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The euphausiid genus Stylocheiron includes specieswith biogeographical distributions spanningmultiple oceanbasins. Despite their circumglobal

distributions, the species show low levels of genetic diversity and little or no evidence of population structure based on the mitochondrial

cytochrome oxidase I (COI) barcode region, with the exception of a possible cryptic species within Stylocheiron affine. Stylocheiron elongatum

showed< % variation of the COI barcode region among populations in different ocean basins, but analysis of samples collected from the Florida

Current (February, ) and Gulf StreamMeander Region (April, ) in the Northwest Atlantic Ocean revealed small-but-significant genetic

differentiation between samples based on a different section of COI and mitochondrial cytochrome b (CYB). Both COI and CYB showed large

haplotype and small nucleotide diversities, departures from neutral expectations, and haplotype networks consistent with persistent genetic

structuring of the species population. These patterns of diversity indicate the presence of selectiondriving populationdivergence.Wehypothesize

that position-keeping by this deep-living, non-migrating euphausiid speciesmay prevent genetic homogenization (panmixia) in the dynamicGulf

Stream System. This study demonstrates the importance of analyzing patterns of genetic diversity and structure at regional and global scales to

understand the ecological and evolutionary processes impacting marine zooplankton.
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Introduction

The genus Stylocheiron
The euphausiid genus Stylocheiron comprises 12 accepted species,

many of which are widely distributed throughout temperate and

tropical regions of the Atlantic, Pacific, and Indian oceans, accord-

ing to the World Register of Marine Species (WoRMS Editorial

Board, 2021). Our understanding of the systematic relationships

of the Stylocheiron species has been guided by hypothesized

patterns of evolution of eye shape and appendage morphology

(Brinton et al., 1999). The distinctive bilobed eye, small num-

ber of photophores, lack or reduction of the fourth-to-eighth tho-

racic appendages, and elongation of the third thoracic appendage

are diagnostic characteristics of the genus Stylocheiron (Mauch-

line, 1980; Brinton et al., 1999). These characteristics have been

used to discriminate two groups of species within the genus, the

C© The Author(s) 2021. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. All rights
reserved. For permissions, please e-mail: journals.permissions@oup.com
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Population connectivity of the euphausiid, Stylocheiron elongatum, in the Gulf Stream 

Stylocheiron longicorne group (consisting of seven species: S.

longicorne, Stylocheiron affine, Stylocheiron elongatum, Styloche-

iron indicum, Stylocheiron insulare, Stylocheiron microphthalma,

and Stylocheiron suhmii) and the Stylocheiron maximum group

(consisting of three species: Stylocheiron abbreviatum, Stylocheiron

robustum, and S. maximum; Brinton, 1962; Brinton et al., 1999).

Multi-gene phylogenetic analysis has been used in tandem with

morphological assessment to examine euphausiid diversity and

evolution. Such integrative morphological molecular taxonomic

analyses have yielded a consensus view of the species diversity and

evolutionary history of euphausiids as a group (Bucklin et al., 2007;

Vereshchaka et al., 2019), although significant questions remain.

Analysis of the mitochondrial cytochrome oxidase I (COI) bar-

code region has yielded useful insights into the diversity of eu-

phausiids (Bucklin et al., 2007), including species of Styloche-

iron (Wiebe et al., 2016). Two species of Stylocheiron exhibit un-

usual levels of morphological variation, apparently associated with

variation in oceanographic conditions across their extensive geo-

graphic ranges spanning multiple ocean basins. Brinton (1962) dis-

tinguished five morphological variants (which he called “forms”)

of S. affine and two forms of S. longicorne. The geographic extent

and disjunct distributions of the species have given rise to questions

about the taxonomic significance of geographical variation in mor-

phological characters. Examination of COI barcode variability of S.

affine confirmed significant genetic differentiation among popula-

tions and suggested the presence of a cryptic species of S. affine in

the Red Sea, for which COI barcode data showed divergence con-

sistent with speciation (Wiebe et al., 2016).

Stylocheiron elongatum
Stylocheiron elongatum is one of the most geographically

widespread species of the genus, with a latitudinal range of

60◦N–40◦S (Mauchline, 1980). The species occurs from 35◦S to

65◦N in the Atlantic Ocean, from 40◦N to 35◦S in the Pacific

Ocean, and across the Indian Ocean north of 40◦S (Brinton, 1962;

WORMS Editorial Board, 2021). The species lives deeper than

any other member of the S. longicorne species group, is classified

as a mesopelagic species and shows little evidence of diel vertical

migration behavior (Brinton et al., 1999). The vertical distribution

of S. elongatum was reported to be 300–500 m in the Gulf Stream,

Gulf Stream rings, and Sargasso Sea (Wiebe and Flierl, 1983).

Hydrographic conditions, including the presence of warm and cold

core Gulf Stream rings were shown to impact the species’ vertical

distribution (Wiebe and Flierl, 1983; Endo and Wiebe, 2007).

The Gulf Stream system
The Gulf Stream has been likened to a river in the sea; over much

of its course, its strongest signature (in terms of temperature, salin-

ity, and transport) is in the surface 100 m (Worthington, 1976).

Transport in the Gulf Stream increases approximately fivefold from

the initial concentration of flow of the Florida Current (FC), which

flows from the Dry Tortugas to Nova Scotia; the increase results

largely from the entrainment of Sargasso Sea waters and to a lesser

degree shelf and Slope Water (Heiderich and Todd, 2020). Current

velocities and transport volumes of the FCvary seasonally (Meunier

et al., 2018), resulting in variable concentrations and source regions

of the entrained zooplankton (Davis and Wiebe, 1985).

The Gulf Stream Meander Region (GSMR) flows eastward from

Cape Hatteras to the Grand Banks and beyond, and is character-

ized by a complex hydrography and circuitous path, with significant

impacts on biological processes and productivity (Gaube and

McGillicuddy, 2017). In this dynamic region, meanders develop

and intensify, cold- and warm-core rings spin off to the south and

north, respectively, and water from different domains is mixed into

the flow (Meinen and Luther, 2016).

Population genetic diversity and structure of
zooplankton
Patterns of population genetic diversity and structure, also called

phylogeography (Avise, 2000), can provide unique insights into the

ecological, evolutionary, and taxonomic significance of geographic

variation of marine zooplankton with widespread and disjunct dis-

tributions. COI and another mitochondrial protein-coding gene,

cytochrome b (CYB), have been used to examine evolutionary pro-

cesses within species of a wide range of animals (Kocher et al.,

1989; Tobe et al., 2010). Several euphausiids with extensive biogeo-

graphical distributions have been examined for molecular genetic

variation of COI and/or CYB, includingMeganyctiphanes norvegica

(Bucklin et al., 1997; Patarnello et al., 2010) and other species (Rau-

pach and Radulovici, 2015; Kulagin et al., 2021).

The population genetic consequences of the exceptionally large

population sizes of marine organisms have been a topic of con-

tinuing interest (Waples, 2016). Peijnenburg and Goetze (2013)

reviewed evidence that selection may be a dominant driver of

the evolution of open-ocean zooplankton, including findings of

non-neutral evolution, discrepancies between census and effective

population sizes, and differences between unlinked genetic mark-

ers. A number of studies have examined the importance of se-

lection for marine organisms (Sanford and Kelly, 2011; Plough,

2016), including purifying selection,which eliminates even slightly-

disadvantageous mutations and may be especially effective in ex-

tremely large populations (Nei, 1987; Hughes, 2005). Although the

distributions of most Stylocheiron species, including S. elongatum,

span multiple ocean basins with typically highly abundant popu-

lations, genetic diversity is small and there is little or no genetic

differentiation of geographic populations, based on available COI

barcode data (Bucklin et al., 2021; Figure 1). These global-scale pat-

terns of COI barcode diversity of Stylocheiron species provide the

context for our analysis of population structure and connectivity of

S. elongatum in the NW Atlantic Ocean.

Regional scale studies of marine zooplankton, ideally using a va-

riety of geneticmarkers, are important to examine patterns of diver-

sity and structure in relation to ocean processes and to trace path-

ways of connectivity (Aarbakke et al., 2014; Questel et al., 2016).

Such studies can also determine the temporal persistence of pop-

ulation genetic differentiation and structure (Avise, 2004; Peijnen-

burg and Goetze, 2013). This study examines haplotype and nu-

cleotide diversities based on short regions of mitochondrial COI

and CYB for S. elongatum samples collected in the NW Atlantic

Ocean. Patterns of genetic diversity are examined for evidence of

selection driving population divergence of S. elongatum along the

Gulf Stream system. The results are used to test the hypothesis that

deep-dwelling, non-migrating zooplankton may maintain persis-

tent population isolation and genetic differentiation, even in dy-

namic current regimes (Harkins et al., 2013; Goetze et al., 2015).

Material and methods

COI barcodes of Stylocheiron species
DNA sequences for the COI barcode region were obtained for

eight Stylocheiron species from the MetaZooGene Barcode Atlas
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 A. Bucklin et al.

Figure 1. Distribution of S. elongatum based on collection records from the Coastal and Oceanic Plankton Ecology, Production, and
Observation Database (COPEPOD, see https://www.st.nmfs.noaa.gov/copepod/) and barcoding records of the MetaZooGene Barcode Atlas
and Database (see https://metazoogene.org/database). Collection locations are shown for identified specimens (blue dots) and specimens for
which COI barcode data are publicly available (red stars). Figure accessed online via the MetaZooGene Atlas and Database (MZGdb;
https://metazoogene.org/atlas).

and Database (MZGdb; https://metazoogene.org/database), a pub-

lic repository of barcode data and metadata accessed from NCBI

GenBank and BOLD (Bucklin et al., 2021). All barcode records for

Stylocheiron species that included collection metadata (latitude and

longitude) were used for analysis (Figure 2; Supplementary Table

S1). Some of the COI sequences were determined for this study

from archived specimens of Stylocheiron species resulting from the

Census of Marine Zooplankton program (see http://www.cmarz.or

g/). Protocols for DNA sequencing were as described in Bucklin

et al. (2007). PCR amplification used the consensus primers, LCO-

1490 [5“-GGTCAACAAATCATAAAGATATTGG-3”] and HCO-

2198 [5“-TAAACTTCAGGGTGACCAAAAAATCA-3”] (Folmer

et al., 1994). Sequences were aligned using the Muscle algorithm

(Edgar, 2004) and trimmed to a uniform length for analysis using

Molecular Evolutionary Genetics Analysis (MEGA 7; Kumar et al.,

2016).

Collection and preservation of zooplankton samples
Collections of zooplankton samples containing S. elongatum for

this study were made during two research cruises in the N. At-

lantic Ocean in 1993 (Table 1). The R/V Calanus (CA-9303; 28

February–3 March 1993) sampled a transect across the FC, in-

cluding ten vertically-integrated, oblique tows of a 1-m2 ring net

(333 µm mesh) and five vertically-stratified casts of a 1-m2 Multi-

ple Opening and Closing Net and Environmental Sensing System

(MOCNESS; Wiebe et al., 1985). The R/V Oceanus (OCE-258; 18–

27 April 1993) traversed the GSMR in the N. Atlantic Ocean, with

collection of 25 zooplankton samples by integrated, oblique tows

of a 1-m2 ring net, hydrographic data, and Acoustic Doppler Cur-

rent Profiles (ADCP) during six crossings of the Gulf Stream (see

Bucklin et al., 1996). During both cruises, zooplankton samples

were preserved immediately in 95% ethyl alcohol; the alcohol was

changed once 24 hrs after collection.

Physical oceanographic measurements
Hydrographic information was collected during the MOCNESS

tows at five locations across the FC during CA-9303 in February

1993. Vertical temperature structure was characterized based on

Expendable BathyThermograph (XBT) profiles at the site of each 1-

m2 ring net tow during OCE-258. Hydrographic data were summa-

rized by Bucklin et al. (1996). During the OCE-258 cruise in April

1993, theGulf Stream, SlopeWater, and Sargasso Seawere delimited

based on the NOAA/NOS oceanographic features analysis of sea

surface temperature (SST) obtained from satellite-based Advanced

Very High Resolution Radiometry (AVHRR). The ship’s position

was plotted on charts obtained fromNOAA daily during the cruise,

and sampling strategies were determined in part from this informa-

tion. A spatially complete SST map for 23 April 1993 was produced

by interpolation to fill in gaps based on NOAA 1/4◦ daily Optimum

Interpolation Sea Surface Temperature (OISST), which combines

observations from different platforms (satellites, ships, buoys) on a

regular global grid (Figure 3).

Genetic analysis of S. elongatum
Individuals of S. elongatum for genetic analysis were removed from

FC and GSMR samples, with taxonomic identification confirmed

using diagnostic microscopic morphological characteristics (Brin-

ton, 1962). A total of 94 individuals of S. elongatum were iden-

tified: 54 from FC and 40 from GSMR samples, although not all
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Population connectivity of the euphausiid, Stylocheiron elongatum, in the Gulf Stream 

Figure 2.Map of collection locations of identified specimens of Stylocheiron species from which COI barcode data were analyzed for this study.
Data were accessed via the MetaZooGene Barcode Atlas and Database (MZGdb; https://metazoogene.org/database).

Table 1. Collection information for S. elongatum samples from the FC (CA-;  February– March ) and from the GSMR (OCE-;
– April ) used for genetic analysis in this study. Collection times are given in local time. Depths are given as estimated for integrated
tows; maximum sampling depths are provided for each sample collection. Numbers of individuals (N) of S. elongatum collected and identified
from each sample are given, but not all individuals were sequenced for both genes regions.

R/V Calanus (CA9303; 28 February–3 March, 1993)

Sta. # Date Time Latitude; Longitude Max depth (m) N

MFL- -Feb- : ◦.“ N ◦.” W  

MFL- -Feb- : 
◦

.“ N 
◦

.” W  

MFL- -Feb- : 
◦

.“ N 
◦

.” W  

MFL- -Feb- : 
◦

.“ N 
◦

.” W  

MFL- -Feb- : 
◦

.“ N 
◦

.”W  

M -Feb- : 
◦

.“ N 
◦

.” W  

M -Feb- : 
◦

.“ N 
◦

.” W  

Total 

R/V Oceanus (OCE-258; 18–27 April, 1993)

Sta. # Date Time Latitude; Longitude Max depth (m) N

OCE- -Apr- : ◦.“ N ◦.” W  

OCE- -Apr- : 
◦

.“ N 
◦

.” W  

OCE- -Apr- : 
◦

.“ N 
◦

.” W  

OCE- -Apr- : 
◦

.“ N 
◦

.” W  

OCE- -Apr- : 
◦

.“ N 
◦

.” W  

Total 

yielded sequences for analysis (Table 1; Supplementary Table S2).

All specimens of the target species were removed from the analyzed

samples, with the exception of small individuals. DNA was puri-

fied from identified specimens of S. elongatum by phenol extraction

and ethanol precipitation using protocols previously used for bar-

coding euphausiids (Bucklin, 2000; Bucklin et al., 2007). The puri-

fied DNA was used to amplify two regions of mitochondrial DNA:

COI and CYB. The COI region analyzed differed from the usual

barcode region (Folmer et al., 1994) and was amplified using the

consensus primer, (COI-f [5’—CCTGCAGGAGGAGGAGATCC–

3“] (Palumbi, 1996) and a euphausiid-specific primer designed

for this study, COI-609 [5”—GACGAGGTATTCCATTTAATC–

3“]. The CYB protocol used PCR primers: CYB-L14841 [5”—

CCATCCAACATCTCAGCATGATGAAA–3“] and CYB-H15149

[5”—CCCTCAGAATGATATTTGTCCTCA–3’] (Kocher et al.,

1989). The PCR protocol for both COI and CYBwas: 94◦C (1min);

42◦C (2min); and 72◦C (3min) for 40 cycles. The COI-f andCYB-1

primers were used for sequencing; complementary reactions using

CYB-2 were done for some individuals in order to verify substitu-

tions at particular sites. All sequences were manually checked for

accuracy, including viewing of chromatogram files, prior to analy-

sis using MEGA 7 (Kumar et al., 2016).
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 A. Bucklin et al.

Figure 3. Collection locations of S. elongatum analyzed in this study with overlay of SST based on AVHRR data for  April . The outlines
show currents and water mass features in the western N. Atlantic Ocean, including the Gulf Stream, meanders, rings, and entrainment features.
AVHRR data downloaded from National Oceanic and Atmospheric Administration (NOAA; see https://www.ncdc.noaa.gov/oisst/data-access).
Sample collection location coordinates are provided in Table .

Population genetic and phylogeographic analysis of S.
elongatum
Population genetic diversity and structure of S. elongatum were

evaluated based on DNA sequence variation of both mitochondrial

COI and CYB gene regions. Confirmation of species identification

as S. elongatum was based on BLAST searches of the NCBI Gen-

Bank database (Altschul et al., 1997) and matches to S. elongatum

records with E = 0, where E is the expected number of matches by

chance. Sequences for each gene regionwere aligned using theMus-

cle algorithm (Edgar, 2004) and trimmed for analysis using MEGA

7. Analysis was based on sequence alignments for 82 individuals for

a 394 base-pair (bp) region of COI; for 84 individuals for a 308 bp

region of CYB; and for 68 individuals for a 702 bp for COI + CYB

(Supplementary Table S2).

Nucleotide (θπ ) and haplotype (hd) diversity for the COI, CYB,

and COI + CYB gene regions were estimated using DnaSP 5 (Li-

brado and Rozas, 2009). Neutrality was tested with Tajima’s D

(Tajima, 1989) using DnaSP 6 (Rozas et al., 2017). The best-fitting

substitution model, Tamura 92 (Tamura, 1992), was selected with

MEGA 7, using the Akaike information criterion (Kumar et al.,

2016). A hierarchical Analysis of MOlecular VAriance (AMOVA)

with the Tamura (1992) mutation model was used to examine pop-

ulation genetic structure using Arlequin 3.5 (Excoffier and Lis-

cher, 2010). Samples were grouped by geographic region (FC vs.

GSMR; Table 1). Variance partitionswere tested for significance un-

der 10 100 permutations, with α = 0.05, after sequential Bonferroni

correction (Holm, 1979). Negative �ST values were assumed to be

zero. Haplotype networks were estimated using Haploviewer (Cen-

ter for Integrative Bioinformatics; available at http://www.cibiv.at/∼

greg/haploviewer).

Gene flow between regions for S. elongatum was modeled us-

ing the coalescent-based program Migrate-N 4.4.3 (Beerli, 2016).

Migrate-N uses ratios of maximum likelihood, or Bayesian infer-

ence to estimate migration rates and effective population size (NE)

under the assumption of asymmetrical migration rates at different

subpopulation sizes (Beerli and Felsenstein, 2001). Four model sce-

narios were tested for each marker using Migrate-N: Full model,

allowing for unrestricted gene flow between all sampled locations;

FC-to-GSMR, allowing only northward gene flow; GSMR-to-FC,

allowing only southward gene flow; and Panmictic, with all sam-

ples treated as a single population. Migrate-N parameter settings

for theta (θ), migration rates (M), and Markov long–chain values

were determined for optimal posterior distributions from initial

FST-based runs using the Metropolis-Hastings sampling method

(Hastings, 1970). Bayesian factor predictions for the fourmodel sce-

narios are reported.

Analysis of COI barcode variation of Stylocheiron species
Sequence variation of the COI barcode region was evaluated within

and between species of Stylocheiron by calculating the average and

standard deviation of pairwise proportional nucleotide distance
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Population connectivity of the euphausiid, Stylocheiron elongatum, in the Gulf Stream 

Figure 4. COI barcode proportional pairwise differences (p-distances) within (W) and between (B) eight species of Stylocheiron. Results reflect
pairwise comparisons between COI sequences for  specimens of eight species (see Supplementary Tables S and S). Box plot shows:  and
 percentile range (blue boxes);  percentile (red lines);  and  percentile limits (dashed lines); and outliers (red crosses).

(p-distance) between individual specimens of the same and differ-

ent species. A COI gene tree was constructed using MEGA 7 (Ku-

mar et al., 2016) with the Neighbor Joining algorithm (Saitou and

Nei, 1987), Tamura (1992) distances, and 1000 bootstraps.

Results

COI barcode variation among Stylocheiron species
DNA sequences for a 498 bp section of the usual barcode region

of COI (Folmer et al., 1994) showed pairwise differences averaging

14–16% between individuals of different species of Stylocheiron ex-

amined in this study (Figure 4 and Supplementary Table S3). This

range is consistent with interspecific differences observed in pre-

vious studies of euphausiids, including Stylocheiron (Bucklin et al.,

2007; Wiebe et al., 2016). Intraspecific variation was very low for

several species, including S. elongatum, which showed < 1% dif-

ferences among four specimens collected in different ocean basins,

and S. longicorne and S. robustum, for which low levels of intraspe-

cific COI variation were likely due to small sample sizes (Figure 4

and Supplementary Table S3). Intraspecific COI variation was

markedly greater for S. affine, which may reflect possible cryptic

speciation (Wiebe et al., 2016). Uncertain species identificationmay

cause higher intraspecific variation for S. maximum (Bucklin et al.,

2007).

The Neighbor-Joining COI gene tree resolved most species of

Stylocheiron with high boostrap support (Figure 5). Although bar-

codes for S. abbreviatum clustered with 99% bootstrap support,

there was no clear resolution of geographic variation across multi-

ple ocean basins (Figure 5). Barcodes for S. robustum from the Gulf

of Mexico (Wilkins and Bracken-Grissom, unpublished data) were

intermixed with S. maximum. A total of three of the four “longi-

corne” group species (Brinton et al., 1999) were included in a single

cluster with 93% bootstrap value; within the cluster, S. longicorne

and S. suhmii had 100% bootstrap values, but S. affine showed sig-

nificant divergence of Red Sea samples from those of Atlantic and

Pacific oceans (Figure 5), representing a possible cryptic species

(Wiebe et al., 2016).

Collection of S. elongatum
A total of 94 individuals of S. elongatum were identified from sam-

ples collected in the NW Atlantic: 54 from FC and 40 from GSMR

samples, although not all yielded sequences for analysis (Supple-

mentary Table S2). Vertical distributions of S. elongatum analyzed

from FC were between 200 and 300 m in the daytime and between

200 and 350mduring nighttime, based onMOCNESS deployments

(Table 1). Temperature profiles collected across the FC showed the

vertical distribution of S. elongatum centered between the 13 and

17◦C contours in both day- and night-time MOCNESS tows (see

Bucklin et al., 1996).

Variation of COI and CYB of S. elongatum
Haplotype diversity of the sampled individuals of S. elongatum was

larger for the 394 bp region of COI, with 37 haplotypes among 83

individuals (hd = 0.902± 0.022) than for the 308 bp region of CYB,

with 21 haplotypes among 84 individuals (hd = 0.474 ± 0.069);

COI + CYB values reflected the COI levels, with 42 haplotypes

among 68 individuals (hd = 0.920 ± 0.025; Table 2). Nucleotide di-

versity showed similar patterns, with COI significantly more vari-

able (θπ = 0.0096 ± 0.001) than CYB (θπ = 0.0035 ± 0.001) or
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 A. Bucklin et al.

Figure 5. COI barcode gene tree for Stylocheiron species based on
sequences available in the MetaZooGene Barcoding Atlas and
Database (see https://metazoogene.org/database). Neighbor Joining
tree with Tamura () substitution model; × bootstrap values
are indicated at nodes; values >  are shown. See Supplementary
Table S for collection metadata and citations for sources of
sequences. See Figure  for map of collection locations by species.

COI + CYB (θπ = 0.007 ± 0.001; Table 3). Analyses of all gene

regions (COI, CYB, and COI + CYB) showed significant depar-

tures fromneutral expectations (Librado andRozas, 2009) based on

Tajima’sD (Tajima, 1989), estimated for thewhole sequenced region

and for polymorphic sites with synonymous, non-synonymous, and

silent substitutions (Table 3).

Variance partitions (�ST) based on COI and COI + CYB were

statistically significant for six pairwise comparisons between FC

and GSMR samples, but only one comparison for CYB (Table 4).

Population genetic structure analysis based on AMOVA (Excoffier

and Lischer, 2010) analysis of COI+CYB showed significant differ-

entiation between the two regions (�CT = 0.066, p < 0.01), among

samples within regions (�SC = 0.170, p < 0.001), and within sam-

ples (�ST = 0.225, p< 0.0001; Table 5). CYB showed no significant

variance partitions, and COI was significant for within and among

samples, but not among regions (Table 5).

Haplotype networks showed two COI haplotypes that were most

frequent in each of the two sampled regions of the Gulf Stream

(FC and GSMR), with numerous additional haplotypes, most of

which were unique to FC (Figure 6a). CYB showed a highly skewed

haplotype frequency distribution, with a single dominant haplo-

type found in all samples, with four rarer shared haplotypes, and

a number of unique haplotypes found mostly in FC (Figure 6b).

For COI+CYB, the predominance of unique haplotypes restricted

to FC was notable, with the two most frequent haplotypes occur-

ring either exclusively (FC) or primarily (GSMR) in one region

(Figure 6c).

Of the four model scenarios tested for each marker using

Migrate-N (Beerli, 2016), the FC-to-GSMRmodel, with only north-

ward gene flow, was the highest likelihood based on CYB and

COI + CYB; probability was highest for COI for the Full model,

i.e. bidirectional pairwise exchange among all samples (Table 6).

Discussion

Variation within and among species of Stylocheiron
based on the COI barcode region
Patterns of DNA sequence variation of the COI barcode region

within and among species of Stylocheiron (Figure 4, Supplementary

Table S3) were similar to those among species of other euphausiids,

including sibling and congeneric species, sequenced for this gene

portion (Bucklin et al., 2007; Wiebe et al., 2016). Phylogenetic rela-

tionships among higher taxonomic groups are not usually resolved

by the COI barcode region, but the gene tree did support some as-

pects of the species groupings described based on morphological

characters (Brinton et al., 1999), including significant (93% boot-

strap) clustering of three of four barcoded species of the S. longi-

corne group (S. longicorne, S. affine, S. suhmii; but not S. elonga-

tum); all three species of the S. abbreviatum group (S. abbreviatum,

S. maximum, and S. robustum) were clustered with 80% bootstrap

support (Figure 5).

TheCOI barcode has beenwidely used to identify potential cryp-

tic species of marine zooplankton for which diagnostic taxonomic

characters can be subtle or missing (Bucklin et al., 2011; Peijnen-

burg andGoetze, 2013), including euphausiids (Bucklin et al., 2007;

Wiebe et al., 2016). For the Stylocheiron species analyzed here, de-

spite significant intraspecific variation associated with broad geo-

graphic distributions, the COI barcode provided reliable discrim-

ination of species, usually with 100% bootstrap values (Figure 5).

One species, S. abbreviatum, showed evidence of high levels of
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Population connectivity of the euphausiid, Stylocheiron elongatum, in the Gulf Stream 

Table 2. Summary of intraspecific variation of designated regions of COI and CYB for S. elongatum. N = number of sequences; BP = base pair
sequence length; h = number of haplotypes; hd = haplotype diversity, θπ = nucleotide diversity, SD = standard deviation.

Barcode N BP h hd SD θπ SD

COI    . . . .

CYB    . . . .

COI + CYB    . . . .

Table 3. Tajima’s D values for COI and CYB variation of S. elongatum, for the entire analyzed sequence (All gene) and for synonymous, non-
synonymous and silent polymorphic sites. Numbers of sites within each category are indicated by n; asterisks indicate significance levels (∗ p
< ., ∗∗ p < ., and ∗∗∗ p < .).

Barcode All gene Synonymous Non-synonymous Silent

COI −. ∗∗ −. ∗ (n = ) −. ∗∗ (n = ) −. ∗ (n = )

CYB −. ∗∗∗ −. ∗ (n = ) −. ∗∗ (n = ) −. ∗ (n = )

Table 4. Pairwise �ST distances between samples of S. elongatum from the FC and GSMR. The mutation model used was the Tamura distance
(Tamura, ) based on   permutations.�ST values are below and p values are above the diagonal. Negative values are shown as .; bold
values indicate significant values after sequential Bonferoni correction (α = .). See Table  for collection information and text for explanation
of methods.

Florida Current Gulf Stream

COI MLF001 MLF002 MLF003 MLF005 M2 M3 14 18 19 20

MLF . 0.001 . . . . . . .

MLF 0.001 0.001 . . . . . . .

MLF 0.316 0.293 0.001 0.001 . 0.001 0.001 0.000 .

MLF . 0.000 0.323 0.001 . 0.001 0.001 0.000 .

M . . . . . . . . .

M . . . . . . . . .

 . . 0.322 0.288 . . . . .

 . . 0.250 0.229 . . . . .

 . . 0.448 0.409 . . . . .

 . . . . . . . . .

CYB MLF MLF MLF MLF M M     

MLF . . . . . . . . 0.001 .

MLF . . . . . . . . . .

MLF . . . . . . . . . .

MLF . . . . . . . . . .

M . . . . . . . . . .

M . . . . . . . . . .

 . . . . . . . . . .

 . . . . . . . . . .

 . . . . . . . . . .

 0.162 . . . . . . . . .

 . . . . . . . . . .

COI+ CYB MLF MLF MLF MLF M M    

MLF . 0.001 . . . . . 0.001 .

MLF . . . . . . . 0.001 .

MLF 0.252 . 0.000 0.000 . 0.001 0.001 0.000 .

MLF . . 0.327 . . . . 0.000 .

M . . 0.192 . . . . . .

M . . . . . . . . .

 . . 0.262 . . . . . .

 . . 0.311 . . . . . .

 0.187 0.731 0.413 0.396 . . . . .

 . . . . . . . . .
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 A. Bucklin et al.

Table 5. Analysis of MOlecular VAriance (AMOVA) for S. elongatum collected from two regions, FC and GSMR. Fixation indices are shown for
among regions (�CT), among samples within regions (�SC), and within samples (�ST). Calculations used the Tamura () substitution model.
Values shown in bold font indicate statistical significance (p < .). DF = degrees of freedom.

Barcode source of variation DF Sum of squares

Variance

components

Percent of

variation Fixation indices p value

COI

Among regions  . . . �CT = . . + .

Among samples, within regions  . . . �SC = 0.215 < 0.001

Within samples  . . . �ST = 0.248 < 0.001

Total  . .

CYB

Among regions  . −. −. �CT = -. . + .

Among samples, within regions  . . . �SC = . . + .

Within samples  . . . �ST = . . + .

Total  . .

COI+ CYB

Among regions  . . . �CT = 0.066 0.009+ 0.001

Among samples, within regions  . . . �SC = 0.170 < 0.001

Within samples  . . . �ST = 0.225 < 0.001

Total  . .

genetic variation among samples collected throughout the species’

geographical range, but without clear distinctions among oceanic

regions; one clearly defined clade (100% bootstrap) included sam-

ples from the S Atlantic and NE Pacific, and another less well-

resolved cluster included samples from the N Atlantic and Red Sea

(Figure 5). In contrast, specimens of S. affine collected from the

Red Sea showed clear genetic divergence based on the COI barcode

from S. affine collected from the Atlantic and Pacific (Wiebe et al.,

2016; Figure 5). The Red Sea population of S. affinemay represent a

cryptic species (Wiebe et al., 2016) and warrants further integrative

morphological and molecular taxonomic analysis.

COI barcodes did not clearly discriminate two species, S. max-

imum and S. robustum, based on two sequences for S. robustum

from the Gulf of Mexico available in NCBI GenBank (Wilkins

and Bracken-Grissom, unpublished data). Morphological charac-

teristics discriminating the species are subtle, and misidentifica-

tion is always a concern. Analysis of additional samples and use of

additional molecular markers, including population genomics ap-

proaches (Bucklin et al., 2018), will be essential to ascertain the tax-

onomic and systematic relationships of the species.

Population genetic diversity and structure of S.
elongatum
The characterization of genetic diversity observed for S. elonga-

tum, combining small nucleotide and large haplotype diversities,

has been noted formarine zooplankton in previous studies (e.g. Pei-

jnenburg and Goetze, 2013). Based on sequence variation of both

COI and CYB, levels of θπ were small and levels of hd were large for

S. elongatum. Diversity was larger for COI (θπ = 0.010; hd = 0.902)

than for CYB (θπ = 0.004; hd = 0.474; Table 2). Both gene regions

showed significant departures from neutral expectations based

on estimates of Tajima’s D (Tajima, 1989), with non-synonymous

sites showing more significant departures than synonymous sites

(Table 3). Despite low levels of nucleotide diversity, patterns of vari-

ation of COI andCOI+CYB revealed significant differenceswithin

and among samples within regions (Table 4); COI + CYB also

showed significant differentiation between FC and GSMR regions

(Table 5). The haplotype network for COI, with different haplotypes

predominating in each region and unique and divergent haplotypes

in FC (Figure 6a), is typical of populations that have been stable over

evolutionary time.

The observed patterns of genetic diversity of S. elongatum in the

NW Atlantic Ocean are consistent with the hypothesis of persis-

tent genetic structuring (Avise, 2004). In particular, the departures

from neutral expectations suggest the underlying driver of selec-

tion (Sanford and Kelly, 2011). We hypothesize that population di-

vergence of S. elongatum results from the deeper distribution and

lack of vertical migration behavior of the species, which may be

expected to reduce rapid advection and slow transport by entrain-

ment in the slower and less coherent current flow deeper in the Gulf

Stream (Worthington, 1976).

The impacts of vertical distribution and migration behavior on

population structure have been observed for zooplankton in di-

verse current systems (Miyamoto et al., 2012; Harkins et al., 2013;

Goetze et al., 2015). In contrast to S. elongatum, the copepod, Nan-

nocalanus minor, showed genetic panmixia based on population

genetic analysis by Bucklin et al. (1996), using samples collected

during the same cruises (CA-9303 and OCE-258). Both species

are distributed across the mid-latitudes of the N. Atlantic and are

reproductive throughout the Caribbean source waters, FC, and

GSMR (Wishner and Allison, 1986; Wiebe et al., 1992). Neither

species is thought to undergo marked diel vertical migration, but

N. minor is an epipelagic species that is restricted to near-surface

waters (Wishner and Allison, 1986), and populations of this species

may be expected to be advected rapidly along the course of the Gulf

Stream. Comparison of population genetic results forN. minor and

S. elongatum is consistent with the hypothesis that advective trans-

port in the Gulf Stream System is less effective in genetically ho-

mogenizing deeper-dwelling zooplankton species.

The population genetic diversity of S. elongatum may be com-

pared with that of another euphausiid,Meganyctiphanes norvegica,

for which the same mitochondrial COI and CYB gene regions were

sequenced (Bucklin et al., 1997). The two species have different ge-

ographical distributions, life histories, and behaviors:M. norvegica

is a predominant member of the N. Atlantic zooplankton assem-

blage, with a distribution tied to the continental shelf, and exhibits
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Population connectivity of the euphausiid, Stylocheiron elongatum, in the Gulf Stream 

Figure 6. Haplotype network diagrams for (a) COI, (b) CYB, and (c) COI + CYB for S. elongatum. Diagrams show numbers of individuals with
each haplotype; cross-bars indicate numbers of substitutions separating haplotypes. Colors indicate collection region: Gulf StreamMeander
Region (GSMR, yellow) and Florida Current (FC, green).
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 A. Bucklin et al.

Table 6. Bayesian predictions for custom migration models between GSMR and FC regions of the Gulf Stream using Migrate-N. The best (most
likely) population connectivity model based on each gene region is shown in bold. Abbreviations: Bezier Log Marginal Likelihood (LML); Log
Bayes Factor (LBF).

Barcode Model hypothesis LML LBF

Model

probability Rank choice

COI Full −14 664.99 0.00 1.00 1

FC to GSMR − . . . 

GSMR to FC − . . . 

Panmictic − . . . 

CYB Full −. . . 

FC to GSMR −793.53 0.00 1.00 1

GSMR to FC −. . . 

Panmictic −. . . 

COI + CYB Full −. . . 

FC to GSMR −1885.09 0.00 1.00 1

GSMR to FC −. . . 

Panmictic −. . . 

marked diel vertical migration (Mauchline, 1980; Kaartvedt, 2010;

Lowe et al., 2018). Both species share small nucleotide diversities,

large haplotype diversity, and departures fromneutral expectations.

In comparisonwith S. elongatum,M.norvegica exhibited lower vari-

ation of COI (θπ = 0.0038; hd = 0.68) than CYB (θπ = 0.0182;

hd = 0.91) and no evidence of genetic differentiation among sam-

ples from the NW Atlantic Ocean (Bucklin et al., 1997), although

the species showed structure across its entire range (Patarnello et

al., 2010).

Implications for global-scale patterns of euphausiid
diversity
The genetic differentiation of S. elongatum populations over a por-

tion of the Gulf Stream system contrasts with the lack of signifi-

cant differentiation based on theCOI barcode region of populations

of globally-distributed Stylocheiron species. Several species of Sty-

locheiron, including S. elongatum, have extensive biogeographical

distributions extending over multiple ocean basins; several warm-

water euphausiid species occur in all of the Atlantic, Pacific, and In-

dian Oceans. A possible explanation for lack of genetic structuring

of global-scale populations of marine zooplankton species, includ-

ing Stylocheiron, is the power of purifying selection, which elim-

inates even slightly-disadvantageous mutations and may be espe-

cially effective in extremely large populations (Nei, 1987; Hughes,

2005), which are typical of marine zooplankton (Peijnenburg and

Goetze, 2013). This conclusion is consistent with studies of impacts

of selection on genetic diversity, including nucleotide frequencies in

protein-coding genes, of marine organisms (Plough, 2016; Waples,

2016). COI and other widely-used marker genes are useful tools

that will continue to provide insights into population genetic pat-

terns and processes of zooplankton at local-to-global scales (Buck-

lin et al., 2011, 2021), but clearly population genomic approaches

applied to samples collected across the extensive biogeographical

distributions of marine zooplankton species will be key to new

discoveries.

Conclusions
Patterns of variation of themitochondrial COI barcode region were

examined within and among eight species of the euphausiid genus,

Stylocheiron. Most species clustered together with significant boot-

strap values, despite their extensive geographic ranges spanning

multiple ocean basins. A primary exception was evidence of a dis-

tinct population and likely cryptic species of S. affine in the Red

Sea. COI also showed little evidence of genetic diversity or structure

within species of Stylocheiron, despite their circumglobal distribu-

tions. This finding is consistent with the hypothesis of purifying se-

lection acting to reduce genetic diversity of species with extremely

large population sizes.

The mesopelagic euphausiid, S. elongatum, was sampled from

the FC and GSMR of the North Atlantic Ocean during cruises in

February and April, 1993. Analysis of DNA sequence variation of

mitochondrial COI andCYB for identified specimens showed small

nucleotide and large haplotype diversities, and marked departures

from expectations of neutral evolution. Based on COI variation, S.

elongatum showed evidence of genetic differentiation within and

among samples within regions; COI+CYB showed divergence be-

tween the FC andGSMR regions. These patterns of genetic diversity

support our hypothesis of population divergence driven by selec-

tion, with persistent genetic structure made possible by the species’

deep distribution and lack of vertical migration behavior, which

slow advective transport in theGulf Stream System and reducemix-

ing of populations in the North Atlantic Ocean.
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