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MIGRATORY AND GRAZING BEHAVIOR OF COPEPODS AND 
VERTICAL DISTRIBUTION OF PHYTOPLANKTON

M. H. D a r o

v:

Vlaams instituut voor de Zas A B S T R A C T
H a n d e r s  Marine institu te  v erticai d istribu tion  and grazing activ ity  o f copepods was stud ied  during the sum m er

o f  1985 th roughou t the N orth  Sea. In m ost areas, copepods d id  n o t vertically m igrate and 
the ir vertical d istribu tion  followed th a t o f  the phytop lank ton  w hich was restricted to  the 
upper 20-30  m . T his behavior m ay be a  consequence o f  barely sufficient o r lim iting food 
concentrations (about 200 m g-m -3). T he diel grazing pattern s as a function o f variations in 
phytoplankton  are described for the do m in an t Zooplankton species: Calanus finm archicus, 
O ithona sim ilis, Tem ora longicornis, Pseudocalanus elongatus, Acartia  spp., Centropages 
ham atus, M icrosetella  spp.

The nocturnal behavior of Zooplankton is one of the m ost fascinating subjects 
of plankton literature. The most abundant near-surface Zooplankton catches occur 
at night and in general the gut content o f m ost o f the species is also higher at 
night (Stearns, 1986). It has been often suggested that these two features are linked 
(Gauld, 1951; Sushkina, 1962; Daro, 1980). However, recent papers demonstrate 

i  tha t nocturnal vertical migration is not a fixed behavioral attribute, but can be
related to season (Sameoto, 1984; Townsend et al., 1984; Landry and Hassett, 
1985; Vidal and Smith, 1986), location (Williams and Lindley, 1980; Williams 
and Conway, 1984), and physiological events such as breeding or m ating (Endo, 
1984; W illiams and Fragopoulu, 1985). In different areas with sim ilar climatic 
and environm ental conditions, the same species can sim ultaneously show different 
patterns o f vertical distribution (Sameoto, 1984; Vidal and Smith, 1986). Some­
tim es the vertical migration behavior is clearly related to the presence o f a ther- 
mocline (Sameoto, 1984) and at other tim es not a t all (W illiams and Fragopoulu, 
1985; W ishner and Allison, 1986).

M ost Zooplankton groups are nocturnal feeders, such as calanoids, cladocerans 
and cyclopoids (Petipa, 1964; Daro, 1980; Tande and Slagstad, 1982; Baars and 
Oosterhuis, 1984; Sim ard et al., 1985). N octurnal grazing is not necessarily linked 
to nocturnal vertical upward m ovem ents or swarming (Mackas and Bohrer, 1976; 
Nicolajsen et ah, 1983; H ead et al., 1985). Food availability can affect the vertical 
distribution of Zooplankton in different ways. W hen food is abundant in the upper 
layer, vertical migrations can be o f high am plitude w ith significant nocturnal 
feeding (Daro, 1980; 1985), but may cease entirely when food is scarce (Huntley 
and Brooks, 1982) even when nocturnal feeding still exists (Daro, 1985). In other 
cases, the disappearance of nocturnal m igration is associated with a disappearance 
o f diel differences in grazing rates (Lampert and Taylor, 1985). The different 
hypotheses proposing to explain the benefits o f vertical m igration such as the 
m etabolic model (Enright, 1977), the predator avoidance m echanism  and the 
feeding-growth m odel (McLaren, 1963; Zaret and Suffem, 1976) seem to apply 
separately or in com bination depending on the biological or ecological situation. 
W illiams and Conway (1984) clearly sum m arized the problem: “The copepod 
(■Calanus helgolandicus) responds to its changing environm ent by exhibiting dif­
ferent patterns o f behavior, i.e., feeding migrations, egg laying migrations, m i­
grations which presum ably give a net gain in energy, and non-m igrating patterns 
which potentially conserve energy.”
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H gure 1. The study area: (Left) D ep th  d istribution; (Right) Sampling stations are ind ica ted  by 
num bered  crosses. Stars show the 48-h  anchored stations.

We present here the results o f a study perform ed in the N orth Sea in June and 
July 1986. The aim o f the study was to look at the vertical distributions o f  the 
Zooplankton together with their grazing activity in different areas.

M e t h o d s

T he sam pling area, depth d istribu tion  and the station  locations are shown in Figure 1. Sixty-eight 
stations were sam pled from  11 June  to  14 Ju ly  1985. The navigation tim e between two sta tions was 
about 3 -4  h, the sampling tim e 1-2 h, so m easurem ents were obtained every 5 to 7 h. In  addition , 
we perform ed two 48-h stations a t anchor, w ith  sam pling every 3 to 6 h: a southern station  a t 54°N, 
3°E and  a northern  a t 59°N, 1°E (Fig. 1, Right).

A t each station tem perature, salinity, chlorophyll, particulate organic carbon (POC), Zooplankton 
abundance and  Zooplankton grazing w ere m easured. T em perature and salinity data were ob ta ined  
from  an STD probe. All sam ples were taken w ith a 30-liter N iskin bottle a t 10-m depth in te rvals from 
3 m  to the bottom . Chlorophyll data  were ob ta ined  using the spectrophotom etric m ethod o f  Parsons 
and  Strickland (1969) and the PO C  data  using a coulom at m ethod. To determ ine Zooplankton abun­
dance, the 30-liter sam ple from  each dep th  was filtered through 25-,um m esh and preserved in  4% 
form alin.

Z ooplankton for the grazing experim ents were collected in  the same way, bu t only a t 3-, 10-, 20- 
and  30-m  depths. We observed in  prev ious studies tha t horizontal or vertical hauls w ith £t p lankton  
net dam aged the anim als too m uch. Ten liters from  each depth were pu t in a  40-liter tank, so tha t 
we ob ta ined  a com bined sam ple o f different depths. T his is advantageous in  th a t all different devel­
opm ental stages and species are obtained. D aro  (1985) observed tha t in som e seasons som e species 
or developm ental stages rem ain a t discrete depths; sam pling only from  the 3-m depth  for grazing 
experim ents will no t provide adequate results because som e stages or species are infrequent o r absent. 
The phytoplankton used for the grazing experim ents was from  the 3-m depths, following the m ethod  
developed by D aro (1978) w ith the slight m odifications o f  Baars and O osterhuis (1984). O ne liter o f 
phytoplankton from  the natural sam ple was labelled 1 to  4 h before the start o f  the experim ent by 
adding 100 to  200 ¡ id  N aH l4C 0 3. F ive to  10 liters o f  Zooplankton from  the com bined depths sam ple 
were then concentrated on a  50-,u.m m esh and  added to  the labelled water.

T he 1 -liter grazing bottles were kep t up  to  1 h in  a deck incubator under natural light w ith  filters 
to sim ulate light a t the 3-m depth. A fter incubation  phytoplankton in 100 ml from  each grazing bottle 
was filtered on to  a 0.8-Mm filter. T he Zooplankton were filtered through a 25-¿¿m m esh and b o th  sets
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Figure 2. (Left) H orizontal and vertical d istributions o f salinity (%o) an d  tem perature (°C); (Right) 
H orizontal and vertical d istribu tions o f  particulate organic carbon (POC, m g -rr r3) and  chlorophyll a 
(g-m -3).

o f filters were frozen a t -  18°C. A t the beginning o f  the experim ent, ju s t before adding the concentrated 
Zooplankton sam ple, 100 m l o f  the labelled phytoplankton m ixture was filtered on a  0 .8 -Mm filter and 
frozen. In the laboratory, the different Zooplankton species and the ir developm ental stages were sorted 
under a  b inocular m icroscope and  p u t into scintillation vials. A  scin tillation  m ixture was then  added 
and the sam ples counted  in a liquid scintillation counter. Calculations o f  filtering rates a t different 
light intensities were m ade according to the m ethod  in D aro  and Baars (1986). T hey  dem onstrated 
tha t dividing the rad ioactiv ity /an im al by the m ean rad ioactiv ity /m l o f phytop lank ton  between the 
initial and  final tim e gives the best estim ation  o f filtering rate in all different light conditions. This 
was true even in full daylight w ith further uptake o f l4C b icarbonate during the grazing experiments. 
All feeding data ob ta ined  from  the  sam e area were com bined to  ob ta in  ingestion rates as a function 
o f tim e and concentration  o f phytoplankton.

R e s u l t s

Salinity and Temperature. — Figure 2, Left shows the vertical and horizontal dis­
tribution of tem perature and salinity. Four different areas can be distinguished, 
from south to north. (1) The triangle between the narrows o f Calais, the east side 
o f the Netherlands and the coast o f England, with the northern boundary at about 
53°30'N, is characterized by shallow depth (25 m on average) and is very turbulent 
due to strong sou th-north  residual currents. As a consequence, tem perature and 
salinity are vertically homogeneous (1 1°C and about 34.6% o, respectively). (2) A 
central part extending from  53°30'N to 57°N is deeper (about 40 m) and currents 
are slower due to enlargement of the basin. A large sand bank, the Dogger Bank, 
extends east-west in  this area. Here the salinity is vertically homogeneous (34.5%o)
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TEMORA N . m- 2
Figure 3. D istribu tion  o f  Temora longicornis: (Left) H orizontal d istribu tion  in  n • m -2 (total o f  adults 
+  copepodites); (Right) Vertical d istribu tion  in  n -m -3 over tim e in  zones A and  B.

but the tem perature shows a sharp decrease at 15- or 20-m depth. (3) A northern 
region, from about 57°N extending to 60°W and from 1°W to 2°E, is deep (100- 
to 150-m depth) and under the influence o f Atlantic water (a branch o f the  G ulf 
Stream flowing around the British Isles into the N orth  Sea). Salinity is hom oge­
neously distributed vertically (more than 35%o) and the tem perature exhibits a 
rather slight decrease o f 2.5°C between the surface and 20 m. (4) A north-east 
area along the Norwegian coast is under strong influence of Baltic water (R ich­
ardson, 1985). A layer 15-20 m thick shows a strong increase of salinity from 
less than 30%o at the surface to 35%o at 15-20 m and a decrease o f tem perature 
from 14°C to 5°C.

Chlorophyll a and PO C .— In the shallow southern part of the N orth Sea, chlo­
rophyll a and POC are rather homogeneously distributed vertically, with a slight 
tendency towards higher concentrations close to the bottom  (Fig. 2, Right). The 
highest concentrations were found in this region: up to 4 mg chlorophyll a ■ m -3 
and 0.8 g C -m -3. In the deeper central part o f the N orth  Sea, where different water 
masses are encountered, there is vertical stratification with a subsurface m axim um  
of chloropyll a and POC between 10- and 30-m depth. In the northern regions, 
two kinds o f phytoplankton distributions can be observed. In the “A tlantic” N orth 
Sea, chlorophyll is distributed in a rather broad layer between 10- and 40-m 
depth, bu t the concentrations are very low. In the Norwegian part, chlorophyll a 
shows a sharp peak at the depth of the strong gradient of salinity and tem perature.
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Figure 4. D istribution  o f Centropages ham atus: (Left) H orizontal d istribu tion  in  n -m -2 (total of 
adults +  copepodites); (Right) V ertical d istribu tion  in n -m "3 over tim e in  the zone o f  dom inance A.

For the N orth  Sea as a whole m inim al concentrations o f chlorophyll and par­
ticulate m atter generally occurred near the surface. Com paring the salinity-tem- 
perature distributions with those o f chlorophyll and POC, the following gener­
alizations arise: where physico-chemical conditions were rather homogeneous, so 
were phytoplankton and particulate m atter, with slightly higher concentrations 
close to the bottom  in shallow areas (30-40 m) or in a broad upper layer in deep 
areas such as the northern N orth  Sea. Where the physico-chemical conditions of 
the w ater column were vertically heterogeneous, so was the phytoplankton, show­
ing a sharp peak of developm ent ju st above or just below the thermocline. We 
therefore divided the studied area into different regions called A, B, C, D, E, F 
as seen on Figures 3 to 9, on the basis of the physico-chemical structure o f the 
water column.

Horizontal and Vertical Distributions o f  Zooplankton. — Figures 3 to 9 show the 
horizontal distribution o f each species as the total num ber o f copepods and co­
pepodites per square meter, as well as their vertical distribution in various zones 
as a function of tim e o f day. Figures 3 and 4 show that the neritic species Temora 
longicornis and Centropages ham atus  were found in highest num bers in the south­
ern portion of the N orth Sea (14 to 400- IO3 and 120- IO3 copepods-m -2, respec­
tively, for a total depth o f 30 m). The neritic species Acartia clausi and longiremis
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A C A R T I A

Figure 5. D istribution  o f Acartia  spp.: (Left) H orizontal d istribu tion  in  n-m~2 (total o f ad u lts  +  
copepodites); (Right) Vertical d istribu tion  in  n - r r r 3 over tim e in  zones A, B, C and D.

often co-occurred; because the copepodites are difficult to distinguish from  each 
other, we com bined the results for the two species (Fig. 5). Acartia was most 
abundant in the south and along the coast o f Norway (up to 120- IO3 copepods- 
m~2 for total depth of 30 and 200 m, respectively). The vertical distribution of 
these species shows no significant diiference at different times of the day in  the 
areas considered. In zone A (south) the highest num bers are always observed close 
to the bottom . Peak concentrations are between 20 and 30 m in zone B (central 
North Sea) as well as in zone C (northern N orth Sea), although the latter zone is 
much deeper. This contrasts with the distribution in zone D, the area close to  the 
Norwegian coast, where the highest numbers of Acartia occurred very close to 
the surface.

Pseudocalanus elongatus, while generally considered a neritic species, is no t as 
restricted as the above species to shallow or coastal areas, and extends into the 
pelagic zone (Fig. 6). However, this species was m ost num erous in zone A (up to 
500- IO3 copepods-m -2). Their vertical distribution follows the same pattern as 
the preceding species. In the southern zone (A) the animals rem ained for m ost of 
die day close to the bottom , except for a very short time at 2300 at 10-m depth. 
In the central N orth  Sea (zone B), the animals rem ained at 20 m and along the 
Norwegian coast they were close to the surface at all times o f day.

Calanus finmarchicus is more abundant in the northern N orth Sea (up to 220-
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Figure 6. D istribution  o f Pseudocalanus elongatus: (Left) H orizontal d istribu tion  in  n-m ~2 (total of 
adults +  copepodites); (Right) Vertical d istribu tion  in n -m 3 over tim e in  zones A, B, and  D.

IO3 copepods-m r2) (Fig. 7). There seem to be two populations, one originating in 
the A tlantic and developing in very saline waters, and  the other along the N or­
wegian coast. Fransz and Diel (1985) pointed out tha t the biomass of Calanus 
finmarchicus observed in the R ad en  G round is not locally produced but possibly 
derived from east of the Orkneys. The population along the Norwegian coast is 
derived from individuals overwintering in the Norwegian fjords, whose offspring 
are flushed out by freshwater outflow and accumulate at. the offshore thermohaline 
front in A pril-M ay (Roed, 1986). The m ajority of anim als in zones B and C was 
found at 20-30-m  depth at all tim es of day. Along the Norwegian coast (zone D), 
the animals rem ained always close to the surface, and in zone E, central east 
N orth  Sea, the depth o f m axim um  occurrence was variable (20- to 50-m depth), 
bu t no clear vertical m ovem ent could be distinguished.

The cyclopoid Oithona spp. and the harpacticoid Microsetella were the most 
abundant copepods at this tim e of the year, both up to 1.5-IO6 anim als•m "2. 
Oithona  abundance was the highest in the central N orth  Sea (Fig. 8) and Micro­
setella in the central eastern position and along the Norwegian coast (Fig. 9). Both 
were absent in the Southern Bight of the N orth  Sea. Vertical distribution indicates 
that Oithona occurred in the central N orth  Sea predom inantly in deeper layers 
during the entire day. However, a part of the population seems to migrate to the 
surface at 2200, 2300 and 0000 in the zones B and E. In the northern zone (C),
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Figure 7. D istribu tion  o f C alanus finm archicus: (Left) H orizontal d istribu tion  in  n-m ~2 (total o f 
adults +  copepodites); (Right) V ertical d istribu tion  in  n -m -3 over tim e in  zones B, C, D and  E.

a peak of abundance occurred at 30-40 m and along the Norwegian coast (D) at 
3 and 10 m at all tim es o f day. In the shallow area (zone E) Oithona rem ained 
close to the bottom . Microsetella occurred in the central eastern N orth Sea in 
enormous numbers (up to 100,000 copepods • m -3) at 20-m  depth, and along the 
Norwegian coast rem ained close to the surface at all tim es (Fig. 9). The only zone 
where this species seems to perform true vertical m ovem ents is the central N orth 
Sea (zone B), from  20-30-m  depth to the surface at 0000 and 0300.

Figure 10 shows the vertical distributions expressed as the percentage o f each 
species’ population found at different depths in each zone. In the southern zone 
A, all species were found with the highest abundance close to the bottom . In  the 
central N orth Sea, zone B, the calanoids avoided the surface at all times; the only 
clear vertical m ovem ents were observed for Oithona 1200 to 2200 and for M i­
crosetella from 0000 to 0300, between 20-m depth and the surface. In the northern 
North Sea (zone C) m inim al abundances occurred in the upper 20 m. No clear 
vertical m ovements could be observed. Along the Norwegian coast (zone D) 90% 
of the animals occurred in the upper 10 m at all tim es of the day. In the central 
eastern zone (E), the vertical distribution was variable and no clear vertical m ove­
ment could be observed except for Microsetella.

Forty eight one-hour samples were taken in zones A and C. Results are presented 
in total numbers and in percentages for each species as a function o f depth (Fig. 
11). For the southern station (Fig. 11, Upper), relatively clear m ovem ents can be 
observed for Pseudocalanus and Centropages between 10-m depth and the surface.
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Figure 8. D istribu tion  o f O ithona : (Left) H orizontal d istribu tion  in  n -m -2 (total o f adults +  copep­
odites); (Right) Vertical d istribu tion  in  n -m -3 over tim e in  zones B, C, D, E and  F.

The greatest differences were observed between the 0900 and 2100 distributions 
on both days. For Microsetella, m ost of the population was involved in vertical 
m ovem ents between the surface and 30 m, with the biggest contrasts in vertical 
distribution being observed between 0300 and 0900 or 1500. For northern sta­
tions, since only Oithona was present in the samples and was found in low num ­
bers, the conclusions are lim ited. As in the whole of zone C, m inim al numbers 
were always observed in the upper 10 m, and the highest concentrations were 
observed around 20 to 40 m.

The above figures indicate that the N orth Sea copepods in sum m er generally 
do not exhibit a pronounced vertical migration behavior. M any species remain 
all day and all night at approxim ately the same depth, although this depth varies 
among the zones. W hen migration occurs, it covers only 10 m and lasts a very 
short time. In the sections below I attem pt to relate the vertical distribution of 
copepods to the phytoplankton concentration.

POC and Zooplankton Vertical Distributions. —Figure 12, U pper shows the ver­
tical distribution o f the concentration o f both POC and all copepods combined 
in the different zones. Figure 12, Lower shows the same during the 48-h cycle. 
Zooplankton and POC both tend to be more concentrated close to the bottom  in 
the southern zone (A). In the central N orth  Sea (zone B), POC concentrations are 
low and more concentrated in the first 10-20 m, bu t the copepods rem ain in 
general at or deeper than 20 m. In the northern N orth Sea (zone C) POC devel­
opm ent occurs in the first 20 m whereas the copepods are much deeper (30-40 
m), while in the Norwegian zone (D) the developm ent o f both phyto- and Zoo­
plankton occurs in the upper 10 m. In the northeast zone (E +  F) we again observe 
the phenom enon o f different layers o f concentration for phytoplankton (upper 
layer) and copepods (20-30, even 40 m). Both 48-h cycles confirm the results of
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Figure 9. D istribution  o f M icrosetella  spp.: (Left) H orizontal d istribution  in  n -m -2 (total o f  adults 
+  copepodites); (Right) V ertical d istribu tion  in  n -m -3 over tim e in  zones A, B, D  and E.

zone C for the northern station, but the 48-h measurement at the southern station 
is more representative of zone B than zone A (Fig. 12, Lower). Thus, in regions 
A and D maxima of total POC and Zooplankton co-occur, and not in regions B, 
C, E and F.

Diel Variations in Copepod G razing.—As indicated in the M ethods section, all 
ingestion values from the same area were combined. Results are expressed in 
units o f phytoplankton carbon using the correlations between chlorophyll a and 
POC shown in Table 1. Figure 13 shows all results obtained for the dom inant 
species. Different curves are shown depending upon the concentration o f phyto­
plankton carbon encountered. We could distinguish two kinds of diel patterns of 
feeding for some species and developm ental stages.

Several species greatly reduced or lost their diel rhythm s o f grazing if concen­
trations dropped below 200 mg C -m -3, although this was not necessarily true for 
all developmental stages. Females and CV’s o f Temora showed feeding rhythm s 
which were independent o f phytoplankton concentrations, but males and younger 
copepodites drastically reduced their feeding rates and even lost their diel rhythm  
at low concentrations. Similarly, com bined feeding rates for males, females and 
CV’s o f Acartia showed greatly depressed diel rhythm s at concentrations less than 
200 mg C -m -3, while Pseudocalanus lost its feeding rhythm  entirely.

The copepodite stages o f Calanus were not affected by decreasing concentra­
tions. However, females showed depressed diel rhythm s and shifted their peak 
feeding time to 1600 at low concentrations. Oithona also showed a depressed diel 
rhythm  and a shift in peak feeding tim e towards midnight. For two species, 
Centropages and Microsetella, only m inim al reductions in the diel grazing rhythm  
at low concentrations were observed.

These observations indicate that w ithin a species, the day-night feeding patterns 
can be different according to the developm ent stage. Some stages are sensitive to 
decreasing food concentrations, others not at all, and the feeding rate can some-
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Figure 10. V ertical d istribu tion  o f  various copepod species in  zones A to E, expressed as percentage 
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Figure 11. (Upper) 48-h m easurem ents a t the sou thern  and (lower figure) northern stations (see stars 
on Fig. 1 left). The vertical d istribution  (in n - i r r 3) and  percentages are shown together a t the different 
sam pling tim es.
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Figure 12. Vertical d istribu tions o f  to tal num bers of copepods o f  all species (adults +  copepodites) 
and  total particulate organic m atte r in  n -m -3 and  mg C -m -3, respectively: (upper figure) in  the different 
zones of the N orth  Sea over tim e, and  (lower figure) during the 48-h m easurem ents a t different times 
o f the 2 succeeding days.

times be higher in younger than in older stages when the concentration of food 
decreases. A range o f different feeding rates vs. tim e o f day was observed: (1) no 
feeding (or extremely low) during the day and rapid increases at night, (2) regular 
increases from day to night or inversely, from night to day, (3) rather high feeding
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Table 1. C orrelation between chlorophyll a and PO C  in different zones

Area
Depth

(m)
Observations

(No.) Correlation
C orrela tion
coefficient

Southern Bight 3-10 26 mg C = 85 +  575 mg chi a 0 .8 0
Southern Bight 20-40 17 mg C = 50 +  300 mg chi a 0 .8 2
Central east 3-20 2 2 m g C = 220 +  300 mg chi a 0 .7 2
Central east 30-40 1 2 m g C = 122 +  175 mg chi a 0 .8 7
N orth 3-10 19 m g C = 1,350 mg chi a 0.78
N orth 20-30 14 m g C = 700 mg chi a 0 .8 5
N orth 40 16 m g C = 300 mg chi a 0 .7 0

rates during the day and moderate increases at night, or (4) disappearance o f  any 
rhythm .
Daily Grazing and Vertical Distribution o f  Phytoplankton.—The  daily grazing 
values were calculated by integrating the 24 h o f the different hourly values shown 
in Figure 13. Grazing calculations in the water colum n took into account the 
different concentrations of phytoplankton carbon at the different sampling depths, 
recalculated by the mean of the equations of Table 1.

The correlation between the vertical distribution of grazing values and phy­
toplankton concentration (expressed in carbon, using the regression equations of 
Table 1) is obvious in regions A and D (Fig. 14). The arrows on the figure indicate 
200 mg C -m -3, the concentration at which many species or developmental stages 
decrease their ingestion. In zone A, grazing was the highest where the concentra­
tions o f phytoplankton were the highest, i.e., close to the bottom . In this zone the 
phytoplankton concentrations were almost always higher than 200 mg C -m -3. In 
zone D (Norwegian coast) the grazing was also highest where the phytoplankton 
concentrations were the highest, i.e., close to the surface. There, at most stations 
the phytoplankton concentrations were below 200 mg C -m -3 at 20-30 m depth.

In zones B, C and E the concentrations of phytoplankton are limiting (i.e., lower 
than 200 mg C) at many depths and at many stations. In zone B (central N orth  
Sea), the grazing pressure was also very low; the phytoplankton concentrations 
were often limiting at the surface, so that the highest grazing activity occurred 
around 20-30-m  depth. In  zone C (northern N orth  Sea), the concentration of 
phytoplankton was highest in the upper 20 m, but the grazing pressure was very 
low and m axim al around 20-30 m, where the phytoplankton concentration was 
slightly more than 200 mg C -m -3. In zone E the grazing pressure was much higher 
at some stations and the vertical distribution o f the grazing followed the vertical 
distribution o f phytoplankton, which was in lim iting concentrations at the surface 
and close to the bottom.

Figure 14b (lower) shows the relationship between daily grazing by all the 
copepods combined and the phytoplankton concentration. The curve for each 
zone is slightly different, bu t all exhibit the same kind of relationship generally 
observed for single species, with low values at low concentrations, a region of 
increase and a plateau. In all zones the low values are observed at concentrations 
less than 200 mg C -m -3, the region of increasing rates is between 200 and 300- 
400 mg C and the plateau is at concentrations greater than 300 or 400 mg C -m -3. 
In general, at this tim e of the year, we observed a high sensitivity of copepod 
grazing to phytoplankton in often limiting concentrations; in m ost cases the an­
imals did not perform vertical migrations or when they occurred they were very 
slight, because animals appeared to follow the best available food concentrations.
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Figure 14. Total grazing and concentration  o f phytoplankton (expressed in carbon, using equations 
o f Table 1). The concentration  o f 200 mg C -m -3 is shown w ith an arrow: (upper figure) vertical 
distribution in the different zones over tim e; (lower figure) relationships between daily grazing and 
phytoplankton concentration  in the different zones.

48-Hour Measurements. —Figure 15 shows data analogous to the preceding sec­
tion for the 48 h. Figure 15, U pper shows the vertical distribution o f the hourly 
grazing by the total com m unity of copepods and their total numbers, while Fig. 
15, Lower shows the hourly grazing and concentrations o f phytoplankton. The 
highest concentrations of copepods were found at all tim es of the day at about 
the same depth (20 m for the southern, 20 to 30 m for the northern station). The 
night grazing was maximal close to the surface or 10-m depth at 2100 and 0300 
at the southern station, but was different during the 2 succeeding days at the 
northern station, showing maximal values at 20-30 m  at 1900 and 0100 on the
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N o r t h e r n  s t a t i o n

S O U T H E R N  S T A T I O N
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Figure 15. T otal hourly grazing a t the 48-h  stations: (upper figure) vertical d istribu tion  o f  hourly 
grazing o f the to tal com m unity  o f copepods an d  to ta l num bers of copepods a t different sam pling times 
and  (lower figure) vertical d istribu tion  o f  hourly  grazing and  phytoplankton concentration. Arrows 
show the 200 mg C concentration.

first night and 0 and 3 m on the second night. Grazing values are not always 
linked with the total num bers o f copepods. Figure 15, Lower shows that hourly 
grazing at 2100 and 0300 was m axim al at the depths o f m axim al concentrations 
o f phytoplankton, which were limiting (equal or lower than 200 mg C -m -3) at the 
other depths. A t the northern station, the m axim al nightly grazing occurs at the 
depths where the concentrations ju s t reached 200 mg C -m -3. We can conclude 
from  the results of the detailed observations o f nightly grazing o f the total com­
m unity o f copepods that it exhibits the same sensitivity to phytoplankton con­
centrations as observed for the 24-h grazing. This conclusion was expected since 
we calculated that the nightly grazing accounts for about 70% or m ore o f the total 
24-h grazing.

o u u i h e r n  s t a t i o n
n o r t h e r n  s t a t i o n
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D is c u s s io n

Copepods exhibited very different patterns o f feeding behavior but m ost of the 
time had a higher nocturnal food intake. The same species were very sensitive to 
variations in phytoplankton biomass, some developmental stages much m ore than 
others. During summer the limiting concentrations o f phytoplankton in the North 
Sea seemed to be around 200 mg C -m -3. In most o f the areas, this concentration 
was only found in the upper 20-30 m of the water column. As a consequence, 
the copepods followed this concentration such that the vertical distribution of the 
grazing activity in the w ater column was concentrated in the upper 20-30 m.

The limiting concentration o f 200 mg C phytoplankton could seem a high value. 
This is due to two facts. O n one hand the ratios of phytoplankton C/chl a from 
Table 1 range from 175:1 up to 1,350:1, extremely high values. This is an ob­
servation I have been making during more than 10 years o f work in the N orth 
Sea. These high carbon values are due, in the southern area, to the presence of 
Phaeocystis pouchetti, a species surrounded by a very large m ucous envelope and, 
in other regions, the phytoplankton was dom inated by the dinoflagellate Ceratium. 
On the other hand, the grazing values presented in this paper are field data, where 
probably part of the food in this kind o f natural conditions is not consum ed with 
high efficiency, and the radiocarbon m ethod provides no evidence of any kind of 
food preference.

Another im portant observation was the absence of m ajor vertical migrations. 
When they occurred, they involved m ovements o f only 10-20 m. In the Southern 
Bight of the N orth Sea the phytoplankton concentration was not lim iting the 
feeding rate of copepods; nevertheless, as the phytoplankton biom ass was highest 
close to the bottom , so were the copepod numbers both day and night. This was 
a case when high nocturnal feeding rates were not linked with upward vertical 
movement.

One question is why both nocturnal behaviors, migration and feeding, do not 
always cease together, and why only one of the two ceases. Light seems to be a 
controlling factor in the tim ing o f nocturnal grazing, and the onset appears related 
to a low light level (Head et al., 1985). Grazing may also be inversely related to 
light intensity, with the highest change in rates occurring at twilight (Stearns, 
1986). In our case, just at the onset of the summer, the nights were very short, 
particularly in the northern area where the sunset occurred at 2300-2400 and 
sunrise at 0100 or 0200. However, the increase in feeding rate o f m ost species 
began late in the afternoon (1800-2000), when the sun and consequently the light 
intensity were still very high.

The vertical distributions o f phyto- and Zooplankton are rather constant in the 
different areas. The POC concentration was highest close to the bottom  in the 
shallow homogeneous southern seas and so was the Zooplankton concentration. 
In the central and northern part the maximal values were found ju st above or 
under the thermocline. In general, highest concentrations were not at the surface, 
with the exception o f the Norwegian region where there was a strong gradient of 
salinity and temperature. N o clear association between the distribution o f plankton 
and the distribution o f tem perature and salinity could be found on a statistic 
basis. The light penetration in the water column may play a m ore im portant role 
in this case. It may be too high at the surface, providing light inhibition of 
phytoplankton prim ary production, and leading to a subsurface m axim um . We 
show a clear association between the phytoplankton distribution and the Z oo­
plankton grazing distribution, and reduced or absent vertical m ovem ents o f co­
pepods, the latter concentrating at the depths of the best available food concen­
trations.
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Scrope-Howe and Jones (1986) showed tha t when discrete chlorophyll a m ax­
im a are observed, the Zooplankton can concentrate w ithin the m axim a. Townsend 
et al. (1984) also pointed out that the vertical structure o f phytoplankton is closely 
associated with post-naupliar stages in June, but no t in September. So in some 
seasons in some environm ents copepods follow the distribution o f phytoplankton. 
On the other hand, well-fed organisms migrate daily and hungry individuals widely 
vary' their m igration pattern (Dagg, 1985). In the case we are reporting here, the 
Zooplankton seem to be just at the lim it of sufficient food, so tha t the metabolic 
losses due to vertical m ovem ents would be too high com pared to the gain o f a 
few hours of high feeding rates. This behavior could be a transition between the 
large vertical migrations and high night food intake typical o f spring, and the fall 
behavior where m igrations and feeding rhythm  cease (Daro, 1985; Lampert and 
Taylor, 1985).

This study contributes to our understanding of the plasticity o f behaviors of 
m arine copepods, who can exhibit different adaptations to environm ental vari­
ations. There is never only one explanation or interpretation available. During 
spring, tem perature and light can play the m ost im portant role; in sum m er light 
and phytoplankton; in fall com petition for food. I suggest as a hypothesis that the 
species tha t can adapt their behavior to the different variations numerically dom ­
inate the Zooplankton, such as Calanus finmarchicus. Others, which are less plastic 
in their behavior, decline after one season, such as Temora.
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