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Abstract—The distributions ot 22 copepod types ( I8 species and the copepodite stage V of four of
the species) across a transect of the Gulf Stream near Cape Hatteras, NC, sampled m May 1983
with a MOCNESS. were analyzed and compared with the distnibutions found on a sumilar transect
sampled 1 September 1982 Copepod species distributions followed physical charactenistics
closely and were similar for the two sampling times  Species were found in discrete environments.
and species distributions changed across the Stream with changing physical properties Most of the
copepod types (I8) were placed into four distributional groups using recurrent group analysis,
cluster analysis, and examination ot species distributions: The September and May transects were
analyzed independently . yet virtually the same groups resulted. implytng that these spectes groups
are consistent over tme and suggesting that a persistent commumty structure may be a general
feature of the Gult Stream The distrthutions of the species groups were associated with physical
properties across the Gult Stream. waith hittle overlap between group environments  In both
September and May crossstream trends i antegrated abundinees ot two ot the species groups
tollowed the patterns expected at continuous crosssstream nuxing processes had oceurred Cold-
water spectes had higher abundances at the northern stations, with abundances decreasing across
the Stream to the south. Warm-water species abundances followed the opposite pattern (hugh
abundances on the Sargasso Sea side of the Stream and lower abundances on the northern side)

Certan species or spectes groups may be rehable indicators of water type and could be used as
tracers of water mass muvng across the Gult dtream

INTRODUCTION

Tue Gulf Stream is usually regarded as a biogeographical boundary separating the
cold-water eutrophic Slope Water faunal assemblages to the north and west from the
warm-water oligotrophic Sargasso Sea assemblages to the south and east (Grice and
Hart, 1962; HurrLsurr, 1964; Backus er al., 1970; Jaun and Backus, 1976; CHENEY,
1985). However, studics of zooplankton populations in the northwest Atlantic have noted
the presence of non-endemic species in both the Stope Water and the Sargasso Sea. Their
transport across the Gulf Stream has been attributed either to an unspecified large-scale
lateral mixing or to the formation of Gulf Stream rings (c.g. GricE and Hart, 1962;
Bowman, 1971; Deevey, 1971 Wiest ef al., 1976b; DeEvey and Brooks, 1977; Cox and
Wiest, 1979; Jovce eral.. 1984). Smaller-scale physical processes, also identified as agents
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of cross-stream water transport, include shingle formation (Slope Water entrainment) and
decay (e.g. LiLLiBRIDGE and RossBy. 1986: HitcHcock er al.. 1986. GARFIELD and Evaxs.
1987). formation of streamers associated with ring-Stream interactions (Nor. 1988).
“leakage” from the Stream at depths below the thermochne (Suaw and Rosssy. 1984).
and water transfer at meander crests and troughs (Bower et al.. 1985; Bower and Rosssy.
1989; Hoca. 1986). Therefore the Gulf Stream functions as a leaky membrane (Bower et
al.. 1985). permitting some cross-stream exchange of water and plankton populations.

Despite the importance of the Gulf Stream as a biogeographical boundary. there are few
in-depth studies of the zooplankton within the current itself. Most studies of Gulf Stream
zooplankton populations have been done near the Straits of Florida, where the current is
still discrete (e.g. Moore and O'Berry. 1957: RoeHR and MOORE. 1965 WORTHINGTON.
1976). Earlier studies in areas north of Cape Hatteras have usually been himited to a few
samples. taken either on a transect of the area or in conjunction with investigations of Gulf
Stream rings, and have concentrated on species assemblages in the Slope Water and
Sargasso Sea (Grice and Harr. 1962: Deevey. 1971; Deevey and Brooks, 1971, 1977: Cox
and Wigsg, 1979).

Strong associations between species distributions and physical charactenstics and a
consistent community structure (species groups) were found across the Gulf Stream on a
September 1982 transect (ALLISON. [986: WisHNER and ALLISON, 1986) Despite the
changing environment. copepod species distributions could be grouped into a few distinet
patterns at all points along the transect using recurrent group analysis (FAGER, 19537).,
suggesting a stable community structure (WisuNEr and Atiison, 1986). Furthermore, the
abundance trends of some copepod species groups across the Gulf Stream followed the
patterns expected if continuous cross-stream mining processes were operating (WIsHNER
and Avtison, 1986). Cold-water species were in hugher abundances at the northern
stations, with abundances decreasing across the Stream to the south. In contrast, warm-
water species abundances followed the opposite pattern, with highest abundances on the
Sargasso side of the Stream. However, this study was limted to asingle transect ot the Gulf
Stream.

The present study analyzed copepod species distributions and community structure
trom a spring (May 1983) transcct of the Galt Stream near Cape Hatteras, in comparison
with the fall transect (September 1982) at the same location (73°W), previously described
by Wisuner and Arrison (1986) and Arvison (1986). This paper describes the May
results, includes further analyses of September data, and presents comparisons between
the two times. Specific questions include: (1) Is there a consistent community structure m
the copepod assemblages across the Gulf Stream, and was this structure the same at the
two times? (2) Do copepod species’ groups abundances follow changing environmental
characteristics across the Gult Stream, and are these associations observed consistently
over time? (3) Which copepod species are most usetul over time as water mass indicators?
(4) Arce there patterns in total abundance of copepod species groups across the Gulf
Stream, and what are the implications of these patterns for cross-stream transport of
plankton?

METHODS
Sampling

Samples were collected from two transects of the Gulf Stream., done in September 1982
(WisHNER and Aruison, 1986; ALLison, 1986) and in May 1983, off Cape Hatteras, NC
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Table 1. Sampling data for the three statons conducted in May 1983 See WisHVER and ALLisoN (1986) for
September 1982 sampling information

Start latitude  Start longitude  Date  Local ime  Local tme  Max. depth

Region Operation (°N) (°W) (1983) Start End (dbar)
Northernedge MOCNESS 15 3607 11 317719 19 May 1107 121 200
MOCNESS 16 3606 04 7321 86 19 May 13 53 l6 21 1000

MOCNESS 17 3605 S0 7323 88 19 May 2142 224 200

MOCNESS 18 360378 732256 20 May 011 28 930

Hydrocast 3608 04 7316 91 19 Mav I8 42 391

Central Stream  MOCNESS 19 355649 731210 20 May 10 46 10 46 1000
MOCNESS 20 3556 33 731170 20 May 1509 15309 200

MOCNESS 21 3556 95 731300 200May 2129 21 193

MOCNESS 22 355693 731293 20May 2342 34 1000

Hydrocast 355712 7309 95 20 May 16 39 773

South edge MOCNESS 10 3543 72 7301 96 12 May 2340 128 200
MOCNESS Il 354405 7303 32 13 May LIS 106 1000

MOCNESS 12 35420 7301 38 13 May 9 34 1202 1000

MOCNESS 13 3542 33 730524 13 May 1323 1412 200

Hydrocast ISH IS 730118 13 May 707 928

(Table 1). These 2 months were chosen to provide the maximum contrast in temperature
gradient across the North Wall (between the Gulf Stream and the Slope Water), which
might atfect plankton dispersion and distributions. The transects consisted of three
stations, located 2040 kmvapart, and oriented such that the transect was perpendicular to
the mean direction of the Gulf Stream. The stations were sampled intensively, from 0 to
1000 m, at three locations: a North Wall station (located where the 15°C sotherm was at
200 m), a Central Stream station, and a station at the Sargasso Sca cdge of the Stream. The
transcct was located across a fairly straight, non-meandering segment of the Gulf Stream
at both sampling times (Fig. 1; WisuNer and A11ison, 1986).

Atcach station, four MOCNESS (Multiple Opening and Closing Net and Environmen-
tal Sensing System: WiLse er al., 1976a) plankton tows, using 335 gm mesh, were
conducted, two during the day and two at night. The MOCNESS was equipped with
temperature and pressure sensors and a flow meter. For each time period (day and mght)
both a shallow, fine-scale tow, from 0 to 200 m at 25 mntervals, and a deep. coarse-scale
tow, from 0 to 1000 m at 100 or 150 m intervals, were done (1H00-850, 850-700, 700-550,
550400, 400-300, 300200, 200-100, 100-0). resulting in eight discrete net samples from
cach tow. Zooplankton samples were preserved in 4% buffered formalin immediately
following collection. Hydrocasts were done at cach of the three stations to obtain
temperature, saliity, density (sigma-r), oxygen, and nutrient information. Downstream
and cross-stream velocities for all stations were available trom the Pegasus program
(HAaLkiN eral., 1985).

Sample analysis

Samples were analyzed for the abundances of 22 copepod types. 18 species and the
copepodite stage V of four of these species. The same copepod types were enumerated
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from each transect to maintain consistency between the two sampling times (ALLISON,
1986: WisHNER and ALLisoN. 1986). The species selected were common in the samples.
had different depth distributions. and represented 13-95% of the adult copepods in a
sample. at least for the September 1982 samples (ALtison. 1986). Copepod species were
identified according to the keys ot STEUR (1932). Rose (1933). HuLsEMANN (1966). and
Owre and Fovo (1967). Analysis was done by first splitting the sample down to a fraction
where at least 200 of the target copepod types were present. The counts were then
extrapolated to No. animals/1000 m* according to the number of splits and the volume of
water filtered during that particular tow. Ninety-six samples were counted from the
September transect and 83 samples from the May transect. For the upper 200 m. only the
data from the fine-scale sampling were used.

Total integrated abundances (animals m ™) over the 1000 m sampled were calculated for
cach species at the three cross-stream locations from both day and night for both data sets
The fine-scale samples (25 mntervals) were used for the top 200 m. and the coarse-scale
samples (100 and 150 mantervals) were used for the rest of the water column.

Statistical analyvses

Spectes abundances (animals/ 1000 m‘) from all samples (84 for September and 83 tor
May) were compared for cach species between September and May using the Mann-
Whitney U test (Sokal and Route, 1981 Zagr, 1984). Multivariate statistics were
cmployed to determine grouping of copepod types. [n these analyses, all abundances
< 20% of the median abundance of that species were counted as 0™ for statistical
stmphfication and to emphasize the major distributions (McGowan and Warker. 1979,
ATLLISON, 1986 Wistintr and Ar11soN, {980).

Recurrent group analysis (Faceg, 1957; Faai k and McGowan, 1903) was used to place
species into groups on the basis of co-accurrence using presence/absence data. Anindexot
attinity, £, was calculated tor cach species pair according to the formula in Facir and
McGowan (1963). The mmimmum value ot £ below which the specics were not considered
to have strong alfinity was 0.5 (Wisnner and Avrnison, 1986). Groups were formed
between those species that had indices of atfinity (7) >-0.5 tor all pairwise combinations.
The degree of association between species groups or between groups and individual
species was determined from the pereentage of parrwise combinations of species from that
particular group that had sigmficant indices ot aftinity with another group or spectes.
Recurrent group analysis tor the September data was presented in ALtisoN (1986) and
WisuNer and Avtson (1980).

Copepod species groups also were identificd using cluster analysis. A hierarchieal
agglomerative, polythetie cluster analysis was done separately for cach transect using the
cluster procedure of the Statistical Analysis System (SAS) (Picrou, 1977; SAS INsutuiL
Ine 1985 Kress, 1989). Copepod species were clustered using Spearman’s Rho between
species panrs, rather than ditferences of abundance. The TREE procedure was used to
draw dendrograms ot the clusters, based on the distance coctficient between species
caleulated by the cluster procedure (SAS Instriuin Inc., 1985). The dendrograms were
then visually examined toadentify the groups of species.,

The species groups desenibed by the cluster analysis and the recurrent group analysis
were compared independently for the two data sets to describe one sct of groups for cach
samphng time. If different group compositions were defined by the two statistical analyses,
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then the distributions of the individual component species across the Gulf Stream were
compared to insure that species grouped together had common distribution patterns.
Copepod species groups for the September transect were redefined [from the groups of
ALLISON (1986) and WisHNER and ALLisoN (1986)] based on the new statistical analysis.
The species groups from each sampling time were then compared with each other.

Total integrated group abundances (animals m ™) were summed for each group at the
three cross-stream locations from both day and night for both data sets. Maximum group
abundances (animals/1000 m®) and integrated group abundances (animals/m~) were
compared for each species group between (1) September and May and (2) day and night
for each cross-stream location using Wilcoxon's signed-rank test (abundances of the group
members were used as variables. SokaL and RoHLF, 1981: Zar. 1984). For tests of day
versus night abundances. both September and May data were used 1n each category (day
and night). with pairings between the same species and the same month, resulting in a
sample size of eight for Groups 1-3 (four species, each with 2 months) and of six for Group
4 (three species). Similar calculations were employed for the September versus May
comparisons. with both day and night abundances used. Integrated and maximum
abundances were compared separately for September and May between cross-stream
locations using Wilcoxon's signed-rank test and appropriately paired abundances of the
component species (SokaL and RoHLF, 1981; Zar. 1984).

Kendall's cocfficient of concordance (W: Zagr. 1984) was calculated. using integrated
abundances for each specics, to indicate if there was significant agreement between the
species ina group in abundance trends with cross-stream location. Day and night data were
both used in the same test for groups with no ditferences in day-night integrated
abundance, Correlation in cross-stream trends in group integrated abundance between
September and May was calculated using the Spearman rank order cocfficient (Zag.
1984)

RESULTS
Environmental data

The physical structure across the two transects was simifar at both times, and typical of
the Gult Stream (FuGrister, 1960; Srommer, 1966). Temperature, salinity and density
isopleths in the top 200 m approximately paralleled the surface, while isopleths below 200
m sloped downwards across the stream from the North Wall to the Sargasso Sea [Fig. 2: for
September sections, sce WisHNER and ALLisoN (1986)]. The top of the main thermocline
sloped down from 200 m at the North Wall station to 550 m at the Sargasso Sca station.
Characteristic “Eighteen Degree Water™ (SCHROEDER ef al., 1959; WORTHINGTON, 1959,
1976) was found in a lens at the Sargasso Sea station and, with reduced range, at the
Central Stream station. Density (sigma-) in the surface layers of the September transect
was lower (< 24.1; Wisuner and ALrison, 1986) than in the May transect (24.1-24.5). The
27.0 isopycnal was located slightly deeper in the water column during the May transect
than in September, especially in the core of the Gulf Stream and on the Sargasso Sca side.

The surface temperature gradient between the North Wall station and the Slope Water
to the north was greater in May than in Scptember. The mean Slope Water surface
temperature 35 km to the north of the North Wall station was 23.65°C during the
September cruise and 15.25°C during the May cruise (HALKIN er al., 1985). The surface
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temperatures at the North Wall stations. located 20 km from the Stream axis. were 28.0
and 25.5°C for September and May. respectively. This resulted in a mean temperature
difference between these two locations of 10°C (0.18°C km™!) in May but only 4.35°C
(0.08°C km™') in September (HALKIN et al.. 1983). In contrast, there was little difference
in the surface temperature gradient between the North Wall and Central Stream stations at
the two times. Very warm (>25°C) surface water extended across the top 30 m of the
September 1982 temperature section (WISHNER and ALLISON. 1986), while in the May 1983
temperature section the surface water was cooler (24.88°C) at the Sargasso Sea side station
(Fig. 2).

Nutrient sections from May were similar to the September sections (WISHNER and
Aruison, 1986) with nutrient distributions following the sloping isotherms across the
Stream (Fig. 2). Lowest concentrations were found near the surface with increasing
concentrations at depth. Lowest oxygen concentrations were found in the deep core (225-
325 m at North Wall) and along the main thermocline across the Stream. with high
concentrations found at depth in and below the main thermochine and in the Eighteen
Degree Water.

The downstream velocity field in May was “typical” for the Gulf Stream (HaLkiN and
Rosssy. 1985) [Fig. 3: see WisHNER and ALuisonN (1986) for September sections).
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1983 Stanons designations (N, Cand 8) are as deseribed for Fig 2. Sections are composites ot the
May L9R3(A) and May 1983(B) velocuy ticlds (Redrawn from sk eral | 19835)
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Maximum downstream velocities (150-200 cm s ~!) were found from 0~150 m at the North
Wall station of the Gulf Stream. Downstream velocity in the core of the Gulf Stream
ranged from 100-150 cm s™! and decreased with depth. Velocities were greatest at the
North Wall station and least at the Sargasso Sea side of the Gulf Stream. The cross-stream
velocity field was similar to the mean Gulf Stream cross-stream velocity section derived by
HaLkin et al. (1985). except that the magmitude of the cross-stream velocity toward the
north in the core of the Gulf Stream was greater in the May section (~10-20cms™!) thanin
the mean velocity section (~0-5 cm s™!).

Copepod species groups

Cluster analysis and recurrent group analysis produced similar groupings. Species
characteristic of Slope Water (Calanus finmarchicus. C. finmarchicus CS. Pleuromamma
borealis. Rhincalanus nasutus, and Metridia lucens; Deevey and Brooks. 1977: Grice and
HARrT. 1962) were clearly separated from other species. The vertically migrating Pleuro-
mamma species. with the exception of P. borealis. were also well separated from the non-
migrating species. Species grouped together were generally at the same depth ranges and
exhibited similar behavior (i.e. diel vertical migration: Table 2).

Groups dcfined using recurrent group analysis from the two transects had some
differences. Twebe copepod types were grouped similarly from the two sampling times:
however, cight types were grouped differently in the two analyses (Fig. 4). and two species
were consistently not placed in species groups (Neocalanus gracilis and P. borealis) The
groups defined for the May analysis were more biologically meaningful in that associations
ot species with similar behaviors were wdentified. For example, Pleuromamma pischt, a
vertical migrator, was associited with other vertically-migrating Pleuromamma species
(Group 3) in the analysis of the May data but was unassociated with those specices in the
Septemberanalysis Luctcutia flavicornis, a vertical migrator, was associated with shallow-
living, non-nigrating species in the September analysis, but more logically grouped with
N. gracilis and Riuncalunus cornutus as an association of “ubiquitous™ species in the May
analysis,

The recurrent species groups were more distinet in the May data than in the September
data, as indicated by the lower levels of association between all groups. For example, in
September, Group 3 was associated at the 38% level with Species Pair 2 (Group 4 1n the
May data), at the 40% level with Group [, and at the 5% level with Group 2. However, in
the May analysis. Group 3 was associated only at the 16.6% level with Group 4, at the
0.25% tevel with Group 1, and not at all with Group 2.

Similar specics groups oceurred at the two sampling times according to the cluster
analysis (Fig. 5). in contrast to the results of the recurrent group analysis. Nineteen out of
22 copepod types clustered into the same groups in both September and May. Certain
species were more closely associated than others, and these associations were consistent
between both data sets,

Summary groups tor 15 of the 22 copepod types were defined based on the two grouping
analyses and the species” distributions (Fig. 6). In compiling the final groups. the results
from the two data sets (May and September) were compared and species” distributions and
behavior were considered. Species not consistently associated with a specific group
between the two data sets were not placed in the final groups (Lucicutia clausi, L.
flavicornis, Metridia brevicauda. Metridia venusta. N. gracilis, P. borealis and R cornu-
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204

Scptember 1982
Groug 1
Luctcuna flawcorns 60 % Buc2
[l\-l:cmocdnm munor Calanus temucorms
Narnocalanus wunor CS Calarss tenmcorms C§
Neocalanus gracilis CS

Plewromarma puehs W%

50 %

Neocalanus gracilis

0% Groupd
Pleuromamrwna abdomunials
Plauromamma gracilis
Pleuromamma xiphias 8%
Lwcicuna gemuna
0%
su
Loasseciated
Bauct Group 2
Mermidia brewcauda Calanus finmarc ucus
Metridia venusta Calanus funmarchucus CS
Metridia lucens

Pleuromamma borealis

Rhuncalanus cormuus
Rhuncalanus rasutus

May 1983

Group 1

Lucicuna ovalis
Nannocalanus mnor

Nannoralanus munor CS

n%

Groue 4

Calanus lenmcorms
Calanws temacorms CS

Neocalanus gracilis CS Lucscuna gemuna
42 % 44 %
6%
Neocalanus gracilis
Rhuncalarus cormuius
Group 3 Lucicuna flancorms
Pleuromamma abdomunlalis 17%
Plewromamma gractls 1%
Pleuromamma puseks
Pleuromamma nphias
Gruup2
Lnasseciated Calanus finmarchicus
Calanus funmarchicus CS
o
66 %
Pleuromarwna borealis 1%
Metridia brewcanda

Rhincalanus Rasuius
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SEPTEMBER 1982 MAY 1983
C finmarchicus R cornutus
C finmarchicus C5 R nasutus
M lucens M lucens
R nasutus C. finmarchicus
R cornutus C. finmarchwcus CS

M. brevicauda

M. brevicauda
E M venusta

C tenuwicorms

M. verwsta

N. gracilis
N. gracilis CS

C tenuscorrus C5

N nunor
N minor N runor C5
N nunor CS .
N gracilis C5 L flavicorms
L flavicorrus
EP. gracilis
P pisels
P abdomunalis
P gracilis ] P. xiphias

P abdominalis

P piseki E C tenuicornis C5
C tenwcorms

P xiphias
eP borealis e L. gemuina
P. borealis
—eL clausi L. claus:
T L L] LS L] L LA S § LA LA § L] 1 L e 4 1 4 1 LMD I S | T v T T T L}
14 12 10 ] 6 4 2 0 14 12 10 L 6 4 2 V]
Average Distunce Between Clusters Average Distance Between Clusters

fig 5§ Results of the two cluster analyses ot copepod species tor September 1982 and May 1983
Dendrogram not drawn exactly to scale

tus) For example, L flavicorms was eliminated from Group | because the distribution of
the species was markedly different from those of other group members. L. flavicornis had
both a deeper distributton and a different behavioral pattern (diel vertical migration) than
other Group | members.

Species and species group distributions

In general, copepod distributions (Table 2) followed the same trends in May as in
September (A1 LISON, 1986). Species distributions followed physical characteristics across
the Gulf Stream, with some distribution patterns paralleling the surface and others
following sloping isopleths across the Stream with changes in depth range from station to

Fig 4. Copepod species groups determined by recurrent group analysts The numbers linking boxes refer to the
per cent assoctation ot species between groups (the per cent association within a group is 100%) (September
1982 analysis redrawn from Wisaser and Actson, 1986.)
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Group 1

Nanrnocalanus munor
Nannocalanus minor CS
Neocalanus gracilis C5
Lucicuna ovalis

Group 2
Calanus finmarchicus
Calanus finmarchicus CS
Metridia lucens
Riuncalanus nasutus

Group 3

Pleuromamma abdominalis
Pleuromamma gracilis
Pleuromamma piseks
Pleuromamma xiphias

Depth (m)

Group ¢

Calanus tenuicornts
Calanus tenutcorrus CS
Lucicuna genuna

Not Grouped

Lucicutia claust 1000
Lucicuna flavicorrs

Metndia brevicormis

Metndia venusta D Group 3 - Night
Neocalanus gracilis

Pleuromamma borealis

Rhuncalanus cornutus D Group 3 - Day

Fig 6 Summuary group componitions and approvimate group distitbutions across the Gult
Sticam

station. Of the 22 copepod types, seven were tound primarily in the upper 200 m
(Nannocalanus minor. N. minor CS, Calanus terwacorns, C.tentecornns CSON. gracilis €5,
Lucicutta gemina, Lucicutie ovalis), siv were strong vertical mugiators (Pleuromamma
abdominalis, P. borealis, P. gracilis. P. pisehi, P. xiphias and L. flavicornis), and nine (C.
Smmarchicus, C. fimmarchicus C5, L. clausi, N. graciis, R. cormuus. R. nasutus, M.
brevicauda, M. lucens and M. venasta) inhabited mid-depths (>200 m) of the Gulf Stream.

Members of Group [ were tound in the top 100 m across the Stream (Table 2, Fig. 7) and
renunned at approximately the same depth ranges at all three locations across the transect.
Members ot this group (N. sunor, N, minor C5, N. gracilis C5 and L. ovalis) are shallow-
living species from warm, high salinity water in the Gulf Stream (approximately 19-25°C,
36.1-36.5 ppt) and are not diel vertical migrators (Farran. 1947; Roc, 1972, 1984
Wistineg and ALLISON, 1986, AMmsLek and MiLLER, 1987). The species did not co-oceur as
frequently in May as in September (in 46 and 28% of all samples in September and May,
respectively): however, three out of the four group members were found together
frequently. At most locations, there was a single peak in group abundance (Fig. 8), usually
located in water ot 25°C or greater (Fig. 2; WisHNERr and ALtisoN, 1986).

Group 2, composed mainly of Slope Water species (C. finmarchicus. C. finmarchicus
C5, M. lucens and R. nasurus; Grice and Hart, 1962; Roe, 1972), was found in and below
the thermocline (10-15°C, approximated by the sigma-r = 27.0 isopycenal) across the Gulf
Stream, following the sloping isotherms and isopycnals (Fig. 7). The distributions of these
species had broad depth ranges at the North Wall station (~200-1000 m) which narrowed
across the Stream to the Sargasso Sea side (Table 2). Co-occurrence of all group members
was more frequent in September (in 48 and 35% of all samples in September and May,
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respectively). Although some of these species may be vertical migrators (e.g. C. finmar-
chicus). the diel migration pattern was inconsistent between the two times, with no
migration in September but limited migration in May at the North Wall and Sargasso Sea
(Figs 7 and 8). Night group abundance peaks were progressively deeper in the water
column across the Stream from north to south (this was also true for the day group
abundance peaks in September because little diel migration occurred: Fig. 8).

Group 3. composed of four congeneric Sargasso Sea—Gulf Stream species (P. abdomi-
nalis. P. gracilts. P. piseki and P. xiphias. GricE and HarT. 1962: DEEVEY and Brooks.
1977). showed strong diel vertical migration. Day distributions extended from just above
the thermocline to approximately 200 m (Table 2; Fig. 7) and were constrained to
narrower depth ranges at the North Wall side compared with the Sargasso Sea side. so that
the maximum depths of the vertical migrators were considerably shallower at the North
Wall station than at the Sargasso Sea station. This resulted in a decreasing vertical
migration range for decper-living members of the population across the Gulf Stream from
south to north as the thermocline shoaled (night abundance maxima were located at
similar depths at all three locations). P. abdominalis and P. xiphias had shghtly deeper
ranges than the other two species. so that all four species did not always co-occur. For
example, only three out of four members were ever together in the Central Stream during
the day in May (Fig. 7; all four specics were tound in 30 and 50% ot all samples in
September and May. respectively). Atnight. Group 3 species were mainly in the upper 200
m (Fig. 8) and night distribution ranges were similar across the Gult Stream There was
evidence of reverse or no migration ot some mdividuals trom all tour species, resulting in
the nighttume occurrence of Group 3 species at depth (Table 2). The peak mighttime
abundance for the group was always tocated in the top 125 m (Fig. 8). Day distnibutions
were less sharply defined than the night distributions (Table 2). being spread over a greater
depth range, but peak group abundances for day and night were well separated in the
water column (Fig. 8).

The distribution of Group 4. composed of warm-water species (C. ternwcornis, C.
renrcornes C5 and L. geming;, Rot, 1972; WisuNer and A1LISON, 19806), was usually
centered at 100=200 m in water of 20-23°C across the Stream (Fig. 7) and did not vary
across the transeet. Group coherence across the Stream was good in both data sets (in 57
and 60% ot all samples in September and May, respectively). A subtle diel pattern in the
location ot the abundance maximum existed such that at five out ot six of the locations, the
day group abundance masunum was 25-50 m deeper than the night abundance maximum
(Fig. 8).

With the exception of Group 3 (vertical migrators), distributional overlap between
groups was minmmal, suggesting habitat partitioning. Groups 1 and 4 had little overlap in
the top 200 m and Group 2 was tound primarily below the main thermochne, The
distribution of Group 3 (vertical migrators) overlapped completely with Groups 1 and 4 at
night in the top 200 m, but during the day Group 3 did not overlap significantly with other
groups.

Scven copepod types were not placed into copepod groups because ther distributions or
behavior were dissimilar to those of other types. Of these, one species, P. borealis, was
notable in that it occurred only at the North Wall station at both times. P. borealis, a Slope
Water species, has not been found in the Gulf Stream and the Sargasso Sea (e.g. Grice and
Hart, 1962; Wisu~er and ALLison, 1986). The Gulf Stream functions as a sharp boundary
to the distribution of this species. in contrast to the other 21 copepod types examined in this
study.
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Fig 7 Day and mght summuary copepod species groups distnibution across the Gult Stream for

(a) September 1982 and (b) May 1983, Stations designations (N, Cand S) are asin Fig. 2. Locations

of the full group (all members present) are indicated by the darkest shading, with hghter tones

representing depths where some group members were absent Note: September gronp distri-

butions are different than those presented in Wisunik and ALnison (1986), because of the
redefmition of group members in this study.
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@ September 1982
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Day-night and between-cruise differences

Overall, both species and summary group abundances (integrated and maximum) were
similar in September and May. and few differences were observed between day and night.
Only five copepod species had significantly different median abundances between the 2
months (Mann-Whitney U test. P < 0.05; Table 2). Maximum and integrated group
abundances at the three cross-stream locations were usually not significantly different
between day and night or between September or May (only 3/24 and 5/24 comparisons for
day versus night and September versus May, respectively. were significantly different:
Wilcoxon's paired-sign test: Table 3a: Figs 8 and 9)

Cross-stream trends in abundance

Species group abundance (integrated and maximum) differences between cross-stream
locations were confined to Groups 2 and 3, the deeper-living species groups. Integrated
and maximum abundances of Group 2 were greatest at the North Wall station in both
September and May (P = 0.02-0.05. Wilcoxon's signed-rank test: Figs 8 and 9; Table 3b)
and abundances decreased across the Stream from the North Wall to the Sargasso Sea.
Cross-stream trends in integrated abundance between the two times were positively
correlated (Spearman’s Rho = 0.60). It contrast, integrated and maximum abundances of
Group 3 were greater at the Sargasso Sca than at the North Wall for both September and
May (£ = 0.02, Wilcoxon's signed-rank test; Figs 8 and 9: Table 3b). Central Stream
abundances resembled the Sargasso Sea in September and the North Wall in May. Cross-
stream trends inintegrated group abundance were positively correlated between the two
times (Spearman’s Rho = (1.575).

Maost cross-stream comparisons of integrated and maximum group abundances for the
shallow-living groups (Groups | and 4) revealed similar abundances across the current
(Table 3b). Only two exeeptions were noted for Group 1: the September integrated and
the May maximum abundances were different between the North Wall and the Sargasso
Sca (Figs 8 and 9; Table 3b). Exceptions for Group 4 were confined to the Central Stream
and Sargasso Sca comparison: both integrated and maximum abundances for September
but only integrated abundances for May were different between the two locations (Figs 8
and 9; Table 3b). Cross-stream changes in integrated abundance were negatively corre-
lated for Group | between September and May (Spearman’s rho ==0.771), probably due
to the higher abundunces of the group at the Sargasso Sca in May, but were positively
correlated for Group 4 for the two sampling dates (Spearman’s rho = (0.829).

Within-group species abundance trends across the Stream showed significant agreement
for two of four groups from May and for onc of four groups from September (Kendall
concordance test, Table 4). Only Group 2, composed of Slope Water species, showed
significant concordance at both times. The abundances of these species decreased
dramatically across the Gult Stream from north to south (Figs 8 and 9).

DISCUSSION

The distributions of plankton specics result from biological and physical processes
acting in conjunction. Biological characteristics of the organisms (c.g. behavior, tood
requirements, tolerance to physical environment and reproductive success) respond to
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SEPTEMBER MAY

Group 1

lategrated Abundance
(# Animais/ m2)

North Wall Central Stream Sargasso Ses North Wall Central Syeam Sargasso Sea

Group 2

(# Animals/ m2)

Integrated Abundasaces

North Wall Central Siresn  Sargatso Sea North Wail Central Stream  Sargasso Sea

- 1200
Group 3 1000 ]
800 1
600 4
4(X)<
200 1

Integrated Abuadances
(¥ Amimals / m2)

North Wall Central Sueam  Sargasso Sca North Wall Central Sucam Sargasso Sca

I

Group 4

(# Ansmals ! m2)

Integrated Abundances

North Wall Central Stream  Sargasso Sca North Wall Centrsl Sream  Sargasso Sca

@ Day
B Night
Fig 9 Total day and mght integrated abundances ((=1000 m) tor the tour summuary copepod

speaies groups tor September and May  Night (dark shade) and day (hght shade) mtegrated
abundances (No ammabs m- %) are plotted tor each cross-stream location tor cach speeies group

physical characteristics of the water column (e.g. temperature, salinity or oxygen) and
affect the depth and horizontal distribution. Diel vertical migration may result in a specics
being subjected to two different physical and advective regimes within asingle 24 h period.
Advection may act to concentrate or dilute species abundances. The consistent association
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Table4  Results of the Kendall Concordunce tests. Kendall's coefficient of concordunce (W) was used to establish

agreement bemween species in d group in abundance trends with cross-stream locanon Columns contuin sums of the

crovs-stream ranks of abundances of the component species for each group . Kendull's W and the significance level

Abundunces were ranked with 17 being the least abundunt (SokaL and RonLF. 1981). All six “samples™ (three
locations. day and might) were used in each concordance test

_ ranks
Species North Wall Central Stream Sargasso Sea
group Day Night Day Night Day Night W Sigmficance
September
1 18 17 16 14 12 7 0293 >02
2 23 I8 14 14 73 75 0 648 001
3 65 10 s 14 18 15 20 0434 020
4 11 14 8 4 12 14 0479 >0 20
May
1 63 15 19 8S 195 145 0411 020
2 22 2 5 14 11 10 0 836 00l
3 125 6 8 135 22 2 0823 001
4 It 11 h 7 4 I8 0492 020

of aspecies with particular environmental conditions results in a predictable distribution of
that species in the Gult Stream.

Biological-physical associations

During both September 1982 and May 1983, the Gult Stream could be divided into two
cnvitonmental zones: (1) The surtace down through the main thermocline, typical of the
upper Sargasso Sca. The lower boundary of this region was constricted as the thermocline
shoaled from south to north, but the top 200 m of the Gulf Stream showed little change in
envitonment across the sections, (2) A Slope Water environment extending into the
Stream from the north below the main thermocline, becoming constricted from the upper
boundary as the thermochne deepened trom north to south. These regions were important
for the distribution of ditterent plankton types and copepod species groups.

The distributions of the copepod species groups were strongly associated with character-
istic environmental conditions across the Gult Stream. Groups | and 4 were associated
with the top 200 m of the upper zone of the Gult Stream, where isopleths extended paraliel
across the section. Group 3, the vertically migrating group, wits associated with the whole
upper zone. Group 2 was associated with the lower, Slope Water zone of the current.
Associations between hydrographic features and distributions of zooplankton have been
identified in the northwest Atlantic for water masses (e.g. Grice and Harr, 1962; Cox and
Wiesr, 1979; Davis. 1984) and Gulf Stream rings (¢.g. Wicse et al. 1976b; RinG Groue,
1981 Jovereral. . 1984 Davis and Wiese, 1985). The distributions of copepod species and
species groups are also associated with the vertical structure of the environmeat in other
regions of the ocean (¢ g. McGowaN and WAaLKer, 1979; CuMMINGS. 1983 LONGHURST,
1985). This study and the work of Wisunrr and Artison (1986) are the first to identify
these associations in different zones of the Gulf Stream and suggest that consistent
associations between plankton species and the environment may be characteristic of
zooplankton communitics in the current.
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Temporal strularities and differences: physical environment

Most ditferences in the physical environment between the two sampling times may be
attributed to seasonal changes. The physical structure of the Gulf Stream itself was similar
in September 1982 and May 1983, although the temperature difference between the Slope
Water and the Gulf Stream was much larger in the spring. The cooler surface water
(<25°C) at the Sargasso Sea side station in the May hydrocast section (Fig. 2) may be due
to winter cooling (SCHROEDER et al.. 1959: WorTHINGTON. 19539: MENZEL and RyTHER.
1960, 19614). but an alternative explanation may be the occurrence of a recently descnibed
Gulf Stream phenomenon, the “warm surge”™ (Gimaxn and RotHsTEIN. submitted). The
May Sargasso Sea station was sampled 6-8 days earlier than the Central Stream and North
Wall stations (Table 1) so that the Sargasso Sea station was sampled during the ~cold
phase™ while the Central Stream and North Wall stations were sampled during the “warm
phase™ of a warm surge cvent (Grman and RotusTEIN, submitted). However, the
potential etfect of this event on copepod species distribution and abundances 1s unclear.
The lower density in the surtace layers of the September transect. relative to May. 1s
indicative ot stratification of the upper layers during summer and carly fall (SieGeL er af..
1990)

The cross-stream velocity field indicated that bi-directional cross-strcam transport of
water parcels, and potentially plankton populations, was present during both sampling
times In the September transect, convergence of cross-stream velocities from the edges of
the Gult Stream to the center indicated that entratnment of water parcels from both sides
ot the current was occutnng (WisnNe g and At tison, 1986). However, i May three types
ot cross-stream transport were occurring simultancously (Fig 2): (1) cross-stream flow
from the northwest to southeast (Slope Water to Sargasso Sca) below the thermochne and
27.00 isopycnal suggesting entrainment of Slope Water into the Gult Stream at depth, (2)
crosssstream flow trom southeast to northwest in the core of the Gult Stream and above the
thermocline (except on the Sargasso Sca side), suggesting entrainment and cross-stream
transport of Sargasso Sca water, and (3) flow out of the Gulf Stream trom northwest to
southeastin the top 150 moat the Sargasso Scaside station, indicating detrimnment of Gulf
Stream surfiace water to the Sargasso Sca.

Temporal simdarities and differences: copepod species and communty structure

Copepod species responded o similar manner to the changing environmental
conditions across the Gull’ Stream during both sampling times so that species distributions
generally tollowed the same trends across the Gult Stream in September and May,
although some depth ranges ditfered (Table 2; ALLison, 1986; WisuNer and ALLISON,
1986). Vertical distnibutions in the North Atlantic have been deseribed for many ot these
species (WistNt R and At LISON, 1986 and reterences therein) and species distributions at
the Sargasso Sca side of the Gulf Stream were in general agreement with these previous
reports. However, a consistent pattern of environmentally associated change in species’
vertical distibution across the Gulf Stream was not desenibed previous to this study and
that of ArLtisoN (1986) and WisuNLr and ALLISON (1980).

Although total zooplankton biomass trom the samples was greater in September than in
May (At Lison and WistNLr, 1980). this difference was not seen in the abundances of most
of the selected copepod species (Table 2). Maximum and integrated group abundances at
simlar cross-stream locations were similar for the two sampling times for most specics
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groups. The absence of differences in abundance between the two times suggests that. for
these species. there may be little scasonal change in abundance. Differences and
similarities between September and May species abundances n this study cannot be
conclusively attributed to seasonality. however. since only one cycle was sampled.

In two previous year-long studies in the Northern Sargasso Sea. which included data on
14 of the 18 species in the present study. total copepod numbers reached a spring maximum
(following the spring phytoplankton bloom). with a second maximum in fall and minima in
early summer and late fall (Deevey. 1971. Deevey and Brooks. 1977). Most species
followed this same seasonal cycle. Abundances in 1961 (DegvEY. 1971) were greater in
May than September for 11 species. approximately equal for two species. and greater in
September than May for only one species. The discrepancy between the present study
(with no apparent change in abundance between September and May for these species)
and the earlier ones could be due to sampling ditterences or ditferences between the 2
years 1n the timing of the spring bloom and the spring copepod maximum.

It was somewhat unexpected to find community structure in the plankton within the
Gult Stream. since physical characteristics change over a relatively short distance and
advectionis strong Community structures tor phytoplankton. zooplankton and mesopela-
gic fish have been identified using descriptive statistical techniques in “conservative
environments” (VENRICK, 1971) such as gyre systems (¢ g JwnN and Backus, 1976;
McGowan, 1977, Venrick, 1982 McGowan and Wai Ker. 1979) and young warm-core
rings (Goutp er al . 1986), while less distinet species groups were identified in environ-
ments such as the North Pacific Transition Zone (Venrick, 1971), the Calitornia Current
(McGowax, 1977). and the Gult Stream (Jaan and Backus, 1976) [although recent work
in the Californmia Current has shown assoctations of plankton with physical teatures such as
jets (FEvury, 1984 Mackas efal., 1991D)] Commumty structure might be less likely ina
“physically disturbed™ tegion, such as the Gult Stream, than in @ more stable, “bologically
accommodated™ atca because physical conditions fluctuate unpredictably . presunably
preventing the establishment ot astructured bological community (SANDEURs, TY08, 190Y)
However, the cross-strecam vertical structure of the Gult Stream is atselt a0 persistent
feature (Stomyit, 1966: Hiarkis e af |, 1983) and also may be considered predictable
(Wit tias, [98S)

Commuity structure in the oceanic zooplankton has been desenibed, however the
mechanisms regulating this structure are poorly understood (Haywarp and McGowan,
1979; McGow N and War Kt g, 1979; LoNGiiurst, 1983; Wit tiams, 1988) and the coexis-
tence of multiple species at similar depths s still paradonical (e.g. Hurctinson, 1964;
Gitarov, 1984). The vertical structure of the environment appears to influence commu-
nity structure, as evidenced by associations observed consisteantly between copepod
species (and species groups) distributions and particular depth intervals (c.g. Pree and
Coomss, 1980, Horkins, 1982; Cumminas, 1983, Samroto, 1984, LonaHurst, 1985;
SaMi 010, 1986, WirLiams, 1988). Competition and niche partitioning, the spatial diversity
of the physical environment, and predation have all been suggested as mechanisms
regulating the observed community structures, howesver, unlike treshwater and terrestrial
environments, a particular mechanism has yet to be contirmed for an oceanic community
(c.g. LoNGHURST, 1985, WiLLIAMs, [YSS).

In the Gulf Stream, species groups were consistent at the two samplhing times and were
brologieally meamngtul, with species grouped together having similar distributions and
behavior, However, because this study consisted of only two sampling times, caution s
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required when concluding that the similarities in community structure are evidence for
longer term consistent or persistent community structure (ConNELL and Sousa, 1983).
May and September are physical extremes in the Gulf Stream environment and would be
the most likely times to reveal differences in copepod species distributions and community
structure, if these differences exist. The consistency in species groups across the Gulf
Stream and between these two sampling times suggests that a stable zooplankton
community structure persists over time and space even in the highly advective Gulf
Stream.

In summary, both the physical environment and biological distributions in the Gulif
Stream were remarkably similar in September 1982 and Mauy 1983. despite the strong
temperature gradient between the current and the Slope Water during May. Few
differences were observed between the two times in individual species distribution. species
abundances. community structure, and environmentally associated patterns of species
(groups) vertical distributions. The structure of the physical environment in the Gulf
Stream system strongly affects the distributions and abundances of these species. and their
distributions in the current may be predictable.

Specics groups as indicators

The consistent association of species groups with physical characteristics of environment
suggested that certain copepod species or groups may be used as indicators of specitic
regions of the Gulf Stream. In a related study, the strong associations between these
copepod species, species groups., and eavironmental characteristics were demonstrated by
the successful development of lincar discriminant models that differentiated between
samples collected in different regrons of the Gulf Stream on the basis of the copepod
species or species assemblages alone (Astnian, 1991). Other rescarchers have previously
classified some of these copepod species studiced as indicators of water type (Grict and
Hart, 1962; Bownman, 1971; Dieviy and Brooks, 1977; Cox and Wiest, 1979). On a
smaller scale, Haury (1984) and Haury ef al. (1986) utilized changes in abundance of
plankton species characteristic of specific water masses as evidenee of water mass mixing in
eddies in the California Current System.,

Indicator copepod species may be usclul in identifying water mass exchange across the
Gult Stream, especially on the northern edge of the current between Gulf Stream-
Sargasso type water and Slope Water (Asusian, 1991, 1993). For example, P. borealss, a
Slope Water species, was found in the Gulf Stream only at the North Wall station (Table 2,
Grice and Hart, 1962). Its congener, P gracilis, is similar in size and behavior (diel
migration) and 1s considered to be a Sargasso Sea—Gulf Stream species (Grice and Hari,
1962 Deevey and Brooks, 1977). These two closely related species can be utilized as
reliable indicators of water mass type and mixing (Asenian, 1991, 1993). Certain species
are characteristic of only the top 200 m of the Gulf Stream (Group 4) while others are
characteristic of middle-deep regions (Groups 2 and 3). Trends in cross-stream abundance
of indicator specics or groups can be indicative of continuous cross-stream mixing
processes occurring at ditterent depths in the Gulf Stream.,

Role of the Gulf Stream i cross-stream transport of plankton populations

A hypothesis describing possible zooplankton transport routes by small-scale continu-
ous processes across the Gult Stream, based on cross-stream and downstream velocity
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sections. was proposed by WisHNER and ALLisox (1986). In this hypothesis. cross-stream
mixing of water and populations is most likely in the surface layers of the current
(streamers and filaments) and in and below the main thermochine. where loss of water
parcels from the Gulf Stream along isopycnals. especially in meanders. has been demon-
strated (BowkR et al.. 1985: Bower and RossBy. 1989). Recent modeling of Gulf Stream
meanders suggested that considerable cross-stream exchange of water parcels cecurs in the
main thermocline (only 42% of the water 1s retained in the jet in a “typical” meander).
while greater retention of water parcels is found in the surface layers (87% retained:
Bower. 1991).

The vertical distributions of the zooplankton across the Gulf Stream would determine
the transport regimes the animals would experience. Species from Groups 1 and 4 would
be subjected to cross-stream transport and mixing in the top 200 m of the current. This type
of mixing might include water transfer through the formation of small-scale eddies or
shingles as well as diffusion. Species from Group 2 would experience cross-stream mixing
along isopycnals in and below the main thermocline. Species from Group 3 would be
subjected to three types of transport during a 24 h period: (1) cross-stream mixing in the
surface layers at might. (2) downstream transport in the core of the Gulf Stream during the
day. and (3) isopycnal cross-stream transport in the main thermocline (deeper-living
individuals).

[f continuous cross-stream mixing processes are occurring, then abundances of indicator
species would be highest near their source and decrease across the Stream. Cold-water
species would be found in hughest abundances at the northern stations and warm-
water species would have highest abundances on the Sargasso Sca side. Two of the four
copepod spectes groups demonstrated these patterns. Group 2, composed of vertically
migrating Slope Water species, had highest abundances on the northern side of the Gult
Stream, and a reduced depth range from north to south (Figs 7-9). These patterns are
consistent with the hypothesis that these species are ot Stope Water origin and have been
entrained into the Gulf Stream system in Slope Water which is being mixed below the
thermochine. Group 3, composed of vertically migrating Sargasso Sca species, had highest
abundances in the Sargasso Sca in May and i both the Sargasso Sea and the Central
Strcam in September but lowest abundances at the North Wall for both times (Figs 8 and
9). These trends are consistent with a Sargasso Sca sourcee for Group 3 (and an endemic
Gulf Stream population). The decrease in abundance ot both copepod groups across the
Stream may reflect an inability to survive where changes in the physical environment result
in a decline in the quality or quantity of food or alter behavior, such as restricting depth
range or reducing migration (e.g. Boyp er af., 1978).

The abundances of Groups 2 and 3 were also consistent with the observed cross-stream
velocity ficlds, especially in May (Fig. 3). At that time, cross-strcam transport occurred
above the thermocline from east (Sargasso Sea) to west. High abundances ot Group 3
animals were observed at the Sargasso Sea station both day and night, reflecting possible
entrainment of Sargasso Sca water into the Stream. Cross-stream transport from west
(North Wall) to east occurred below the main thermocline, and high abundances of Group
2 animals at the North Wall of the Stream may be due to entrainment ot Slope Water into
the Stream. These results suggest that the September sampling was conducted during a
period of enhanced entrainment of Slope Water (and Stope Water specics). while the May
sampling was conducted during enhanced entrainment of Sargasso Sca water (and
species). Both Groups 2 and 3 showed concordance of component species” abundance
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trends (Keadall’s W, Table 4). supporting the idea that these trends are due to physical
transport. which would act equally on all species within a group. Since these differences
were confined to species found below the mixed layer. the cross-stream mixing probably
occurred along isopycenals of the main thermocline (Bower ef al.. 1985; Bower and
Rosssy. 1989).

The two groups found in the upper 200 m of the Guit Stream (Groups | and 4) showed
little consistent pattern of increase or decrease across the Stream. Differences in the
integrated abundances of Group 1 between the two sampling times may be due to seasonal
differences or cross-stream transport During May. abundances of shallow-living copepod
species at the Sargasso Sea station may have been elevated in response to enhanced food
conditions tollowing the spring bloom in the Northern Sargasso Sea (MENZEL and RYTHER.
1961a.b: Deevey. 1971). The higher abundances observed in September at the Central
Stream and North Wall stations may be due to convergence of tlow at that location
(WIsHNER and ALLISON, 1986).

The existence of cross-stream exchange of plankton populations has important impli-
cations for regional biogeography. The consequences of cross-stream mixing mclude
greater dispersal ot species with enhanced opportunity tor speciation, increased compe-
titton and predation between Slope Water and Sargasso Sea species, and the possibility of
genetic exchange between populations. Estimates of the cross-stream transport associated
with continuous nuning processes suggest that the contrtbution of these processes to the
maang of plankton populations, especially when enhanced m dynamic teatures of the Gult
Stream such as meandets, may be significant and of the same or greater magnitude as the
transport assocrated with ring formation (Bower and Rosssy, 1989: T. Rosssy, personal
communication). Based on RAFOS float data, Bowe gk and Rossey (1989) suggested that
up to 60% ot the water i the core of the current at maun thermochne depths between 63
and 75°W may be exchanged with water from outside the Gult Stream. It the average Gull
Streanutransport at 73'W s 87.8 x [0°m*s ' (Hat iy and Rossky, [985), then 1.66 % 10"
m'y ' ot Gult Sticam core water may be lost through this process. In contrast,
cross-stream transport associated with cold-core ring formation has been estimated to be
9.0 x 10" m'y " (Fuctisiir, 1972; Ricuarnson, 1983) (This term does not include
cltects of subsequent resorption ot the ring into the Gull Stream. ) A similar caleulation tor
wirm-core rings 1s not avalable; however, transport s probably less tor warm-core rings,
because of their smaller diameter and shallower depth (W st 1982; Ricuarpson, 1983;
Jover etal.. 1984) Theretore, transport ot water parcels and zooplankton populations by
CONLNUOUS Cross-stream mining processes may be o significant source ot expatrate
zooplankton populations in the northwestern Atlantic.

CONCILUSIONS

(1) Although the temperature gradient between the Gulf Stream and the Slope Water
was greater m May 1983 than in September 1982, the physical envitonment of the Gult
Stream itself was similar at the two times. Ditferences that were observed can be attnibuted
to scasonality or to a warm-surge event during the May study. The downstream velocity
ficld was also similar at both times, but the cross-stream velocity ficld showed ditferences
i magnitude and directionality.

(2) Adult copepod species distnibution patterns were similir for the two sampling tmes.

(3) The same copepod species groups were derived independently tor the two sampling
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times. suggesting that a persistent copepod community structure may be a general feature
of the Guif Stream.

(4) Copepod species group distributions were associated with specific environmental
conditions and regions of the Gulf Stream. Group distributions changed across the Gulf
Stream in conjunction with the changing distributions of physical characteristics.

(5) Copepod species groups may be rehiable indicators of regions of the Gulf Stream and
could be used as tracers of water mass mixing.

(6) The integrated abundances of two of the four copeped species groups supported the
hypothesis that cross-stream mixing of water parcels and zooplankton populations by
continuous small-scale processes is operating in the Gulf Stream.
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