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Abs t rac t - -The  distributions ot 22 copepod t~pe~ ( 18 spec=e~ and the copcpodtte stage V of four of 
the species) across a transect ol the Gulf  Stream near Cape Hatteras.  NC. sampled m May 1983 
u,=th a MOCNESS.  v, ere anal,,zed and compared ~tth the dt,,tr,butzons found on a similar transect 
• ,ampled m September 1982 Copepod specie,, de, tnbut tons  follo~cd physical charactcrtshcs 
closely and v, ere s~mdar for the tv, o samphng hines Speoes  were found m d=screte environments ,  
and specze~ dr, tnbu .on , ,  changed acro,,s the Stream with changing phy,,tcal properties Most of  the 
copepod t)pe,, (IS) wcrc placed into four dlstrlbtmonal groups using recurrent group analysis. 
cluster anal),,t,,, and cxammatam o! ',peele', dl,,tnbuhon,, The September and May transect,', ~ere  
analyzed Intlcpcntlcntl). ~ct vlrtuall) the ,,amc group,, rc,,ultcd, nnpl,,mg that the,,e ,.pccle~ group,, 
are conxr, tcnt o,,er tm+c and ,,uggc,,tmg that a pcr,,i,,tcnt communtt )  ,.trutturc may be a general 
feature of  the Gull Stream I he th,.tr~hutlon,, of  the ,,pet,c,, group,, ~ere  a.,,,ociated with phy,,tcal 
propcrhc*, acro,,', the Gull Stream. ~,,=th httlc ~v, crlap bctv, ecn grottp cnvmmmcnt , ,  In both 
Scpiclnber a l ld  May i.ro'~.-',.lrcanl trends nl integrated al~utltl;.tncc,, ot two o|  the ',pcclcs groups 
hfllov, cd Ihe paltcrn~ cxpct tcd it COXltlll|lOtl.,. cro~,'~-4tre,llll Itll%tllg protc~.~.c'~ had occurred Cold- 
W.ltcr ,,pcclC., had higher ,l['~tlllddtltC ~, ,It the llorlhcrfl ',.IdllOll,., ~,lth al~Ullddncc~, tlccrca.,.ing acro,,*, 
fl~c Stream to the ,~ottth W,trn |-~atcr  ,,pccic,, abtmdantc, ,  followed the opl'~,atc pattern (lugh 
abtmdancc,, ot~ the S,trga',,,o Sea ',~dc of the Stream and Io~cr al~ttntl,incc,, on tim northern *,tile) 
Ccr t , ,n  ,,pcctc,, or ,,pc~.m', group,, inay bc rchablc tl~tht,itor,, ol w,ttcr t.H~c and could bc u,,ctl a,, 
tr,itcl,, ol ~,~,llCl ii1,1~.% lllt~.l]lg dtro,,,, the (hill ,~lrC,llll 

I N ' r R O D U C T I O N  

TIlE Gulf Stream is usually rcgardefl as a biogcographical botmdary separating the 
cokl-water eutrophic Slope Water fattnal a.~semblages to the north and west from the 
warm-water oligotrophic S;trgasso Sea a,;,,cmblagcs to the south and east (GRIcz and 
HART, 1962; [lvaLauRr. 1964; BACKUS et  a l . ,  1970; JalIN and BACKUS, 1976; CHENEY, 
1985). However. studies of zooplankton populations in the northwest Atlantic have noted 
the presence of non-endemic species in both the Slope Water and the Sitrgasso Sea. Their 
transport across the Gulf Stream hits been attributed either to an unspecified large-scale 
lateral mixing or to thc formation of Gulf Stream rings (e.g. GalCE and HAR'r, 1962; 
BOW,~tA,'~. 1971; DEEVr.V, 1971; WtraE et  a l . ,  1976b; DLEVEV and BkooKs, 1977; Cox and 
WtE,r,, 1979; JOYCE et  t t l . .  1984). Smallcr-~calc physical procc',scs, also identified its agents 
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of cross-stream water transport, include shingle formation (Slope Water entrainment) and 
decay (e.g. LILLmRIDGE and ROSSBY, 1986: HrrCHCOCK et al..  1986: GARFIELD and EvaNs. 
1987). formation of streamers associated ~ith ring-Stream interactions (NoF, 1988). 
"'leakage" from the Stream at depths beio~ the thermochne (SHAw and ROSSBY, 1984), 
and water transfer at meander crests and troughs (BowER etal.. 1985; BOWER and ROSSBY. 
1989; HOGG, 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 biogeograph,cal boundary, there are few 
in-depth studies of the zooplankton within the current itself. Most studies of Gulf Stream 
zooplankton populattons have been done near the Straits of Florida, g here the current is 
still discrete (e.g. MOORE and O'BERRY, 1957: ROEHR and MOORE. 1965: WORrHI.',GTON. 
1976). Earlier studies in areas north of Cape Hatteras have usuallv been hmlted to a few 
samples, taken either on a transect of the area or in conjunct~on with investigations of Gulf 
Stream rings, and have concentrated on species assemblages in the Slope Water and 
Sargasso Sea (GR[cE and HART, 1962: DEEVE¥. 1971: DEEVE¥ and BROOKS. 1971. 1977: Cox 
and WtEBE, 1979). 

Strong associations between spccics distributions and physical characteristics and a 
consistent community structure (species groups) were found across the Gulf Stream on a 
September 1982 transect (ALLtSON. 1986: WlSHNER and AtLISON, 1986) Despite the 
changing environmcnt, copcpod species di~tnbution~ could bc grouped into a few distinct 
patterns at all points along the transect using recurrent grt~t,p analysis (FA(;ER, 1957). 
suggesting a stable commtinity structure (WIsHN~:r and At I ison, 1986). Furthcrmorc. the 
abundance trends of some copcpod species groups across the Gulf Stream follo~cd the 
patterns expected if continuous cro,,s-~tream mixing procex,,cs wcrc operating (WlbtlNI R 
and Al.l ISON, 1986). Cold-water specie,, wcrc in lughcr abundances at the northern 
stations, with abundance,,, decreasing across the Stream to the south. In contrast, ~a rn l -  

water species abundances h~llowcd the opl~osltc pattern, with highest al~untlance~ on the 
Sargasso side of the Stream. ! Iowcvcr, tlu,, study was hmitcd t~ a ,,ingle transect ol the Gull" 
Stream. 

The present study analyzed coPCl~od species th,,trd~ut,ons and ct}nmumity structure 
lrom a spring (May 1983) transect of the (;ull Stream near (_'ape t lattcras, in comparison 
with the fall transect (September 1982) at the same h~cation (73"W), previously described 
by WISHNt:R and AH ISON (1986) and At.l.lSON (1986). "l'hl~ paper dc~cribcs the May 
results, includes further analyses ol September data, and prcscnt~ comparisons between 
the two times. Specilic tlttCSttons include: ( 1 ) Is there a con,,i.~tcnt conlmututy structure m 
the copepod assemblages across the Gulf Stream, and was thts structure the same at the 
two timcs? (2) Do copepod species" groups abundances follow changing environmental 
characteristics across the Gulf Stream. and arc these associations observed consistently 
ovcr time'? (3) Which copcpod species arc most usclul over time as water mass indicators? 
(4) Arc there patterns m total abundance of copcpod species groups across the Gulf 
Stream, and what arc the m~plications of these patterns for crt~,,s-strc,m~ tran.sport of 
plankton? 

METHODS 
Sampling 

Samples were collected from two transects of the Gulf Stream. done in September 1982 
(WlsHNER and At.t.iSON, 1986; ALt.tSON. 1986) and in May 1983. off Cape l-latteras. NC 
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Tab& 1. Samphng data for the three stattons conducted m May 1983 See Wtst-t~'E,~ and At t t sox  ( 19861 for 
September 1982 samphng mJbrmatum 

Start latttude Start longitude Date Local time Local time Max. depth 
Region Operanon  (°N) (°W) (lqS3) Start End (dbar) 

Northern edge MOCNESS 15 36 07 11 73 17 79 19 Nla,, l I 117 12 11 200 
MOCNESS 16 36 06 04 73 21 86 19 May 13 53 16 21 1{XXI 
MOCNESS 17 36 05 8{) 73 23 S8 19 Ma? 21 42 22 44 2{H) 
MOCNESS 18 36113 78 73 22 56 211 Ma,, 0 l I 2 54 q3l) 

Hydrocast 36118 114 73 11~ 91 It, ~ May I~ 42 5t)l 

Central Stream MOCNESS 19 35 56 4q 73 12 Ill 211Ma~, Ill 46 10 46 IOIII) 
MOCNESS 211 35 56 53 73 I 1 711 211Md} 15 (Iq 15 119 21111 
MOCNESS 21 35 56 95 73 13 I111 211Ma~, 21 20 21"29 Iq3 
MOCNESS 22 35 56 93 73 12 93 20 May 23 42 23 42 11J110 

H)drota,,t  35 57 12 73 (I t) 95 211Ma} l~ 3t~ 773 

South edge MOCNESS I11 35 43 72 73 01 96 12 Ma~ 23 40 I 28 200 
MOCNESS I 1 35 44 115 73113 32 13 Ma} I 18 4 116 I(Xl(I 
MOCNESS 12 35 44 211 73 OI 38 13 Ma~ 9 34 12 112 I(~1(I 
MOCNESS 13 35 42 33 73 05 24 13 Ma,, 13 23 14 12 200 

tlydroca,,t 35 44 45 73 Ill h"; 13 M,I} 7 117 q28 

(Table I ). These 2 month,, were cho,~en to provide the maxlnuml contrast in temperature 
gradient aero,,,, tile North Wall (between the Gulf Stream and tile Slope Water), which 
might atfcct plankton di',persion and distributions. The tran,,ccts co11,~v~ted of three 
stations, located 211--.4(I km apart, and oriented such that tile transect was perpendicular to 
tile mean direction of life Gt, lf Stream. The stations were sampled intensively, from 0 to 
Ill(10 m. at three location,,: a North Wall station (located where the 15°C i,,othcrm was at 
211(I m). a Centr;,I Stream station, and a station at tile Sarga,,so Sea edge ol the Stream. The 
transect was Ioc;,tcd across a fairly straight, non-meandering ,~cgment of the Gulf Stream 
at both sampling time,, (Fig. I; WISHNI:R and AIt  ISON. 1986). 

At each station, h)ur MOCNESS (Multiple Opemng and CIo,,ing Net and Environmen- 
tal Sensing System: WH.BE el al., 1976a) plankton tows, us,ng 335 ltnl mesh, were 
conducted, two dr, ring tile day and two at night. The MOCNESS was equipped with 
temperature and pressure sensors and a flow meter. For each tmle period (day and mght) 
both a shallow, fine-scale tow, from 0 to 2(111 m at 25 m intervals, and a deep, coarse-scale 
tow, from 0 tt) I()()0 nl at 100 or 15(I m intervals, were done ( I(X)(I-850, 850--7()0, 700-550, 
55()--41X), 4110-311(I, 3110--200.200-I(X), 100-0). resulting in eight d,screte net smnples from 
each tow. Zooplankton samples were preserved m 4% buffered tormahn tmmedmtely 
fl~llowmg collection, l lydrocasts were done at each of the three stations to obtain 
temperature,  sahnity, density (sigma-t), oxygen, and nt, trient information. Downstream 
and cro.,,s-strcam velocities tor all stations were available lrom tile Pegasus program 
(t [ALKIN et al., 1985). 

&,nph"  a,talwt.~ 

Samples were analyzed fl~r the abundances of 22 copcpod types. 18 species and the 
copepodite stage V of fl~ur of these species. The same copcpod 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 1_L-95% of the adult copepods in a 
sample, at least for the September 1982 samples (ALLISON. 1986). Copepod species gere 
identified according to the keys ot S i eur  (1932), Rose (1933]. HULSEMANN (1966). and 
Owre and Fo~o (1967). Anal)sis was done by first splitting the sample down to a fraction 
~,,here at least 2(XI of the target copepod t)pes were present. The counts were then 
extrapolated to No. animals/1000 m 3 according to the number of splits and the volume of 
~ater 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. onl,~ the 
data from the fine-scale sampling were used. 

Total integrated abundances (animals m-Z) over the 1000 m sampled were calculated for 
each species at the three cros,,-stream locations from both day and night for both data sets 
The fine-scale samples (25 nl Intervals) were used for the top 200 m. and the coar',e-,,cale 
',ample,, ( 100 and 150 in intervals) were used for the rest of the water column. 

Statistical analv.~e.~ 

Species abundances (animals/10(}0 in ~) I'roln all samples (84 for Scptenlber and 83 tot 
May) were compared for each ,,pecics bct~een September and May using the Mann- 
Whitney U test (SOKAI. and Rotn r ,  1981'. ZAK. 1984). Multivariate statl,,tlCS ~ere 
employed to determine grouping of copcpod types. In these analyses, till abundances 
< 21)% of the n~e(.llan al')tmdatlcc of that species were counted as "IF" for statistical 

smlphlicatlon and to emphasize the major dlstril+ut,ons (McGow,xN and WAI KLr. 1979, 
AI I.IbON, 1986: WI,hlINI,R and A I I  ISON. 1986). 

Recvrrent group allalysi~ ([:AC,t g. 1957; FA(;I I~ and Me. GO'WAN. 1963) was used to place 
,,pccles into group,, on the bils~S ol co-occurrence using prescncc/al)senc¢ data. An moles ot 
,ltfinity, /, was calcuhltcd Io~ each species pair according to the formula in FA(;I r and 
Mc GowAn (1963). The nmmnunl vahle ol / bch)w wluch the species were not considered 
to have strong altinity wan 0.5 (WlSllnVr and AI.IISON. 1980). Groups were formed 
between those species that had indices ol alfinity (I) >0.5 lot all pairwlse combinations. 
The degree ol as,,ociatk)n between species groups or between groups and individual 
species was determined from the percentage of pal rwise conlbnmtions of species froin that 
particular group that h:_ld sigmlicant indices (Jl affinily with another  group or species. 
Recurrent group analysis lot the Scpteml~er data was presented in ALl ISON (1986) and 
WisiINl'r and ALl ISON (1986). 

Copepod species groups also were i(.lentilied usnlg cluster analysis. A h,erarchlcal 
agglomerative, polythetlC cluster analysis was done separately for each tran.,,ect using the 
clu.ster procedure ol the Statistical Analysis System (SAS) (PIELOU, 1977; SAS [NSlIIUIL 
['~C , [985: KrLas. 1989). Copcpod species were clustered using Spearman's Rho between 
species pair.,,, rather than differences ol abundance. The T R E E  procedure was used to 
draw dcndrograms ol the clusters, based on the distance coelIiclent bet~een species 
calculated by the cluster procedure (SAS INS Ill U I r. l'qc., 1985). The dendrogr,mls ~erc  
then ~ Isually e,~amincd to identify the groups of species. 

The species groups described by the cluster :lnal)sls and the recurrent group analysis 
were compared independentl) for the two data nets to describe one net of groups for each 
samphng time. If dlflcrcnt group compositions were dciincd by tile 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 redefned [from the groups of 
ALUSON (1986) and WtSHNER and ALLtSON (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 -2) 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 3) 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 m each category (day 
and night), with pairings between the same species and the same month, resulting in a 
sample size of eight for Groups l-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 
Iocattons using Wdcoxon's signed-rank test and appropriately paired abundances of the 
component species (SOKAL and ROHLF, 1981; ZAR. 1984). 

Kendall's coefficient of concordance (W: ZAR, 1984) wa'~ calculated, using integrated 
abtmdances for each species, to indicate if there wa~ significant agreement between the 
species in a group in abundance trends with cross-~trcam location. Day and night data were 
both tt~etl in the same test for groups wtth no dttfcrcncc~ in day-night integrated 
abundance. Correlation in cro~s-strcam trend,,, in grottp integrated abtmdance between 
September anti May wa', calculated u,,Ing the Spearman rank order cocflicicnt (ZAR, 
1984) 

RESU I,TS 

En t'ironmt'ntltl dllllt 

The physical structure across tile two transects was similar at both times, and typical of 
tile Gulf Stream (Fu6us'rER, 1960; SroMMrL, 1966). Temperature, salinity and density 
i,~opleths in the top 2(~) 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 section,,,, see WISHNER and ALLIbON ( 1986)1. The top of the main thermoclinc 
sh)pcd down from 20(I m at the North Wall station to 550 m at the Sargasso Sea station. 
Characteristic "'Eighteen Degree Water" (ScHRO~:t)~R et al., 1959; WoR'rHtNG'rON. 1959, 
1976) was found in a Ions at the Sargasso Sea statton and, with reduced range, at the 
Central Stream station. Density (sigma-t) in the surface layers of the September transect 
was lower (< 24.1; WISUNER and ALt,lSON, 1986) than in the May transect (24.1-24.5). The 
27.0 isopycmd 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 Sea side. 

The surfilce temper.'lture gradient between the North Wall station and the Slope Water 
to the north was greater in May than in September. The mean Slope Water surface 
temperature 55 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 (tlAt.KL~ et 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 t~o locations of 10°C (0.18°C km -1) in May but only 4.35°C 
(0.08°C km -]) in September (HALKIN el al., 1985). In contrast, there was httle difference 
in the surface temperature gradient between the North Wall and Central Stream stations at 
the t~o times. Very warm (>25°C) surface water extended across the top 50 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 (WtsHNER and 
ALLISON, 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 mare thermocline across the Stream. with high 
concentrations found at depth in and below the main thermochnc and in the Eighteen 
Degree Water. 

The do~nstream velocity field in May was "'t}pical'" for the Gulf Stream (HALKIN and 
Rossini. 19~5) [Fig. 3; see WISIINER and ALI.ISON (1986) for September sections]. 
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Maximum downstream velocities ( 150-200 cm s -  i) 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 -t  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 magnitude of the cross-stream velocity toward the 
north in the core of the Gulf Stream was greater in the May section ( ~  10-20 cm s-  l) than in 
the mean ~elocity section ( ~ 0 - 5  cm s- t ) .  

Copepod species groups 

Cluster analysis and recurrent group analysis produced similar groupings. Species 
characteristic of Slope Water ( Calamts finmarchicus. C. finmarchicus C5. Pleuromamma 
borealis. Rhincalan.s nasutus, and Metridia hwens; DEEVEY and BrooKs. 1977; GrlcE and 
Hart .  1962) were clearly separated from other species. The vertically migrating Ple.ro- 
mamma spectes, 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). 

Group,; defined using recurrent group analysis from the two transects had some 
differences. Twche copepod types were grouped similarly from the two sampli,lg times: 
ho~evcr, eight type,, were grouped differently in the two analyses (Fig. 4). and two ~pccics 
wcrc con~i~tcntly not placed ill species groups (Neocahttrtl,~ gracilis and P. borealt~} Thc 
groups delincd for tire May analysis were more biologically meaningful in that associations 
ol specie., w~th similar behaviors were |denttfietl. For example. Plettrotllamnta pi.w~t, a 
vertical migrator, was associated will1 other vcrtically-n|igrating l'letrromatn.ta species 
(Group 3) in the analysis of the May tlat:l but was tmassociatcd with those species in the 
September analysis l..ctc .tia/htvtcorni.~, a vertical migrator, was associated with shallow- 
living, non-tmglatmg species in the September analysis, but more logically grouped with 
N. gracih.s and Ieht.cahtntt.~ cornttttL~ as an association of "'ubiquitotl~" species in thc May 
an,dy,,is. 

The root|trent species groups were more distinct in the May data than in the September 
data. as ind|catcd by the lower levels of association between all groups. For example, in 
September. Group 3 was associated at the 3,~'V,, level with Species Pair 2 (Group 4 m the 
May data), at the 411';/. level with Group 1, and at the 5% level with Group 2. flowcvcr, in 
the May analysis. Group 3 was associated only at the 16.6% level with G,'oup 4. at the 
6._~ V,, level with Group I, and not at all with Group "~ 

Smfilar species groups occurred 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 copcpod types clustcrctl into the same groups in both September and May. Certain 
species were more closely associated than others, and these associ,ltions were consistent 
between both data sets. 

Summary groups tor 15 of tire 22 copcpod types were defined based on the two grouping 
;.Inalyscs and the species" thstrlbutions (Fig. 6). in compiling the [inal groups, the results 
from the two data sets (May and September) were compared and species" dtstributions and 
behavior were considered. Species not consistently :issociated with a specitic group 
between the two data sets were not placed in the final groups (Lucicutia chtttsi. L. 
flavicorni.s. Metridta hrevtcattda. Metridia vemtsta. N. gracili~. I'. boreali.¥ and R corntt- 
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SEPTEMBER 1982 
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".,7U7 
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,________~P. gracihs 
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~ n a  tcnmcorms C5 C ICnu~COrl~5 
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L. cla,,~l 
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i . 1 . ! i i i | . 1 . I i , ! 

O 14 12  10 li 6 .4 2 0 
Average I)l~bmce Between Clu~'lers 

P,c',ult', ill the t~l+ clu,,tcr ,inaly,,c,, ill COl~cpod ,,l~CClc ,, lot Scptciubcr 1982 :llld M,iy 1983 
Del|drograll! not tlrtlwll exactly, to ,,talc 

tu~') For example, L flavicorms was eliminated from Group I because the distribution of 
the species was markedly different from those of other group members. L. flavicornis had 
both a deeper distribution and a different behavioral pattern (dicl vertical migration) than 
other Group I members. 

Spectes  atttl spectes  g roup  tlistribution3 

In general ,  copepod  distributions (Table 2) followed the same trends in May as in 
Sep tember  (At  t.iso~. 1986). Species distributions followed physical characteristics across 
the Gul f  Stream,  with some distribution pat terns paralleling the surface and others  
fi~llowing sloping isopleths across the Stream with changes in depth  range from station to 

Fig 4. Copcpod ~pcoc~ group~ dctcrnuncd by recurrent group ,maly~l.~ The numbcr~ linking boxc~ refer to the 
per cent a~oclatlon ol spc¢lc~ bct~ccn group~ (the per cent a~oci,mon wtthm a group is I(Xi%) (September 

19,~2 ,m:dy~l~ redrawn from Wl%ll'qrR and Au ,so~, 19,gfl,) 
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Group 1 
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Not Grouped 
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Luctcut~a flavtcorms 
Metndta breucorms 
Metndta venuata 
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|~lg (~ ~LIIllllldl~, group i.Olll['l{IM[IOll~ ,1110 dlll'll,.|~lllhl|l, g roup dl~|lil'ql|lOll '~, d~.'ro~, [h¢: {;ull 
S[ICdlII 

,,tation. Of the 22 copepod type,,, ,,even were Iound prinlarily in the upper 21~) m 
( Nannocahm. ~ minor. N. minor ('5. ('ahmu ~ wmucorm ~. (". wm.corm,~ ("5. N. gracilL~ ('5. 
lmcictma gemina, l.ucicutm ovah.O. ',ix were strong vertical mlglator,, (Pleuromamma 
ahdominahs. P. t~oreah¥. P. gracilis. P. pi.¥eM, i '..rqduas and L. Jlark'ornis), and nine (C. 
Jmmarchic..~, C. f immuchic.s C'5. g, chmsi. N. gracdt¥, R. corn.t..~. R. mt.~utu.~, M. 
I, rericamla, M. hwen~ and M. veml~ta) inhabtted mid-depth,, ( >200 m) ol the OulfStream. 

Members of Grot, p I were totJnd in the top 101)m across the Stream (Table 2, Fig. 7) and 
remained at approximately the same depth ranges a|t all three locations across the transect. 
Members ol this group (N. minor, N. minor (-'5. N. gracihs C5 and g.  orahs) are shallow- 
living species from warm, high salin,ty water in the Gulf Stream (approximately 19-25°C, 
36.1-36.5 ppt) and are not d id  vertical migrators (FAK~aN, 1947; RoE, 1972, 1984; 
WISHNt~ and ALl tsox, 1986, AMBI.ER and MIt.LEk, 1987). The species did not co-occur 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 
trequently. At most locations, there was a single peak in group :,bt|ndance (Fig. 8). usually 
located in water ol 25°C or greater (Ftg. 2; Wtsttxe~ and At.t Isox. 1986). 

Group 2, composed mainly of Sh,pe Water species (C. fimnarchicu.~. C. f inmarchk' t ts  
(.'5, M. htt'ett.~ and R. ttaattttt.~; GRICE rind HARI, 1962; Rot:, 1972). was fi,t, nd in and below 
the thermoclinc (10-15°C, approximated by the sigma-t = 27.1)isopycnal) 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 (~2{R1-10(10 m) which narrowed 
across the Stream to the Sargasso Seat side (T;,ble 2). Co-occt, rrence 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- 
chtcus), 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 (thts 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. gracihs. P. ptseki and P. xiphias; GRICE and HART. 1962: DEEVEY and BROOKS. 
19771. showed strong dlel vertical migrauon. 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 statton than at the Sargasso Sea station. This resulted in a dccreasing vertical 
migration range for deeper-living members of the popttlation across the Gulf Stream from 
south to north as the thernlocline shoaled (night abundance maxima were located at 
similar depths at all three locations). P. abdominahs and P. xiphias had slightly 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 species were tound in 311 anti 50% ot all samples I11 
September and May. rc,,pectively). At night. Group 3 species were mainly m the upper 200 
m (Ftg. 8) and night dlstributton rangc~ ~crc simdar across the Gull Stream There wa,, 
evidcncc of rcvcrsc or no migration ol somc mdividttal~ trom all tour species, rcsttltmg m 
the nighttunc occurrcncc of Group 3 ,,pccic~ at depth (Table 2). The peak ntghttimc 
abttnd,mcc fl~r the group wit,, always located in thc top 125 m (Fig. S). Day di~tnbutton~ 
wcrc Ic,,s sharply dclincd than the night th~tributions (T,d~lc 2). being spread over a greater 
depth range, but pcak group abuntlancc,, for day and night wcrc wcll separated in the 
water colulnn (Fig. 8). 

The distribution ol Group 4. conlt'~oscd of warm-water species (C. tentttcortti~. (:. 
tentttcornt.s (.'5 and l.. gemina; Rot., 1972: WtSIINI;R and At l.tSON. 1986), wits usually 
centered at 1(111--21}11 m in water ol 20--25"C across the Stream (Fig. 7) and thd not vitry 
acro~ the transect. Group coherence act'o~ the Stream wa~ good in both data ~cts (m 57 
and 6(1% ol all ,,imq~lcs in September and May, rcspccttvcly). A ,,ubtle dicl pattern in the 
location ol thc abtmdancc maxin~um cxi~tcd such that at tivc ot, t ol six of the Iocattons, the 
day group abtmdancc nlaxtnlttnl was 25-50 f l l  dccpcr than the night abundance nlaximunl 
(Fig. 8). 

With the cxccption ot Group 3 (vertical migrators), dtstribtttional overlap between 
groups wa.,, mmtnlal, suggesting habitat partitioning. Group,, 1 and 4 had little overlap in 
the top 21111 m and Group 2 wit.,, found primarily below thc main thcrmochnc. The 
distribution of Group 3 (vertical migrators) overlapped complctcly with Groups 1 and 4 at 
night m the top 21111 m. but during the day Group 3 did not overlap significantly with other 
group,,. 

Seven copcpod types wcrc not placed into copcpod groups because their distributtons or 
behavior were dissimilar to those of other types. Of these, onc species, !'. bore~di.s, was 
notable in that it occurred only at the North Wall station at both times./', boreah~, a Slope 
Water species, hits not bccn found m the Gulf Stream and the Sargasso Sea (e.g. Grace and 
| tARt. 1962; Wtsit'~t:r and ALI.ISON. 1986). The Gulf Stream functtons as a sharp boundary 
to the dtstrtbution of thi~ species, in contra,,t to the other 21 copcpod types cxamincd in this 
study. 
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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: 
Wiicoxon's paired-sign test: Table 3a: Figs 8 and 9) 

Cross-stream trends in abtmdance 

Species group abundance (integrated and maximum) differences between cross-stream 
locations were confined to Groups 2 and 3, the deeper-li~ ing 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). In contrast, integrated and maximum abundances of 
Group 3 were greater at the Sargasso Sea than at the North Wall for both September and 
May (P = i).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 in integrated group abundance were positively correlated between the t~t) 
times (Spearman's Rim = 11.575). 

Most cross-stream comparisons of integrated and lll;,IXinllllll group abundances for the 
shallow-living groups (Groul~s I and 4) revealed similar abundances across the current 
(Table 3b). Only two exceptions were noted Ior Group 1: the September integrated and 
the May maximum abundances were different between the North Wall and the Sargasso 
Sea (Figs 8 and 9; Table 3b). Exceptions for Group 4 were confined to the Central Stream 
and Sargasso Sea ct~nlparison: both integrated and maxinlum abundances for September 
but only integrated abundances h~r May wcrc dffl'crcnt between the two locations (Figs 8 
and 9; Table 3b). Cross-stream changes in integrated abundance were negatively corre- 
lated for Group 1 between September and May (Spcarman's rho =-0.771) ,  probably due 
to the higher abundances of the group at the Sargasso Sea 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 one 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 Gulf Stream from north to south (Figs 8 and 9). 

D I S C U S S I O N  

The distributions of plankton species result from biological and physical processes 
acting in conjunction. Biological characteristics of the organisms (e.g. behavior, tood 
requirements, toler:mce to physical environment and reproductive success) respond to 
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Temporal permstence ot copepod types m the Gult Stream 5 0 7  

Table 4 Re~ult~ o f  the Kendall Concordance tests. KendaU's coeffictent o f  concordam e ( W ) ,~ as used to estab&~h 
agreement bet)* een spectes m a group m abundant e trends ~ tth cro~-~tream h~£ atmn Cohtmns contain sums o f  the 
t ros s-stream rank.~ o f  abundances ol the ¢omponent wec le~for each group. Kendall'~ W and the ~tgm]icance level 
Abundances )*'ere ranked )~ ttlt "'1"" betng the least abundant ( Sog.tL and R oti tl~. 19Sl ). All  SLr "rumples'" (three 

lo(attons, day a n d  mght) ))ere used tn each concordance test 

_ rdnk~ 

Species North Wall Central Stream Sdrgasso Sea 
group Da) Night Day Night Da) Night I,', Sigmfic,mce 

September 

Ma~ 

l IS 17 16 14 12 7 0 293 >11 2 
2 23 IS 14 14 7 5 7 5 0 648 0 01 
3 6 5 l0 5 14 I,~ 15 21~ 0 434 0 2{I 
4 11 14 ,g 4 12 14 1) 479 >0 20 

1 65 15 19 ,~5 1~5 145 o41I 02o 
2 22 22 5 14 I 1 IO 0 ,~36 o Ill 
3 12 5 ++ g 13 5 22 22 I1 823 00l 
4 I11 I I ~ 7 t~ IS tl 4t~2 0 20 

of  a species v+ith particular envi ronmenta l  condition,, results in a predictable dp, tribution of  
that specie,, in the Gulf  Stream. 

l l i o l o g i c a l - l d t y . ~ w a l  ,.~.w~( ia t io . ,~  

l )ur ing both Scptctul+cr 1982 and May 19,~3. the Gull Stream could bc divided into two 
c n v .  tmmcntal  ,,one,,: ( I )  The  .,,urtacc down through the main thcrnloclinc,  typical of  the 
Ul~pcr Sarga,,,,o Sea. The lower boundary  of  thi,~ region was constricted i,.,, the thcrmocl inc 
,dloalcd frt+m ,,outh to north,  but the top 211{I n| tff the Gulf  Stream showed little change in 
gnvilt}nnlcnt across the scction~,. (2) A Slope Water +nvlronn1¢llt c×tcnding into the 
Stream front the north below the main thcrmt}clinc, becoming constricted fr<.+nl the upper  
bt~und,u'y a,, the thcrntochnc d c c p c n c d  from north to ~outh. Thc,,c region,, wcrc iml+ortant 
(or the distribution ol dd lc rcn t  plankton type,, and copcpod  ~,pcclc+,, group,,. 

The dr4 ributhm,, ol + the COl+cpod specie,, groups  wcrc strongly a~so¢iatcd with character-  
istic cnvironntcntal  condit ions acro,,s the Gull Stream. G r o u p , ,  I and + wcrc a,,,+o¢iatcd 
with the top 2(}11 m of  the t, ppcr  zone of  the Gulf  St ream.  where isoplcth,, extended parallel 
across the section. G r o u p  3, the vertically migrating group,  wits a,,sociatcd with the whole 
upper  zone.  G r o u p  2 was a.,,socmtcd with the lower. Slope Water  zone of  the current.  
Assocmtlons between hydrographic  features and distribution,, ol zooplankton  have bccn 
idcntilicd in the northwest  Atlant ic  for water  mas,+cs (e.g. GRICE and H a r r .  1962: Cox and 
WIEBr, 1979: D.wIs.  1984) :rod Gulf  Stream rings (e.g. Wt[m.: et al. 1976b; RIN(; GrouP .  
19,";1 : Joke r  ¢1 t l l . .  1984: Davis  and Wirer.. 1985). The  distributions of  copcpt)d .species and 
species group.,, arc also i,s,,ociatcd with the vertical structt, rc of  the envi ronment  in o ther  
rcgkm,, of  the ocean (c g. McGOwAN and WAI.KEr. 1979: CUMMINGS. 1983: LON(;eIURSr. 
1985). Thi.', study and the work of  WISIINER and At.[ ISON (1986) arc the lir,+t to identify 
thc,,c a,,,,ocmtion,,, in chffcrcnt zone,, o f  the Gul f  Stream and ,,uggcst that conmstcnt 
;i,~SOgllttlon,, between plankton specie.,, and the env i ronment  may be characteristic of  
zooplankton  communitic.,, in the current .  
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Temporal stmdanties and differences: physical envtronment 

Most differences in the ph}sical environment between the t~o 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 m the May hydrocast section (Fig. 2) may be due 
to v+mter cooling (ScHROEDER et al., 1959: WORTHINGTON, 1959: MENZEL and R'tTHER, 
1960. 196 la). but an alternative explanation may be the occurrence of a recently described 
Gulf Stream phenomenon,  the "warm surge" (GZLMAn and ROTHSTEtN. submitted). The 
May Sargas,,o Sea station ~as sampled (+--8 da},, earlier than the Central Stream and North 
Wall stations (Table I) so that the Sargasso Sea station was sampled during the "'cold 
phase" x~ hile the Central Stream and North Wall stations were sampled during the "'v, arm 
phase" of a warm surge event (GtI.M~N and ROTllSTEZN. submitted). Ho~se~cr. the 
potential effect of thi,, event on copcpod species distribution and abundances i.,, tmclear. 
The Io~er densit} m the sur|acc layers of the September  transect, relative to May. ,s 
inchcatl~e ot stratification of the tipper la?er', during summer and earl~ fall (SIEGt:L et al.. 
I 0t)()) 

The cro,,,,-stream ~elocity field indicated that bi-directional cross-stream transport of 
water parcel,,, and potentially plankton pol~ulatlons, was prc,,cnt during both sampling 
times In the September tran',ect, convergence of cro,,,,-stream vclocitie,, from the edge', of 
the Gull Strc,lm to the center indicated that entrainment of water parcels from both ~idcs 
ol the ct lrrcnt w a,, OcCLII I l l tg (WISIINI R and At  It,SON. 19~6). 110~ ever. in ,May three I} pc,, 
ol cro,,s-strc,uu transpolt WClC occtu'ling sinlull,ulcott,,l+~, (lqg 2): (I)  cros~,-strcanl llow 
from the ilol th~c,,t to ,,OtlthC,l'q (Slope Water to S;ll'gasso Sc;.i) I~clow the thcrnlochnc alld 
27.00 isopycmd, suggesting entrahlnlcnt of Slope Water into the Gull Slrcanl at depth, (2) 
cro,,s-,,trcani llox+ from ,,tmthca,,t to north++cst in the core ol the Gull Strcani +tnd abox e the 
thcrnIoclinc (except on the Sarg;.tsso Sca 'ddc), suggc,,ting entrainment and cioss-strcam 
transpt+rt of Sarg;.i,+,,o Sea water, and (3) flow out of the Gl.llf Stream from northwcM to 
,,ottthca,,t m thc top 1511 nl at the Sal"gasso Sea side station, indicating dctr:unmcnI of Gulf 
Strc;.lnl ~,tll lace water to the Sarga,,so Sea. 

Temporal ~tmthtrtti<'~ attd dif]erence~': COlWlmd species' attd COItllltllllllV Mructur¢ 

Copcpod 4pcctc', rc',pondcd in a smfilar nlanncr to the chilnging environmental 
Colldltlt~n.~ ;.|cro,~.,, the Gulf Stream during both sampling times ,,o that species distributions 
gencrdll} Iollowcd the same trends ;.icros.~ the Gull Streanl in September and May, 
;ilthottgh SOll|C depth rangcs dilfcrcd (T,tblc 2; AIA+IhON, 19N6: WISiINER and AI.LISON, 
1986). Vertical di,,trtbutions in the North Atlantic have been described for many ol these 
+,,peele',, (WIsIINI R and At LI.',,;ON, 1986 and relerenccs therein) and species di,,tributions at 
the Sarg;.t~,so Sea side of the Gull" Stream wcrc in gcncr~,l agrccnlcnt with these previous 
reports. I-Iowcvcr. a consistent pattern of environmentally as,~ociated change in species" 
vertical <.h,,trlbutlon across the Gulf Stream was not described previous to thin Mudy and 
that ol AI.! ISON (1986) and WISIINLR and ALLISON (1986). 

Although total zooplankton bioma.',s lrom the samples was greater in September than in 
May (Al IJSON and WIS~INLR. 1986). this difl'crenec was not seen in the abundances of most 
of the sclcctcd copepod species (Table 2). Maximum and integrated group abundances at 
4nmdar cro,,4-4trcam locatnon,, were ,dmilar for the two sampling time,, for most specie,, 
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groups. The absence of differences in abundance between the t~o  times suggests that. for 
these species, there may be little seasonal change in abundance. Differences and 
similarities between September and May species abundances m 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 m the present study, total copepod numbers reached a spring maximum 
(following the spring phytoplankton bloom), with a second max,mum in fall and minima in 
early summer and late fall (DEEvE~. 1971. DEEVE~ and BROOKS. 1977). Most species 
followed this same seasonal cycle. Abundances in 196l (Dee~e~. 1971) ~ere  greater in 
May than September for 11 species, approx,matel} equal for two spec,es, and greater in 
September than May for only one species. The d,screpancy between the present study 
(~ith no apparent change in abundance between September and May for these species) 
and the earlier ones could be due to samphng dfltcrences or diffcrcnccs bct~een the 2 
years ,n the timing of the spring bloom and the spring copepod maximum. 

It ~as somewhat unexpected to find community structure m the plankton within the 
Gull Stream. since phys,cal characterlsttc~ change over a relatively ~hort distance and 
advcctton is ~trong Community structures lor phytoplankton, zooplankton and mesopcla- 
gic tish ha~c bccn identified u,,ing descriptive statistical techniques in "'conservative 
cn~ironmcnt¢" (VENRICK. 1971) ~uch as g~re s~,,tcms (c g J~IIN i|,ld B~CKUS. 1976: 
McGo~.xn.  1977. Veyrlc K. 19S2: M c G o ~ a n  and WAi KER. 1979)and 3oung warm-core 
rings ( G o u ,  D ( ' l  i t [  . 1986). ~hilc Ic,,s distinct species groups were itlctltttictl in cn~iron- 
mcnt~ ~uch as the North Pacilic Transition Zone (Vt.Nri( K. 1971 ). the Calitornia Current 
(M( (;(,w,x~. 1977). and the Gull Strc,ml (.I x,,n and B xtKt,S. 1976) [dlthough recent ~ot'k 
in the C.,h fo, ,11,1 Current ha~ shown i, ssoct,tlit,ns ol plankton ~s flh physical Icalurc', such as 
jets (11xlrr'~. 19S4; M,x( K,x~ c t a l . .  1991 )1' ( 'onlnluntty stt'ucturc might bc Ic~ likcl~ in ,t 
"physically tlistul bell'", cgion, such as the (]till Stl cain. than m a more xtal~lc. "'bK~loglcally 
acconHllodalctl'" ;.i,ca bcc,tusc physical conthtituls lluctuatc t, nl~lcthctdl~l 3, prcsttm,d~ly 
ptcxcnting the cst~d+lishn,cnt ol a structured b~t+h~g~cal ct+,nnlt, n,t~, (SANI~I r~. 19(+N. 1969) 
l loxxc+cr, the cross-sttcam vcrt~cal strttcturc ol the Gull Strc,nn is ,tsclt :, pcrs,stcnt 
lcatutc (S,oMx, I, • 1966: I I xf Kt'~ <'t a l  . 1985) and also m,,y bc ct>nsidcrcd prcdict,d+lc 
(Wll , I ~,.M"~, IiJSS) 

(_'onlnitiility stt 'tictu,c in the oceanic 7t~oplankton has bccil t lcsctibcd, however  the 
incchanisn~s rcgul.tting this structure arc poorly ttndcrstt~od (I l,xsw',xrD and M~GowAn. 
1979; MtGowxn  and Wal KI r. 1979: Lon(, l lurs , .  1985; WI, ,,Axis. 1988) and the cocx,s- 
tcncc of multiple species at simiktr depths ~s still paradoxical (e.g. I ltlic,~tnson. 1964; 
GH,t arov.  19,',;4). The vertical structure of the environment appears to inlhtcncc co,umu- 
nity structure, as evidenced by associ:ttionn observed conntntcntly bct~sccn copcpod 
species (and spccicn group.~) thstril~uttons and p.trticular depth intervals (e.g. P,,'~. and 
C(~o.~,IBs, 198(I, I IoI'KIN.',;, 19,',12; CUMMI~(,.s. 1983. SAmLo,o, 1984, Lo,,(,Hursl.  1985; 
S,x.,,t, o ,o .  1986. Wit.,.,ams. 19,";S). Compctflion and niche partitioning, the spatial thvcrs~ty 
of the ph~',~c;,l cnv,ronmcnt,  and predation have all bccn suggested it,, mechanisms 
rcgul,tting the observed cotnmunity structures, ho~c~ or. unlike trc,,hwatcr and terrestrial 
Cll~,lronlllClll,~. it p,trticul,tr nlcch,tni'~m has yet to b¢ COll[irlncd for tin occ,tnic cotnmttnity 
(e.g. Lox(i~tt;rsI. 19,',15. Wit.t.tA,~.s. 1988). 

In the Gulf Stream. species grt~ttps wcrc consistent at the t~o ~amphng times and wcrc 
btolog,cally mc;mmglul, w,th species grouped together having smdlar distrtbut,ons and 
bcha~ t~r. t lo~cvcl', 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 m 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 distnbutrons in the Gulf 
Stream were remarkably similar in September 1982 and Ma~ 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 d~stributions and abundances of these species, and their 
d~stributions in the current may be predictable. 

Species groups as tmhcators 

The con,,i,,tcnt a,,,,ociatton of,,pccles group', with physical characteristics of environment 
suggested that certain copcpod spcocs or group,, may bc used as tmhcators of spccitic 
region,, of tire Gulf Stream. In a related ,~tudy, the strong associahons between these 
copepod ,,pccic,,. ,,pccic,, group,,, and cnviromucntal characteristics wcrc demonstrated by 
the ,,uccc',,,ful dcvclopnlcnt of linear di,,criminant models that thffcrcntiated between 
,,amplcs collected in difl~'rcnt region,, of the Gulf Stream on the basis of the copcpod 
specie,, or species as,,cmbl:tgcs alone (AbrlJIAN. 1991 ). Other rc,,carchcr,, have previously 
classilicd some of thc,,c copcpod ,,pccic,~ ,,tudicd ;is indicators of water type (Grlct. ;.rnd 
I IA~l. 1962; BOWMAN, 1971; l)Lt.Vr V and I:IROOKS. 1977; Cox and WII;BI. 1979). On a 
smaller scale. I IAukY (1984) and l lau~rv ct al. (1986) utilized changes in abtmdance ol 
plankton species ch,tractcrNtic of spccilie water ma,,,,c,, as evidence of water mass mixing m 
ctldics in the Californi,l Current Sy,,tcm. 

lnthcator copcpod ,,pccics may bc useful tn identifying water mass exchange across the 
Gull Stream, especially on the northern ctlge of the current between Gulf Strcam- 
Sargasso type water and Slope Water (ASrlJIAN, 1991, 1993). For example, I'. boreah~, a 
Slope Water species, w as found in the Gulf Stream only art the North Wall station (Table 2, 
GI~It.'E and t lakt ,  1962). Its congener, !' gracihs', is similar in size and behavior (thcl 
migration) and is considered to bca  Sargasso Sea-Gulf Stream species (G~It.'E and Flakr. 
1962; DLt-vtv and BkooKs, 1977). Thcsc two closely related spccics can be utihzcd a.s 
reliable inthcators of water mass type and mi,dng (AstiJIAN, 1991, 1993). Ccrtain species 
arc characteristic of only the top 21111 m of the Gulf Stream (Group 4) while others arc 
characteristic of middle-deep regions (Groups 2 and 3). Trends in cross-stream abundance 
of indicator specie.,, o r  groups can be inthcative of contintrous cross-stream mi,dng 
processes occurring at diltcrent depths ira the Gulf Stream. 

Rob" o] the Gulf Stream m cross-stream tnm wort  o f  photkton popuhttion.~ 

A hypothesis describing possible zooplankton transport routes by snlall-sca[e continu- 
ous processes across the Gull Stream, based on cross-stream and downstream velocity 
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sections, was proposed by WISHNER and ALLISON (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 thermochne, where loss of water 
parcels from the Gulf Stream along isopycnals, especially in meanders, has been demon- 
strated (BowER et a l . .  1985: BOWER and Rosss~. 1989). Recent modeling of Gulf Stream 
meanders suggested that considerable cross-stream exchange of water parcels occurs in the 
main thermocline (only 42% of the water ~s 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 d~stributions 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 2(~) 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 ~ottld 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 night. (2) downstream transport in the core of the Gulf Stream during the 
day. and (3) isopycnal cross-stream transport in the main thcrmocline (deeper-living 
individuals). 

If continuous cro`,s-stream mtxmg proces,~e,~ are occurring, then abundances of indicator 
`,petit,, would bc highe`,t near their source and decrca,,c acro`,,, the Stream. Cold-water 
`,pccie`, wottld be found in tughcst abundatlces at the northern statton`, and warm- 
water species would have highest abttndance`, on the Sargasso Sea side. Two of the four 
copcpod specie`, grottp`, demonstrated thc`,c pattern`,. Gmt, p 2, compo`,cd of vertically 
migrating Slope Water `,pccic`,, had highc`,t abundance', on the northern `,idc of the Gull 
Stream, and a reduced depth range from north to `,outh (Fig,, 7-9). These patterns arc 
con`,i`,tcnt with the hypothc,~i,; that these `,pccJcs arc ot Slope Watcr origin and have bccn 
cntr:tincd into the Gulf Stream sy`,tcm tn Slope Water whtch ì , bcmg mixed below the 
thcrmoclmc. Group 3, conlposcd of vertically migrating Sargasso Sea spccic`,, had highest 
abtuldanccs in the Sargas`,o Sea in May and tn I~oth the Sargasso Sea and the Central 
Stream in September but lowest abttndanccs at the North Wall tk)r both times (Figs 8 and 
9). Thcsc trends arc consistent with a S;.trgas`,o Sea `,()ttrcc fl)r Group 3 (and an endemic 
Gulf Stream popttlatiot0. "l'hc dccrea,;e in abundance ol both copcpod group`, across the 
Stream may reflect an imtbility to survive where changes in the phy,,ical cnvtronmcnt result 
m a decline in the quality or qttantity of food or alter bchztvior, such as restricting depth 
range or rcdttcing mtgration (e.g. BovI) et al . ,  1978). 

The abundances of Groups 2 and 3 wcrc al.,,o con`,i.`,tcnt with the observed cross-stream 
velocity fields, especially in May (Fig. 3). At that time. cro`,`,-.~trcam transport occurred 
above the tllcrmoclinc from east (Sargasso Sea) to west. High abundances ot Group 3 
animals were observed at the Sargasso Sea station both day and night, reflecting po,,siblc 
entrainment of Sarga,~so Sea water into the Stream. Cross-stream transport from west 
(North Wall) to east occurred below the matn thcrmocline, and htgh abundances of Group 
2 anim,ds at the North Wall of the Stream may be duc to entrainment ot Slope Water into 
the Stream. These results suggest that the September sampling was condttctcd during a 
period of enhanced entrainment of Slope Water (and Slope Water species), while the May 
sampling was conducted during enhanced entrainment of Sargasso Sea water (and 
species). Both Group`, 2 and 3 showed concordance of component species" abtmdancc 
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trends (KendaU's W. Table 4). suplx, rting the idea that these trends are due to physical 
transport, v, hich ~ould 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 isop}cnais of the main thermocline (Bower et a l . .  1985: BOWER and 
Rossav. 1989). 

The two groups found m the upper 200 m of the Gulf Stream (Groups 1 and 4) sho~ed 
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 1ollo~ ing the spring bloom in the Northern Sargasso Sea (MENZEL and RYrHER. 
1961a.b: DEEVE'~. 19717. The h,gher abundances observed in September at the Central 
Stream and North Wall stations ma~ be due to convergence of flow at that location 
(~,'[bHNER and ALLISO,',,. 19867. 

The existence of cross-stream exchange of phmkton populations has important impli- 
cations for regional biogeography. The con•equences of cross-stream mixing include 
greater dispersal o1 species with enhanced opportunity lor speciatlon, increased compe- 
tition and predation between Slope Water aild Sargasso Sea species, and the possibility of 
genetic exch,mge bct~ cell population•. Estimate• of the cro•s-stream tranH~ort associated 
with continuous m|xing procc•se• suggest that the contribution ol these processes to the 
mixing of pl,mkton poptil,ltion•, especially when cnhailccd In tl~ namic teatures of the Gull 
Stream such as mc;mdeis, may be sigmtical|t and of the san|e or greater magnitude as the 
tr,m•port assooatcd ~.stth ring I'ornhition (Bow t-r ;,llld ROSSll'~. 1989: T. Rossav, personal 
COlu|nttnic,llion). ILised on RAFOS Iloat tl,it:l, llowl R and Rossil~ (1989) suggested that 
up to 611"/;. ol the watcl m the c o r e  ol the curre| | t  at n|am tlleimt~chnc depths between 6S 
and 75°~V may bc exchanged with ~satcr from outside the (;ult Stream. 11 the average Gull 
Stre,uii tran•pt~rt at 73"W i,, 87.8 x lip n| ~ • i (i IAt KIN ;.llld ROShR~t, 19S57. then 1.66 x l{} I s 
m y OI (.;ull Sttc,ml core water may be Io•t through thi• prtlce••. In contra•t, 
cros•-•treanl tran•port ,l•soclaled with cold-core ring fornl;.ition h;.l• been cstmlated to be 
9.11 x lllt~ nl ~ y t (l.'ut, t iSl! R, 1972; RIC iIARDSON, 19S37 ('l'hi• term doe• not include 
el leers ol •ub•cquclit rc•orpt |on ol the ring into the Gull Sit'cam. ) A similar cdlculatton tot 
~atm-corc ruig,, is not av,idable; however, tran•port is probably les• for warni-core ring•, 
bccau•c of their •m,dler dianicter and shallower depth (WII Ill,, 1982; RICtIARIJSON. 19S3; 
JoYcl c t  a l . ,  19S47 Therelore ,  tran•port ol water parcels alld zoopl,lnkton popttlation• by 
COlltilltiotis cro•.~-~trcant i l l l \ lng procc••es may bc ;.i MgnlliCalll •ource ot expatriate 
zooplanktol i  pot)ul,itlllll.~ hi the northwe•tern At lant ic,  

CONCLUSIONS 

(!)  Although the temperature gradient between tile Gulf Stream and the Slope Water 
Wds greater m May 1983 than in September 1982. tile physical environment of tile Gull 
Stream itself was similar at tile two time•. DIlferences that ~,~ ere observed can be attributed 
to seasonality or to a warm-stirge e v e n |  during the May study. The downstream velocity 
li¢ld was also similar at both times, but tile cross-stream velocity l ield showed differences 
m nu,gnittide and directionality. 

(2) Adult copepod Sl+CCleS distribution patterns were similar for tile two sampling times. 
(3) The same copepod Sl~ecies groups were derived independciitly for tile two sampling 
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times, suggesting that a persistent copepod community structure may be a general feature 
of the Gulf Stream. 

(4) Copepod species group distributions ~ere associated ~ith specific environmental 
conditions and regions of the Gulf Stream. Group distributions changed across the Gulf 
Stream in conjunction ~ ith the changing distributions of ph~ steal characteristics. 

(5) Copepod species groups may be rehable 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 copepod species groups supported the 
h~pothesis 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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