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ABSTRACT: Zooplankton biomass in the upper 200 m of the Gulf Stream was sampled bimonthly for a 
year from November 1981 to November 1982 and again in May 1983 along a 9 station transect crossing 
the Gulf Stream east of Cape Hatteras. Vertically stratified sampling of zooplankton biomass to 1000 m 
depth both day and night at 3 of the stations was done on 2 of the cruises. Concurrent hydrographic 
measurements and in situ water velocity profiles were also obtained. Zooplankton biomass tends to be 
highest in the Slope Water, intermediate at the northern boundary (north wall) of the Gulf Stream, and 
lowest in the central part of the Stream and Sargasso Sea. The north wall of the Gulf Stream is a frontal 
region, where zooplankton and phytoplankton biomass can sometimes be much higher than in the rest 
of the Stream. Zooplankton biomass is highest in the upper 100 m of the water column both day and 
night, but there is sometimes also a deep biomass maximum below 400 m during the day. Between 11 
and 44 % of the total zooplankton biornass in the upper 1000 m migrates up into the top 200 m at night. 
Zooplankton biomasses in the upper 200 m in the Slope Water, Gulf Stream, and north wall of the Gulf 
Stream show an apparent seasonal pattern with maximum abundances in late spring and early summer 
and a minimum in the autumn. No significant seasonality of zooplankton biomass is apparent in the 
Sargasso Sea samples. The amount and direction of transport of zooplankton biomass by the Gulf 
Stream varies with horizontal and vertical location in the Stream and is affected by the die1 vertical 
migration of the zooplankton. 

INTRODUCTION 

In the northwestern Atlantic Ocean, the Gulf Stream 
functions as a boundary between cool water temperate 
communities and warm water subtropical communities 
(Grice & Hart 1962, Backus et al. 1977, Angel 1979). It 
also serves as a vehicle for long distance dispersal 
downstream (Scheltema 1971) and between-commu- 
nity mixing cross-stream ( h n g  Group 1981, Wishner & 

U s o n  in press). Although the northwestern Atlantic is 
one of the better studied open ocean regions of the 
world, and recently Gulf Stream rings and eddies have 
been intensively analyzed (e.g. h n g  Group 1981, 
Paffenhofer et al. 1984, Wiebe et al. 1985), relatively 
little is known of the detailed biology of the Gulf 
Stream itself, especially offshore and downstream of 
Cape Hatteras. 

Several studies have examined the zooplankton 
biomass of the northwestern Atlantic (Clarke 1940, 
Moore 1949, Fish 1954, Bsharah 1957, Menzel& Ryther 
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1961, Grice & Hart 1962, B e  et  al. 1971, Deevey 1971, 
Deevey & Brooks 1971, Ortner et al. 1978,1980, Roman 
et al. 1985, Wiebe et al. 1985), but most have concen- 
trated on the Slope Water, Sargasso Sea, or Gulf 
Stream rings. Although these workers sampled with 
different nets, mesh sizes, and sampling strategies, 
making it difficult to compare absolute biomass values 
between studies, patterns of distribution may be com- 
pared. In these reports, biomasses in the Slope Water 
are higher and usually show stronger seasonality than 
those from the Sargasso Sea. Grice & Hart (1962), B6 et 
al. (1971), and Wiebe et  al. (1985) included a few 
zooplankton biomasses from the Gulf Stream, and 
Bsharah (1957) looked at the zooplankton biomass in 
the Florida Straits region. However, none of these 
previous studies considered the details of the cross- 
stream distribution of zooplankton biomass in relation 
to the physical structure of the Gulf Stream. 

The Gulf Stream is a system dominated by physical 
forces, and complex interactions between biological 
and physical processes affect the distribution of zoo- 
plankton species inhabiting the Stream (Stepien 1980, 
Wishner & Allison in press). The northern boundary, or 
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north wall, of the Gulf Stream downstream and off- 
shore of Cape Hatteras, is a sharp frontal regon,  while 
the southern edge is a zone of gradual change to the 
Sargasso Sea (Stommel 1965). Near the surface, tem- 
peratures are warm and isotherms parallel the surface, 
but below about 20°C, isopycnals and isotherms, as 
well as isolines of the distributions of many other 
physical parameters, slope downward from north to 
south (Stommel 1965). For example, during September 
1982, the 15 "C isotherm changed from 220 m depth at 
the north wall to 540 m depth at the southern edge, 
about 40 km away (Wishner & AUison in press). Down- 
stream and cross-stream water velocities also vary 
greatly with depth and location across the Stream and 
over time (Halhn 1984, Ha lhn  & Rossby 1985). More 
complete descriptions of the general physical oceano- 
graphy of the Gulf Stream may be found in Stommel 
(1965), Worthington (1976), Fofonoff (1981), and Shaw 
& Rossby (1984). 

This paper examines the horizontal, vertical, and 
temporal distributions of zooplankton biomass within 
and across the Gulf Stream over a year in order to 
provide a broad view of spatial and temporal abun- 
dance patterns. The dstributions of individual 
copepod species from the same sampling program are 
presented in Wishner & Allison (in press). 

MATERIALS AND METHODS 

Data collection. The data were collected on 7 cruises 
aboard the R/V Endeavor and R/V Cape Hatteras in the 
Gulf Stream region east of Cape Hatteras. The cruises 
occurred bimonthly from November 1981 to November 
1982, with an additional cruise in May 1983, as part of 
an intensive multiyear study of the velocity field and 
hydrography of the Stream by H. T. Rossby (University 
of Rhode Island). Biological sampling was conducted 
on an ancillary basis during the cruises and inter- 
spersed with the physical measurements. Cruise dates 
and other sampling information are summarized in 
Table 1. 

Zooplankton samples were collected at a set of 9 
stations positioned 20 km apart perpendicular to the 
mean direction of the flow of the Stream along a 
transect centered at 36ON. 73"W (Fig. 1). The stations 
are located such that if the Gulf Stream is in an average 
position, the northern stations will be in the Slope 
Water, the central stations in the Stream, and the 
southern stations in the Sargasso Sea (Halkin 1984). 

During all cruises except May 1983, 2 replicate zoo- 
plankton samples were collected at each station with a 
0.65 m diameter net (202 pm mesh) towed obliquely 
through the upper 200 m of the water column. Each 
tow filtered 100 to 260 m3 of water. Samples were 

Table 1. Cruise and sampling information 

Cruise Date Zooplankton 
sampling 

Endeavor 77 

Endeavor 79 

Endeavor 81 

Cape Hatteras 12 

Cape Hatteras 16 

Endeavor 89 

Endeavor 92 

Endeavor 99 

Nov 7-17. 1981 

Jan 27-Feb 4,1982 

Mar 12-20, 1982 

May 9-19, l982 

J u l S 1 8 .  1982 

Sep E-16, 1982 

Nov 2&29, 1982 

May 9-25, 1983 

65 cm open net 
G200  m oblique 

65 cm open net 
C 2 0 0  m oblique 

65 cm open net 
G200 m oblique 

65 cm open net 
C 2 0 0  m oblique 

65 cm open net 
C200  m oblique 

65 cm open net 
S 2 0 0  m oblique 

MOCNESS 
0 - 400 m all stations 
0 - 200 m intensive 
C1000 m intensive 

65 cm open net 
0 - 200 m oblique 
MOCNESS 
0 - 400 m all stations 
0 - 200 m intensive 
0-1000 m intensive 

preserved in 4 % buffered Formahn. The biomass of 
the zooplankton samples was measured by displace- 
ment volume (Beers 1976) 8 to 10 wk after collection, 
after first removing large gelatinous zooplankton and 
fish. 

During September 1982 and May 1983, vertically 
stratified zooplankton samples were obtained with a 
1 m2 MOCNESS (333 pm mesh) (Wiebe et al. 1976). 
This opening-closing net system collects 9 sequential 
samples along with in situ environmental information 
(depth, temperature) and sampling data (volume fil- 
tered, net angle). Data from the MOCNESS was pro- 
cessed and stored at  sea on a Hewlett-Packard 85 
computer. Each net in a MOCNESS tow filtered from 
300 to 1000 m3 of water. Samples were preserved in 
4 O/O buffered Formahn, and biomasses were deter- 
mined as previously described. 

The regular 9 stations of the Gulf Stream transect 
were sampled with the MOCNESS in 50 m intervals 
from 400 m to the surface. In addition, 3 of the transect 
stations were sampled intensively. These stations, 20 
to 40 km apart, were located at the north wall of the 
Stream (15°C isotherm at 200 m and surface velocity 
> 100 cm S-'), the warm high velocity core (surface 
temperature > 27.5 "C and surface velocity > 100 cm 
S-'), and the southern edge of the Stream (surface 
velocity 40 to 100 cm S-'). At each of these stations, 
MOCNESS tow series, centered at noon and midnight, 
were conducted, with each senes consisting of a deep 
and shallow sample set. The deep tow collected sam- 
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November  1 9 8  1 
J a n u a r y  1 9 8 2  
March 1 9 8 2  
May 1 9 8 2  
July 1 9 8 2  
S e p t e m b e r  1 9 8 2  
November  1 9 8 2  
May 1 9 8 3  

Fig. 1. Location of the transect. The short ticks are the statlons 
arranged in numencal order from PO at the southern end to P8 
at the northern end. The longer lines perpendicular to the 
transect are the positions of the north wall of the Gulf Stream 

during each crulse, ~denufied by different symbols 

ples from 1000 m to the surface, in intervals of 150 m 
from 1000 to 400 m and in intervals of 100 m from 
400 m to the surface. The shallow tow collected sam- 
ples from 200 m to the surface, in intervals of 25 m. The 
MOCNESS was towed into the flow of the Stream to 
maintain a constant cross-stream location. 

Expendable bathythermographs (XBTs), deployed to 
750 m, were used to determine the location of each 
station relative to the position of the Gulf Stream. In 
situ temperature and horizontal velocity profdes to a 
depth of at least 2000 m were obtained at each station 
with a cast of a free vehicle Pegasus velocity profiler 
(Spain et al. 1981) by H. T. Rossby and his group 
(Halkln & Rossby 1985). Infrared satellite imagery of 
sea surface temperature, from the Remote Sensing 
Center at the Graduate School of Oceanography of the 
University of Rhode Island, was also used to determine 
the location and structure of the Stream. Additional 
physical and biological measurements from the 3 
intensive stations in September 1982 are presented in 
Wishner & Allison (in press). 

Data analysis. All data are analyzed relative to 
natural Gulf Stream coordinates, with axes parallel to 
and perpendicular to the mean direction of down- 
stream flow (Hallun 1984, Hallun & Rossby 1985). For 
each cruise, the angle at which the mean direction of 
Stream flow intersects the transect is measured, and 
the relative Stream positions of each station are then 
rotated into a Stream coordinate system. Therefore, 

samples collected at  the same cross-stream location on 
different cruises are comparable, even though their 
geographic positions inay differ. Fig. l shows the 
actual position of the north wall of the Gulf Stream in 
relation to the geographically fixed transect stations 
for each of the cruises. 

For each cruise, the zooplankton biomass values are 
divided into 4 cross-stream regions: the Slope Water, 
the north wall of the Gulf Stream, the Gulf Stream 
proper, and the Sargasso Sea.  Slope Water stations, 
which have low surface velocities (<30 cm S- ' ) ,  are 
defined as those northwest of the location at  which the 
15°C isotherm is 200 m deep.  The north wall is the 
single station in each cruise where the 15°C isotherm 
is closest to 200 m deep.  Surface downstream velocity 
is high at  this station, usually greater than 100 cm S-' .  

The Gulf Stream proper is the region in which the 15 "C 
isotherm continues to deepen from north to south, and 
surface downstream velocities range from 40 to 
200 cm S-'. The Sargasso Sea is the region in which the 
15°C isotherm levels out at about 650 m depth and 
where surface downstream velocities are less than 
30 cm S-' .  

Because of the constraints of coordinating the 
biological sampling with the main physical oceanogra- 
phy program, the local time of sampling with the 
oblique tows at each station is variable. To control for 
possible die1 effects (such as higher nighttime bio- 
masses), the day and night oblique samples are treated 
separately, and dawn and dusk samples are excluded 
from the analyses. Dawn is defined as the period of 
time from 2 h before until 2 h after sunrise, and dusk is 
the period from 2 h before untd 2 h after sunset. The 
times of sunrise and sunset for a particular date and 
geographic position are from The Nautical Almanac 
(1981, 1982, 1983). 

To determine if there are significant differences in 
zooplankton biomass between the regions, the biomass 
values from the oblique tows are treated as follows. 
First, relative biomasses are calculated by dividing 
each measurement by the median Sargasso Sea 
biomass value for that cruise. T h s  procedure serves to 
hghlight the overall relations between the 4 areas by 
reducing the effects of any seasonal changes in abso- 
lute abundances. Relative biomasses for the day and 
night samples are calculated separately, since dlffer- 
ences between day and night biomasses at a single 
station can be of the same magnitude as differences 
between areas across the Stream during a particular 
cruise. A Kruskall-Wallis test (Sokal & Rohlf 1981) is 
used to compare relative biomasses from the 4 regions. 

To determine whether there is evidence for seasonal 
variability within each region, the following procedure 
is used. Biomass anomahes, the difference between a 
particular biomass value and the median value of all 
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Fig. 2. Day and night biomasses from the obhque tows in the upper 200 m along the transect. The position of the north wall of the 
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Table 2. Median ratios of the biomass in each region relative 
to that of the Sargasso Sea. The lines group areas that are not 
significantly different. The MOCNESS values are the lnte- 
grated water colunln biomasses and were not tested because 

of the small sample size. N: not sampled 

To W Time Region 
series of day Slope North Gulf Sar- 

water wall Stream gasso 
Sea 

200 m Day 5.8 2.4 1.7 1 
oblique Night 2.4 1.4 0.8 1 

400 m Day 4.4 2.1 1.7 1 
MOCNESS Night 1.5 N 0.5 1 

1000 m Day N 1.1 0.9 1 
MOCNESS Night N 1.5 1.1 1 

day or night biomass estimates for that region, are 
calculated for each oblique tow sample. Anomalies are 
derived separately for day and night samples, to 
account for die1 differences. All anomalies within a 
particular region (combined day and night samples) 
are tested with a Kruskall-Wallis test (Sokal & Rohlf 
1981) for the existence of significant differences 
between cruises. 

Fig. 3.  Vertical profiles of day 
(light tone) and night (dark tone) 
biomass concentrations from 
MOCNESS tows. N: north wall 
station; C: central core station; S: 
southern edge of the Stream; X: 

missing sample. Biomasses are 
from coarse-scaled tows below 
200 m and from fine-scaled tows 

RESULTS 

Horizontal patterns 

All zooplankton biomasses collected in the 200 m 
oblique tows from November 1981 to November 1982 
are graphed together in Fig. 2, and a listing of the 
values may be obtained from the authors. Median 
ratios between areas are presented in Table 2. Bio- 
masses from the night samples show significant overall 
differences among regions (Kruskall-Wallis test, 
p < 0.05) (Table 2). The Slope Water biomass is sig- 
nificantly greater than that of both the Gulf Stream and 
Sargasso Sea (Tukey-Kramer a postenon tests of 
minimum significant difference, p < 0.05; Sokal & 
Rohlf 1981). Biomass at the north wall is intermediate 
between the Slope Water and Gulf Stream, but not 
significantly different from any other region. The Gulf 
Stream and Sargasso Sea are also not significantly 
different. Biomasses from the daytime oblique tows 
and the MOCNESS tows (Table 2; Fig. 3) have similar 
trends. 

The north wall region frequently shows increased 
zooplankton concentrations relative to the Gulf Stream 
and Sargasso Sea (Fig. 2), although it is not signifi- 
cantly different from other areas in the total sample set. 
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For example, in March, July, September, and 
November 1982 and May 1983, biomasses at the north 
wall were 1.5 to 6 times greater than in the Gulf Stream 
or Sargasso Sea. During March 1982, the highest zoo- 
plankton biomasses of the entire transect occurred 
here. This biomass peak was accompanied by high 
concentrations of the diatom Thalassiosira partheneia. 
During May 1983, there were large concentrations of 
the salp Salpa fusiformis and the ctenophore Pleu- 
robrachia pileus at the north wall and Slope Water 
stations, but other smaller zooplankton were unusually 
low in abundance. 

Vertical patterns and die1 migration 

The highest zooplankton biomass concentrations [rnl 
(1000 m 3 ) ]  occur in the upper 100 m of the water 
column, especially at night (Fig. 3). Abundance peaks 
can be as narrow as a single 25 m sampling interval. 
During the day, there may be an additional biomass 
peak at about 400 to 700 m. Biomasses at 1000 m, the 
deepest sampling interval, are about an order of mag- 
nitude less than those near the surface. 

The integrated water column biomasses (ml m 2  
from 0 to 1000 m) are similar in the day and night in the 

Night  '=l Slope W a t e r  . 

Nov. J a n . M a r c h M a y  Ju ly  Sep t .  Nov Nov. J a n . M a r c h  M a y  Ju ly  S e p t  Nov. 

Gulf S t r e a m  
5 0 0  

Sargasso  Sea  

Nov Jan.  M a r c h  M a y  July Sep t .  Nov Nov Jan .Ma rch  May July  Sep t .  Nov. 

Fig. 4 .  Seasonal patterns of biomass concentration in each region from the 200 m oblique tows. Day and night values are shown 
by different symbols 
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warm core and southern edge (though not at the north 
wall), but the depth marking 50 % of the cumulative 
water column biomass shoals from day to night (Fig. 3). 
From 11 to 44 % of the integrated water column 
biomass appears to migrate up into the top 200 m at 
night. About 28 to 69 O/o of the integrated water column 
biomass occurs in the upper 200 m during the day in 
these transects, and 56 to 88 % is there at night. The 
mean day-night difference in the proportion of total 
water column biomass present in the upper 200 m is 
lowest at the warm core (11 % change) and highest at 
the southern edge (35 O/O change). Biomass concen- 
tration (m1 (1000 m-3)] in the upper 200 m is 1.3 to 3.5 
times higher at night than during the day in all regions 
(all sampling types combined), and day and night 
biomasses from the 200 m oblique tows are signifi- 
cantly different in the Gulf Stream and Sargasso Sea 
(Wilcoxen 2-sample tests, p < 0.05; Sokal & Rohlf 
1981). 

Seasonal patterns 

The monthly patterns of biomass from the shallow 
oblique tow series, separated by region, are shown in 
Fig. 4. The Slope Water, north wall, and central Gulf 
Stream all show significant variability between cruises 
(Kruskall-Wallis tests, p < 0.05), while the Sargasso 
Sea does not. In these regions, the highest biomasses 
occur in the spring and the lowest in autumn. The 
spring maximum occurs earliest in the Gulf Stream, the 
most southern of these 3 regions, and progressively 
later to the north. January is the month of maximum 
biomass in the Gulf Stream, March at the north wall, 
and May in the Slope Water. September is the time of 
minimum biomass in all 3 regions. The ratio of max- 
imum to minimum biomass (using monthly medians) is 
5 in the Slope Water, 10 at the north wall, and 6 in the 
Gulf Stream. 

The 2 MOCNESS sampling series were separated by 
about 8 mo. Consequently, it is not possible to use 
them to examine seasonality directly, but they can be 
compared with patterns from the year-long 200 m ob- 
lique tow series. During September 1982, both types of 
gear were used and show similar cross-stream biomass 
patterns. (Biomass concentrations from the oblique 
tows average 1.7 times greater than those from the 
MOCNESS tows at the same depths, and thus absolute 
biomass values from these 2 different nets are not 
directly comparable.) 

In September 1982, the integrated total water col- 
umn zooplankton biomasses (m1 m-') from the MOC- 
NESS tows are 2.5 to 4.5 times greater than in May 
1983 (except on the southern edge of the Stream) 
(Fig. 3). This is opposite to the pattern from the previ- 
ous year's bimonthly oblique tow series, in which Sep- 

tember 1982 biomasses are among the lowest 
observed, while May 1982 biomasses are the highest 
(Fig. 4). In May 1983, dense aggregations of the salp 
Salpa fusiformis and the ctenophore Pleurobrachia 
pileus occur in the upper 100 m at the Slope Water and 
north wall stations. These large gelatinous animals are 
excluded from the measurements of displacement vol- 
ume, and thus from the biomass estimates, which con- 
sider only the smaller zooplankton. The biomass of the 
smaller zooplankton is therefore much reduced in May 
1983 compared to May of the previous year. 

DISCUSSION 

The high percentage of water column biomass occur- 
ring in the upper 200 m implies that the year-long 
series of oblique tows (from the upper 200 m) sampled 
a substantial portion of the total water column biomass. 
Biomass variations detected by these tows, therefore, 
are probably also representative of changes in overall 
water column biomass. 

The trend of high biomasses in the Slope Water and 
low biomasses in the Sargasso Sea agrees with results 
of previous studies of the northwestern Atlantic (sum- 
marized in Table 3), which have found zooplankton 
biomass to be 1 to 15 times greater in the Slope Water 
than in the Gulf Stream or Sargasso Sea. NO previous 
studies, however, have differentiated between the var- 
ious regions of the Gulf Stream itself. 

The north wall of the Gulf Stream, for example, is 
often a location of elevated concentrations of zoo- 
plankton biomass in this sample set. During 5 of the 8 
cruises, zooplankton biomass was higher at the north 
wall than in the Gulf Stream core or Sargasso Sea; 
during one cruise, the north wall biomass was higher 
than even the Slope Water biomass. The biomass max- 
ima from the upper 200 m occur in warm (>15"C) 
water which is above the main thermocline and similar 
to the central Stream in its physical properties (Wish- 
ner & AUison in press). Therefore, the biomass 
increases are probably due to in situ processes and are 
not artifacts of sampling an abundant cold water fauna 
which could be present at the upper part of the ther- 
mocline (15 to 17 "C) just above 200 m. The MOCNESS 
vertical profiles (Fig. 3) show no such biomass feature 
near 200 m. 

The increased biological activity at  fronts may be 
attributed to 2 main causes, which are not mutually 
exclusive. Fronts may experience an input of nutrients, 
which could enhance primary productivity, provide 
additional food for herbivores, and result in increased 
abundances of many organisms in the community. 
Alternatively, the water movement and structure at the 
front may interact with the behavior of zooplankton 
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Table 3. Summary of previous results of biomass surveys in the western North Atlantic. The numbers are the medan ratios of 
biomass in a region relabve to the Sargasso Sea, as in Table 2 for the present study. N: not sampled. X: sampled only in this 

region 

Study Reglon Seasonality Sampling method 
Slope Gulf Sargasso 
water Stream Sea 

Clarke (1940) 4 N 1 Yes - Slope 25 & 50 m oblique 
No - Sargasso 275 & 800 m oblique 

Moore (1949) N N X Yes 300 m oblique 
Fish (1954) N N X Irregular 150 m oblique 
Bsharah (1957) N X N Yes 100 & 600 m oblique 
Menzel & Ryther (1961) N N X Yes 500 m oblique 
Grice & Hart (1962) 4 1 1 Yes - Slope 200 m oblique 

No - Sarg.. GS 
Be et al. (1971) 4 1 1 Yes 300 m oblique 
Deevey (1971) N N X Yes 500 m oblique 
Deevey & Brooks (1971) N N X Yes 2000 m opening/closing 

500 m intervals 
Ortner et al. (1978) 3-15 N 1 Yes 800 m MOCNESS 

100 m intervals 
2-15 N 1 Yes 200 m MOCNESS 

25 m intervals 
Roman et al. (1985) 1-3 N 1 Yes 200 m MOCNESS 

25 m intervals 
Wiebe et al. (1985) 1-3 1 1 Yes - Slope, 1000 m MOCNESS 

Sarg. 100 & 25 m intervals 

advected to the frontal region and result in their con- 
centration. 

Increased primary productivity and phytoplankton 
biomass have been observed at fronts (e.g. Pingree et 
al. 1975, Fournier et al. 19?7), and Lessard (1984) 
measured phytoplankton peaks at the north wall of the 
Gulf Stream. Zooplankton concentrations and abun- 
dances of planktivorous fish and seabirds may also be 
elevated in frontal regions (e.g. Bowman & Esaias 
1977, Haury et al. 1978, Wishner 1980a, Herman et al. 
1981, Deibel 1985, Haney & McGillivary 1985, Olson & 
Backus 1985). Off the eastern United States coast south 
of Cape Hatteras, biomass peaks and organism aggre- 
gations related to frontal upwelling and eddies along 
the western edge of the Gulf Stream have been 
described (Atkinson et al. 1978, McClain et al. 1984, 
Paffenhofer et al. 1984, Deibel 1985). However, this 
region is quite different from the north wall of the Gulf 
Stream offshore east of Cape Hatteras, because the 
Stream along the coast is topographically constrained 
by the shallow continental shelf, which strongly affects 
mixing processes, and is bordered by coastal shelf 
water rather than oceanic Slope Water. 

Although we cannot differentiate between the 
causes of aggregations at the north wall front, we can 
use hydrographic and velocity data taken on the same 
cruises (Halkin 1984, Halkin & Rossby 1985) to help 
interpret some of the biological observations. For 
example, in March 1982, there was a hlgh concentra- 

tion of the diatom Thalassiosira partheneia at the north 
wall. The diatoms were encountered at 3 stations, 2 in 
the Slope Water (P8 and P?) and 1 at the north wall 
(P6), over a distance of 40 km on March 13 at the start 
of a north to south transect and again at the same 
stations on March 19 at the end of a south to north 
transect. Downstream velocity was approximately 
10cm S-' at P8, 20 cm S-' at P?, and 80 cm S-' at P6 
(Halkin 1984). Based on the probable continuous 
occurrence of the diatoms over the 6 d at a location (P6) 
where the current was moving 80 cm S-' downstream, 
this patch could have been 415 km long. Although 
satellite observations have previously documented 
filaments of high-chlorophyll water over 100 km long 
at the western edge of the Gulf Stream in the Georgia 
Bight (McClain et al. 1984), there are no cloud-free 
Nimbus 7 coastal zone color scanner satehte images of 
the north wall location during the hme of this cruise to 
check the dimensions of the diatom patch. 

It is possible that an increased continuous nutrient 
input was sustaining a bloom of the diatom along the 
north wall at this time. During the cruise, the cross- 
stream velocity direction was toward the south at P8, 
toward the north at P?, and toward the south at P6 
(Halkin 1984). Thls indicates a divergence at P6, which 
implies that upwelling was occurring, and Halkin 
(1984) found a shallow cold water intrusion here at this 
time. There is no evidence of an eddy or ring in the 
immediate vicinity (U.S. National Weather Service 
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Oceanographic Analysis Charts for March 15 to 19, 
1982). 

Zooplankton biomass was also elevated at the north 
wall of the Gulf Stream during this cruise, possibly as a 
result of increased phytoplankton abundance persist- 
ing for several weeks. In the northwest African upwel- 
ling region, Thalassiosira partheneia forms large col- 
onies (Elbrachter & Boje 1978), which may disintegrate 
into single cells providing a good food source for 
copepods (Schnack 1983). Along the Georgia coast, 
copepods show a response to Stream-related upwel- 
ling events with a lag of about 3 wk (Paffenhofer 1980), 
and doliolids may respond in days (Deibel 1985). Alter- 
natively, it is possible that advection concentrated both 
the zooplankton and phytoplankton independently in 
this same area. 

The high abundances of salps and ctenophores seen 
at the north wall and adjacent Slope Water station in 
May 1983 were present on only one sampling date 
(May 10 to l l ) ,  and were gone from the entire upper 
1000 m of the water column by May 19, when we 
returned to these stations. Salp patches have previ- 
ously been observed in the Slope Water, including a 
station near the Gulf Stream (Grice & Hart 1962, Wiebe 
et al. 1979), but apparently have not been associated 
directly with the north wall front. Large dense patches 
of gelatinous zooplankton are occasionally reported 
throughout the world's oceans (Omori & Hamner 1982), 
and their association with unusually low concentra- 
tions of smaller zooplankton, as in our samples, has 
also sometimes been documented (Deibel 1985). 

Either predation or food limitation may account for 
the low abundance of small zooplankton. For example, 
aggregations of ctenophores or other gelatinous carni- 
vores can consume a high percentage of the smaller 
zooplankton present (Swanberg 1974, Omori & Hamner 
1982, Purcell 1983), and predation by Pleurobrachia 
pileus near the north wall may have reduced the stand- 
ing stock of crustacean zooplankton during this cruise. 
An alternative explanation is that the salps, which are 
voracious herbivores (Alldredge & Madin 1982), con- 
sumed most of the available phytoplankton food, so that 
other herbivorous zooplankton were unable to survive. 

The vertical distributions of zooplankton biomass in 
the Gulf Stream are similar to other studies in the 
northwest Atlantic (Grice & Hulsemann 1965, Deevey & 
Brooks 1971, Ortner et al. 1978,1980, Roman et al. 1985, 
Wiebe et al. 1985), and the overall decrease in zoo- 
plankton biomass from the surface to 1000 m agrees 
with general trends from many ocean regions (Grice & 
Hulsemann 1965, Vinogradov 1968, Wishner 1980b). 
The similarity between integrated water column 
abundances (0 to 1000 m) in the day and night (except at 
the north wall) indicates that diel differences in net 
avoidance are generally not a serious problem. Like 

Wiebe et al. (1985), we observed a stronger diel vertical 
migration at our southern stations near and in the 
Sargasso Sea than at our more northern stations in the 
Slope Water and at the north wall. In the warm core of 
the Gulf Stream, the intensity of diel changes seems to 
be reduced, although day and night biomasses from the 
upper 200 m (in the year-long oblique tow sample set) 
are still significantly different. 

Seasonal patterns observed in this study resemble 
those from other workers in the north Atlantic (sum- 
marized in Table 3). However, the presence of a sea- 
sonal cycle of zooplankton biomass in the Sargasso Sea 
has been debated (Table 3). We found no statistically 
significant seasonal cycle of zooplankton biomass in 
the Sargasso Sea, but we did find an apparent spring 
biomass increase in the Gulf Stream and at its north 
wall. Since our work extended for only 1 yr, it is not 
possible to establish the limits of variabhty in sea- 
sonal patterns or to differentiate critically between a 
seasonal pattern and other between-cruise fluctua- 
tions. A rigorous analysis would require the study of 
many complete yearly cycles. 

The vertically stratified MOCNESS samples in con- 
junction with the Pegasus velocity profiles (Halkin 
1984, Halkin & Rossby 1985) can be used to examine 
the transport of zooplankton biomass in the Gulf 
Stream. Wishner & Allison (in press) suggest that for 
copepods in the Gulf Stream, long distance down- 
stream transport is most likely in the central core of the 
Stream and in the high velocity surface water near the 
north wall. Cross-stream transport along sloping iso- 
pycnals is most likely at  depth below the oxygen 
minimum zone. At the surface, copepods may be mixed 
easily between the Gulf Stream and Sargasso Sea, but 
could be carried across the north wall front mainly by 
mesoscale events. Similar processes should apply to 
other zooplankton as well. 

During both September and May, for example, there 
is a biomass peak in the upper 100 m across the Gulf 
Stream both day and night (Fig. 3), which accounts for 
19 to 73 O/O of the integrated 0 to 1000 m zooplankton 
biomass. Within the central Stream, the upper 100 m 
contains a mean proportion of 60 % of the zooplank- 
ton biornass. Downstream velocities here exceed 
100cm S-', and therefore it is Likely that a large pro- 
portion of the total zooplankton biomass is being 
rapidly advected downstream. 

Die1 vertical migration may also affect the direction 
of zooplankton transport in the Gulf Stream (Wishner & 
Allison in press). The deep daytime biomass peak 
(Fig. 3), which accounts for a mean of 25 % (range: l l 
to 50 %) of the total 1000 m biomass, extends to depths 
at which cross-stream transport along isopycnals 
occurs (Shaw & Rossby 1984, Bower et  al. 1985), and it 
is likely that the zooplankton are also being trans- 
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