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ABSTRACT- Spatial a n d  tem poral  pa t te rns  of C alanus finm archicus  and  C. helg o la n d icu s  (Copepoda, 
Calanoida) w ere  investiga ted  in the northeas t  Atlantic and  the North Sea from 1962 to 1992. The 
seasonal  cycle of C. finm archicus  is characterised  by a single p e a k  of a b u n d a n c e  in spring, w h e rea s  the 
seasonal  cycle of C. helgo land icus  shows 2 ab u n d an c e  m axima, one in spring an d  one in autum n. The  
former species mainly occurs in no r th e rn  regions (limited by the 55 N parallel  in the North  Sea and  by 
the 50° N parallel in the open  ocean). The  latter species shows 2 types of spatial patterns ,  occurring in 
the Celtic Sea during  spring and  m the ( '.eltic Sea plus the North Sea in au tum n. Differences in seasonal  
spatial  pa t te rns  of C alanus  species may result  from different responses to the env ironm ent,  ultimately  
d u e  to different life cycle st rategies, different vertical distributions,  opposite  tem p e ra tu re  affinities a n d  
interspecific competit ion. Futherm ore ,  results  reveal  that  an n u a l  m e a n s  ot a b u n d a n c e  are  closely 
re la ted  to annual  m axim a and  to spatial extensions of the species.  It also a p p ea rs  that  the long-term  
trends  of the 2 C alanus species  are opposite: C. finm archicus  shows a c lear d o w n w ard  t rend  in a b u n ­
dance , while C. helgo land icus  p resen ts  an u p w ard  one.

KEY WORDS: C alanus ■ Long-term  ch an g es  Seasonal spatia l pa tte rns  • E as te rn  North Atlantic ■ North  
Sea C ontinuous Plankton Recorder survey

INTRODUCTION

The high variability at low frequencies  of p lankton  
com munities has  b ee n  quite recently  described  by 
m eans  of long-term  monitoring (Russell et al. 1971, 
C ush ing  & Dickson 1976, Bernal 1979, 1981). Long­
term fluctuations of Zooplankton a p p e a r  to result from 
environm enta l changes, ra ther  than  purely  biological 
processes (Colebrook 1978, C h e l to n e ta l .  1982). Recent 
studies dem onstra ted  the im portance of environm enta l 
factors such as sea tem perature ,  oceanic currents, tu r ­
bulence, w ind stress and  nutrients on p lankton changes 
(Colebrook & Taylor 1979, 1984, Colebrook 1982, 1985, 
1986, Dickson et al. 1988, R adach et al. 1990, Fransz 
et al. 1991).

'E-mail:  bp@ wpo.nerc .ac .uk

In most of these  works, Zooplankton was considered  
as a whole and  the behav iour  of total Zooplankton was 
principally studied. O ur purpose was to d e term ine  the 
specific responses  of individual Zooplankton species 
tha t have d ifferent physiological and  biological p ro p ­
erties to environm enta l changes. We studied 2 calanoid 
copepod species, C alanus finm archicus  and  C. h elg o ­
landicus, These species w ere  chosen because: (1) they 
constitute the major com ponen t of the northeast 
Atlantic and  N orth  Sea Zooplankton in terms of b io­
mass, num bers  and  trophic role (Williams et al. 1994, 
Gislason & Astthorsson 1995); (2) they are  closely 
related, play a similar role in the ecosystem and  their 
biology and  physiology have  b ee n  largely described  
(Marshall & Orr 1972, Williams 1985).

To unders tand  the  specific responses  of these  2 
C alanus  species to their  environm ent,  we first have to 
describe their spatial and  tem poral patterns. The p u r ­
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pose of this article is to identify and  com pare  seasonal 
cycles, spatial patterns, and  long- term  fluctuations in 
a b u n d a n c e  of the 2 species, as well as their  potential 
link to env ironm enta l  variables.

METHODS

Sam pling. Data w ere  p rovided  by the Continuous 
P lankton Recorder (CPR) survey. The CPR is a h ig h ­
s p e ed  p lank ton  sam pler  des igned  to be towed from 
commercially  o pera ted  'ships of opportunity ' over long 
distances. CPR are  tow ed in the surface layer (7 to 8 m 
depth)  and, due  to mixing induced  by the ship towing 
the  CPR, the 0 to 20 m layer is sam pled  (H. G. H un t 
pers. comm.). P lankton sam ples  are  collected every  20 
nautica l miles (37 km), co rresponding  to abou t 3 m 3 of 
f iltered water. The survey s ta r ted  in 1931 in the North 
Sea, and  was ex ten d e d  over the  North  Atlantic at the 
end  of the  1950s (Warner & Hays 1994). However, 
C alanus finm archicus  and  C. helgo land icus  species 
w ere  not routinely d is t inguished  until the late 1950s, 
thus w e have  only used  the  data  collected during  the 
period 1962 to 1992. Only s tage V copepodites  and  
adults  are  routinely identified to species level in the 
CPR survey, and  we p resen t  here  da ta  on these  stages 
only. We focused on the easte rn  North  Atlantic, w here  
the sam pling  was constant an d  regu la r  during  1962-92 
(see W arner  & Hays 1994) and  w h ere  the 2 species 
com m only occur (O ceanographic  Laboratory E d in ­
bu rgh  1973, Colebrook 1986). P lankton da ta  consist of 
abou t 72 000 sam ples  (-2300 per  year).

The CPR survey provides information on the s u b ­
surface distribution of species. Therefore, changes  in 
a b u n d a n c e  p re se n te d  in this study only refer  to the 
sub-surface  layer. However, C alanus  species u n d e rg o  
on togenetic  vertical migrations (Williams & C onw ay 
1980, H irche 1983, Williams 1985) and  conseguences  
of this behav iour  on sub-surface  ch anges  in C alanus  
a b u n d a n c e  will be discussed.

A nalyses. Species a b u n d a n ce s  in each  sam ple  w ere  
log-transform ed using the log (x+ l)  function (Cole­
brook  1975). M onthly data w ere  in terpo lated  in order 
to obta in  a series of reg u la r  grids, in terpolation  was 
per fo rm ed  by kriging, the m ost suitable m ethod  for 
a n o n s ta n d a rd  sam pling (Cressie 1993). A total of 
372 grids w ere  calculated, 1 for each  m onth  from 1962 
to 1992, and  resu lted  in 372 maps. In the eas te rn  North 
Atlantic, grid nodes (map pixels) with a m in im um  of 
70%  of d a ta  dur ing  1962-92  w ere  selected. Remaining 
missing values w ere  es tim ated  using  the  ZET m ethod  
(Zagoruiko & Yolkina 1982), an  iterative multiple r e ­
gression model. The final g n d  consisted of 224 nodes 
rep re se n t in g  a m ap of 224 pixels of 8575 k m 2 surface 
each  (Fig. 1).

In order to assess variations in the spatial extension of 
each  species, w e  defined a variable called 'spatial cov­
e rage '  For each  monthly map, pixels with at least 1 in ­
dividual w ere  coded  1 and  others w ere  coded 0. Spatial 
coverage of each  monthly m ap was defined by the ratio 
of pixels coded  1 to the total num ber  of pixels and  was 
g iven as a pe rc en ta g e  (0% indicates that there  is no 
pixel with at least 1 individual, 100% indicates that 
there is at least 1 individual in every pixel).

A nnual ab u n d a n ce s  correspond to the m e an  of 
a b u n d a n c e  from Ja n u a ry  to D ecember. A nnual m a x ­
ima of ab u n d a n c e  are  defined  as the h ighest monthly 
ab u n d a n ce s  of each  year. Seasonal cycles are  ca lcu­
lated from the m eans  of each  month  of the 1962-92 
series.

Com parison of long-term  series was done using  the 
Pearson correlation on original series and  de t re n d ed  
ones. Correlations on de t re n d ed  series w ere  used  to 
reveal rela tionships tha t w ere  not due  to long-term 
trends. Cross-correlation was tested  by a M onte-Carlo  
approach  (5000 simulations).

RESULTS 

Seasonal cycles

The m ean  seasonal cycle of Calanus finm archicus  
abundance ,  calculated  from the 1962-92 series, shows

50°N

Fig. 1 Study area .  Selection of pixels in this area  was based 
on the regularity  of the C ontinuous Plankton Recorder (CPR) 
survey from 1962 to 1992 and  on the n um bers  of missmg 

values by pixels
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a clear peak  of a b u n d a n ce  during  spring, i.e. April to 
June, and  a p la teau  from July to S ep tem ber  (Fig 2a). 
The seasonal cycle of spatial coverage follows the 
sam e pattern, indicating tha t these 2 variables are 
closely re la ted  and that the num ber  of organisms 
per  surface unit is constant all th rough  the year 
(Fig. 2a).

The m ean  seasonal cycle of C alanus helgo landicus  
ab u n d a n ce  is quite d ifferent (Fig. 2b). T here  are 2 
ab u n d a n ce  maxima during the year The first one 
occurs from May to June, and  the second and  major 
one from S ep tem ber  to October. Contrary to C. fin ­
marchicus, a b u n d a n ce  and  spatial coverage are not 
totally similar (Fig. 2b). The shapes  of the 2 curves are 
close, but spatial coverage is at a h igher  level during 
autum n. This result indicates either that the m ean  
num ber  of organism s p e r  surface unit is lower during 
this period or that the species spatial d ispersal is h igher 
or that there  has b ee n  a reorganisation  of the species 
vertical distribution.

The seasonal pa t te rn  of C alanus finm archicus  is 
reproducib le  from year to year; in 90% of the cases 
the annua l m axim um  of ab u n d a n c e  occurs around  
May. For C. helgo land icus  the situation is a bit more 
complicated, with annua l m ax im um  ab u n d a n ce  g e n ­
erally occurring a round  S ep tem ber  (75% of cases), 
but in some years a round  Ju n e  (25% of cases). For 
both species, m ean  ab u n d a n c e  is very low during 
winter, but organism s are  still p resen t in the surface 
layer.

Seasonal spatial patterns

C alanus finm archicus

During winter, a b u n d a n ce s  in the surface layer are 
low and  the species distribution is restricted to 
nor thern  areas, south  of Iceland and  south of Norway 
(Fig. 3a). At the beg inn ing  of spring, ab u n d a n ce s  and 
spatial extension increase, mainly in the northern  
North Sea and  be tw een  Scotland and  Iceland. The

annua l ab u n d a n ce  m ax im um  appears  clearly on the 
M ay-June  map. The spatial distribution is characterised  
by 2 a reas  of very high abundances ,  south of Iceland 
and  south of Norway. The sou thern  limit is a round  the 
55° N parallel in the N orth  Sea and  the 50° N parallel 
in the open ocean. During summer, there  is a genera l  
decline in ab u n d a n ce  and  spatial extension decreases  
in the open  ocean  (southern limit of the distribution 
moves north to a round  the 55° N parallel).  In autum n, 
ra ther  high a b u n d a n ce  always occurs in the nor thern  
N orth  Sea and  spatial restriction continues, organism s 
being confined further north  than  in summer. In 
N ovem ber-D ecem ber,  the re  is a drop in a b u n d a n ce  
and  C alanus finm arch icus  is limited to the nor thern  
N orth  Sea.

C alanus helgo land icus

During winter, the species distribution is confined 
mainly m  the  south  of the  a rea  s tud ied  and  in the 
eas te rn  part of the North Sea (Fig. 3b). At the b e g in ­
ning  of spring, there  is a rise in ab u n dance .  P opu la­
tions ex tend  further  south into the Bay of Biscay an d  
d isappea r  from the North  Sea surface waters. From 
M ay to June ,  a s trong increase  m  ab u n d a n c e  occurs 
in the Celtic Sea, and  populations ex p a n d  from the 
south of the a rea  to the North  of Ireland. S um m er is 
m arked  by a decline in a b u n d a n c e  an d  ch anges  in 
the  spatial pattern: organism s move northw ard ,  p e n ­
etra te  into the North Sea and  vanish from the Bay of 
Biscay surface waters. M axim a of a b u n d a n c e  and  
spatial coverage, co rresponding  to the second  p ea k  
of ab u n dance ,  are  illustrated by the Septem ber-  
O ctober  map. As in spring, organism s are  num erous  
in the Celtic Sea. However, this per iod  is ch a ra c ­
terised  by high ab u n d a n c e  in the surface w ate r  of 
the North Sea and  the S he t land -O rkney  Isles that 
was not obse rved  in spring. In N ovem ber-D ecem ber,  
ab u n d a n ce s  and  spatial coverage decline; rem ain ing  
organism s are located in the Celtic Sea and  the 
North  Sea.

Fiq. 2. M ean  seasonal cycles of
(a) C alanus finm archicus  and
(b) C. helgo land icus  calcula ted  
over the entire  a rea  from 1962 
to 1992. Solid lines: log(x + l) of 
abundances ;  d ashed  lines: 
spatial coverage  (percen tage  
of pixels containing at least  1

individual)
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Calanus finm archicus  versus C. helgo landicus  
spatial pat terns

M ean spatial coverage of Calanus finm archicus and C. 
helgolandicus  was 33.2 and  28.5% of the s tudied  area  
respectively, but the  2 species can temporarily cover 
la rger  areas, mainly in spring for C. finm archicus  (up to 
77 % of the s tudied  area  in Ju n e  1978) and  in au tum n for 
C. helgo land icus  (up to 82%  of the s tudied area  in 
S ep tem ber  1984). N evertheless, the 2 species do not 
reside in the sam e regions (Rees 1957, Jaschnov 1970, 
Colebrook 1986). To assess the geographica l affinity of 
each  species and  their area  of co-occurrence, we com ­
p u ted  from the 1962-92 senes  the following index (/) for 
each  pixel:

I  =  \ f ~ h \

\ f +h

w h ere  /  is the num ber  of months in which the a b u n ­
dance  of C. finm archicus  in the pixel is equal to or 
g rea te r  than  1 (organism per  sample); h is the num ber  
of months in which the a b u n d a n c e  of C. helgolandicus  
in the pixel is equal to or g rea te r  than  1 (organism per 
sample). Index values are included be tw een  0 and  1. 
The value of the index for a pixel is 0 w hen  C. helg o ­
landicus  occurs as often as C. finm archicus  in the pixel. 
Conversely, w h en  only 1 of the 2 species occurs, the 
value of the index is 1.

The m ap of this index (Fig. 4) indicates a la titudinal 
g rad ien t  with a zone of co-occurrence of the 2 species 
in the m iddle of the s tudied  a rea  and  2 specific regions, 
north  and  south. C alanus helgo land icus  is p re fe ren ­
tially located in sou theas tern  a reas  and  specifically 
a round  Brittany, w hereas  C. finm archicus  is dom inant 
in nor thw este rn  areas  and  specifically to the south 
of Iceland. Specific zones do not exactly m atch the 
regions of m axim um  abundance ,  situated in the Celtic 
Sea for C. he lgo land icus  and  south of Iceland and 
south of N orw ay for C. finm arch icus . The region of co­
occurrence is very w ide and  ex tends  over the North 
Sea and  in the eas te rn  North Atlantic from 52 to 57° N. 
The 2 C alanus species co-occur in surface w aters  of the 
easte rn  North Atlantic during  spring only and  in the 
surface waters of the North Sea during  sum m er and 
au tum n only (Fig. 3).

Long-term changes

A nnual variations in the 2 species ' a b u n d a n ce  over 
the entire area from 1962 to 1992 are show n in Fig. 5. 
C alanus finm archicus  displays a clear d ow nw ard  trend 
over the period (Fig. 5a). The m ain  periods of high 
abun d a n ce  are 1962-66 and  1977-80. Years 1967-76 
and  1981-86 are characterised  by average abundances  
and  1987-92 by low num bers .  On the other hand, C.

helgo land icus  shows a clear u p w ard  trend  (Fig 5b). 
T he period 1967-76 also displays ave rage  abundance ,  
w h erea s  low ab u n d a n ce s  occur in 1962-66 and  
1977-81. In contrast, the end  of the series, 1982-86 
and  1989-92, is m ark ed  by the h ighest abundances .

A lthough for both species most of the variability 
occurs at the scale of a few years, autocorre la tion  
analyses (Legendre  & L egend re  1984) do not reveal 
any dom inan t cycle. Correla tion  b e tw e e n  the 2 species 
is significant at the 5%  level (r -  -0.4). This co rre la ­
tion vanishes w hen  it is ca lcula ted  on d e t re n d e d  series 
(r = -0.03), indicating that the opposite relationship 
be tw een  the 2 series is mainly due  to long-term  trends. 
Nonetheless,  cross-correlation b e tw e e n  C alanus fin ­
m archicus  a b u n d a n c e  and  C. helgo land icus  a b u n ­
dance  in the following year  is h ighe r  (r = -0 .55) and  
significant for both original (p < 0.01) and  d e t re n d ed  
series (r = -0 .4 ,  p < 0.05). Cross-correla tions with  a lag 
g rea te r  than  1 yr are not significant. Thus, the opposi­
tion b e tw e en  annua l  fluctuations in a b u n d a n c e  of the 2 
species m ainly occurs with a delay  of 1 yr.

We ca lcula ted  the correlation b e tw e en  the  annua l 
m e a n  ab u n d a n ce  and  the  an n u a l  m ax im um  a b u n ­
dance  on the 1962-92 series. For both  species, co rre la ­
tions a re  significant at the 1 % level (r = 0.77 for Calanus 
finm arch icus  and  r = 0.62 for C. helgolandicus}. Thus, 
an n u a l  ab u n d a n ce s  of bo th  species  are  strongly l inked 
to spring a b u n d a n c e  for C. finm archicus  and  spr ing /  
au tum n  a b u n d a n c e  for C. helgolandicus.

Fig. 4. C o-occurrence  of C alanus fin m arch icus  a n d  C. h e lg o ­
landicus. Intensity of grey is p roport ional  to the species  ratio 
(see index I in the text). White squares :  C. h e lg o la n d icu s  
occurs as often as C. finmarchicus-, black squares :  1 of the 

2 species p red o m in a te s
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Fig. 5. A nnua l  log of a b u n d a n c e s  (January  to D ecem ber  
m eans)  of (a) C alanus fin m a rch icu s  a n d  (b) C. helgolandicus. 
Solid lines: year- to -year  f luctuations a n d  polynomial fits; 

d a sh e d  lines: m ean s  over the 1962-1992 period

Correla tions b e tw e e n  an n u a l  ab u n d a n ce  and  spatial 
coverage  are  very  h igh  (r = 0.96 for C alanus fin ­
m archicus  and  r = 0.97 for C. helgolandicus, p < 1 x 
l(Tq). This very  s trong link indicates  tha t f luctuations 
in a b u n d a n c e  cannot be  d issocia ted from fluctuations 
in spatial extension.

DISCUSSION  

R elationship betw een  phytoplankton and Calanus

The spring phy top lank ton  bloom occurs in the su r ­
face layer of the whole s tud ied  area, as no ted  by 
Colebrook  (1982), and  both C alanus  species take 
a d v a n ta g e  of this spring inc rease  in phy top lank ton  
abundance .  Nevertheless ,  the  2 populations mainly 
rem ain  spatially apart, with C. finm arch icus  in the 
North Sea and  the eas te rn  North  Atlantic an d  C. 
helgo land icus  m ain ly  to the  south  of the British Isles. 
During summer, the re  is a gene ra l  decline in p hy to ­
p lank ton  biomass (Colebrook 1982) tha t  would  
explain the  d ec rease  in the  a b u n d a n c e  of the 2 cope- 
pods. The a u tu m n  period is crucial an d  is ch a rac ­
terised  by a h ighe r  level of phy top lank ton  biomass in 
the North Sea (Colebrook 1982). However, high a b u n ­
d ance  of C. finm arch icus  in the near-surface  layer 
only occurs in the n o r the rn  North  Sea, while C. h e lg o ­
land icus  is a b u n d a n t  in bo th  southern  regions and  
North Sea. The spatial ex ten t  of the latter species is 
p robably  suppo rted  by the  N orth  Sea phytop lank ton  
production dur ing  this period. Finally, phytop lank ton  
resources  are  generally  exploited by the 2 species in 
geographica lly  se p a ra te d  regions, except north  of Ire ­

land during spring and  in the nor thern  North Sea 
during  autumn, w here  the 2 copepod  species occur 
simultaneously.

Relationship betw een  tem perature and Calanus

The 2 Calanus species have specific physiological 
responses  to tem pera tu re  (Hirche 1987, 1990, Carlotti 
et al. 1993). C. finm archicus  is know n to be a cold- 
tem pera te  w a te r  species w hereas  C. helgo land icus  is 
a w arm -tem pera te  one (Rees 1957, Jaschnov  1961, 
1970, M atthew s 1967, 1969, Colebrook 1982, Williams 
1985). A lthough the 2 species to lerate a large te m p e r ­
a ture  range, their geographica l  distribution is re la ted  
to the geographica l te m pera tu re  g rad ien t  (Jaschnov 
1961, Williams 1985). Thus, the nor thern  location of 
C. finm archicus  and  its limitation south by the 50 to 
55° N  parallel during  its period of m axim um  spatial 
coverage probably  result from the species ' affinity to 
cold tem peratures .  Its p ea k  of m axim um  a b u n d a n ce  
occurs in spnng  w hen  tem peratures  are relatively 
low and  phytoplankton  abundan t.  In autum n, while 
phy top lank ton  a b u n d a n ce  is m ain ta ined  at a suffi­
cient level, tem pera tu res  are p robably  too high to 
allow a second p e a k  of ab u n d a n c e  of C. fin ­
m archicus. Conversely, the opposite spatial distribu­
tion of C. helgo land icus  can  be expla ined  by its 
w arm -tem p era te  te m pera tu re  affinity. Its preferential 
zone is located in the south. During spring, while 
tem pera tu re s  are relatively low and  phy toplankton  
abundan t,  this species rem ains in sou thern  waters. 
Conversely, sum m er-au tum n  w arm ing  probably  a l­
lows the species to ex tend  north and  graze the im por­
tan t phytop lank ton  biomass of the North Sea. C om ­
petition for resources be tw een  C. finm archicus  and 
C. helgo land icus  in the North Sea is p robab ly  rela ted  
to the  tem pera tu re  seasonal cycle, C. finm archicus  
and  C. helgo land icus  being respectively favoured in 
spring and in autumn. However, Williams & C onway 
(1980) give ev idence tha t the vertical tem pera tu re  
g rad ien t  is responsible for d ifferences in vertical 
distributions be tw e en  the 2 C alanus  species and  
be tw e en  stages within species. The deve lopm ent of 
the seasonal therm ocim e also affects both  species' 
vertical distribution and  results in their separation  in 
the  w ate r  column (Williams 1985). Furtherm ore, the 
life cycle of C alanus  species is characterised  by s e a ­
sonal ontogenetic  vertical migration and  overw in te r­
ing s trategies (Hirche 1983). Thus, d ifferences in life 
cycles and  overwintering strategies be tw e en  C. fin ­
m archicus  and  C. helgo land icus  (Hirche 1983, 1984) 
are likely to be responsib le  for d ifferent reponses  of 
the 2 species to seasonal changes  in tem perature .  
Nonetheless, f luctuations in ab u n d a n ce  of Calanus



Planque  & Fromentin: Spatial and  tem poral  pa t te rns  of Calanus  species 107

species in the surface layer probably  reflect true 
changes  in ab u n d a n ce  that can be a l tered  by s e a ­
sonal vertical migration of the stage V copepodites 
and  adults.

Relationship betw een  currents and Calanus

Seasonal and  spatial changes  of both Calanus species 
are re la ted  to te m pera tu re  and  phytoplankton  changes 
but also to advective transport. H ydrodynam ism  in the 
a rea  is characterised  by the inflow of North Atlantic 
waters into the North Sea th rough  the northw este rn  
North Sea and  the English Channel,  and  an outflow 
along the N orw egian  coasts (Otto et al. 1990, Backhaus 
et al. 1994). This fea ture  provides a physical support 
to the penetra tion  of C. helgolandicus  into the North 
Sea during  summer. Residual circulation cells south of 
Norway and  in the Celtic Sea (Otto et al. 1990) p ro b a ­
bly favour the pers is tence of C alanus populations in 
these regions all th rough  the year.

Seasonal and  spatial distributions of the 2 Calanus 
species p robably  result from specific biological p ro ­
cesses (reproduction, feeding, overwintering) and 
changes  in environm enta l  conditions (resource avail­
ability, sea tem pera tu re ,  stratif ication and  advective 
transport) . It is rea sonab le  to postu late  tha t a b u n d a n ce  
and  spatial coverage of each  species are m aximal 
w hen  optimal environm enta l conditions are en c o u n ­
tered. C. finm archicus  reaches  its h igher  abundances  
in spring w hen  phy toplankton  is ab u n d a n t  and  te m ­
pera tu re  relatively low. In autum n, phy toplankton  is 
probably  sufficient to support a second p ea k  in a b u n ­
dance  but te m pera tu re  conditions m ight not be  optimal 
for this species. Furtherm ore, a high proportion of 
stage V copepodites have  p robably  a lready  m igra ted  
to d ee p e r  w ate r  to constitute the overw in tering  stock 
(Hirche 1983). This can explain the unim odal seasonal 
cycle of C. finm archicus  and  its restriction to nor thern  
a reas  since July, despite  a cu rren t reg im e propitious to 
a southern  extension. C. helgo land icus  takes a d v a n ­
tage of the spring phy toplankton  bloom only in so u th ­
ern  regions w here  tem pera tu re s  are highest. Although 
C. helgolandicus  is advec ted  into the North Sea 
th rough  the year, it mainly expands  into this basin in 
autum n. The species p robably  takes ad v an tag e  of the 
North Sea phytop lank ton  production in au tum n  w hen  
tem pera tu res  are  higher. Furtherm ore, the species 
benefits from the relatively low a b u n d a n ce  of C. fin ­
m archicus  in the surface layer during this period. Thus, 
differences m seasonal spatial pa t te rns  of C alanus  
species m ight result from different responses to the 
environm ent, ultimately due to d ifferent life cycle 
strategies, different vertical distributions, opposite 
tem pera tu re  affinities and  interspecific competition.

Long-term  changes

Our results show im portan t year-to-year  fluctuations 
in ab u n d a n ce  tha t are  associa ted  with variations in 
annua l a b u n d a n ce  m axim a and  changes  in spatial 
coverage. A nnual ab u n d a n ce  m ax im um  appears  to 
control total an n u a l  ab u n dance .  A drop in m ax im um  
ab u n d a n c e  is not com pensa ted  by high ab u n d a n c e  
during other periods of the  year  T hese  copepods have 
several cohorts per  year  (Marshall & Orr 1972), and  
these  results indicate tha t a per tu rba t ion  dur ing  the 
period of m ax im um  ab u n d a n ce  m ay have some im por­
tant repercussions on the following generations.

An increase  in the ab u n d a n c e  of both species is 
always associated with a rise in their spatial coverage. 
A lthough long-term  changes  in a b u n d a n c e  and  in 
spatial coverage are  closely related, seasonal cycles of 
these  2 variables are  similar in C. finm archicus, but 
not in C. helgolandicus. T hese  results indicate  that the 
n u m b e r  of organism s per  surface unit stays constan t ail 
th rough  the year for the former species, but varies for 
the  latter. In au tum n, the dispersal of C. helgo land icus  
is h igher  than  in spring and  the n u m b e r  of individuals 
per  pixel is lower Thus, the a u tu m n  p ea k  of a b u n ­
dance  probably  results  from the  species ' capacity  to 
ex tend  spatially, ra the r  than  from local increases  in 
ab u ndance .  This suggests  tha t annua l a b u n d a n c e  in 
near-surface  w aters  d ep e n d s  on the  spatial extension 
of optimal environm enta l conditions.

A noticeable result is the opposition in long-term  
trends of the 2 C alanus  species ' abu n d a n ce .  C. fin ­
m archicus  is the most a b u n d a n t  copedod  and  follows a 
clear d ow nw ard  trend, similar to tha t described  by 
C olebrook et al. (1984) an d  Dickson et al. (1988) for 
total copepods and  total Zooplankton. On the  contrary, 
C. helgo land icus  shows a clear u p w ard  t rend  that 
was unexpected  in view of these  previous works. This 
opposition m long- term  trends  is confirmed by the  s ig ­
nificant nega tive  correlation b e tw e e n  the 2 species. 
Furtherm ore, cross-correlation on the d e t re n d ed  series, 
C. f inmarchicus an d  C. helgo land icus  in the following 
year, is also significant. This indicates tha t the opposi­
tion be tw e en  the 2 species also occurs at a shorter time 
scale. This is clear during  the years 1962-66, 1977-80 
and  1987-92. Thus, tem poral pa t te rn s  of the 2 species 
are  opposite at short and  long time scales but the 
causes of opposition and  of the  delay  of 1 yr are  ra the r  
obscure.

CONCLUSION

It em erg es  from our results  tha t these  2 C alanus  
species, w hich fulfil a com parab le  function in the eco ­
system, display d ifferent and  sometim es opposite
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spatial and  tem poral patterns .  Previous works show ed 
tha t  global events  could control m arine  populations. 
Dickson et al. (1988) postu la ted  tha t  the long-term  
increase  in the  northerly  w ind com ponen t over the 
eas te rn  N orth  Atlantic, b e tw e en  1950 an d  1980, 
in d u ced  a decline of both phy top lank ton  and  Z oo ­
plankton. If the  long-term  decline of C. finm archicus  
fits with this scheme, this m echan ism  is not ad e q u a te  
to explain  C. helgo land icus  long-te rm  increase .

A la rge-sca le  a tm ospheric  oscillation, w hich  m odi­
fies w inds regime, occurs in the North  Atlantic (Rogers 
1984, 1990, Lamb & Randy 1987, M an n  & Lazier 1991). 
This oscillation is com parab le  to ano ther  global a tm o ­
spheric  event, the El Niño S ou thern  Oscillation (Ras- 
m usson  & Wallace 1983, Enfield 1989, M an n  & Lazier 
1991), which changes  w ind stress, hydrodynam ism  
a n d  sea te m p era tu re  over the Pacific and  is know n to 
im pact pelagic com munities (Cushing & Dickson 1976, 
Barber & C havez  1983, M cG ow an  1985, D an d onneau  
1986, M ysak 1986). This oscillation could be responsi­
ble for the changes  in a b u n d a n c e  of C alanus species 
observed  in the  p resen t  work. However, the s tudied 
a re a  is s ituated  in a he te ro g en e o u s  environm ent, 
strongly affected by coastal inf luences such as regional 
te m p era tu re  gradient,  local currents ,  tide effects, pol­
lu tan t d ischarges an d  freshw ate r  inflows. This regional 
frame could locally control Zooplankton a b u n d a n ce  
fluctuations.

Finally, it has  to be d e te rm in ed  w h e th e r  C alanus fin ­
m archicus  and  C. helgo land icus  populations respond  
to d ifferent local env ironm enta l  conditions or if they 
specifically respond  to hydrological an d  climatical 
changes  induced  by the N orth  Atlantic Oscillation.
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