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ABSTRACT: C arb o n  flow  in  th e  p lan k to n  com m unity  w as ex am in ed  in  various reg io n s of th e  N orth  Sea 
from 24 F eb ru a ry  to 4 M arch  1988, A t this tim e, th e  sp rin g  p h y to p lan k to n  b loom  h a d  b e g u n  in  sou thern  
b u t no t in  n o rth e rn  reg ions. B acterial ab u n d an c e  a n d  p ro d u c tio n  w e re  h ig h es t in  th e  D ogger Bank 
reg io n  w h e re  th e  sp rin g  bloom  w as u n d e r developm ent, b u t th e re  w as no  e v id e n ce  of su b stan tia l carbon  
flow th ro u g h  th e  'm icrobial loop' a t th is or any  o th er sta tio n  sam pled . H ow ever, com parisons b e tw een  
ratios of ba c te ria l carb o n  to p h y to p lank ton  carbon  o b ta in ed  on this a n d  a su b se q u e n t (M ay/June) cruise, 
show  th a t  th e  'm icrob ial loop ' con tribu tes su b stan tia lly  to  carbon  cycling d u rin g  sum m er. D uring  th e  
F eb ru ary /M arch  cruise, copepod  p roduction  ra te s  w ere  su b stan tia lly  h ig h er in th e  so u th e rn  th a n  in  th e  
n o rth e rn  N o rth  Sea. For all sta tions it w as estim a ted  th a t <  5 % of to ta l daily  p rim ary  p roduction  w as 
g razed  by  th e  co p ep o d  com m unity. T he b u lk  of th e  p rim ary  p ro d u c tio n  occu rrin g  in  th e  N orth  Sea a t 
this tim e of th e  y e a r is, therefore, tran sferred  d irectly  to  th e  ben thos.

INTRODUCTION

D uring the  la st d ecade , the  ecological roles of p la n k ­
tonic bac te ria  a n d  pro tozoop lank ton  h av e  received  
m uch  a tten tion  an d  a  n u m b e r of stud ies (H obbie e t al. 
1977, F uhrm an  & A zam  1980) h av e  dem onstra ted  th a t 
the  role of bac te riop lank ton  in  aq u a tic  ecosystem s m ust 
b e  re-eva luated . It h as  b e e n  es tim ated  th a t 10 to 50 % 
of th e  carbon  fixed by  prim ary  p roducers is re leased  as 
d issolved organic ca rbon  (DOC) (Larsson & H agström  
1982). Such m ateria l is rap id ly  ta k e n  up  by  b ac te rio ­
p lank ton  an d  this, to g e th e r  w ith  observations of cou­
p led  p rey -p red a to r oscillations b e tw e en  estuarine  b ac ­
te ria  an d  hetero troph ic  nano flagella tes (Fenchel 1982), 
resu lted  in  the postu la tion  of th e  ‘m icrobial loop’ (Azam 
et al. 1983). This loop re tu rn s  'lost' energy  (dissolved 
organic carbon, DOC) v ia bac terio - an d  pro tozooplank­
ton  to the  m ain  food cha in  a n d  th u s  re ta ins som e of the 
po ten tia l en e rg y  of d issolved organics for the  benefit of 
Zooplankton.

O ur u n d e rs ta n d in g  of the q u an tita tiv e  role of the 
‘m icrobial loop' is prim arily  b a s e d  on w ork w ith  batch  
cu ltures (A ndersen  & F en ch e l 1985) or on stud ies of 
estuarine  env ironm ents (A ndersen  & S orensen  1986, 
Bjornsen e t al. 1988). A coup ling  b e tw e en  the  'm icro-
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b ia l loop’ a n d  th e  'trad itional food cha in ’ has b een  
es tab lish ed  in  es tu a rin e  environm ents (review ed by 
S herr e t al. 1986). Less research  on the  'm icrobial loop' 
h as  b e e n  conduc ted  in  o p en  m arine  w aters (Sorokin 
1977, S iebu rth  & Davis 1982, A ndersen  1988).

O ther aspec ts of p lan k to n  food chains in  th e  open  sea 
a re  b e tte r  understood . P hytoplankton  bloom s, for 
exam ple , m ain ly  occur a t spatio -tem poral transitions 
from u n stab le  to  stab le  conditions (Legendre e t al. 
1986). A w ell-know n response  to such a tem poral tra n ­
sition is th e  sp ring  phy top lank ton  bloom , w h ere  phy to ­
p lan k to n  production  responds to th e  m ore favorable 
ligh t conditions resu lting  from  a  v ern a l reduc tion  in  the 
d ep th  of th e  su rface  m ixed  layer (increase in  w ate r 
colum n stability  an d  in  solar radiation).

In m ost tem p era te  seas, one (or m ore) distinct phy to ­
p la n k to n  bloom(s) occurs in  surface w aters during  the 
year. In te m p era te  w aters, a  sp ring  diatom  bloom  is 
norm ally  follow ed by la te  sum m er an d /o r au tum n  
bloom s of d inoflagella tes (C ushing 1959). T he fa te  of 
th e  p roduction  occurring in  th ese  bloom s is im portan t 
since it constitu tes a  la rge  p a rt of the  an n u a l prim ary 
p roduction  (Evans & Parslow  1985). S tudies in  coastal 
w a te rs  (e.g. D agg  e t al. 1982, N icolajsen  e t al. 1983) 
show  th a t only ab o u t 10 % of th e  prim ary production  of
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the  spring  bloom  is consum ed by  copepods an d  the 
m ajor p a rt of the  sp ring  bloom  is transferred  directly to 
the  benthos. W hether or no t this is th e  ru le  for oceanic 
w aters has b ee n  given little consideration  (Sm etacek 
1984).

S teele (1974) a rg u ed  th a t m ost of the  prim ary p ro ­
duction of the  N orth  Sea is g razed  by copepods and  
th a t o rganic m ateria l w hich rea ch es  the bottom  is 
m ainly in  th e  form of sink ing  faecal pellets. A b u d g e t 
for the carbon  cycling of the  B elgian coastal zone, 
how ever, revea led  th a t only ca 20%  of annual ne t 
prim ary production  is g razed  by  Zooplankton (Joris et 
al. 1982). In th e  cen tral N orth  Sea, copepod  g razing  has 
b ee n  show n to co rrespond  to 14, 9 an d  3 % of the 
prim ary production  du ring  the  m onths of May, Ju n e  
an d  S eptem ber, respectively  (Baars & Fransz 1984). A 
study of popu la tion  dynam ics and  production  of 
C alanus finm archius  on F laden  G round  in  the  northern  
N orth Sea, how ever, suggests  th a t this copepod is 
responsib le for th e  dep le tion  of the  phytop lank ton  
standing  stock resu lting  from th e  spring  bloom  (Wil­
liam s & Lindley 1980). A long-te rm  study  of copepod 
production off th e  N o rth u m b erlan d  coast in  the N orth 
Sea (Roff e t al. 1988) ind ica ted  th a t th e  spring  bloom  is 
m issed ' by  the  copepods, b u t th a t it is, to som e degree, 
g razed  by  protists w hich la te r m ay becom e an  a lte rn a­
tive food source for copepods.

Thus, d esp ite  the  la rg e  n u m b e r of p lank ton  studies 
carried out in  various reg ions of th e  N orth Sea, a 
synthesis of carbon flow dynam ics an d  especially  one 
including th e  m icrobial loop is still lacking.

This study  w as carried  ou t in  th e  open  N orth Sea in 
la te w in te r/early  sp ring  during  a  period  w hen  the 
spring bloom  h ad  b eg u n  in  the  sou thern  reg ions b u t 
h ad  not ye t developed  in  the  north. T he purpose of the 
study is to describe an d  com pare the  carbon flow 
through  the  'm icrobial loop' an d  the  'trad itional food 
chain ' w ith in  an d  b e tw e en  th e  2 regions.

MATERIALS AND METHODS

All d a ta  u sed  in  th is study  w ere  collected  on cruises 
w ith  the  RV 'D ana ' (Danish F isheries M inistry). The 
m ain  cruise w as from 24 F eb ruary  to 4 M arch 1988. 
D ata ob ta ined  on a cruise from 27 M ay to 14 Ju n e  1988 
are also em ployed.

February/March cruise. In all, 28 stations w ere v is­
ited  during  the  F eb ruary /M arch  cru ise (Fig. 1). H ow ­
ever, Stns 5 to 15 an d  19 to 26 w ere  carried  out a t the 
sam e geograph ic  positions a t d iffe ren t tim es. Thus, a 
total of 10 localities w ere  visited. W eather conditions 
w ere ex trem ely  harsh  (winds of up  to 30 m s -1 and  
occasionally  m ore w ere  recorded) an d  strong currents 
w ere rep o rted  during  som e periods. A lthough the  geo-
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Fig. 1. T he N o rth  Sea, show ing positions of stations investi­
g a te d  d u rin g  th e  F eb ru ary /M arch  cruise. D epth  contours:

(......) 20 m ; (------ ) 40 m ; (-----) 10 m ; (— -)  200 m

graph ic  position  of som e sta tions rem ain ed  essentially 
u n ch an g ed , d ifferen t w ate r m asses w ere  sam pled d u ­
ring  each  sam p ling  an d  w e the re fo re  trea ted  the data 
set as consisting  of 28 d ifferen t stations.

M ay/June cruise. D uring th e  cruise conducted  from 
24 M ay to 14 Ju n e , w ate r sam ples w ere  taken  in the 
n o rthern  p a r t of the  a re a  sam p led  in  February/M arch 
(Fig. 7). S am ples w ere  ta k e n  a t a d ep th  of 20 m and 
tre a te d  as d escrib ed  for the  F eb ruary /M arch  cruise.

Sam pling. At all stations, w e m easu red  tem perature, 
salinity a n d  chlorophyll a concentra tions th roughout 
the  w ate r colum n and  prim ary production  a t 20 m. 
Secondary  production  estim ates (copepod egg  produc­
tion) w ere carried  out a t se lec ted  stations over the  
en tire  study  area. A dditional p rim ary  production d e te r­
m inations w ere  carried  ou t along  w ith  bacterial and  
pro tozoop lank ton  stud ies a t Stns 6, 13, 16, 18, 19, 24 
an d  27.

T em p era tu re  an d  salinity w ere  recorded  using a Neil 
Brown CTD. Sam ples for ca libration  of the  salinity 
p robe w ere  ta k en  a t vary ing  dep th s a t random ly 
se lec ted  stations. C hlorophyll a fluorescence w as m eas­
u red  w ith  a  Q Instrum ents fluorom eter. Calibration of 
th e  fluorom eter w as m ade by m aking  spectro- 
photom etric  determ ination  (Lorenzen m ethod) of 
chlorophyll in  ex tracts (90 % acetone) from  3 depths a t 
se lec ted  stations. A carbon/chlorophyll a conversion 
factor of 50 w as u sed  in estim ating  the  phytoplankton 
biom ass. This is w ith in  th e  ra n g e  (39 to 87) m easured  
by  R ichardson e t al. (1986) d u ring  S eptem ber in  the
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N orth  Sea an d  in  ag re em e n t w ith earlier carbon/ 
chlorophyll de term inations from o ther reg ions (e.g. 
A ntia e t al. 1963). N u trien t concentra tions w ere  d e te r­
m ined  according to  G rashoff (1976).

In connection  w ith  th e  bac teria /p ro tozoop lank ton  
studies, sam ples for p rim ary production  w ere  ta k en  at 
3, 20 and  (if possible) 60 m. Sam ples for productivity  
determ inations w ere  k e p t in  su b d u ed  light, an d  tra n s­
ferred  to 25 m l ac id -w ash ed  Pyrex bottles. Four pCi of a 
N aH 14C 0 3 solution w ere  ad d e d  to each  bottle. T he 14C 
addition  w as ch eck ed  b y  ta k in g  50 pi subsam ples of the 
incubation  m ed ia an d  ad d in g  them  to 500 pi ß-phenyl- 
ethylam ine. T hese  w ere  sto red  for la te r counting. 
Sam ples w ere  a ttac h ed  to a ro ta ting  w h ee l and incu ­
b a te d  for 2 h  a t am b ien t seaw ater tem pera tu re  ±  2 °C. 
For all dep th s incorporation  of 14C w as m easu red  at 
7 pho ton  flux densities from  0 to 320 pmol m -2 s -1 . On 
routine stations, 14C incorporation  in  th e  particu la te  
fraction (> 0 .22  pm) w as determ ined . For m e asu re ­
m ents m ade  in  conjunction  w ith  b ac teria l activity 
determ inations, 14C incorporation  w as d e term ined  in 
3 fractions: > 3  pm, 0.22—3 pm an d  < 0 .2 2  pm (DOC). 
To determ ine 14C associa ted  w ith  DOC, 2 m l of 0.22 pm 
filtrate w ere  p laced  in  scintillation vials to w hich 0.5 ml 
of I N  HC1 h ad  prev iously  b e e n  added . Sam ples w ere 
air b u b b led  (30 min) an d  coun ted  in  Instagel. For both 
particu la te  and  D O C production , the  values ob ta ined  
from the  dark  incubations w ere  su b trac ted  from the 
values ob ta ined  in  ligh t incubations. P rocedures and  
calculations u sed  for bo th  chlorophyll an d  particu la te  
prim ary production  de term inations are  fully described 
in  R ichardson (1985).

P hytoplankton  sam ples w ere  collected  from 3 m at 
se lec ted  stations u sing  w a te r  bo ttles and  abou t 500 ml 
w ere  p rese rved  in  Lugols iodine, In th e  laboratory  
sam ples w ere  co n cen tra ted  (x  100) by  sed im en tation  
and  exam ined  w ith  an  in v e rted  m icroscope. T he first 
150 cells en co u n te red  w ere  iden tified  in  order to qual­
itatively describe  th e  phy to p lan k to n  com munity.

B acterial nu m b ers  w ere  quan tified  in  4 rep licates 
from each  sam ple u sing  th e  ac rid ine  o range techn ique 
(Hobbie e t al. 1977) w ith  an  O lym pus BH-2 epifluores- 
cence m icroscope eq u ip p ed  w ith  a m ercury  light 
source, u n d e r 1250 x m agnification.

Sam ples w ere  p rese rv ed  by  th e  addition  of buffered  
f o r m a l i n  (1 % final concentration). S ubsam ples of 10 ml 
(February/M arch) or 1 m l (M ay/June) w ere  sta ined  
w ith  acrid ine o range  for 5 m in, filtered onto 0.2 pm 
b lack  N uclepore filters, a n d  th e  dry filters m ounted  in 
paraffin  oil. At le as t 400 b ac te ria  w ere  coun ted  on each  
filter. B acterial volum e w as ca lcu la ted  from le n g th  and  
w id th  m easu rem en ts  (to the  n e a re s t 0.3 pm) of a t least 
50 cells p e r  filter. T he m e an  cell volum e p e r  filter w as 
calculated . T he biovolum e p e r  sam ple w as calculated  
by  m ultip lication  of the  cell n u m b e r by  m ean  volum e. A

conversion factor of 0 .12  pg  C pm -3 (W atson e t al. 1977) 
w as u sed  to ca lcu la te  the carbon  biom ass.

W e es tim ated  b a c te ria l production  w ith  th e  ^ - t h y ­
m id ine tech n iq u e  (F u h rm an n  & A zam  1980). Im m edi­
ately  follow ing sam pling , 2 o r 3 rep licates (20 ml) from 
each  d ep th  w ere  in c u b a te d  w ith  10 n M  m ethyl-3H- 
thym id ine (20 pCi n m o l" 1, N ew  E ngland  N uclear) for 
30 m in  a t in  situ  te m p e ra tu re  (± 2 °C ) . Incubations 
w ere  s topped  by  the  ad d itio n  of bu ffered  form alin (1 % 
final concentration) a n d  filtered  onto 0.2 pm cellulose 
n itra te  filters. The filte rs  w ere  w ash ed  10 tim es w ith 
5 % ice-co ld  TCA a n d  coun ted  by  liquid  scintillation 
counting, B lanks w e re  p rep a re d  by addition  of formalin 
prio r to th e  addition  o f 3Fï-thym idine.

Inco rpo ra ted  3H -thym id ine  w as converted  to cell p ro ­
duction  w ith  a  conversion  factor of 1.1 x IO18 cells 
m ol-1 thym id ine in co rp o ra ted  (R iem ann e t al. 1987). 
B acterial substra te  consum ption  w as es tim ated  from 
th e  m e asu red  n e t p ro d u c tio n  an d  assum ing  a  growth 
y ie ld  of 50%  (Cole 1982).

T h e  ab u n d an ce  of th e  he tero troph ic  nanoflagellates 
w as d e term ined  b y  epifluorescence m icroscopy 
accord ing  to A n d ersen  & S orensen  (1986). T he d iam e­
te r  of the  rough ly  sp h e rica l cells w as m easu red  on 
ab o u t 50 flage lla tes p e r  station. Biovolum e w as calcu­
la te d  assum ing  spherical form an d  converted  to b io­
m ass by  m ultip lication  by  0.12 pg  C pm -3  (Fenchel 
1982). C lea rance  w as es tim ated  as the  m e an  cell vol­
u m e x 10s h -1 (Fenchel 1986).

D ep th -in teg ra ted  Z ooplankton sam ples w ere  col­
lected  u sing  a  subm ersib le  pum p (3000 1 m in -1 ) low ­
ered  th ro u g h  th e  w a te r  colum n at 10 m m in -1 . Sam ples 
w ere  successively  filte red  th rough  200, 100 a n d  30 pm 
m esh  sieves an d  the  re ta in e d  fractions p rese rv ed  in  2 % 
b u ffe red  form alin. Z ooplankters in  subsam ples (1/100 
to 1/1000) w ere  la te r coun ted  an d  iden tified  and, in  the 
case of copepods, s ta g ed  an d  sexed  (i.e. egg , NI to III, 
N IV to VI, Cl to  III, CIV to V an d  adu lt fem ale or male). 
A b u n d an ce  d a ta  for copepods w ere  converted  into 
b iom ass w ith  le n g th /w e ig h t reg ressions ta k e n  from the 
lite ra tu re  (Table 1) an d  a  conversion factor from  dry 
w eig h t to ca rbon  of 45 % (Kiorboe e t al. 1985b). S am ­
p les of 1 1 w ere  p rese rv ed  in  Lugols iod ine an d  the 
m icrozoop lank ton  iden tified  u sing  an  in v e rted  m icro­
scope a n d  a  se ttling  cham ber.

C opepod  eg g  production  w as d e term ined  according 
to K iorboe e t al. (1985a). A dult fem ales w ere  sam pled  
in  th e  m ixed  layer u sing  a WP-2 open ing-closing  net. 
Im m ediate ly  after collection, fertilized fem ales w ere 
so rted  a n d  p laced  in 600 or 1130 m l bo ttles (M illipore 
w ith  1 to  5 ind iv iduals in  each) contain ing  surface 
w ater. T he bo ttles (4 to 6 p e r  species) w ere  in cubated  
for 22 to 24 h  on a ro tating  w heel (0.5 rpm) a t in  situ 
te m p era tu re  ( ± 2  C°). A t th e  end  of th e  experim ent, 
sp aw n ed  eggs w ere  counted . B erggreen  e t al. (1988)
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Fig. 2. D istribution of physical, chem ical an d  b iological p a ram ete rs  reco rd ed  during  th e  F eb ru ary /M arch  cruise. (A) Salinity (%0). 
(B) T em p era tu re  (°C). (C) N O 3-N  (¡xg-at. I-1 ). (D) C hlorophyll a (|xg I-1 ). (E) Prim ary production  (m g C m -2 d -1 ). (F) Calanus

finm arch ius  eg g  p roduction  ra te  (egg fem ale -1 d -1 )
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T ab le  1. L iteratu re  u se d  in th e  conversion  of copepod  ab u n d an c e  to  b iom ass

S pecies an d  s tag e Source

Acartia  spp. (all stages) B e rg g re e n  e t al. (1988)
C entropages typ icus (all stages) Klein B re te le r  e t al. (1982)
P seudocalanus  spp. (all stages) K lein B re te le r  e t al. (1982)
Tem ora longicornis (all stages) K lein B re te le r  e t al. (1982)
C alanus spp. (copepodites an d  adults) Bottreil & Robins (1984)
C alanus  spp. (n auplii) as A cartia
Paracalanus pa rvu s (copepodites a n d  adults) C o h en  & L ou g h  (1981)
Paracalanus pa rvu s (nauplii) as P seu d o ca la n u s
M etrid ia  lu cen s as C a la n u s
M icrocalanus  sp. as A cartia
O ithona  spp. as A cartia

show ed th a t juven ile  grow th ra te  and  fem ale specific 
egg  production  ra te  w ere  equa l for Acartia tonsa. 
Therefore, th e  eg g  production  ra te  can  b e  u sed  for 
estim ating  the  production  of th e  en tire  copepod  p o p u ­
lation, assum ing  equa l food availability  for all stages. 
T he copepod  consum ption  ra te  w as ca lcu lated  from the 
egg  production  rate , assum ing  a gross efficiency of 
33 % (this value  is n ea rly  constan t am ong different 
copepod species; see  P eterson  1988).

RESULTS 

February/M arch cruise

T he tem p era tu re  an d  salinity  profiles revealed  verti­
cal hom ogeneity  a t all stations. This w as due to the 
severe  w ea th er conditions a t th e  tim e of sam pling, and 
even  a t the  northerly  stations, w h ere  dep ths exceeded  
100 m, sand  g rains occurred  in  la rg e  num bers in  the 
p hy top lank ton  sam ples ta k e n  a t 3 m. M arked  horizon­
ta l tem pera tu re  an d  salin ity  g rad ien ts  w ere, how ever, 
observed  w ith  tem p era tu re s  ran g in g  from 7°C at the 
deep  northw esterly  sta tions to ca 5°C  at the m ore 
shallow  sou theasterly  sta tions (Fig. 2A, B).

T he low est concen tra tions of N 0 3-N (surface) w ere 
in  g en e ra l observed  a t Stns 19 to  26 (just south  of the 
D ogger Bank) w h ere  th e  g rea te s t phy top lank ton  activ­
ity w as recorded; the  h ig h est concen tra tions of N 0 3-N 
w ere  observed  at Stn 28 (the Ju tla n d  coastal station) 
(Fig. 2C). C hlorophyll concen tra tions (Fig. 2D) also 
show ed a  no rth -sou th  tren d  w ith  th e  low est values 
(< 0.5 pg I-1 ) b e in g  reco rd ed  a t th e  m ost northw esterly  
stations. V alues > 1  pg I-1 w ere  only observed  in  the 
relatively  shallow  w ate rs  sou th  of 56° N. In  general, the 
h ig h est chlorophyll concen tra tions w ere  observed  on or 
n ea r  the  D ogger Bank. T he h ig h e s t chlorophyll value 
reco rded  in  the  s tudy  w as 7.3 pg I-1 , a t Stn 19 (at a 
d ep th  of 12 m).

Prim ary production  es tim ates p ara lle led  th e  increase

in  chlorophyll co n cen tra tio n s from north  to south. At 
the  northerm ost sta tions prim ary production  w as esti­
m a ted  to b e  from  100 to  250 m g C m -2 d _1, w hile  south 
of 56° N, es tim ates w ere  from  400 to 2000 m g C m -2  d - 1 
(Fig. 2E). T he fra c tio n a te d  prim ary production  is show n 
in  Fig. 3C; the  m ajo r p a r t  of th e  production  w as d u e  to 
the  size fraction  la rg e r th a n  3 pm. The rela tive im por­
tan ce  of this fraction  in c re a se d  a t the  D ogger B ank as 
com pared  w ith  th e  n o r th e rn  stations.

o
«  5

à  7.0

5.0

0 -

2 0 - I
4 0 - -C

S
6 0 - o•O

8 0 - 1
100- I

-

CHL

I  > 3 pm 

-  □  0.22 -  3  pm 

S  < 0.22 pm

13 16
Stati n

Fig. 3. A tran sec t from  th e  n o rth ern  to the  so u th e rn  N orth  Sea 
d u rin g  th e  F eb ru ary /M arch  cruise. (A) T em p era tu re  (°C) and  
d e p th  (m); (B) chlorophyll (pg r 1); (C) frac tio n a ted  prim ary 

production  (pg C I-1 h -1 )
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T ab le  2. B acterial volum e (pm3) m easu red  du rin g  th e  F e b ru a ry /M arc h  cruise

D epth
6 13 16

Station
18 19 24 27

3 m 0.124 0.147 0.175 0.149 0.091 0.164 0.123
20 m 0.125 0.125 0.137 0.198 0.106 0.139 0.129
60 m 0.058 0.120 0.077

The phy top lank ton  popu la tion  w as dom inated  by 
diatom s a t all stations. H ow ever, th e re  w ere  m arked  
differences b e tw een  the  d ifferen t regions. At Stns 6 
and  13, the  dom inant species (>  10%  of th e  identified  
cells) w ere  N itzsch ia  longissim a, P lagiogram m a brock­
m anni, D etonula confervacea  an d  sm all p en n a te  
diatoms. At th e  n o rthern  bo u n d ary  of the  D ogger Bank 
(Stn 18) the  phy top lank ton  w as dom inated  by C haeto­
ceros dec ip iens  (30% ), M elosira sulcata  (22% ) and  
Rhizoselenia shrubsolei (10% ). Stn 19 w as dom inated  
by  R. shrubso lei (20% ), R hizoselenia  stolterfothii 
(10% ), D. confervacea  (10% ) and  P. brockm anni 
(31 %). R. shrubsolei a n d  R. stolterfo th ii dom inated  th e  
population  of S tn 24 w ith  32 an d  16%  respectively. 
Stn 27, again , w as dom ina ted  by  R. shrubsolei (46% ). 
H ow ever, m ore th an  25 % of the  Rhizoselenia  cells 
counted consisted  only of em pty  frustu les (11 % of the 
total num ber of phy top lank ton  cells counted) su g g est­
ing th a t the  Rhizoselenia  b loom  at this station  w as in 
decline. T he o ther dom inan t species a t Stn 27 w as P. 
brockm anni (11 %).

Bacterial b iom ass an d  activity  (Fig. 4) roughly  fol­
low ed the trends ou tlined  b y  th e  chlorophyll a and 
prim ary productiv ity  (Figs. 3B, C) although  th e  ratio  of 
bac teria l b iom ass : chlorophyll a w as m uch  h igher 
north of 56°N  th a n  a t th e  so u th ern  stations. A m ean  of 
57 % of the  coun ted  cells w ere  rod  shaped . T h ere  w ere 
no significant d ifferences am ong the  size distributions 
of the bac teriop lank ton  b e tw e en  dep th s or stations. T a­
b le 2 show s av erag e  b ac te ria l volum e. B acterial a b u n ­
dance a t 3 m  dep th  (Fig. 4) w as abou t 1 x  IO8 cells I-1 at 
the  northern  stations (6, 13, 16 an d  18) and  p ea k ed  at 
about 3 x  IO8 cells I-1  in  the  shallow  w ate r of S tn  19. 
A bundance w as abou t 2 x IO8 cells I-1 a t Stns 24 and  
27 (Fig. 4). B acterial b iom ass rev e a le d  th e  sam e trends 
as abundance . B acterial p roduction  ran g e d  from about 
0.2 pg C I-1 d -1 (Stn 6) to  a  p e a k  of ca 2.7 pg C I-1 d ~ x at 
S tn  19 to ab o u t 0.4 pg C I“ 1 d -1 a t Stn 27 (Fig. 4). 
Biomass and  production  of th e  bac te riop lank ton  w ere 
roughly  iden tical a t 3 an d  20 m w hile  they  w ere  m uch 
low er a t 60 m  d ep th  (Fig. 4).

Table 3 show s the  ab u n d an ce , b iom ass an d  calcu­
la ted  clearance of th e  hetero tro p h ic  nanoflagellates. 
M ean d iam eter of th e  n ano flage lla tes  w as 3.5 pm cor­
respond ing  to a  cell volum e of 23 pm3. T here  w ere 
about 0.5 x IO5 cells I-1 a t Stns 6 to 18, increasing  to 1 x

B A C T E R IO PL A N K T O N

< 0

3  m e tre

2 0  m e tre

S ta tion  no
60  m e tre

A bundance 
■ i  Biom ass 
d !  Production

S ta tio n  no.

Fig. 4. B acteriop lank ton  ab u n d an c e  (X IO8 I-1 ), biom ass 
(pg C I“ 1) a n d  p roduction  (pg C I-1 d -1 ) a t (A) 3 m, (B) 20 m 

a n d  (C) 60 m d e p th  during  th e  F eb ru ary /M arch  cruise

10° cells I-1  ju st sou th  of th e  D ogger B ank  (Stns 19 and  
24) an d  ab o u t 0.5 x IO5 cells I-1 a t S tn 27. The biom ass 
w as 0.1, 0.3 an d  0.1 pg C I-1 a t S tns 6 to 18, 19 and 24, 
and  27, respectively . The ca lcu la ted  clearance w as low: 
0.1 to 0.3 % of th e  w ate r colum n p e r  day  a t the no rth ­
w esterly  stations, 0.5 to 0.6 % on th e  B ank and  0.2 % at 
Stn 27.

C opepods dom inated  the  Zooplankton (> 3 0  pm). A 
to ta l of 10 g en era  or species w ere  identified  in the 
sam ples. Four taxa -  C alanus  spp ., M etridia lucens, 
O ithona  spp. and  Paracalanus p a rvu s -  dom inated  the
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T ab le  3. N um ber, b iom ass a n d  calcu la ted  c learan ce  of h e te ro troph ic  nan o flag e lla tes  d u r in g  th e  F eb ru ary /M arch  cruise

D ep th
6 13 16

Station
18 19 24 27

Abundance (x lO 3 P 1)
3 m 55 35 20 28 95 100 38

20 m 40 40 25 35 105 85 32
60 m 60 20 20

B iom ass (yg C P 1)
3 m 0.15 0.10 0.06 0.08 0.26 0.27 0.10

20 m 0.11 0.11 0.07 0.10 0.29 0.23 0.09
60 m 0.17 0.06 0.06

C learance (% of w ater colum n d *)
3 m 0.30 0.19 0.11 0.16 0.52 0.55 0.21

20 m 0.22 0.22 0.14 0.19 0.60 0.47 0.18
60 m 0.33 0.11 0.11

com m unity, excep t a t S tns 21 an d  27 w here  th e  neritic 
species C entropages typ icus  a n d  Temora longicornis 
a p p e a red  in  significant num bers.

Fig. 5 show s th e  ab u n d a n c e  of copepod eggs, nau- 
plii, copepodites a n d  adu lts  a t a  se lection  of stations, 
T he d istribution  of copepod  eggs reflects the  increase 
in  chlorophyll an d  prim ary  production  from no rth  to 
south, w ith  the  low est nu m b ers  a t the  d eep  northern  
stations (1 to 17) an d  a  p e a k  in  th e  shallow  a n d  p roduc­
tive D ogger B ank  reg ion  (Fig. 5A). S im ilar d istribu ­

tion p a tte rn s  w ere  fo u n d  for naup lii an d  copepodites 
(Figs. 5B, C). For adu lt copepods, this p a tte rn  w as not 
ev id en t (Fig. 5D)¡ th e  n u m b e r  of adults p e a k e d  a t Stn 
18 b u t th e  ab u n d an ce  h e re  w as only 50%  h ig h e r than  
th a t of the  n o rth ern  s ta tions. T he low est ab u n d an ce  
w as observed  a t Stn 27. T h e  to tal copepod  b iom ass (all 
stages) in c reased  from  ab o u t 2.5 m g C m -3  a t the 
n o rth ern  sta tions to 8.8 m g  C m -3 a t Stn 21 ju s t sou th  of 
th e  D ogger B ank  (Fig. 5E),

T he ab u n d a n ce  of th e  m ost im portan t o ther zoo-

E G G S
Ëia&i C a lanus  sp  

M etrid ia  lu cens  
O ithona  sp  
P a raca lanus  sp  
C e ntropages  sp  

S a  Tem ora lo ng ico rn is

32 

_  28 

o  24 

—  20 

E 16 

8 12

N A U P L II

ADULTS

C O P E P O D  B IO M A SS

21 27

S ta tio n  no.

Fig. 5. (A to D) A b u n d an ce  of copepod  eggs, nauplii, 
copepod ites, an d  ad u lts (num ber x  IO3 m ~3), a n d  (E) biom ass 
of th e  to ta l co p epod  com m unity (mg C m “ 3). V alues w ere  
o b ta in e d  from  d e p th -in teg ra te d  sam ples. Eggs of C alanus  sp. 
a n d  M etrid ia  lu c e n s  a re  po o led  (as C alanus sp.) a n d  Para­
calanus, Tem ora, A cartia  eg g s are  show n to g e th e r (as T em o ­
ra). B iom asses of Paracalanus sp . an d  C entropages  sp. include  
th e  less a b u n d a n t P seudo- a n d  M icrocalanus  a n d  A cartia  sp. 

respectively
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plank ters follow ed th e  trends seen  for the  younger 
copepod stages (Fig. 6). Since th e  m icrozooplankton 
sam ples con tained  very  few  organism s (0 to 3 ciliates 
I-1 ), the ciliates w ere  quan tified  in  the  sam ples for 
m esozooplankton. Results a re  in c lu d ed  in  Fig. 6. The 
ciliates w ere rep rese n ted  by  th e  tin tinn ids Parafavella 
denticulata  and  Favella  sp.

O T H E R  Z O O P L A N K T E R S  

KSfffl H arpactico id s
G a s tro p o d s  
L am ellib ranch  la rvae  

SSSSt T in tinnids 
O th ers

S ta t io n  no

Fig. 6. D istribution of o th er zoop lank ters du rin g  th e  F eb ru ary / 
M arch  cruise

D eterm ination of copepod  egg  production  ra te s  w as 
carried  ou t a t 8 stations. Egg production  w as generally  
h igher a t sta tions sou th  of 56° N  (18, 24 and  27) as 
com pared  to th e  n o rthern  stations. The eg g  production 
of the only species co llected  a t all stations, Calanus 
finm archius, is show n in Fig. 2F. E gg production  rate 
p eak ed  a t th e  shallow  S tn 24 in  the  sam e a re a  w here 
the  h ighest chlorophyll a values w ere recorded  
(Fig. 2D). Egg production  ra te  of the  o ther species w as 
generally  low er (< 5  eggs fem a le -1 d -1 ) th a n  rates 
m easured  for C alanus  (Table 4).

M a y /J u n e  c r u is e

h e te ro tro p h ic  n ano flage lla tes  w ere  m uch h igher at 
this tim e th a n  d u ring  the early  spring  cruise. The 
chlorophyll a concen tra tion  w as generally  low (0,17 to 
1.8 n g i - 1 ; m e an : 0.6 pg I-1). H ighest chlorophyll values 
w ere  rec o rd e d  in  R egion 2 in  the  N orw eg ian  Coastal 
C urrent. B acterial ab u n d a n ce  an d  biom ass w ere in the 
ran g e  1.23 to  3.34 x  I O 9 I -1 (m ean: 1.98 x I O 9 I - 1 ) and 
13.3 to 53.8 pg C I-1 (m ean: 26 pg C I-1 ), respectively. 
R od-shaped  bac te ria  constitu ted  53 % (35 to 63 %) of 
the  popu la tion . A b u n d an ce  an d  biom ass of hetero ­
trophic n an o flag e lla te s  w as 0.6 to 6.6 x  I O 6 I -1 (mean: 
1.4 X  IO6 1- 1 ) and  0.7 to 20 pg C I- 1 (m ean: 3.9 pg C I“ 1), 
respectively . T heir es tim ated  c lea rance  w as w ithin the 
ran g e  3 to 40  % (m ean: 7.8 %) of the  w ate r column per 
day.

T he 21 stations v isited  on this cruise h av e  b ee n  
divided into 8 reg ions on th e  basis of hydrographic 
characteristics (S %o, T °C  and  nutrients). D ata from 
these  regions a re  sum m arized  in Fig. 7 a n d  T able 5. 
G enerally, the  ab u n d a n ce  an d  b iom ass of bac te ria  and

Fig. 7. S ta tions in v es tig a ted  d u rin g  th e  M ay /Ju n e  cruise, In 
th e  8 reg io n s  th e  b iom asses of a lgae , b ac teria  an d  h e te ro ­
troph ic  flage lla tes a re  ind ica ted ; units a re  m g C m -3 . 

(®) S tation location

T able  4. M easu rem en t of cop ep o d  eg g  p roduction  ra te  (egg fem ale  1 d  *) du rin g  th e  F eb ru ary /M arch  cruise

Species
1 2 3

Station
14 17 18 21 27

Acartia  spp. 2.0 4.8
Calanus finm archius 2.7 6.8 6,5 4.8 1.3 10.9 17.6 11.9
M etridia lucens 3.4 0.3 2.0 2.0 2.0 2.5 1.0
Oitona  spp. 1.9 0 0 0 0 1.9 2.8 0
Paracalanus parvus 0 0 0.5 0.7 0.7 3.6 3.8 1.0
P seudocalanus  spp. 1.0 0.3 1.0 1.0 1.0 0
Temora longicornis 2.2 2 5.3

NORWAY

DENMARK

A L G A E B A C T E R IA H E T E R O T R O P H IC  N A N O F L A G E L L A T E S
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T ab le  5. Biom ass an d  volum e of b ac te ria  an d  num ber, volum e an d  ca lcu la ted  c learan ce  of h e te ro tro p h ic  n an o flagella tes during
th e  M ay /Ju n e  cruise

Region B acteria
N um ber

(x io 9 r 1)
Volum e

(Um3)
N um ber

(x io 6 r 1)

H e te ro tro p h ic  flagellates 
V o lu m e  

(rim 3)
C lea ran ce  % of 

w a te r colum n d _1

1 2.7 0.104 0.9 26 5.3
2 1.85 0.103 6.6 25 40.0
3 2.0 0.101 1.0 25 6.0
4 2.3 0.138 1.1 23 6.0
5 1.38 0.112 1.4 23 7.0
6 2.2 0.123 1.1 26 6.0
7 1.61 0.069 0.7 24 4.0
8 1.24 0.091 1.3 31 10.0

DISCUSSION  

Carbon flow  budgets during the February/M arch  
cruise

C arbon  flow b u d g e ts  for the  d iffe ren t reg ions of the 
N orth S ea can  b e  es tab lished  on th e  basis of the F eb ru ­
ary /M arch  data, T h e  values show n in Fig. 8 rep resen t 
m ean  values for the  u p p e r 20 m of th e  w ate r column, 
w hich roughly  co rresponds to th e  photic  zone.

D uring this investigation , th e  copepod  com m unity 
w as ab le  to  g raze  1 to 4.5 % (m ean: 2.7 %) of the  
prim ary production  a t the  n o rth e rn  stations w here the  
spring bloom  h a d  no t ye t deve loped  (Fig. 8A). At the 
n o rthern  ed g e  (Stn 18) an d  sou th  of th e  D ogger Bank 
(Stns 19 to 26) w h ere  th e  sp ring  bloom  w as initiated, 
1.2 an d  1.1%  of th e  prim ary production  w as g razed  
daily (Fig. 8B, C) w hile  only 0 .4%  of the  declining 
phy top lank ton  bloom  a t Stn 27 w as grazed  by 
copepods (Fig. 8D). T hus, th e  p e rc en ta g e  of prim ary 
production  g razed  a t this tim e by  copepods is abou t the 
sam e in  the  n o rth ern  an d  so u th ern  p arts  of the  N orth 
Sea. H ow ever, the  ca lcu la ted  in p u t to the  benthos is at 
least 10 tim es larger, ju st sou th  of th e  D ogger Bank, 
1650 m g  C m -2  d _1 in  con trast to 150 m g C m -2 d _1 in  
the n o rthern  reg ion  (Fig. 8A, C). It is im portan t to 
rem em ber th a t th ese  calculations rep rese n t an  'in stan ­
taneous p ic tu re ' an d  it is possib le  th a t a p art of the 
senescing  bloom  m ay la te r b e  resu sp e n d ed  off the 
bottom  and  rem in era lized  by  b a c te ria  an d  protozoa in  
the  w ate r colum n in  the  post-b loom  period . The phy to ­
p lank ton  bloom  h a d  no t ye t d ev e lo p ed  in  the  northern  
N orth S ea du ring  th e  p re se n t study. H ow ever, due to 
the  la rge overw in tering  p o p u la tio n  of C alanus finm ar­
chius in  this reg io n  (Krause & T hram s 1983) w hich 
m atu re  several m onths before th e  sp ring  bloom (Tande 
& H opkins 1981 a n d  T ab le 4) an d  th e  h ig h e r tem p era ­
ture, w e expect a  la rg e  g raz ing  im pact on the  bloom  as 
show n by  W illiam s & Lindley (1980). This w ould result

in  an  in p u t of carbon  to  th e  ben thos of ab o u t one th ird  
of th a t in  the  so u th e rn  region, assum ing  th e  sam e 
prim ary  p roduction  d u r in g  the  bloom  an d  th a t about 
33 % (Kiorboe e t al. 1985b) of the  in g ested  carbon is 
channelled  to the  b o tto m  as faeces.

A b undances of b a c te ria  an d  he tero troph ic  n an o ­
flagella tes w ere  low  a t a ll stations visited  du ring  the 
F eb ruary /M arch  cruise (Fig. 4; T able 2). Low est values 
w ere  found a t th e  n o rth e rn  stations and  m ay b e  re la ted  
to  th e  low  ra tes  of p rim ary  production. S outh  of the 
D ogger Bank, w here  th e  sp ring  bloom  h ad  begun , 
h ig h e r b ac te ria l b io m ass an d  production  w ere  
observed. A lthough  b ac te ria l b iom ass an d  production  
w ere  h ig h e r  in this reg io n , the ir rela tive im portance 
w as low er th a n  in  the  n o rth e rn  N orth  Sea b ecau se  of 
th e  h ig h  prim ary  p roduction  sou th  of the  B ank  (Ta­
b le 6). In the  sou thern  b ig h t of the  N orth Sea, L ancelot 
& Billen (1984) found a  close coupling b e tw e en  hetero-

T ab le  6. B acteriop lank ton  b iom ass a n d  p roduction  as p e rc e n t­
a g e  of p h y to p lan k to n  b iom ass an d  p roduction  du rin g  the 

F eb ru ary /M arch  cruise

S tation
1-17 18 19-24 27

BB X 100 /PB 13 6 1 4
BP X 100/P P 10 7 3 4

troph ic  b ac te ria l production  an d  the  developm ent of 
th e  sp ring  b loom  (following a 10 d lag). Thus, the 
in c reased  b ac te ria l b iom ass and  production  in  the  D og­
g e r  B ank  a re a  after som e days/w eeks could be 
ex p e c ted  to in itia te  the  troph ic  coupling to th e  h e te ro ­
trophic nano flagella tes (A ndersen  & F enchel 1985).

T he low  n u m b er of ciliates p resen t in  the  en tire  study 
a re a  w as p robab ly  due to  the  dom inance of la rge 
d ia tom s an d  the  low  ab u n d an ce  of he tero troph ic  and 
au to troph ic  flagella tes (Table 3; Fig. 3C). T he only
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Fig. 8. C arbon  flow b u d g e ts  for th e  4 reg ions inv estig a ted  du rin g  th e  F e b ru a ry /M arch  cruise. (A) D eep  n o rth e rn  stations (Stns 1 to 
17); w a ter d e p th  > 1 0 0  m, te m p e ra tu re  ca  7°C , chlorophyll <  1 pg I- 1 ; p h y to p lan k to n  do m in a ted  by  N itzsch ia  longissima, 
P lagiogram m a b ro ckm ann i a n d  D etonula  confervacea. (B) B order sta tion  (Stn 18); on th e  n o rth ern  ed g e  of th e  D ogger Bank, dep th  
ca  40 m, tem p era tu re  ca  6°C , chlorophyll ca 1 pg I-1 ; p h y to p lank ton  d o m in a ted  by C haetoceros decip iens, M elosira sulcata  and  
R hizoselen ia  shrubsolei. (C) Ju s t sou th  of th e  D ogger B ank (Stns 19 to 26); sh a llo w  w ater <  30 m , tem p era tu re  ca  5°C, chlorophyll 
> 5  pg I-1 ; p h y to p lank ton  do m in a ted  by  R hizoselen ia  shrubsolei an d  R. stolterfothii. (D) S tn  27; w a te r  d e p th  ca  40 m, w ith  low er 
salinity  th an  for th e  m ore w este rly  N orth  Sea stations, chlorophyll ca 1.5 pg l - 1 ; p h y to p lank ton  p o p u la tio n  characte rized  by a 
declin ing  Rhizosolenia shrubso lei bloom . U nits for b iom ass (B) an d  p roduction  (P) are m g  C m -3 an d  m g  C m -3 d _1 respectively.

Doc: d issolved o rgan ic  carbon

species p resen t w ere  la rg e  tin tinn ids th a t a re  ab le  to 
g raze relatively  la rg e  a lgal cells. T hese  observations 
ind icate low activity an d  a  rela tively  un im portan t role 
of the m icrobial loop in  th e  carbon  tu rnover before and  
during  the spring  bloom  in  the  N orth  Sea. Investiga­
tions in  coasta l w aters h av e  show n th a t protozooplank- 
ton  p ea k  2 to 3 w k  afte r th e  sp ring  bloom  (Sm etacek 
1981, S tegerm ann  & P einert 1984) an d  a sim ilar pa tte rn  
following a  diatom  bloom  has b e e n  show n in the  S ea of 
Ja p an  (Sorokin 1977).

M ay/June cruise

D uring the  second  cruise, the  w ate r h ad  stratified  
an d  the  phy top lank ton  w as dom ina ted  by autotrophic 
nanoflagellates. A t this tim e, th e  b iom ass of bac te ria

and  he tero troph ic  nanoflagellates h a d  bu ilt up  and the 
he tero tro p h ic  m icrobial biom ass constitu ted  a m uch 
la rg e r fraction  of the  pelag ic  carbon  pool th a n  during 
the  sp ring  cruise (Fig. 7; T ab le  5). A bundances of 
b ac te ria  an d  hetero troph ic nanoflagella tes w ere w ithin 
th e  ran g e s  rep o rted  from o ther a reas  (0.5 to 5 x IO9 and 
0.5 to 5 x IO6 cells I-1 respectively) e.g. Sargasso and 
C arib b ean  Seas (Sieburth & Davis 1982), English 
C h an n el a n d  B enguela  upw elling  reg ion  of South 
A frica (Linley e t al. 1983), N orth  B ering /C hukchi Seas 
(A ndersen 1988), upw elling  off central Chile 
(M cM anus & P eterson  1988). U nfortunately, this cruise 
d id  n o t inc lude stations on  the  D ogger Bank. D ue to the 
v ertical m ixing occurring in  th is  region, one m ight 
expect a  dom inance of la rger a lgal species and  a re la ­
tive sm aller biom ass of he tero troph ic  m icrobes com ­
p a re d  w ith  the  n o rthern  stratified  regions. The increase
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T ab le  7. B acteriop lank ton  b iom ass as p e rce n ta g e  of p hy to ­
p lan k to n  b iom ass du rin g  th e  M ay /Ju n e  cruise

R egion 1 2 3 4 5 6 7 8

% 50 26 85 137 120 161 62 67

in  the  ratio  of bac te ria  to phy top lank ton  carbon  on the 
M ay /June cruise (Fig. 7; T ab le 7) illustrates a  seasonal 
change in  the  im portance of th e  m icrobial loop from the 
spring  bloom  to a  stratified  sum m er situation  in  the 
N orth Sea.

Com parisons of b ac te ria l an d  phy top lank ton  biom ass 
are encum bered  w ith  la rg e  varia tion  due to the  span  in 
th e  conversion factors from  volum e to carbon  and  vari­
ations in  d e term ina tion  of cell volum e (review ed by 
Bjornsen & R iem ann 1988). H ow ever, even  w h en  using 
a rela tively  low  conversion  factor, the  bac te ria l biom ass 
is h ig h e r th a n  the  phy top lank ton  b iom ass in  the  central 
reg ions (Fig. 7; T ab le  7). This h igh  b iom ass m igh t be 
due to DOM  re leased  by  sen escen t diatom s in  the  days/ 
w eeks prior to the  cruise, ta k e n  u p  a n d  accum ulated  in 
the  bacteriop lankton .

O ur findings su g g e st th a t th e  m icrobial loop plays a 
m odest role du ring  the  spring  bloom  b u t becom es 
im portan t la te r w h en  th e  phy to p lan k to n  is dom inated  
by  sm all forms. This, in  part, reflects th e  fact th a t large 
diatom s are  u n su itab le  as food for protozoa. T he size 
structure of the  phy to p lan k to n  m ay also determ ine the 
rela tive am ount of p rim ary  production  w hich is 
re leased  as d issolved organics. B jornsen (1988) suggest 
tha t algal ex u d a tio n  of D O M  is passive  leakage  
th rough  th e  cell m em brane . A pelag ic  com m unity 
dom inated  by  sm all a lg ae  will therefo re le ak  a  larger 
portion of p rim ary  p roduction  to th e  m icrobial loop 
th a n  a com m unity do m in a ted  b y  la rg e  algae. A ndersen  
(1988) found a sim ilar p a tte rn  in  the  N orth  Bering Sea: 
th a t the  rela tive im p o rtan ce  of th e  m icrobial loop was 
substan tia l a t sta tions dom ina ted  by  pico- and 
nanophy top lank ton  b u t m odest w h ere  the  p lank ton  
w as dom inated  by  diatom s.

C opepod grazing im pact on  the spring bloom

In tem p era te  coasta l w aters, copepods only consum e 
a sm all fraction  of the  sp rin g  bloom  prim ary  production 
(e.g. N icolajsen  e t al. 1983, S tearns e t al. 1987, Fal- 
kow ski e t al. 1988, Sm ith & L ane 1988). T he reason  for 
this is the  sm all overw in tering  popu la tion  of neritic 
copepods, the ir ad a p ta tio n  to h ig h e r tem peratu res 
(Kiorboe e t al. 1982) a n d  th e  resu ltin g  slow  num erical 
response  rela tive to th e  rap id  g row th  of diatom s. For 
the K atteg a t-S k ag e rrak  area , T iselius (1988) concluded

th a t the  p resen ce  of C a la n u s  finm archius  w as essen tial 
for a  significant g ra z in g  im pact. At stations dom inated 
by  sm aller neritic sp e c ie s , g razing  im pact by  copepods 
w as neglib le .

In general, a h igh  g ra z in g  im pact du ring  th e  spring 
bloom  seem s to b e  a s so c ia te d  w ith th e  p resen ce  of 
la rg e  oceanic sp ec ie s  such  as C alanus finm archius. 
T hese  species form la rg e  overw in tering  populations 
w hich  can  efficently  e x p lo it th e  spring bloom  (Krause & 
T hram s 1983).

In contrast to th e  fo rm e r  com prehension  of the  fate of 
the  carbon  en terin g  t h e  N orth Sea food cha in  (Steele 
1974), th is  in v e s tig a tio n  illustrates th a t the  grazing 
im pact of the  co p ep o d s du ring  the  spring  bloom  in the 
sou thern  N orth  Sea is o f m inor im portance. T he role of 
th e  m icrobial loop in  th e  tu rnover of carbon a t this tim e 
of th e  y ea r  w as also n eg lig ib le , Thus, the m ajor p a rt of 
th e  prim ary p ro d u c tio n  occurring during  the  spring 
b loom  m ust b e  tra n sfe rre d  directly  to the ben thos.

T he p rese n t in v estig a tio n  stresses the  n e e d  for 
fu rthe r study of ca rb o n  cycling  in  the  N orth Sea, e sp e ­
cially in  th e  D ogger B a n k  area. Since this B ank  re p re ­
sen ts  a  's tab le ' o cean o g rap h ic  discontinuity, h ig h  rates 
of p rim ary  production  d o m in a ted  by  la rg e  a lgae can  be 
ex p ec ted  to ta k e  p la c e  in  th e  relative tu rb u len t n u ­
trien t-rich  w ate rs  d u r in g  a la rg e  p a rt of th e  year 
(L egendre e t al. 1986).

U nderstand ing  the  fa te  of th is  production  is essential 
to  an  in c reased  u n d e rs ta n d in g  of the  ecology of the 
N orth  Sea an d  th e  p ro p e r  m an ag em en t of th e  com m er­
cial exp lo ita tion  of the  resou rces in  this region.

A ck n o w led g e m e n ts .  W e a re  g ratefu l to Tom Fenchel, Thom as 
K iorboe an d  Bo R iem ann  fo r v a lu b le  discussions an d  criticism  
of th e  m anuscrip t. W e a re  in d eb te d  to A lice C hristoffersen, 
S tina  B ilstrup, G re th e  G erm od, L isbeth Je n se n  an d  Bo 
S k aaru p  for ex ce llen t tech n ica l assistance  an d  th e  crew  of RV 
'D an a ' for h e lp  w ith  sam pling . T his investiga tion  w as su p ­
p o rted  in  p a r t by g ran t No. 11-6480 from  th e  D an ish  N atu ral 
Sc ience  R esearch  Council,
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