
Deep..Cwa Re~earch I ~,ol ..141 No ~ pp 4¢,1--.-k~2. lq~3 (~'41¢,3"r/~'; ~l~ III 4.- (p (]lJ 
Printed m Great Britain ~ |'.~13 Pergamon Press Lid 

Trends in copepod species abundances across and along a Gulf 
Stream meander: evidence for entrainment and detrainment of 

fluid parcels from the Gulf Stream 

CARIN J. ASHJIAN* 

(RecetLed 20 May 1991, m re~tsed form 25 March 1992. accepted 14 Aprd 1992) 

Abstract--Abundances of zooplankton populations are hypothesized to change across and along 
Gulf Stream meanders  m response to meander-assoctated physical processes. Upv~elhng and 
north~,ard de t ra |nment  of  Gulf  Stream water occur upstream of the meander  crest ( tradmg flank) 

hile downwelhng and entra inment  of  Slope Water  into the Gulf  Stream occur dov.nstream of the 
meander  crest (leading flank) Two mesoscalc zooplankton surveys of a Gulf  Stream meander  were 
conducted m au tumn 1988 as part of  the BIOSYNOP program to ,denuf)  cross-stream trends anti 
meander-associated changes m speocs  abundances.  The abundances  of eight selected copepod 
,,pectes (five Sargasso Sea specie,,, two Slope Water species and one wtde.sprcad ,~pecles) were 
enumera ted  from samples taken along three transects at dtfferent Ioc:mons along the meander  
The integrated abundances  ((~I(I(X) m) of seven of the selected species support the hypothesized 
cntra ,nment  and det ra ,nmcnt  Sargasso Sea spcc=es were more abundant  across Ihe upwelhng flank 
titan across the downwelhng flank, whereas tile opposttc was truc for Slope Water  species Spcctc,, 
al'q.lntlallces Oil a tr:uhng tlank transect (upstrcan! of the ttp~,clhng region) demonstra te  cllcctl~,c 
tr,,nsport of  Sargasso Sea/Gulf Strcana species out of the current into the Slope Water  The rcl,ttl~,c 
proporttons of two t.opcpod species (IJlcllrOmtlmmtt horetlhs ,llld I ~ gratths) were scnMtt~c ttl the 
prt~.cs,,es ol enlrdlllnlelll ,ind detralllnlellt nl tile nlCdllder, ",uggcMIng th,tt the',c two species arc 
usclul nldltator species ol thetr rcspett~ve water nhlh%eh Gulf  Strealll nleandcrs Illay t'~c sites ol 
~.ross-stre,m! cxuh,|llgc ol pldnklon popul,itlons bctwce,|  tile Sargas,,o Sea and the Slope W,,tcr 

I N T R O D U C T I O N  

"I'm: Gulf Stream separates the warm, oligotrophic Sarg:tsso Sea to the south from the 
colder, nutrient-rich Slope Water to the north. Originally, the current wits regarded as a 
distinct biogcographic~,l boundary separating the cold, Slope Water fauna to the north and 
west from the warm water, Sargasso Sea assemblages to the south and east (Gr|ce and 
Flarr, 1962; I-IUrLBur|', 1964; BACKUS et at., 1970; JAHN and BACKUS, 1976). However, 
recent studies indicate that considerable cross-stream mixing of plankton may bc occurring 
both by the formation of warm- and cold-core rings (RING Group, 1981 ; Jovce et al., 1984) 
and by other physical processes such as the formation of shingles and streamers (GarfieLD 
:rod EVANS, 1987), "'leakage" from the Stream at depths below the thcrmoclinc (Bower et 
al., 1985; WISHNEr and ALLISON, 1986), and water transfer at meander crests and troughs 
(SHaw and RossnY, 1984; Lev|Ne et al., 1986; BowEr and RossBY, 1989). The 
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Gulf Stream appears to function as a leaky membrane (Bower et al . .  1985). permitting 
some cross-stream exchange of water and. therefore, plankton populations. 

Despite the importance of the Gulf Stream as a biogeographical boundary, there are few 
studies of the zooplankton within the current itself. ALLISON (1986). WIsH,'~er and 
ALLISON (1986), ASHJIAN (1991), and ASHJIAN and WISHNER (1993) describe the distri- 
bution of 18 copepod species within the Gulf Stream for two sampling times. These studies 
suggest that certain copepod species are characteristic of particular water types and that 
the relative abundances of these species may be good indicators of water mass mixing. 

Gulf Stream meanders are hypothesized to be features in which enhanced cross-stream 
transport of water parcels occurs (Bower and RosseY. 1989). Abundances of plankton 
populations may change across and along a meander as a result of the physical processes 
(BIOSYNOP. 1987). Detrainment of Gulf Stream water (and plankton populations) into 
the Slope Water on the north and entrainment of Sargasso Sea water from the south with 
upwelhng in the Gulf Stream may occur on the tradmg edge (upstream of the crest), while 
the reverse pattern (entrainment of Slope Water into the Stream and detrainment of 
Stream water to the Sargasso Sea with downwelling in the Gt, lf Stream) is predicted for the 
leading edge (downstream of the crest) (BIOSYNOP. 1987: Bower and RossBv, 1989) 
(Fig. 1). In the present study, regions of active up~elhng/divergence and downwelhng/ 
convergence are called the upwelling (UF) and down~elling flanks (DF), re.,,pectively. 

Two possible mcchanism~ have been suggested by which plankton abundances c a n  be 
changed in the meander: (i) an advcctlve response. ~herc plankton populations act as 
pa,,~ivc particles and arc redistributed in the meander Ilow field; and (n) a population 
response to the upwelhng ot nutrient~ m the divergent rcgion~ ot the meander (BIOSY- 
NOP. It)S7: Fi left and DAvis, personal conlnlunlcatlon). All hie stagc~ ol zooplankton 
poptllations would bca ffcctcd by the tir,,t nlcchanasm but only egg,, and young ,,tages by the 
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Fig I The ddhzrent reg.)n,, of a me.ruder .rod a',',oclalcd phy,,..-.I pro~.c,,,.c., Up~.cllmg. 
d~vcrgcncc of 11o~, and dctrdtnmen( to the north from the current may occur upstrednl or the 
meander  ereM Downwclhng.  convergence :.lfld ent r .unment  of  Slope Water  from the north may 
occurdov.n. , Ircamtff thecre, , t  R ,~glon , .o fac t iveupwclhnganddownwclhngmdlca ledh~ %~mbol.,. 
TF = Trmhng Flank. LIF = Upwclhng Flank. DF = Down,~clhng Flank :rod LF = t .¢admg Flank 

( | ' tgur¢ redrawn from BIOSYNOP.  19S7 ) 
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latter, since the residence time of a population in a meander (~3-7  days) is shorter than the 
generation time (~ 15-30 days) (BIOSYNOP. 1987). Only adult stages of these popu- 
lations were captured adequately by the nets used in this study, so the focus of the analysis 
is on the first mechanism. 

The down- and cross-stream velocity fields of the Gulf Stream are spatially and 
temporally variable, with average downstream velocities ranging from 44-188 cm s-~ at 
the surface to 17-18 cm s-t at 1000 m (HALKIN and ROSSBY. 1985). Average cross-stream 
velocity fields are an order of magnitude lower than the downstream velocities (0.3--10 
cm s- t). with entrainment into the current occurring from both sides (HALKIN and ROSSBY, 
1985). The observed distribution of a copepod species should be the result of both the 
advective movements of water parcels and the individual behavior of the animal (e.g. 
~ertical migration), which subjects it to different transport regimes. Animals with deeper 
distribtmons will experience lower downstream velocities than animals found near the 
surface, while vertical migrators should experience both high and low downstream 
velocities during a 24 h period. 

This study describes the cross- and along-meander abundance trends of eight "'indi- 
cator" copepod species to demonstrate: (1) how abundances of adults of selected copepod 
species change across thc Gulf Stream and along the meander: and (2) if changes in the 
relative abundances of ~arm- and cold-water species occur in response to physical 
processes. According to the hypothesized transport processes, loss of water parcels to the 
north should be indicated by enhanced abundances of Gulf Stream/Sargasso Sea spccic~ in 
the upwclling region, whdc entrainment of Slope Water should bc reflected in enhanced 
abundatlccs of Slope Water spcctc~ m the tlownwclhng rcgton of a meander. The species 
selected for study arc charactcrl~tic of either the Slope Watcr or the Sarga,,~o Sea, have 
distributions strongly a~ociatcd with spccitic physical characteristics, and show cross- 
stream abundance trends th:tt follow the pattern observed by WISIINER and AI.t.lSON 
( 1986), ASIIJIAN ( 1991 ), and ASlIJIAN and WtsllNLr (1993) None ol the eight species wcrc 
found cxchtsivelv in the Gull Stream. | lowcvcr, duc to the strong tidclity of the species to 
spccilic and characteristic physical conditions, it should bc po,,~lblc to u.,,c the species as 
tracer,, of particular water typcs. 

METtlODS 

Sample collection 

Plankton samples wcrc collected during two mcsoscale surveys of a Gulf Stream 
meander located duc cast ot Delaware Bay (Table 1, Fig. 2). The surveys were conducted 
approximately 2 weeks apart in autumn 1989 from the R.V. Cape Hatteras as part of the 
BIOSYNOP program (BIOSYNOP, 1987; OLSON, in preparation). A second ship (the 
R.V. Emleavor) conducted physical surveys of the meander during the first 2 weeks. 
During each survey on the Cape tlattera~, zooplankton wcrc collected on four or five 
transects across the different sections of the me,'mdcr [Trailing Fhmk (TF), Upwelling/ 
Divergent Fhmk (UF). Crest, Downwclling/Convcrgent Flank (DF), Leading Fhmk (LF/I 
(Fig. l) according to the BIOSYNOP Zooplankton Group phm. Zoophmkton samplc~ 
were collected using a l m-'. 1501~m mesh MOCNESS plankton net system (WIEBE et al., 
1976a). equipped with temperature and salinity sensors, from eight discrete depth 
intervals (()--5(1, 50-1(X). 100-150, 150-200.2(~J-400,400-6(XI. 600-800.80(~IO(X)dbars). 
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Table I Samphng data for the stattons. "'Mean eta" refers to the mean of the start and end cross-meander posmon 
and "mean tau" refers to the mean of the start and end along-meander posttton for each to~*. Eta and tau were 

computed b) A Martano 

Mean Mean Depth 
MOCNESS Reg,ono[  Date Time Latitude Long, tude eta tau range 
No meander ( 19881 (GMT) (°N) (°W) (kin) (kin) (dbars) 

1 Trading flank 21 September 16.35 37 ° 34 25 73 ° 14 76 101.61 -149 15 0--990 
2 Trading flank 21 September 21 52 37032 31 72°54 38 71 23 -141 98 1~990 
4 Trading flank 21 September 7 14 37 ° 28 9ll 72 ° 21 10 25 57 -143 35 0--10~81 
5 Trading flank 22 September 12'42 37 ° 27 45 71 ° 55 99 - 7  811 - 130 92 0-1000 
8 Upwelhngflank 23September 5.32 38°09.35 72°00 48 52 59 -91 00 0--1000 
9 Upwelhngflank 23September 11:36 37°02 73 71°35 911 20 76 -76.99 0-1000 

I() Up~ellmg flank 23 September 22 26 37 °42 83 71 ° 28 116 -13 89 -94 53 0--I(XX) 
I I Upwelhng flank 24 September 4 58 37 ° 32 211 71 ° 18 711 -37 119 -99 56 0--IlgX) 
13 Down~elhng flank 24 September 21 11 37 ° 51) 54 711 ° 31 35 -32 52 411 73 0-IIXIO 
14 Dov, n~,elhng flank 25 September 4 32 37 ° 58 I(1 70 ° 14 10 -S  92 ~ 85 0-1IIIX) 
15 Do,.~nv~elhng flank 25 September 12 23 38 ° 12.9tl 70 ° 411.23 211 59 35.118 (~IIXIO 
1(~ Downwelhng flank 25 September 17 21 38 ° 18.25 69 ° 52 31) 37 116 13111)4 0-1111X1 
17 Leading flank 2~ September 12 57 37 ° 38 98 68 ° 52 113 54 56 115 12 11-1(IO11 
IS Leading flank 26 September 211 56 37 ° 34 211 69 ° 15 10 IS 96 73 0tJ 11.--11XXI 
Iq Leading flank 27 September 6 Ill 37 ° 42 ~11 6tl ° 511 511 --15 17 4S 16 0-I(XXI 
411 Crc~t 14 October IS 4q 38 °117 37 6,',; ° 27 14 41 82 t) 46 (~llXXl 
41 Crc,.t 14 October II 25 37" 55.73 68 ° 29 911 17 95 7.37 0-111115 
42 Cre~t 15 October 'q 111 37" 4H 29 (~80 38 (~t~ 2 (IH 11 {Ill U--Ill(Ill 

T h r e e  to  l ive M O C N E S S  tows w e r e  t lol lc  a l o n g  e a c h  t r ansec t .  A s ing le  tow was  d o n e  at 

e a c h  s t a t ion  rcgardle , , s  o f  the  t ime  of  day .  S n m p l c s  w c r c  p r e s e r v e d  in 4 %  b u f f e r e d  

f o r m a l i n  i m m e d i n t c l y  h+llowing co l l ec t i on .  

F ive  M O C N E S S  tr~msccts ac ross  d i f f e r e n t  r eg ions  o f  t he  m e a n d e r  w c r c  used  in this 

s tudy :  at the  w e s t e r n / u p s t r e a m  e n d  o f  the  T r a i l i n g  F l ank  ( M I - M 5 ) ,  the  U p w c l l i n g  o r  

D i v e r g e n t  F l ank  ( M S - M  1 I) ,  the  Cre s t  ( M 4 0 - M 4 2 ) ,  the  D o w n w c l l i n g  F l a n k  ( M  1 3 - M  16), 

and  at the  e a s t e r n / d o w n s t r e a m  e n d  o f  the  l+cading F h m k  (M 17-M 19). All  w c r c  c o n d u c t e d  

d u r i n g  the  tirst leg o l  the  c ruNc  e x c e p t  the  c res t  t r a n s e c t ,  wh ich  was  c o n d u c t e d  d u r i n g  the  
,.;ccond leg ( T a b l e  1) 

Sample analysts 

S a m p l e s  f r o m  th r ee  t r ansec t s  ( t ra i l ing  f lank,  u p w e l l i n g  f lank,  d o w n w e l l i n g  f lank)  f r o m  

the  first s u r v e y  o f  the  m e a n d e r  w e r e  amt lysed  for  t he  adu l t  a b u n d a n c e s  o f  e igh t  c o p e p o d  

spec ies .  O f  t he  e igh t  spec ies ,  two  a re  c o n s i d e r e d  S l o p e  W a t e r  spec i e s  (Pleuromamma 
boreah,~, Metridht lucens), five Sa rgas so  S e a / G u l f  S t r e a m  spec i e s  ( Calantts tenuicornts, P. 
abdonthmlis, P. gracilis, P. piseki, P. xiphias) and  o n e  o c c u r s  in b o t h  r e g i o n s  (Nannocala- 
nus minor) (GRtcE and  HARt,  1962; DEEVEV and  BRooKs,  1977; C o x  and  WtEBE, 1979). Six 
o f  the  spec i e s  a r e  ve r t i ca l  m i g r a t o r s  (M. lucens, Pleuromamma spp . ) ,  and  two  a rc  

c h a r a c t e r i s t i c a l l y  found  in the  u p p e r  200 m in the  G u l f  S t r e a m  (C. tenuicornis, N. minor) 
(WIsHNER and  At.t,lSON, 1986; AStlJIAN, 1991; ASHJIAN and  WtSHNER, 19931. P r e v i o u s  

w o r k  has  s h o w n  that  t he  d i s t r i b u t i o n s  o f  these  spec i e s  in the  G u l f  S t r e a m  a re  c lose ly  
as , ,oc ia ted  wi th  spec i l ic  phys ica l  cha rac t e r i s t i c s  such  as t e m p e r a t u r e  a n d  dens i t y  (W~sttNER 



(.+opc~-,d " ,~c tc ' ,  abundance, ,  acro,,,, and  a long  a G u l f  Str~.,m'~ m ~ a n d c r  ,=I.~_~ 

| i~ 2 batelhte Image ',ho,.~.m~ ',ca ,,urla~c t~.'n11"~er,tturc ol th,..' me,ruder on 21-2,1 ~.'plL'Itlh~.'r 
It},~,~ l ) , , r k  a l c . t ' ,  l l ldl~. ' , i [~  '++.,or i|i~,+1 +,',,l[~.! (( +tilt %tlL+.ittt ) ,LIZ,_I h ~ h t  ,ffL_,Is ll'Idl~.,t|+.' ~+'~,Id~.u ~ , ~ t e r  , \  

+,tl+t)ll~ Inl.~,l l ld~.l-I l l |~ ll l l(.hl+,.[ll)l l x+,,l~+tl(.~.tlllll|~ II(.+ll the_ (.tu'~t t~t tht+ l l |~,l l l t l , .IJ()l l  thl+,datL, hox~cx~.r 
P ( ) ( i ( )  ~ch~ntx ',+.~.tor, iil(.IJc,tl~.(+l t lht l  +,dnq+hn+ ~,l tht. l t , uhn~  Ul+++~.lhn + ,Uld dLJx~ nxx~.'lhn,, l lunk,,  
hdd h~.'~.'ll U)llll+l~+'t+,.(.I hult~re d~.'Ll+dllllll~.'llt (l| ('~tllt ~|1,++1111%+,,1[,. r i11|(i the.' I+111~ t)~.~.Ul+l-¢d ( I R()++,~,I+'~ 

pl.'l-~,t)ll+ll ~ . (+ l l l l l l t l l l lk , l t l t l l t  } 





Copepod species abundances across and along a Gulf Stream meander 467  

and ALLISON. 1986: ASHJIAN. 1991, ASHJIAN and WISHNER. 1993). Copepod species ~ere  
identified according to the keys of SIEUR (1932). ROSE (1933). HULSEMANN (1966). and 
OWRE and Fo'~o (1969). 

The sample was first split to a fraction where at least 200 of the target copepod t~pes 
were present, using a Folsom plankton sphtter. The counts were then extrapolated to 
numbers 1000 m -3. Integrated total abundances for the copepod species were calculated 
o~er the depth interval of 0-1000 dbars for each sample to examine cross- and along- 
meander trends in abundance. Integrating over the water column has the advantage that 
diei samples can be directly compared since day/night differences in species distribution 
are not considered. Populations of these species across the Gulf Stream occur almost 
ent irek in the top 1000 m of the water column (WISHNER and ALLXSON. 1986: ASHJIaN, 
199l: ASHJIAN and WISHNER, 1993). 

Abundances were compared for each species across each of the three transects of the 
meander (trailing. upwelling, and downwelhng flanks) to analyse cross-stream trends. 
Kendall's coefficient of concordance (W) was calculated, using integrated species abun- 
dances, between tows along each transect to indicate any sigmficant agreement bet~een 
specie~ in abundance trends across the transect (EAR, 1984). Concordance in abundance 
trends ~as calculated separately for Sargasso Sea and Slope Water species across the 
upwclhng and downwelling flank transects but was calculated with all seven species across 
the traihng flank (N. minor, the species from both regions, was not included). Abundance 
differences at similar cross-stream locations were compared between transects for each 
species to dcline along-meander trends. Because of the low number (4) of ~amplcs along 
the transects, statistical comparison of the sample pairs (samples at simdar cross-stream 
locations on diffcrcnt tr:m~cct~) can give a level of ~igniticancc no ~mallcr t h a n / '  = (I 20 
(Wdcoxon test. SokAL and Rolll F. 1981 ). 

The abundances of the female,, of two l'h,twotnamtna species (/ ' .  borealis and I'. grac dis ) 
wcrc enumerated Irom santplc~ collected on two transects: on the leading flank and at the 
crc,,t ol the meander (Table I) Since no samples wcrc taken in the crest region of the 
meander during the tirst leg, stations taken near the crest during the second leg were 
inchndcd to determine the abtmdanccs of the two species for this region of the meander. 

The i ' leuromamma proportion was calculated to indicate whether Gulf Stream ~satcr 
and plankton poptdations were mixing with the Slope Water. Since P. boreali,s (Slope 
type) and I'. gracih.s (Sarga~so type) are very similar in size and behavior (both ;.ire vertical 
migrator~ and co-occur tit the same depths) (WISIlNLR and ALl ISON, 1986; ASIlJIAN, 1991 : 
ASIIJIAN and WISHNER, 1993), their abt, ndanccs tit a particular Iocl, tkm may be affected by 
similar physical mixing mcchani,,nl~. Furthermore,  !'. boreahs is a stron,, indicator ot 
Slope Water and is u',ually not found beyond the North Wall (WISHNLR and ALLISON, 
1986; ASIIJIAN, 1991 ; AStlJIAN and WISHNER, 1993). The proportion of adult females (F) oI 
each species out of the total of the two was calctdatcd for each to~. 

Sample loca6ons 

Relat,ve positions (along meander and cross-stream) of the MOCNESS tows were 
computed by A. Mari~,no. in this analysis, all XBT and CTD data collected during the 
program (over 500 measurements) from both ships was used to construct d~,dy maps of the 
depth of the 12°C isotherm using objective analysis (MARtANO, 1990). A local curvilinear 
coordinate system was developed from the maps in which locations were translated from 
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Fig 3 (A) Gcogr,=phlc po,,luon,, of the zt~opl,mkton (MOCNESS) to~s w, ed m thls',tudy (B) 
Positions ol the zooplankton (Mf)CNESS) tov,~, used m tlus stud.~ rel,th'.e to me,ruder feature,, 
Reldt~ve pt~,,itlon', were c.tlt:ttl.tted by A M,trl,mt~ (M .~rl .~(). IL~I()) The me,ruder crest I,, k~eated 
~lt t.ttt = 1| ( .dong nte.trltler dlst.mce) .Hid the cr~s..-stream location where  the depth tff the 12"C 
isotherm ~as  ~tt 41111 m is mdl..:ated by eta = (1 (cross-..tre.tm positron) In this ligure, the sign ot the 
ct.t (¢ross-..trc.tm loc.tluoul) P. reversed Irom that repor ted by A M.irx.tllo (Table I ) so th.lt It~:+lttons 
tt~ the north ol the (;tilt S t re .u ,  .ixts ~lre indic.tied by "'negdtlve eta" The me.tntler ext¢lltN str.ught 

zlcros., tilt: hgure  ii1 tile rCJ.l|l~e c()ordln.lI¢ ..)Mttrll 

gc()graphic position,~ into positions tch,tivc to meander features (Mar lano ,  1990). The 
location of each station rel~ltivc to the meander leaturcs was idcntilicd using this analysis. 
Cross-stream positi(m of each station (eta) was expressed as the distance in kilometers 
from where the depth of thc 12°C isothcrnl equaled 4(10 m. This placed the origin of the 
coordinate system in the core of the current rather than at the North Wall. [Thc isolinc for 
the 12°C at 30(I m deviated from the Gtdf Stream around a warm core ring outside the 
mapping region and thercft)rc was not used (MAru~o,  1990).] Along-mcandcr positi()n 
(tau) ()f each station was cxprc.,,scd as the distance in kdomctcrs from the crest of the 
meander. 

Since zooplankton distributions in the Gulf Stream correspond with hydrographic 
features, the relative positions of the MOCNESS stations rather than geographic ones 
werc used in this study to compare copcpod abundances across the different transects. The 
positions of the stations relative to each other and to meander features were quite different 
in gcographtc spacc compared to rclauvc coordinates (Fig. 3A and B). 

RESULTS 

The abundances of the copepod species indicate that tile hypothesized entrainment and 
detrainment was occurring in this Gulf Stream meander. Two copepod species (P. 
boreahs ,  a Slope Water species, and I'. graci l is ,  a Sargasso Sea species) were useful 
indicator species of thctr respective water ma,,scs. 
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The temperature-salinity characteristics of the MOCNESS stations were used to 
identify the water types present at each sampling location. Three water types have been 
identified for this region: Gulf Stream/Sargasso Sea (>  14°C. >36 ppt). Slope Water ( 14- 
22°C. 35.5-36.0 ppt). and Ford Water (14-22°C, <35.5 ppt) (Ltt_t.mRIDGE et al., 199{)). 
MOCNESS stations on the Sargasso Sea side of the Stream axis ~ere  characteristic of the 
Gulf Stream/Sargasso Sea (Tows 4, 5, 10, 11, 13, 14, Lg. 4L). while tows on the Slope Water 
end of the transects had fresher, colder water charactertstlc of Slope Water or of Ford 
Water (Tov, s. 1, 2, 8 .9 ,  40. 15, 16.17, 18) (Figs 3 and 4) 

Abundance trends across the upwelling and downwelling flanks were similar for the 
Sargasso Sea species ( C. tenuicornis, P. abdominalis. P. gracdis. P. piseki, P. xiphias) and 
~ ere the same for both the vertical migrators (Pleuromamma spp. ) and the non-migrating 
species (C. tenuicorms) (Fig. 5, Table 2). Abundances of thc Sarga~so Sea species 
decreased across the Stream from the Sargasso Sea side towards the Slope side across both 
flanks of the meander.  The very low abundances of all species ob,~erved on the Sargasso 
Sea end of the upwelhng flank transect (Nll l )  may have been due to: (1) actual low 
abundances of zooplankton m the Sargasso Sea (GRIcE and HARt. 1962: ALtnSON, 1986) or 
(2) undercstimate~ caused by partial destruction of the sample during collection. With the 
exception of P..~iphias, abundances of the Sargasso Sea spcclcs wcrc lower along the 
do~ n~ clhng transect than along the upwclhng transect (Fig. 6) Highc,,,t abundances were 
observed on the south (Sargasso Sea) side ot the upwclhng flank transect (cxccpting 
abundance,, from M 1 I at the Sarga~so Scat terminus of the transect ) ~ ith lower abundances 
ob~crvcd at the Slope Water end of the downwclling flank transect The rank order of tows 
by species abundancc~ lor the live M+ccics ('l'ablc 2) wa~ ~tgmlicantly concordunt acro~ 
both flanks (Kcl"|dall',, W . / '  < {I.(]U I Ik~r Ul~wclhng tlank. I' < {I.{15 for downwclllng tlank) 

Abundance trends l't~r the two Slope Water spccie~ acro,,,, thc~c tv, o flank,, were also 
similar and showed pattcrn~ oppo,site to those ob,,ervcd fi~r the Sarga'~,,o Sea spcctc,, (Fig. 
5) Both M. hwenv and I' boreali.~ abundance,, dccrea,,cd acro,,,, the Stream from the Slope 
,,trio to the Sarga ' , so  Sc:i side, although P. bor~'~th.s wa,, not tound as lar acro~ the (lull 
Stream as M. Itt~en.s. Abundances were greater on the convcrgcnt/tlownwclhng llank 
tra,lscct than on the upwclling tlank, and lughc,,t abundancc~ wcrc observed on the Slope 
W,ttcr sltlc ot the downwclhng flank transect (Fig. 6). The r,mk order ol tows by 
abund;.ulcc Ior the two M~ccics (Table 2) was not signilic:mtly concordant,  probably 
because of small sample sJzc (Kcndall 's W , / '  < 11.20). 

In contrast to the upwclhng and downwelhng flanks, ubund,,ncc trends across the 
traihng flank (Fig. 1) were viltually the same for both Sarga~so Sca and Slope Watcr 
species (Fig. 5, Table 2). Sargasso Sca species had patterns oppo.sitc to those observed 
across the upwelhng and downwclling flanks, with lughcst abundances on the Slopc Water 
side of the trading flank transect and declining abundances across the transect into the Gulf 
Stream Abtmdancc trends ol the Slope Water species resembled patterns observed on the 
upwcll,ng and downwclhng flanks The rank orders of tow.s by abundance of the seven 
~pcclc~ across the tran.scct wcrc signilicantly concordant (Kcndall's W , / '  < 0.01). 

Nannocahtntt~ mtttor, the widespread species, had abundance trends similar to the two 
Slope Water species across all transects of the meander,  with abundances dropping oft 
across the transect from the Slope Water into the Gulf Stream (Fig. 5) However,  unhkc 
the two Slope Water species, the abundance ot N. minor was not grcatcr m the 
downwclhng flank of the meander (Fig 6) 

Cross-stream trends in abundance for females o f / ' .  boreah,~ and I'. gracih.s across the 
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Table 2. Results o f  Kendall Concordance te~t~. The ranks o f  the towt by integrated abundance for  each vpecwv 
acros~ each o f  the tran~ec t~ and the c oe~ctent o f  concordance (Kendall'~ W)]or  each transeu ts shot* n for: [ A ) 
Sargasso Sea spectes and { B I Slope Water spectes across the up~elhng and down~elhng flanks and (C) combined 
Surgav~o Sea and Slope Water specte~ acrovs the trathng flank "'Ton'" reeerv to the MOC N ESS  to~ wtth Slope 
Water tow~ to the le]t anti Sargas~o Sea to~*s on the rtght Abundance* nere ranked ntth "'1" being the least 

abunthmt and "4"" being the most abundant ( SoK at and RonLt:. 1981 ) 

(A) Sargasso Sea 
species Up~ ell,ng Specnes 

flank 

(B) Slope W,,tcr 
,.,pt:~.l~: ~, 

D o ~ n ~ e l h n g  
fl,,nk 

Upx+clhng 
ll,,nk 

II,mk 

(C) barga',',o St:,, 
,rod Slope [+e,,dmg 
Water ,,pccncs 11.tnk 

8 9 
T o ' ~  

11) II Kendall's W Stgmficance 

C tenutcorm~ 3 2 4 I 
P abdommahs 3 2 4 1 
P gracths 3 2 4 l 
P ptsekt 3 2 4 1 
P rtphta~ 3 1 4 

Tow 
Spectes 16 15 14 13 

1) 936 P < 0 (WOI 

(" tentu~ornt~ 1 2 3 4 
P abdomutah~ 1 2 3 4 
P gru(th~ 2 1 3 4 
P ptse~t 3 1 2 4 
I' ~tpllt+tl 3 I 4 2 

T o w  

Spcetcs 8 9 lit l I 

(J 5,"~ I' < 0 o5 

M h+(ens 4 3 I 5 I 5 
P boreah~ 4 3 2 I 

Spc~.nc', 16 15 14 13 

II 925 I' "-. 211 

~1 h .  en~ 4 3 I 5 I 5 
P t,orcMt~ 4 3 2 I 

Tow 
',;pccncs I 2 4 5 

11925 / '  <. 211 

C let l t tHortl t~ 2 4 1 

P ahdommah~ 4 2 3 
P. grutth~ 4 "~ 3 
I' pt~e]~t 4 2 3 
I' itplna~ 4 3 2 
M haen~ 4 3 "~ 
P horeah~ 4 1 5 3 5 II 557 I" < Ill 

leading flank of tile meander (Fig. 7) were the same as those observed along the 
downwelling flank. Abundances of P. gracihs (Sargasso Sea species) decreased and 
abundances of P. boreahs (Slope Water species) incrcascd acro.,,s the Gulf  Stream from the 
Sargasso Sea to thc Slope Water. The integrated abundances of females were of the same 
order of magnitude at similar cross-stream locations between the leading flank and 
downwclling flank mmsccts for both species (Figs 5 and 7). For seven of the eight species 
there was little cross-stream pattern in the proportion of females out of the total adults in 
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the population, suggesting little differential cross-stream effect on the two se\es  (AsHJIAN, 
1991). The cro,,s-streanl trends in abundance of tile female,, may accurately reprc,,cnt 
those seen ill tile total adult population. 

The cross-stre;un di,,tancc on tile live transect,, at v, hich numerical dominance m a tow 
changes from I'. boreali.s to P. gra('ili.s (and vice ver,,a) shifted progrcssb, cly toward,, the 
Sargasso Sea along the meander  from the trading tlank to the leading ft.'ink (Fig. 8). Tile 
relative proportions ol the two species for ;ill live tran',ects tollowcd lhree thstulet patterns. 
The trailing and uPwelhng tlank ,showed one type ol Pattern (1'. gra('ih.s tlonmmnt lar into 
SloPe Water from Stream a\i ' ,),  tile downwclling and leading II,mkn showed another  type 
of pattern (1". boreah.s donfinanl through the Slope Water into the Stream). and the crest 
showed a third u+tcrmcthatc pattern 

Five of the MOCNESS,, tat ions fronl the transects were located approximately 15-22 km 
toward.,, the Slope Water from where the 12°C i,,otherm ~as at 41111 m (Table !). The 
Pl¢llrollltlltlllltt proportions from these Slope Water .,,tations were compared along the 
meander  to determine il there wa.s a shift in nun|crlcal domin,u|cc from one species to the 
other through the nlc;.ulder (Fig. 9). Plettromamnta gracths ~,~;.t.,, the dominant spccic.s at 
lot,ilion,,; before the me;ruder crest (eta = (I) in the trailing/upwclling flank, whdc P. 
borealis wa.s dominant at locations beyond the crest m the leathng/downwelling flank. 

The I~h,ttromanlnla proportion tor P. gracth~ w'a,, t)lotted vs the depth of the III°C 
isotherm (Fig. l(I) |or ;.ill stations to illustrate the changc~ in this proportion ~ ith meander  
location Previous stuthcs indicated that the I11°C i,,othcrm was usually located deeper  than 
the abundance m;.ixima for thcsc species (WI.",IINLR and AtJ IS(IN, 1986; ASIIJIAN, 1991: 
ASIIJIAN ;.Itld Wtsltnl R, 1993). Tile depth of the II)°C isotherm ~as  smular h~r hkc cross- 
stream distances along all transects (Fig 10a) i lowcvcr ,  there was m) consistent 
correlation between the depth of the isotherm and the proportion ()1 I'. gracth¥ along the 
various transects (Fig. l(Ib). For locations with the 10°C isotherms at sinular depths, such 
;.is 31)11 dbars, the proportions of  i'. grttclli~ were dramatically thffercnt at the two flanks 
(<0.  ! at the downwclhnffleading flank and 1.(1 at the upwellmg flank). All It)cations to the 
south of the Stream axis had only I'. gracihs present. 
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DISCUSSION 

Abundance trends across the "ac tbe"  flanks (up~,elling and do~ n~elling) for six of the 
eight copepod species tire consistent v, ith a circulation dominated by entrainment and 
detrainment of ~ater  parcels. Trends along transects for species from the same region (ex. 
Sargasso Sea species) ~ ere significantly correlated (Kendall's W. Table 2). suggesting that 
species from a particular habitat were similarly influenced b~ the ph)sical mechanisms. 
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Fig 9 "'Pleuromamma'" proportion for P horeahs and P gracths along the meander  Relative 
along meander  dz,,tance (tau) is plotted m kilometers on the horizontal axl,~ with "'0" mdlcatmg the 
p()s,hon ot the meander  crest Posmons on the t radmg flank are denoted by negative ~,alue,, and 
po,,itlon,, on the leathng flank are denoted by po,,Ih,,e ~,alue', Ahmg-, , tream dl,.tances were 

computed by A Marl,too 

The higher abundances of tour of tile Sargasso species and the low abundance,~ of the two 
Slope Water species across tile upwelling flank tran,,cct indicate that entrainment of 
Sargasm water front tile 4outh and its detrainment to the north was occurring. On tile 
downwelling tlank, low ;.tl'qlnd;.lnces of Sargas4o spccm~ but high al)und;,inces of Slope 
Water specie,, at tile northern (Slope Water) end of the transect st,ggest that Slope Water 
was being entrained and mixed across tile Stream. 

The predicted pattern,, of entrainment ;.ind detrainment ()1' water ~,long the meander 
were supported by tile T--S characteristics ol tile water cohimn at tile MOCNESS stations. 
In interpreting the degree of Slope Water penetration into the Gulf Stream, stahons were 
compared with relercnce to their cro,,s-,,tream di,,tancc (Fig. 2). The most dramatic 
comparimn was between the upwclling and dowtlwelhng flanks. The Slope Water end of 
the upwclling llank transect (MS) was h)cated farther (52.59 kin) into the Slope Water 
from the Gulf Stream axis than the Slope Water terminus (M16) of the downwclhng 
transect (37.06 kin). However, the physical charactcri,,tics of the water at the end ot the 
upwelling flank transect (35.5-36.0 ppt, 15-20°C) were less characteristic of Slope Water 
than were the conditions (34.5-35.5 ppt, 15-18°C) at the end of the downwelling flank 
transect. The northern end of the cre~t transect (M40) had T-S characteristics intermedi- 
ate between those observed on the two flanks, suggesting that some entrainment of Slope 
Water had occttrred at that location. This station was located .'t comparable cross-stream 
distance from the Gulf Stream axis as the station at the end of the downwelling flank 
transect (M 16). Apparently there was more Slope Water in the meander at the convergent/ 
downwelling flank (downstream of the crest) than at the divergent/upwelling flank 
(upstream of the crest) and more Sargasso Se;,/Gulf Stream type water in the upwelling 
flank than at the downwclhng flank. 

Two of the copepod species [P. borealis (Slope Water). i'. gracilis (Sargasso Sea/Gulf 
Strcam)] were useful indicators of their respectwc water types, with both species 
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abundances and species proportions demonstrating that the predicted physical mechan- 
isms were occurring in the meander. The progressive shift along the meander of the cross- 
stream distance at which numerical dominance shifted from one species to the other 
reflected ongoing physical transport processes m the meander. At the trailing and 
upwelling flanks, where Gulf Stream water was predicted to be upwelled and to spill over 
into the Slope Water (detrainment). samples were dominated by P. gracilis quite far from 
the Stream axis (>80 kin). (For this transect, P. borealis probably would have become 
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dominant at some point farther into the Slope Water beyond that sampled.) Abundances 
of P. gracilis were high relative to those ot P. boreahs, which were especially low. 
However. in the downwelling flank sections, a swttch in the dominant Pleuromamma 
species occurred approximately 10 km to the north ol the Gulf Stream axis (eta = 0) for 
both transects, with P. boreahs dominant (>90%) to the Slope Water side and P. gracihs 
dominant ( ~  100% ) to the Sargasso Sea side of this point. The abundances of P. borealis on 
the Slope Water side of the down~elling flank were dramatically greater relative to 
abundances on the upwelling flank (Figs 5 .6  and 7). inthcztttng that entrainment of Slope 
Water parcels and their resident copepod populauons had occurred on the do~s n~ elling 
flank. The distance into the Gulf Stream to which P. boreahs was fl)und ~as associated 
~ t h  the degree o[ entrainment of Slope Water. v, tth ammals of this species occurring 
tarther into the Stream at the do~n~elhnffconvergcnt  flank than on the upwelling/ 
divergent flank Furthermore.  the lack of a strong correlation bct~een the depth ot the 
141~C isotherm and the "'Ph'ttromantnta proportion'" tor P. gracth.s (Fig. 111) suggests that 
the observed patterns of specie,, ;.|bund,ulces and the relative proportion ot ~ arm- ~ s cold- 
x+ ater species m as due to the replacement of x+ atcr parcel~, and their plankton popul,tttons. 
111 thc nlcander. 

The sl~ltt m donunance from l'. gracth~ to i' horealt.~ with distance along the meander 
(Fig 9) on the Slope Water side ol the Strezm| ax|s also den|onstratcs the effects ot tile 
detrainment and entrainment of water parcels. These statn~ns were located 15-22 knl to 
tile norlh l rom where the 12"C isothernl was at 41)11 Ill. nl iI region probabl) .strongl} 
attected by the phy,~ical cxch,mgc. In regions of tile meander ttpstream ol the crest. 
ttpx~clling ;.1110 tlctr,llnmcnI ol Gulf Sll'eanl wl,ter (and plankton) Into the Slope Water 
occttrrcd,  whllc in Ihe i'cgion down',|rezlill ol the crest downwell|ng and entriinln)ent Ol 
Slope Water transpoltcd Slope Wdter pl,|nklon popul,mons into the Gull Stream The 
ploporti()n OI these two copcpt+d spcctes nliiV bC ;.Ill IlCCLIraIc inthc,llor ol water parcel 
e\cll~lngc both ,th~llg lind across a ille;.Hlder 

Abt|ntl,tnccs ol Sargasso Sod xpcc|c~ ,thing the trading llank transect, e~pcc|ally lit the 
northern end, x+clc sutprisulgly h,gh, cspecmlly s|ncc this prol+ably was not a region of the 
me:,nder with active upwclhng The "/-S s,gn,tturcs for these stations inthcated that the 
tcrn|ml|s ol the transect w,ls in Sit)pc W:|tez', ycl lost out ol five t)I the S:lrgasso Sea species 
(the Iotlr Ph'ttrotttunlnttt spp.)  h:_ld nlilknntlnl abtl l ldanccs lot  tile tr;.lnscct lit the nor thern  
end Fnrthcrmorc,  abund,nlcc trends across tlHs ll,mk ol the live Sargztsso Sea species and 
the two Slope Water species wcrc sin|il,tr ;.llld wcrc signilicantly correlated (Table 2). The 
ht,,h= abtuldanccs ot Saz gasso Sea species at that location may, rcllect a past Illstory ol cross- 
strcdm water cxchan,.z,c, . Am|nal.~ may, h,wc bccn transported ont of the Gull Stream into 
the Slope Water :it the upwelh||g rcgton ol the meander "I hc subsequent shdt of the 
meander downstream tt~ the cast would then Ica~c the transported populations behind in 
tile Slope Water at the northern end of the trailing llank trlmscct. 

Vertically |mgratmg species (l'lcttromtltllnltl spp ) and the n~n-n|igratmg species (C 
tetttttcorttts) I'|ad snuill,r abttnda|lce trends acro.ss three ot the transects The dlcl n|i- 
grations ol the i~I£'III'OIIHIIIIIII~I species should subject these unlnlals to variable conthtions 
of cross- and downstrcanl tra|)sport, resulting in dillcrcnt abtmdance trends for tile 
nugrating vs non-migrating species. The apparent lack of a signilicant difference in their 
abundance trends suggested that: (1) the advcctl~c processes determining relative abun- 
dances of the species wcrc operating throughout the water column; or (2) the advcctl~c 
processes in the top 2110 m nlay bc the dominant transport mech,m,sms ttctcrmmi||g the 
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distributions of these species. However.  the second possibility would be inconststent with 
the present understand,ng of cross-stream exchange in meanders, as most transfer of ~ ater 
parcels occurs in the main thermocline (BowEr. 1991). Analysts of the abundance trends 
of other shallow v, ater. Sargasso Sea species should indicate if the trends observed for C. 
tenl,k'ornis are consistent for all species found at that depth range. 

The abundance trends observed in this stud~ ma} represent "'a~erage'" abundances m 
the current. At the scale of this study (1-2 km/tow) small scale ( < I  km) patchiness m 
zooplankton abundance would be obscured (HAUR'z. 1982). Since the ad~ ective processes 
in meanders are continuous, animals advected away lrom a particular position ,~tll be 
replaced immediately. The correlation between species abundance trends observed across 
transects is encouraging, since tt suggests that the observed patterns may be more ~idelv 
characteristic of meanders. Ho~ ever. more intense sampling inx ols ing repetitive stations 
m the Gulf Stream ts necessary to resolve the temporal and spaual ~ariability of species 
dtstributlons m the Gulf Stream 

Meander-associated cross-stream transport may be an etfect~ve mechanism promoting 
cross-stream exch,mge for Gull Strcam/S,trgasso Sea zooplankton populations (Fig. 11) 
The~e species would be detrained (No. 2 in Fig. l I A) from the Stream on the northern side 
of the upwclling flank (Fig. I1A). although downstream transport of popttlations in the 
high ~eloctty core of the current would al,,o occur (No 3). The detrained populations 
would remain m the Slope Water tollo~ ing tlown~trcam propagation ot the meander(No.  

( ;utr ,~t rL';im,'.%.ir~.l,,~,¢= SC,I 
Zoopl.lnl,.t on 

( ;u l r  ,H t rL.,a m/,%a rg,| ~.,,o ,%c~l 
Zoopl , ink ton 

C) 

Slope Water 
s Zooplankton 

D) 

Slope Water 
s Zooplankton 

70 °W 70 aW 

Fig [ I Cro~-~trcam 12~11,11|~C in~2(2hdl11NnlN 111 ( ;llil ~[I'~2,1111 mc;indur~ .%irg,i~u ~2J(Jtlll .%Ire.ira 
',pc~.zc', rod,, bc tr,m,,port~.'d ,iLr~,,,, the Gull" %trc:ml to the .SIopu ~,~',ltz;r ( A  and II ). ,llll.I Shq}c ~,V,llcr 
,,p¢~.zc', ~zll be prL..domm.mt[} t ran,, l~}r tud d~}wn,,trc,ml ra thur  th,m a~.r~,,,, the G u l f  StrL..;znz to (h~." 

Sdrg,z',',o .%¢.z (C" ,rod D)  The  nunlber. ,  m the hgz.r¢,, ro tor  to procc',,,¢,, dc~crzbcd m the tc,~I 
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4 in Fig. 11B). especially if entrainment into the downweUing flank of a subsequent 
meander did not occur. Entrainment of Sargasso Sea populations into the Gulf Stream 
from the south would also occur (No. 1 in Fig. 11A): however, differentiating between 
Sargasso Sea and Gulf Stream populations would be difficult since the same copepod 
species occur in both water types. 

This mechanism for the transport of Sargasso Sea/Gulf Stream species out of the Gulf 
Stream into the Slope Water has been predicted by a kinematic model in which meander 
phase speed (downstream propagation), amplitude, and current velocity interact to 
determine the volume of water transported out of the current (BOWER. 1991). For a 
meander orS0 km amplitude with a phase speed of 10 km day- l  [typical for meanders east 
of 73°W (GILMAN, 1988)]. only 42% of the fluid m the lower thermocline is predicted to 
remain in the jet, while 87% of the fluid in the near-surface waters will remain (BOWER, 
1991). This type of cross-stream mixing will be most effective for copepod species found in 
the thermocline of the Gulf Stream. such as P. gracths which has daytime abundance 
maxima located in the thermocline (WISHNER and ALLUSON. 1986: ASHJIAN. 1991: ASHJIAN 
and WISHNER. 1993). 

in contrast, effective cross-stream transport of Slope Water populations across the Gull 
Stream into the Sargasso Sea is not likely to occur by these processes. Although Slope 
Waiter populations may be entrained into the Gull Stream in the downwelhng flank of a 
meander (No. 5 m Fng. I IC). these animals can be advectcd downstream (No. 6 in Fig. 
I I D) by tile high velocme~ of tile current, pcrhap~ even rote tile upwelhng zone of the next 
meander ~hcrc dclrauuncnt fronl tile Stream back rote tile Slope Water may occur. 
M,ix|n|unl downstrcmu vclocmcs occur at the northern ctlgc of the current and exceed 
cro',,,-stremn vclocitic', by several orders of magn|tudc Slope W,ttcr populations may not 
be tran,,portcd acre,,,, the current before being ad,~ cctctl down,,trcam 

Mcantlcr-w~sociatcd cross-stream Ilow has the potcntml to transf~ort signiticant nurnbcr,, 
el Sarg~v, so Sea zooplankton acre,,,, the (]till Stream. Cold- mid w;Jrnl-core rmg,; are al~o 
known to transport Slope Water and Sarga~so Sea popul;,tion~ across tile Gull Stream 
(Wit.l+|+ eta/. .  1976b; Wil m, .'rod Be,c t>. 1978; RUNe; GRouP, 1981; WIEBE and FLII.RI, 1983, 
I)AVI.', and WII I|L+ 19~5; WxLHr et al., 1985: Wit:re. and McDovc,At l,  1986) Cro~,,-stre:,m 
transport a~ociated with water parcel tran~l'er along Isopycnal~, e~pecially in meanders, 
may be of at lea,,t tile same magnitude as that a,,,,ociatcd with cold- and warm-core ring 
Iornlation ( 17d¢_ I IARIJ.SON, 1983; BOWER and i~.ossltv, 1989; T. lT, ossBy, personal conlnlunl- 
cation), t lowcvcr, the cIIcctivcness of these processes as ,~eednlg mechanism,, for thc~c 
species in tile new regions will depend Oil tile abihty of the transplanted population', to 
survive and reproduce. 

Diflcrenccs between the divergent (upwclling) and convergent (downwclling) region.,, 
of meanders have been observed for other organisnls as well a', for zooplankton specie,,. 
l lighc,,t primary production was measured in the upwelling region of tile n|eander 
(KLNNEI~Y and LoIIRt.NZ, 1990). and the distribution of chlorophyll with depth through the 
nleander indicate that upwelling occurs on the leading edge and that convergence was 
occurring on tile traihng edge el the meander (HIICIICOCK and OLSON. 1991)). Acoustic 
tletcctlon of nekton indicate th,tt biomass was more dllfusc and extended farther along 
kothcrms in the upwclling region than in the downwclling region (ARNoNE et al., 1990, 
NI:RO et al., 1990). Therefore Gulf Stream meanders are dynamic zone~ in the ocean, 
where cross-stream mixing processes arc enhanced. 

The consequences of the cross-stream mixing include greater dnspcrs;,I of ~pccics. 
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enhanced opportunity for speciation, increased competition and predation between 
species endemic to the Slope Water and Sargasso Sea expatriates, and increased geneuc 
exchange among populations. The results of this study suggest that meander-associated 
cross-stream mixing, at least of Sargasso Sea species, ma~ be a significant process in 
promoting regional dispersal of zooplankton species. 
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