes of cooling might facilitate
range expansions and diversification of A. hudsonica
lineages.

The major divergences between A. hudsonica
sequence types occurred at approximately 37 MYA
(Sequence Group I), 30 MYA (Sequence Group III),
and 11-13 MYA (Sequence Groups II, IV, and V).
Interestingly, these ages coincide with periods of
oceanic cooling and glacial production in both
hemispheres (Eldrett et al., 2007, and references
therein). Range shifting of an ancestral Acartia
species during these cooling events, or perhaps
vicariance events caused by glaciers spreading across
coastlines in an irregular manner, could have created
the opportunity for origination of novel Acartia
genotypes or cryptic species.

Cryptic species

Various species of Acartia appear to prosper in
estuarine habitats, which are highly fluctuating in
physical conditions such as salinity and temperature,
and may exclude less euryhaline and eurythermal
species. Conversely, dependence on narrow ranges of
temperature and salinity for completion of naupliar
development (Tester & Turner, 1991), shallow depths
for completion of resting egg cycles (Marcus et al.,
1994; Sullivan et al., 2007), and/or other factors seem
to limit Acartia species to estuarine waters. If Acartia
species have difficulty dispersing through coastal
waters between adjacent estuaries, then over time
different estuaries may become isolated and there-
fore, develop genetically distinct populations of
Acartia. However, some level of dispersal is then
required to re-introduce the diverged genotypes into
the surrounding estuaries. This could be either a low
but persistent level of normal dispersal, or during
episodic dispersal, such as recolonization after glacial
retreat. The origin and maintenance of divergent
lineages could be explained by cryptic species
facilitated by ecological adaptation and/or partial
reproductive isolation among genotypes. The season-
ally offset cycles of resting eggs exhibited by some
congeners of Acartia in the same estuaries might
serve as such an isolating mechanism.

Copepods of the genus Acartia appear to be
particularly amenable to origination of cryptic
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species (Caudill & Bucklin, 2004; Chen & Hare,
2008). Chen & Hare (2008) found concordant
mitochondrial and nuclear phylogenies, providing
evidence for cryptic species within A. tonsa. Chen &
Hare’s (2008) mitochondrial divergences for A. fonsa
(13.7%) appear comparable to those among our
Sequence Groups II-V in A. hudsonica (Table 2).
Our even-more-divergent Sequence Group I, the most
common lineage in A. hudsonica, which co-occurred
with the other sequence groups, suggests that
A. hudsonica may include the most ancient cryptic
species discovered to date in copepods.

Evaluation of hypotheses

Our initial hypotheses were that (1) genetic diversity of
A. hudsonica would be high because the embayments
where it is found are relatively isolated, and
(2) divergences in A. hudsonica would be relatively
recent because these embayments had only been
formed since the last glaciation. Our expectations were
partially met on both accounts. Genetic diversity in A.
hudsonica was high, but the widespread occurrence of
Sequence Group I, at least north of Cape Cod and
throughout the Gulf of Maine, and the mixing of
sequence haplotypes within estuaries, argue against
isolation of these estuaries. Recent studies of red tide
blooms in the Gulf of Maine have emphasized the
importance of springtime snow melt and runoff from
numerous rivers flushing out Maine estuaries into
coastal waters (Anderson et al., 2005) as a dispersal
mechanism for plankton. This mechanism, together
with the southward-flowing Maine Coastal Current,
could serve to re-distribute estuarine copepod haplo-
types in the Gulf of Maine. Even more surprising, the
deep divergences suggested by our molecular clock
estimates (11-37 MYA), which long pre-date the most
recent episode of Pleistocene glaciation, argue against
our hypothesis of recent divergence of these copepods
in recently formed estuarine embayments. Indeed,
Sequence Group I, which dominated the glaciated
estuaries in the Gulf of Maine, was the oldest of the five
sequence groups. In conclusion, there is much remain-
ing to be learned of the phylogeography of estuarine
copepods in glaciated eastern North America.
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