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Cryptic speciation on the high seas; global
phylogenetics of the copepod family Eucalanidae
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Few genetic data are currently available to assess patterns of population differentiation and speciation in
planktonic taxa that inhabit the open ocean. A phylogenetic study of the oceanic copepod family Eucalani-
dae was undertaken to develop a model zooplankton taxon in which speciation events can be confidently
identified. A global survey of 20 described species (526 individuals) sampled from 88 locations worldwide
found high levels of cryptic diversity at the species level. Mitochondrial (16S rRNA, CO1) and nuclear
(ITS2) DNA sequence data support 12 new genetic lineages as highly distinct from other populations
with which they are currently considered conspecific. Out of these 12, at least four are new species. The
circumglobal, boundary current species Rhincalanus nasutus was found to be a cryptic species complex,
with genetic divergence between populations unrelated to geographic distance. ‘Conspecific’ populations
of seven species exhibited varying levels of genetic differentiation between Atlantic and Pacific basins,
suggesting that continental landmasses form barriers to dispersal for a subset of circumglobal species. A
molecular phylogeny of the family based on both mitochondrial (16S rRNA) and nuclear (ITS2, 18S
rRNA) gene loci supports monophyly of the family Eucalanidae, all four eucalanid genera and the

‘pileatus’ and ‘subtenuis’ species groups.
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1. INTRODUCTION

Marine invertebrate species often exhibit high levels of
gene flow between populations owing to effective trans-
port of planktonic larvae on ocean currents (e.g. Palumbi
1992; Lessios et al. 1997; Bierne ez al. 2003 a,b). This high
gene flow would be expected to oppose the processes of
population differentiation and speciation. Large-scale
studies to examine marine speciation in near-shore invert-
ebrates include research on sea urchins (Palumbi ez al.
1997; Lessios et al. 2001), gastropods (Reid ez al. 1996),
mussels (Ladoukakis et al. 2002; Bierne ez al. 2003a),
giant clams (Benzie & Williams 1997) and starfish
(Williams 1997; Williams & Benzie 1998) among others.
However, little attention has been focused on marine spe-
cies that inhabit the vast expanse of the open ocean. How
does speciation take place in the open ocean, where bar-
riers to dispersal are particularly difficult to discern, and
where species are planktonic throughout their entire life
cycle? Few data are currently available to answer this ques-
tion, despite its importance to understanding the univer-
sality of evolutionary processes in high gene flow systems.
Recent work on oceanic Foraminifera (de Vargas er al.
1999, 2001, 2002; Stewart er al. 2001), coccolithophores
(Saez et al. 2003) and deep sea fishes (Miya & Nishida
1997) suggests that greater specificity in ecological and
oceanographic habitat preferences than previously sup-
posed may be an important component of differentiation
in the open ocean.

Pelagic copepods are remarkably diverse despite many
biological characteristics that should inhibit the speciation
process. Oceanic copepod species typically have large
population sizes, which extend over vast geographic
ranges, and are planktonic throughout their entire life
cycle. Many have the ability to tolerate large vertical gradi-
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ents in environmental properties, which may predispose
them to being able to survive in a variety of oceanographic
environments. Despite these characteristics they are by far
the most diverse taxon of the marine zooplankton, with
approximately 1800 marine calanoid species reported
worldwide (Mauchline 1998). However, sibling species
are common in marine taxa (Knowlton 1993, 2000; de
Vargas et al. 2003), and recent observations of copepod
‘populations’ exhibiting high levels of genetic divergence
despite morphological conservatism suggests that for this
group reproductive isolation may be uncoupled from mor-
phological divergence (Bucklin er al. 1996, 1998; Rocha-
Olivares et al. 2001; Lee & Frost 2002). This raises the
possibility that copepod species, particularly those with
circumglobal biogeographic distributions, may include
multiple lineages that are evolutionarily distinct.

The calanoid copepod family Eucalanidae is an oceanic
taxon whose member species are likely to have arisen in
the open sea. Member species are ecologically prominent
in subtropical, tropical, equatorial and temperate—boreal
waters of the world ocean. Eucalanids can be extremely
abundant, particularly in low-oxygen regions, and some-
times constitute almost 100% of the calanoid zooplankton
fauna (Muniza & Kazmi 1995). The family comprises 23
described species in four circumglobal genera (Eucalanus,
Rhincalanus, Pareucalanus, Subeucalanus). Early work by
Lang (1965) and Fleminger (1973) established global
descriptions for biogeographic distributions of species
within the family and recognized four species groups
among the 17 species within the genus Eucalanus s. .
These included the ‘subtenuis’, ‘pileatus’, ‘elongatus’ and
‘attenuatus’ species groups, all distinguished by character-
istic features of the distribution of integumental pores on
the exoskeleton as well as by the shape and position of
seminal receptacles. Geletin (1976) elevated two of these
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Table 1. Eucalanid taxa considered in this analysis, with their approximate biogeographic distributions (modified from Lang
(1965) and Fleminger (1973)) and number of individuals analysed for DNA sequences of 16S rRNA, I'TS2,18S rRNA and CO1.
(For species in which multiple genetic lineages were identified, the original species descriptor and date are included with the first
reference to the described species in the table. Type specimens were not examined and it is not currently known which of the
genetic lineages corresponds to the original species description. Abbreviations for locations: C., central; CA, California Current;
NA, North Atlantic; SWP, southwest Pacific; Sulu, Sulu Sea; K/PH, Kuroshio Current and Philippine Sea; PAC, Pacific; EP,

eastern Pacific; WP, western Pacific.)

no. of individuals sequenced

genus species (clade) biogeographic distributions 16S ITS2 18S COl1
Eucalanus bungii Giesbrecht, 1892 boreal, sub-polar, N. Pacific 18 4 10
californicus Johnson, 1938 transition zone, N. Pacific 34 4 11
elongatus (Dana, 1849) tropical, Pacific and Indian 4 3
hyalinus (1) (Claus, 1866) tropical—subtropical, circumglobal 45 3 > 250
hyalinus (2) tropical—subtropical, circumglobal 26 3 > 250
inermis Giesbrecht, 1892 eastern tropical Pacific 20 4 9
Rhincalanus cornutus Dana, 1849 tropical—subtropical, Atlantic 17 4
rostrifrons (EP) Dana, 1852 tropical-subtropical, E. + C. Pacific 18 4 20
rostrifrons (WP) tropical—subtropical, W. Pacific 19 5
gigas Brady, 1883 southern ocean, circumpolar 19 3
nasutus (CA) Giesbrecht, 1888  California Current 12 4 31
nasutus (Peru) Humboldt Current 10 4 6
nasutus (Sulu) Indo-west Pacific 8 4 5
nasutus (K/PH) Kuroshio Current, Philippine Sea 18 3 10
nasutus (SWP) southwest Pacific, subtropical 35 3 8
nasutus (NA) northern N. Atlantic 12 3 3
Pareucalanus sp. tropical—subtropical, circumglobal 22 6
sewelli (NA) (Fleminger, 1973) tropical-subtropical, Atlantic 20 4
sewelli (PAC) tropical—subtropical, Pacific 15 4
attenuatus (Dana, 1849) equatorial, Pacific and Indian 23 7
parki (Fleminger, 1973) temperate, N. Pacific 12 3
langae (Fleminger, 1973) temperate, southern ocean 10 3
Subeucalanus crassus (NA) (Giesbrecht, 1888) tropical-subtropical, Atlantic 8 3
crassus (SWP) tropical—subtropical, Pacific 3 —
sp. Korean Strait, East China Sea 8 4
longiceps (Matthews, 1925) boreal-temperate, southern ocean 10 —
monachus (Giesbrecht, 1888) tropical—subtropical, Atlantic 15 2
subtenuis (Giesbrecht, 1888) tropical, circumglobal 35 2
mucronatus (Giesbrecht, 1888)  tropical, Indian and W. Pacific 5 2
pileatus (NA) (Giesbrecht, 1888) tropical-subtropical, Atlantic 4 4
pileatus (PAC) tropical—subtropical, Pacific 5 4
subcrassus (Giesbrecht, 1888) tropical, Indo-Pacific 21 4

species groups to generic status: the genera Subeucalanus
(comprising ‘subtenuis’ and ‘pileatus’ species groups) and
Pareucalanus. Bradford-Grieve (1994) subsequently
included Pareucalanus peruanus (Volkov 1971), and Pru-
sova er al. (2001) described a new species, Subeucalanus
Sflemingeri, from the Persian Gulf. Including the four spec-
ies in Rhincalanus, this brings the current total to 23
described species in the family (table 1). Bjornberg (1972,
1986) also proposed that the family Eucalanidae may be
polyphyletic, based on observations of naupliar swimming
behaviour and general morphology. She concluded that
there were two distinct lineages in the family, and pro-
posed that Pareucalanus and Subeucalanus be placed in
their own family, the Subeucalanidae, in the superfamily
Centropagoidea. Such a placement could imply coloniz-
ation of oceanic waters by an ancestrally coastal/neritic
group rather than i situ diversification in the open ocean,
and is therefore an important hypothesis to test in the
present study.
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One eucalanid species of particular interest is the
cosmopolitan R. nasutus. Rhincalanus nasutus is often very
abundant in the surface waters of boundary currents and
upwelling zones in all three major ocean basins, and is
largely absent from central oligotrophic waters
(Schmaus & Lehnhofer 1927; Lang 1965; Castro ez al.
1993). The species is eurybathic (0-4800 m), and has
centres of abundance at lower epipelagic and upper meso-
pelagic depths (Grice & Hulsemann 1965; Lang 1965;
Roe 1972; Ohman ez al. 1998). The species has never
been examined on a global spatial scale.

The present study seeks to develop an oceanic zoo-
plankton taxon for which the phylogeny is well resolved
and cryptic species have been identified. This is a neces-
sary first step to examining speciation in the open sea, and
this study will serve as the foundation for ongoing work
on evolution and speciation within the Eucalanidae. I
sequenced mitochondrial and nuclear DNA from 20 spe-
cies of eucalanid copepods from around the world to
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Figure 1. Collection sites for eucalanid specimens sequenced in this study.

address the following questions. (i) Do morphological
species correspond to genetic clades? And are there gen-
etic subdivisions within species? (ii) Do continents func-
tion as barriers to gene flow in circumglobal species? (iii)
Do evolutionary relationships among eucalanid species
match expectations based on morphological similarity?
(iv) Are the Eucalanidae monophyletic?

2. MATERIAL AND METHODS

(a) Sample collection and specimen identification

Eucalanids were collected from a total of 88 locations world-
wide (figure 1). Table 1 lists the species analysed, their approxi-
mate biogeographic distributions, and sample sizes for
mitochondrial 16S ribosomal RNA (16S rRNA), nuclear
internal transcribed spacer 2 (ITS2), nuclear 18S ribosomal
RNA (18S rRNA) and mitochondrial cytochrome oxidase 1
(CO1) sequences. Specific sampling localities can be found in
electronic Appendix A (available on The Royal Society’s Publi-
cations Web site). The number of collecting localities for each
species varied according to its biogeographic distribution, rang-
ing to a maximum of 23 sampling locations for the circumglobal
species R. nasutus. A total of 526 individuals were sequenced
(16S rRNA) from 20 out of the 23 described species in the fam-
ily. Samples on four major cruises were collected with 333 pm
mesh plankton nets towed obliquely to either 200 m or 800—
1000 m depth. The remaining samples were collected with a var-
iety of sampling gear. Samples were either preserved in 95%
ethyl alcohol, or frozen immediately in liquid nitrogen or a
—80 °C freezer.

Specimens were individually sorted and identified to species
following Fleminger (1973), Bradford-Grieve (1994) and Lang
(1965). Species requiring integumental pore analysis for accur-
ate identification, including Pareucalanus attenuatus, P. sewell,
Subeucalanus subtenuis, S. mucronatus, S. crassus, S. pileatus and
S. subcrassus, were identified by removing the anterior portion of
the prosome for DNA sequencing, and subjecting the posterior
prosome and urosome to integumental pore analysis (as
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described in Fleminger 1973). In a few cases, digestion of the
whole specimen of S. pileatus and subcrassus was necessary to
obtain sufficient DNA for amplification. In these cases, voucher
specimens of these species from the same samples were ident-
ified by integumental pore analysis.

(b) DNA extraction, PCR and sequencing

The 16S rRNA locus was used to screen individuals within a
species for the presence of cryptic genetic lineages. Any lineages
identified were then included in the I'TS2 dataset by sequencing
2—7 individuals from the new lineage. Limited data for CO1 are
presented here, primarily to enable comparison with other cope-
pod groups. A pilot study demonstrated limited usefulness of
COl1 as a phylogenetic marker owing to high levels of saturation.

DNA was extracted from individual copepods using either
a lysis buffer protocol (Lee & Frost 2002) or the QIAGEN
DNeasy tissue kit. Primers and conditions used in PCR amplifi-
cation reactions can be found in electronic Appendix B. DNA
sequencing was carried out on either an ABI 373 or MegaBACE
500 automated DNA sequencer.

Additional RNA/cDNA experiments were undertaken for
CO1 with E. hyalinus 2 (n=2) and R. nasutus (CA, n=3, SWP,
n=4) to ensure that sequences obtained from genomic DNA
based PCR reactions were expressed gene products. Synthesized
cDNA was PCR amplified, cloned, sequenced and compared
with sequences obtained from genomic DNA based PCR ampli-
fications. I'TS2 cloning experiments were also undertaken with
two eucalanid species (S. subtenuis and S. mucronatus), in which
three clones containing post-PCR ITS2 inserts were sequenced
for each of two individuals. New sequence data obtained in this
study can be found under GenBank accession numbers
AY335822-AY335899 and AY371083-AY371094.

(c) Sequence alignment and phylogenetic
reconstruction
Multiple sequence alignments were performed using Crus-
TALW (Thompson ez al. 1994), followed by manual editing as
necessary in MacCrape (Maddison & Maddison 2000). A series
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of five alignments of the 16S rRNA data were generated using
a variety of gap opening and extension costs. Alignments were
then compared with published secondary structures for arthro-
pod mitochondrial 16S rRNA genes, including Eurytemora affinis
(Lee 1997), Artemia salina, Drosophila melanogaster (Cannone et
al. 2002), as well as insect structures published by Buckley ez
al. (2000). Indels present within the eucalanid sequences were
largely confined to helices 61, 75 and 84 in Domains IV and V
(notation as in Buckley ez al. 2000). A total of 81 sites that could
not be confidently aligned were deleted, resulting in a 245 bp
final alignment. The final 16S rRNA dataset contained 131 vari-
able sites, 125 of which were parsimony informative. A genus-
level 16S rRNA alignment was also generated for Rhincalanus
sequences, from which no characters were deleted. The final
ITS2 alignment (511 bp in length) contained 16 indels, 13 of
which were a single nucleotide in length. The 18S rRNA
sequences were highly conserved, and the final alignment was
unambiguous.

Phylogenetic analyses for all datasets were conducted with
maximum-parsimony (MP), maximum-likelihood (ML) and
Bayesian methods. MP and ML analyses were performed with
PAUP* 4.10b (Swofford 2002). MP analysis for each dataset
was repeated 1000 times with random sequence addition, to
explore tree space for multiple optima. For ML and Bayesian
analyses, the appropriate model of molecular evolution was
selected by the Akaike Information Criterion as implemented in
MopeLTEsT (Posada & Crandall 1998). Parameter values from
MOoODELTEST were used as a starting point, with subsequent
refinement through an iterative process including: (i) heuristic
searching of tree space; and (ii) re-estimation of parameter
values based on the new tree topology. This process was
repeated until tree topologies were stable. Final models and
parameters can be found in table 3 in electronic Appendix B.
Node stability was estimated in MP and ML analyses by per-
forming 1000 replicates of the non-parametric bootstrap with 10
or 100 random sequence additions per replicate.
conducted with MRBAYEs
(Huelsenbeck & Ronquist 2001). All analyses were performed

Bayesian  analyses were
with uninformative priors. Four chains were used per run (three
heated and one cold), and each analysis was repeated three
times, twice for two million generations, with the final analysis
running for 10 million generations. All three analyses of the
same dataset produced identical tree topologies.

Phylogenetic analyses were conducted on each of the datasets
individually. The 16S rRNA and ITS2 data were then com-
bined, tested for incongruence by the incongruence length dif-
ference (ILD) test, and analysed again as a combined dataset.
The combined dataset consisted of 756 aligned nucleotide pos-
itions, 282 of which were parsimony informative. The ILD test
was conducted with 1000 test replicates, with 100 random
sequence additions per replicate. The ILD test was only mar-
ginally non-significant (p=0.062). Combined results are
presented in figure 2a, and results for separate analyses can be
found in electronic Appendix D.

Several calanoid species were included here as outgroup taxa.
New sequence data for Labidocera trispinosa, Labidocera jollae,
Centropages bradyi, Candacia bipinnata and Candacia sp. were
included as representative taxa of the Centropagoidea. Gene
sequences of Calanus pacificus (AF295333), Calanus hyperboreus
(AF227971), Calanus finmarchicus (AF367719), Calanus propin-
quus (AY118066), Calanoides acutus (AY118071), Metridia
lucens (AF293440), Haloptilus ocellatus (AY118069) and Cteno-
calanus citer (AY118078) were retrieved from GenBank to serve
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as outgroups in the Megcalanoidea, Arietelloidea and Clauso-
calanoidea (Bucklin ez al. 1995, 2003; S. Grabbert, A. C. Bucklin,
S. B. Smolenack and H. U. Dahms, unpublished data).

3. RESULTS

(a) Molecular phylogeny of the Eucalanidae

The three gene loci (16S rRNA, ITS2, 18S rRNA)
varied considerably in their rate of molecular evolution,
and each proved useful for resolving different nodes within
the family phylogeny. The 16S rRNA locus exhibited the
highest levels of divergence, ranging between 1.6% and
42% (uncorrected p-distances; see electronic Appendix
C), and was best able to differentiate species and subspe-
cies lineages. All previously described species exhibited
fixed DNA substitutions at 16S rRNA, differentiating
them from all other species. Intraspecific variation at 16S
rRNA was observed, with haplotypes ranging from 0.1%
to 1.7% divergent. Values close to this maximal value of
1.7% were only observed in circumglobal species Eucal-
anus hyalinus 1, Pareucalanus sp. and Subeucalanus subten-
wis. Intraspecific variation within a region was typically
observed to be between 0.1% and 1.0%. The youngest
pair of previously described sister species, E. californicus
and E. bungii, exhibited a 3% difference at 16S rRNA
(table 2d). No variation was observed at ITS2 within indi-
viduals or within species, and the locus was most useful
for resolving intermediate—deep nodes within the family.

Molecular evolutionary relationships among eucalanid
species were consistent across the three gene loci and three
phylogenetic reconstruction methods employed. The four
genera currently included in the family Eucalanidae,
Eucalanus, Pareucalanus, Rhincalanus and Subeucalanus,
were all recovered as monophyletic groups in both mito-
chondrial and nuclear analyses. The highest levels of boot-
strap support for monophyly at the genus level can be
observed in the combined dataset (figure 2a), with all
bootstrap and posterior probability support values at
100%. The ‘pileatus’ and ‘subtenuis’ species groups orig-
inally designated by Fleminger (1973) within the Subeucal-
anus genus were also consistently recovered as distinct
groups across loci and methods employed. A high level of
confidence for this result can be observed in all datasets,
with bootstrap values ranging between 95% and 100% for
these groupings across all phylogenetic methods.

Relationships among species within genera were also
largely consistent with expectations based on morphologi-
cal similarity. High levels of statistical support were found
for sister species relationships of E. californicus and bungii
(100%), P. langae and parki (98%), S. subtenuis and
mucronatus (92%), P. sewelli and attenuatus (70%), and
R. rostrifrons and cornutus (98%, all values for ML, com-
bined data), as expected given greater morphological simi-
larity between these species pairs. The ITS2 and 16S
rRNA results differ only in their resolution of these sister
species nodes. However, the relationships between the lat-
ter two species pairs are complicated by the discovery of
two new genetic lineages, which may reflect more recent
speciation events. To the best of the author’s knowledge,
there were no previous morphological hypotheses for
relationships at deeper nodes within species groups, so the
results in figure 2 represent the first assessment of patterns
of divergence for these species.
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Figure 2. Results for phylogenetic analysis of (a) combined data including 16S rRNA + ITS2, and (b) 18S rRNA. Values
above each node correspond, from top to bottom, to bootstrap support from ML and MP analyses, with the final values
corresponding to posterior probability support from the Bayesian analysis. Values in bold are ML bootstrap values. Asterisks
denote new lineages. The position of two additional new lineages, S. crassus (SWP) and R. rostrifrons (WP), can be found in

the 16S rRNA analysis in figure 4a, electronic Appendix D.

(b) Testing for monophyly of the Eucalanidae

Results from outgroup analysis with all three gene loci
were consistent with monophyly of the Eucalanidae. In
the 18S rRNA analysis (figure 25), all eucalanid and cen-
tropagoid species (Candacia bradyi, Candacia bipinnata
and Centropages sp.) were included as ingroup taxa, and
species from calanoid superfamilies Arietelloidea, Mega-
calanoidea and Clausocalanoidea were designated as out-
group taxa. One hundred per cent support was observed
for monophyly of the Eucalanidae across all three analyti-
cal methods. Centropagoid species C. bipinnata, C. sp.
and C. bradyi were found to group together in a monophy-
letic clade with other calanoid superfamily representatives,
rejecting the hypothesis of Bjornberg (1972, 1986) of close
relationships among Centropagoid, Pareucalanus and
Subeucalanus species. Outgroup analysis results for 16S
rRNA and ITS2 datasets were also found to be consistent
with monophyly of the Eucalanidae.

(¢) Cryptic taxa

Twelve new genetic lineages were discovered within the
family Eucalanidae. The term ‘lineage’ is applied here to
any population characterized by unexpectedly high levels
of genetic divergence from other conspecifics. All such lin-
eages exhibit fixed differences at mitochondrial loci from
other conspecific populations, and all but one also display
differences at nuclear I'TS2 that appear to be fixed. The
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observed genetic distances between these new lineages and
their closest relatives ranged between 1.6% and 23.2%
(uncorrected p-distance) at 16S rRNA (table 2). These
distances range from slightly less divergent than the
youngest sister species pair known to be reproductively
isolated, E. californicus and E. bungii (3%; table 2d), to
divergences comparable to the deepest intrageneric nodes
within the family (e.g. E. inermis and E. californicus,
19.7%; electronic Appendix C). Genetic distances were
also determined at the CO1 locus, but only for species
within Eucalanus and Rhincalanus. New lineages ranged
from 5.1% to 24.3% divergent at CO1 from other conspe-
cific populations (table 2). Genetically distinct lineages
were found in all four eucalanid genera, and in both Atlan-
tic and Pacific ocean basins.

Out of the 12 new genetic lineages identified here, at
least four are cryptic species. Owing to the current absence
of supporting ecological and morphological data, the cri-
teria used here to designate new lineages as cryptic species
are very conservative. All four cryptic species: (i) show
fixed differences at both mitochondrial and nuclear loci;
(i) occur in close geographic proximity to their closest
congeners; and (iii) exhibit genetic divergences greater
than 3% at 16S rRNA from all other conspecific popu-
lations. Criterion (iii) was chosen to reflect the observed
genetic divergence between E. californicus and E. bungii, the
least genetically divergent pair of previously described sister
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Table 2. Genetic differentiation of new lineages in the Eucalanidae, based on 326 bp of 16S rRNA, 511 bp of ITS2 and 518 bp

of COLl.

((a) Divergence of cryptic species from their closest congener, (b) divergence of lineages with moderate to high fixed differences,
(c) genetic differentiation between conspecific ‘populations’ in Atlantic and Pacific ocean basins, and (d) genetic differentiation
of Eucalanus californicus and Eucalanus bungii, the least genetically divergent pair of previously described sister species in the
family. Location abbreviations as in table 1. A dash represents no data.)

uncorrected p-distance estimates

genus species 16S (%) ITS2 (%) CO1 (%)
(@)

Pareucalanus sp.—P. sewelli (NA) 18.1-23.2 1.8 —
Subeucalanus sp.—S. crassus 18.6-18.9 3.4 —
Eucalanus hyalinus 1-E. hyalinus 2 7.9-8.7 0.2 13.5-16.6
Rhincalanus nasutus clade 1—clade 2 15.4-18.2 3.2 20.0-24.3
)

R. rostrifrons (WP)—rostrifrons (EP) 6.7-7.6 0.0 —
Rhincalanus nasutus (CA)—nasutus (Peru) 1.6-2.7 0.2 5.1-6.6
R. nasutus (CA/Peru)—nasutus (Sulu) 6.2-6.4 0.4 10.1-14.7
R. nasutus (SWP)—nasutus (NA) 3.6-4.0 0.2 8.8-10.1
R. nasutus (SWP/NA)-nasutus (K/PH) 8.7-10.3 0.8 18.3-19.7
(@

Pareucalanus sewelli 2.4 0.6 —
Rhincalanus nasutus (NA-SWP) 3.6-4.0 0.2 8.8-10.1
Subeucalanus pileatus 9.6-10.3 0.4 —
Subeucalanus crassus NA-SWP) 3.1-4.0 — —
Eucalanus hyalinus 1 0.5-1.72 — 0.0-2.5%
Eucalanus hyalinus 2 0.3-0.6* — 0.5-4.22
Pareucalanus sp. 0.0-1.72 — —
(d)

E. californicus—bungii 3 0.8 13.5

2 Not fixed differences between populations.

species in the Eucalanidae (table 2d). This value is used as
a general guideline for the level of genetic differentiation
that can accompany speciation within this family. Criterion
(ii) is included as a guideline for populations likely to have
come into secondary contact, and which therefore do not
fall into the ambiguous category of allopatrically distributed
populations that may or may not be ‘potentially inter-
breeding’ populations sensu Mayr (1963a,b).

The four species identified here as cryptic species are
highly divergent from their closest relatives at both 16S
rRNA and COI1 (table 2a). The new species Pareucalanus
sp. is inferred to have diverged before the P. sewelli—P.
attenuatus split (figure 2; electronic Appendix D), and in
the 16S rRNA analysis is found with moderate bootstrap
support to be a sister species to the clade containing the
three lineages, P. sewelli (NA), P. sewelli (PAC) and P.
attenuatus. The position of Pareucalanus sp. is poorly
resolved in the combined dataset (figure 2a). It was found
to co-occur with P. sewelli in the tropical Atlantic, and it
co-occurs with both sewelli and attenuatus in the western
tropical Pacific (electronic Appendix A). Eucalanus hyal-
inus 2, the sister species to Ayalinus 1 (99% support, ML),
was found to co-occur with Ayalinus 1 in subtropical and
temperate waters of both Atlantic and Pacific basins
(electronic Appendix A; E. Goetze, unpublished data).

A new genetic clade was discovered in the Subeucalanus
‘subtenuis’ species group which includes three genetic
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lineages within the nominal species S. crassus. One ‘cras-
sus’ lineage, Subeucalanus sp., is considered a cryptic spec-
ies, and is genetically very divergent from the remaining
‘crassus’ lineages (18.6%, 16S rRNA). This species is
identified on the basis of specimens collected only in the
Korean Strait region, and little is currently known about
its biogeographic distribution. It is, however, clear that
both S. crassus (PAC) and Subeucalanus sp. occur in the
western Pacific (electronic Appendix A). The two most
divergent clades within the R. nasutus species complex (see
below) are also included in table 2a, as it is certain that
there are a minimum of two species within the complex.
Both major clades are present in both Atlantic and Pacific
ocean basins (figure 3a,c), and the observed genetic differ-
entiation between the two clades is high (15.4-18.2% at
16S rRNA, 20-24.3% at CO1).

Out of the remaining eight genetically distinct lineages,
five exhibit moderate to high levels of fixed differences
from their closest relatives, but, in the absence of morpho-
logical and ecological data, are not classified as cryptic
species here (table 25). In the first case, Rhincalanus rostrif-
rons, two divergent lineages are identified at 16S rRNA
(6.7-7.6%), but no differences between the lineages are
observed at ITS2. The two lineages occur in close proxim-
ity in the western tropical Pacific (electronic Appendix A).
The four remaining lineages are members of the R. nasutus
species complex described below.
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Figure 3. Geographic distribution of genetic lineages within the Rhincalanus nasutus species complex. (a) Geographic
distribution of recorded locations for R. nasutus, and collection locations of specimens sequenced in this study. Blue squares
represent genetic sample locations, red triangles and diamonds represent positive records for which exact locations are known,
green circles represent positive records where R. nasutus has been reported to occur, but for which no exact positions are
known, and black dots are negative records for R. nasutus. Literature sources for recorded locations include: Lang, (1965, red
triangles); Bradford-Grieve (1994), CalCOFI atlases (Bowman & Johnson 1973; Fleminger 1964), Grice & Hart (1962),

De Decker (1984), Deevey & Brooks (1977), Muniza & Kazmi (1995) all of which are marked by red inverted triangles.
Green circles mark records from Madhupratap et al. (1981), Campos Hernandez (1980), Razouls & de Bovée (1999), Scotto
di Carlo ez al. (1984), Weikert & Koppelmann (1993), Poulet ez al. (1996), and red diamonds mark new distributional data
from this study. (b) Phylogram from ML analysis of the genus-level Rhincalanus sequence alignment (16S rRNA). Bootstrap
values above each node listed as in figure 2. Location abbreviations as in table 1. (¢) A preliminary interpretation of the
geographic distribution of genetic lineages, based on the locations of known population centres and evolutionary relationships
among sequenced specimens. Colour coding for lineages included in (b).

(d) The Rhincalanus nasutus species complex

Six genetically distinct lineages were identified within
circumglobal R. nasutus, corresponding to populations in
the California Current, the Humboldt Current, the Sulu
Sea, the southwestern subtropical Pacific, the Kuroshio
Current and Philippine Sea and the northern North Atlan-
tic (figure 3b,c). All lineages show unique fixed differences
at both mitochondrial and nuclear loci, with genetic dis-
tances between lineages ranging from 1.6% to 18.2% at
16S rRNA (table 2a,b). Levels of genetic divergence
between nasutus lineages in all cases but one are as great
or greater than that observed between E. californicus and
E. bungi.

The R. nasutus species complex contains two main
clades (figure 354). One clade consists of the California,
Humboldt and Sulu Sea lineages, and the second clade
includes lineages from the Kuroshio Current/Philippine
Sea, southwestern subtropical Pacific and the northern
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North Atlantic. Levels of genetic divergence between the
two clades are high (15-18% 16S rRNA, 20-24% CO1),
and are roughly equivalent to that between Rhincalanus
gigas and either clade (electronic Appendix C). In the
genus-level phylogenetic analysis (figure 3b), high boot-
strap support (90-100%) was found for the placement of
the Antarctic species R. gigas within the nasutus species
complex, as a member of the California—Peru—Sulu lin-
eage. In the family-level analyses (figure 2) the placement
of R. gigas was ambiguous, with weak bootstrap support
for gigas outside the nasurus complex in the ITS2 results.

(e) Gene flow between ocean basins

The presence of gene flow between ‘populations’ cur-
rently considered conspecific in Atlantic and Pacific basins
appears to differ between eucalanid species. Eight species
in the Eucalanidae have circumglobal distributions, of
which seven were sampled in both Atlantic and Pacific
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Oceans. Four of these species, P. sewelli, S. crassus, S. pil-
eatus and R. nasutus, all show fixed differences at 16S
rRNA between ocean basins (table 2¢), with divergences
ranging between 2.4% and 10.3%. Fixed DNA substi-
tutions were also observed in the nuclear genomes of S.
pileatus, P. sewelli and R. nasutus, the three species for
which I'TS2 data are also available. These divergences sig-
nify a total absence of gene flow between lineages in Atlan-
tic and Pacific basins for these four species.

The three remaining circumglobal species, E. hyalinus 1,
E. hyalinus 2 and Pareucalanus sp., all appear to have
either exchanged genes in the recent past, or to experience
ongoing gene flow between ocean basins. These three
species exhibit levels of genetic differentiation between
ocean basins (0.0-1.7%, 16S rRNA) that are typical of
intraspecific variation.

4. DISCUSSION

(a) Morphological species versus genetic clades

This is one of the first phylogenetic studies to screen
systematically and globally for the presence of cryptic
species within an oceanic zooplankton taxon. Our results
demonstrate that indeed, sibling species are common in
the sea (Knowlton 1993). Validating species boundaries
with molecular markers will be an essential first step to
any study of a morphologically conservative marine group
in which a taxonomically complete phylogeny is required.
The high levels of inter-population genetic divergence and
intra-population genetic cohesiveness of the 12 new gen-
etic lineages identified here suggest that these ‘popu-
lations’ are distinct on both ecological and evolutionary
time-scales. Results demonstrate a total absence of gene
flow between these 12 lineages and other populations with
which they are currently considered conspecific.

While it is not a trivial matter to determine which of
these lineages should be considered new species based on
genetic data alone, several species concepts can provide
guidance as to what the requirements should be for a
population to be recognized as a valid species. Under the
Phylogenetic Species Concept (Cracraft 1989), all 12 lin-
eages identified here would be considered new species.
Designation of new species under the Biological Species
Concept (Mayr 1942, 1963a) is more ambiguous given
the absence of data on reproductive compatibility. How-
ever, at least five of these lineages occur in close enough
geographic proximity to allow interbreeding. The fixed
genetic differences observed in mitochondrial and nuclear
genomes of four lineages demonstrate that they have not
done so. In addition to these four cryptic species, eight
new lineages are also likely to deserve species-level recog-
nition following further consideration of differentiation in
morphological or ecological characters. In the meantime,
these lineages should be recognized as demographically
and evolutionarily distinct from other conspecific popu-
lations, regardless of their current taxonomic status.
Future work on the Eucalanidae will include examination
of all genetically distinct lineages for differentiation in
morphological characters.

The biogeographic distributions of these new lineages
are incompletely known, given the limitations of sampling
in the current dataset. However, it appears that examples
can be found in which they occur in sympatry (E. hyalinus
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1 and 2, Pareucalanus sp. and sewelli/attenuatus) , parapatry
(R. rostrifrons (EP and WP)) and allopatry (R. nasutus, S.
pileatus INA-PAC), P. sewelli INA-PAC), S. crassus (NA—
SWP)) relative to their closest congeners. Preliminary
results suggest that the 10 lineages that appear in allo- and
parapatry fractionate what was originally thought to be a
circumglobal or large-scale biogeographic range. For
example, new lineages discovered in P. sewelli, S. pileatus
and R. rostrifrons may have distributions restricted to one
ocean basin, with a sister lineage found in a second ocean
basin. The two cryptic species that co-occur in sympatry
with their closest congeners may also partition oceano-
graphic habitat by depth or water mass preferences. For
example, the presence of a sibling species previously cryp-
tic within P. sewelli may help to explain curious obser-
vations of bimodal vertical distributions of populations in
the eastern North Atlantic (Roe 1972, fig. 1, under species
name attenuatus), as well as the presence of two distinct
size groups within adult females (Fleminger 1973, fig. 16)
and especially adult males of P. sewelli (Roe 1972, fig. 4).

Six of the genetically distinct lineages mentioned above
were identified within R. nasutus, which has previously
been considered a single circumglobal species (Schmaus &
Lehnhofer 1927; Lang 1965; Castro er al. 1993; Bradford-
Grieve 1994). The high levels of interpopulation genetic
divergence observed in this taxon suggests that it is very
probably a species complex. Although putative cosmopolitan
marine species are increasingly being identified as cryptic
species complexes (Scholin ez al. 1995; Klatau et al. 1999;
de Vargas er al. 1999, 2001, 2002; Lee 2000; Lazoski er
al. 2001), there have been few examples for species that
extend well offshore of the coastal zone. A literature com-
pilation of recorded locations for R. nasutus (figure 3a)
demonstrates that the species can and does occur in oce-
anic regions as far as 4000 km offshore. Given such an
oceanographically broad distribution, it would be reason-
able to expect high levels of gene flow at ocean basin
scales. The genetic data, however, strongly support the
conclusion that lineages centred in different coastal
boundary currents do not exchange genes.

Furthermore, genetic relationships among nasurus lin-
eages do not follow expectations based on surface ocean
circulation. Dominant gyre flow fields in subtropical wa-
ters of each hemisphere might be expected to induce a
more recent shared evolutionary history for lineages in
eastern and western boundary currents of each hemi-
sphere than with lineages in other parts of the globe. How-
ever, observed sister lineage pairs include the northern
North Atlantic and southwestern subtropical Pacific, and
the California and Peru populations (figure 3b,c). The
close California—Peru relationship demonstrates more
recent connectivity between these eastern boundary cur-
rent lineages in the Pacific than between east-west bound-
ary currents within each hemisphere. The sister lineage
relationship between the northern North Atlantic and
southwestern subtropical Pacific supports a more recent
shared evolutionary history across both hemispheres and
ocean basins than between clade 2 lineages in the Pacific
(Kuroshio/Philippine Sea and southwest subtropical
Pacific). Results from the R. nasutus species complex
emphasize that marine species need not be neritic or coas-
tal in distribution for allopatric populations to diverge gen-
etically on large spatial scales, and secondly, that
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evolutionary relationships between lineages may not
reflect present-day surface ocean currents.

(b) Phylogeny of the Eucalanidae, and congruence
with morphological taxonomy

Relationships among previously described eucalanid
species, as inferred from both mitochondrial and nuclear
DNA data, were highly congruent with results from pre-
vious morphological studies of the family. Analysis of
DNA sequence data from three gene loci consistently
recovered strong support for four monophyletic genera in
the family Eucalanidae, with member species following
designations by Fleminger (1973), Geletin (1976) and
Bradford-Grieve (1994). The subgeneric clades of the
‘pileatus’ and subtenuis’ species groups (Fleminger 1973)
within Subeucalanus were also very well supported by the
current genetic dataset. Mitochondrial and nuclear DNA
data support specific-level differentiation for all 20 pre-
viously described species in the family that were
sampled here.

The family Eucalanidae was also found to be monophy-
letic, with no support for the hypothesis of Bjornberg
(1972, 1986) of two major lineages within the family.
Results for all three gene loci suggest that the genera
Subeucalanus and Pareucalanus are more closely related to
the genera Rhincalanus and Eucalanus than to members
of the calanoid superfamily Centropagoidea. Implications
from this result are twofold; first, that diversification of
the Pareucalanus and Subeucalanus genera was not associa-
ted with expansion of a predominantly coastal group, the
Centropagoidea, into oceanic waters. Second, that nau-
pliar morphological and behavioural evolution may be
more plastic on evolutionary time-scales than previously
thought (Fryer 1984; Dahms 2000). Results presented
here suggest that phylogenetic relationships inferred from
adult characters more closely approximate the evolution-
ary history of this family.

(¢) Barriers in the plankton: formidable
or permeable?

Oceanographic barriers to dispersal have long been
thought to play an important role in the process of speci-
ation in oceanic zooplankton, despite the fact that it is
often remarked that it is difficult to envision how this
occurs in the open ocean (McGowan 1971; Pierrot-
Bults & van der Spoel 1979). Recent genetic data from
planktonic Foraminifera have called this view into ques-
tion, with observations of SSU or ITS haplotypes shared
between ocean basins in Orbulina universa, Globigerinella
siphonifera 11 and Globorotalia truncatulinoides (de Vargas et
al. 1999, 2002, 2003), and between poles in Globigerina
bulloides, Turborotalia quinqueloba and Neogloboquadrina
pachyderma (Darling et al. 2000). Such observations have
suggested that barriers to gene flow, such as subtropical
fronts, tropical waters (for cold water species) or continen-
tal landmasses, may be highly permeable or non-existent
for planktonic organisms, with the ability to establish suc-
cessful populations outside the distributional range as the
only key factor controlling expansion of a biogeographic
range (Norris 2000; Norris & de Vargas 2000).

Results presented here suggest a qualification of this
view, whereby barriers to dispersal are permeable for some
species and formidable to others. Levels of genetic differ-
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entiation between Atlantic and Pacific ‘populations’ of
seven circumglobal eucalanid species vary from 10.3%
fixed sequence divergence (S. pileatus NA, PAC) to intra-
specific haplotype sharing of 16S rRNA or CO1 haplo-
types between ocean basins (E. hyalinus 1, Pareucalanus
sp.; table 2¢). Four out of seven species exhibit a total
absence of gene flow between ‘populations’ in the Atlantic
and Pacific, while the remaining three demonstrate rela-
tively recent or ongoing genetic exchange between basins.
Given that all seven species have successful populations
established in both ocean basins, it appears unlikely that
individuals effectively disperse, but fail to recruit in the
local population. Rather, continental landmasses do
appear to act as a barrier to dispersal in some, but not
all species. Similar results are observed for circumglobal
Clausocalanus jobei and C. pergens (Bucklin ez al. 2003),
suggesting that species specificity in patterns of gene flow
on circumglobal scales may be a general phenomenon in
zooplanktonic species. Additionally, the four species that
exhibit an absence of gene flow between ocean basins all
have distributions that extend to 40° S latitude, suggesting
that the extent of the southern edge of the distributional
range does not appear to be the key factor determining
success in dispersal around Cape Horn (cf. Fleminger &
Hulsemann 1973). It is currently unclear what character-
istic of the life history, ecological specificity, evolutionary
history and/or biogeography of a species determines its
ability to disperse across such semi-permeable barriers as
the continental landmasses of the Americas.
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