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ABSTRACT

Energy flow  through th e  major com partm ents of 
the ecosystem of the south-east Kattegat has 
been assessed based on observations made be
tw een 1985-1989. In this increasingly eutrophic  
sem i-estuarine coastal area, energy inputs are 
dom inated by autochthonous production during  
th e  spring and autum n bloom periods (>90°/o ), 
and by allochthonous fluvial sources during the  
w inter (> 5 0 % ).

An unbalanced annual carbon budget is 
presented, w hich dem onstrates th e  predom i
nance o f infaunal benthic suspension feeders in 
the shallow areas (above 13 m), w here their de
m and alone is 2.4 tim es the calculated carbon 
supply to the sedim ent. Benthic dem and does not 
dim inish below 13 m, but the proportion utilized  
by macrofaunal deposit feeders and m eiofauna in
creases w ith lower suspension feeder dem and, 
em phasizing the close coupling betw een pelagos 
and benthos at all depths in th is system. Excess 
benthic dem and over planktonic production is as
sum ed to be met by lateral im ports across th e  sys
tem  boundaries.

Interm ittent sum m er hypoxia below the 
halocline (mean depth  15 m) has a severe effect 
on th e  benthos o f the area, leading to a reduction  
in epifaunal predation prior to th e  reduction of 
m acrobenthic organisms. Such events lead to  the 
tem porary accum ulation o f sedim entary carbon 
before late autum nal m ixing initiates th e  reoxy
genation and eventual recolonization o f the af
fected areas.

Com parisons w ith published carbon budgets 
for th e  Chesapeake Bay and th e  Baltic Sea sug
gest m ajor differences between the relative roles 
of pelagos. and benthos in these systems. In the  
Baltic, which is fuelled predom inantly by au
tochthonous processes, pelagic carbon flow s are 
about 4 tim es those o f the benthos. Al
lochthonous inputs predom inate throughout 
much of the year in the Chesapeake Bay, where  
pelagic flows are proportionately 1.5 x  those of 
the benthos, whereas in the SE Kattegat benthic

flow s exceed those w ithin the pelagos by about
25% .

The h igher populations of epifaunal and nek- 
tonic predators found in th e  SE Kattegat system, 
as opposed to the o ther two systems, is a corol
lary o f th e  greater energy flows through the ben
th ic  com ponents. T he dem onstrable vulnerability  
to  anoxia o f these comm ercially im portant organ
isms em phasizes the sensitivity o f such coastal 
systems to th e  consequences o f increased  
nutrient inputs.

1. INTRODUCTION

The Kattegat is an enclosed shallow  sea area (mean 
depth 23 m) bounded on the east by SW  Sweden, on 
the north  by the NE coast o f Denm ark and to the 
south by the  Danish arch ipe lago th rough  which it is 
connected to the  Baltic sea by the Ö resund and the 
B e lt channe ls (Fig. 1). The tida l range in the area is 
very  low (< 1 0  cm ) and a strong ha loc line  occurs be
tw een 10 and 20 m (m ean depth 15 m) which 
separates brackish surface water o f Baltic  orig in  from 
ocean ic bottom  water o rig inating from  the  Skagerrak 
and the  North Sea. T he  area can be regarded, there
fore, as the outer reaches o f a large and com plex es- 
tuarine  system.

O ver the  past two decades, increasing concern 
has been expressed over grow ing s igns o f nutrient 
enrichm ent in various areas of the Kattegat. The first 
obvious evidence o f the consequences o f such en
richm ent was seen in Laholm  Bay on the SE coast of 
Sweden, where large quantities of filam entous green 
algae washed ashore in the mid-1970s as a result of 
the  increasing predom inance of these algae over the 
previously dom inant brown m acroalgae (W e n n b e r g , 
1987).

In 1980, fish k ills  a ttribu ted to  low bottom-water 
oxygen concentra tions were reported from  the same 
area and subsequent years have seen a steady in
crease in observable and docum ented eu troph ic ef
fects in th is  and o ther areas o f the Kattegat 
(R o s e n b e rg , 1985; Baden e ta !.,  1990a).

The concern over these events prom pted the 
Swedish Environm ental Protection A gency to  estab-
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or pools o f energy inputs derived from  a common 
and m easurable source.

In th is study sixteen com partm ents have been 
delineated based in itia lly  on those de fined by W u l f f  
&  U l a n o w ic z  (1 9 8 9 ) fo r the ir com parison o f the Bal
tic  and Chesapeake ecosystem, in order to allow 
d irec t subsequent com parison w ith flows through 
those system s. Som e m inor m odifica tions were 
m ade to  th is  model in order to  adapt the  pattern to 
fit the in form ation availab le  from  the SE Kattegat 
system . T he  various com partm ents included in the 
SE Kattegat m odel are listed in Table 1, together 
w ith the  data sources used to  de fine the carbon data 
associated w ith each com partm ent. W herever possi
ble, the  da ta  used is derived from  stud ies under
taken in the  area during  the 1 9 8 3 -8 9  studies (such 
sources are identified by an asterisk in Table 1). In
evitably, however, the local data coverage fa lls  short 
of provid ing all the necessary in form ation and, where 
necessary, relevant in form ation from  elsewhere or 
derived from  com posite general indices, has been 
used.

Three m ajor input sources to the system  have 
been iden tified , nam ely gross prim ary production, 
defined as the production o f au totroph ic pe lagic bac
teria, pe lag ic  algae and that o f benthic algae, inputs 
o f dissolved organ ic carbon from  rivers (DOC), and 
inputs o f dissolved organ ic carbon from  seawater 
flows across the boundaries o f the defined area. Five

heterotrophic com partm ents w ith in  the system  have 
been allocated to groups o f pe lag ic consum ers, 
nam ely the nano-zooplankton (2 to  20 /¡m), micro- 
zooplankton (21 to  100 jim ), m eso-zooplankton (101 
to  1000 /im), carn ivorous pe lagic invertebrates and 
pelagic fish. Benthic consum ers occupy a  fu rthe r six 
com partm ents, defined as m eiofauna, in faunal sus
pension feeders, in faunal deposit feeders, infaunal 
carn ivores, o ther invertebrate ep ifauna l carn ivores 
includ ing Nephrops, and dem ersal fish. No d irect 
m easurem ents o f benth ic  bacteria have been made 
in the area and in th is analysis they have not been 
allocated a separa te com partm ent. Because o f the ir 
c lose re la tionship w ith  sed im entary particu la te  or
ganic carbon (POC) they are subsum ed in tha t com 
partm ent. The qua lity  o f local in fo rm ation available 
for the com putation of energy flow s through each of 
these com partm ents is h igh ly  variab le, as can be 
seen from  a com parison o f the  availab le sources lis t
ed in Table 1. In som e cases, de ta iled stud ies o f in
d ividual species o f m ajor econom ic o r ecological 
im portance (e.g. J o n s s o n  &  T is e l iu s , 1990; P ih l,  
1989a; B a d e n  e t a l., 1990a) o r of production in par
ticu la r com m unities (e.g. S u n d b ä c k  &  J ö n s s o n , 
1988; LO O  &  R o s e n b e r g , 1989; P ih l,  1989b) have 
allowed accurate estim ates o f flows through particu
lar com partm ents based on contem porary local in fo r
m ation. In o ther cases, lack of local know ledge of 
certa in com ponents o r processes w ith in a  com part-

TABLE 1
T h e  com partm en ts  and th e ir p rin c ipa l constituen ts  de linea ted  for the  energy flow  ne tw ork  in the  SE Kattegat 

(C om partm ents assessed in the  SE Kattegat a re  ind ica ted  by an asterisk.)

compartment principal constituents

1. P e lag ic  p roduce rs* P lankton ic  algae; A u to troph ic  pe lag ic  bacteria
2. B enth ic  p roducers* M acroalgae; B enth ic  m icroa lgae
3. H e te ro troph ic  pe lag ic  bacteria
4 . M icro - and nannozooplankton H ete rom icro flage lla tes; C ilia tes
5. M eso-zoop lankton* C opepods; R otife rs ; C ladocerans
6. P e lag ic  inve rteb ra te  carn ivores M edusae (Aurelia, Cyanea)
7. M e io fauna
8. B en th ic  suspens ion  feeders* B iva lves (Arctica, Cerastoderma, Mya etc.)

O ph iu ro ids (Amphiura filiformis)
9 . D eposit feeders* B iva lves (Macoma, Abra nitida, Nuculana etc.)

O ph iu ro ids  (Amphiura chiajei)
E ch ino ids  (Brissopsis)
P olychaetes (Polyphisia, Pygospio, Maldane)
C rustaceans (Diastylis)

10. In fauna l ben th ic  carn ivores* P o lychaetes (Nephtys, Pholoe, Glycera)
O ph iu ro ids  (Ophiura)

11. Inve rteb ra te  ep ifauna l ca rn ivo re s" C rustacea (Crangon, Carcinus, Eupagurus, Nephrops)
12. P lanktivo rous fish * C lupe idae, A m m odytidae , Gadus esmarkii
13. C arn ivorous fish * Pomatoschistus, Gasterosteus, Platichthys, Pleuronectes,

Hippoglossoides, Gadus morhua, Merlangus
14. D isso lved o rgan ic  ca rbon  (DOC)* F luvia l inpu ts ; exudates
15. S uspended pa rticu la te  organ ic  ca rbon  (P O C )* F luvia l inpu ts ; p lankton ic  faecal aggregates
16. S ed im en ta ry  o rgan ic  carbon* V ertica l sed im enta tion ; ho rizon ta l transporta tion ; be n th ic  faeca l a g 

gregates
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figures (R iem ann e ta !. ,  1990). The estim ated annual 
and seasonal inputs to the area from  these various 
sources are given In Table 2. G ross production 
figu res have been estim ated from prim ary production 
and exudate figures by assum ing a 30%  respiratory 
loss (WULFF & ULANOW ICZ, 1989).

4.1.2. ALLOCHTHONOUS CARBON INPUTS 
(COMPARTMENTS 14, 15)

T he  am ount of carbon reaching the area via  the 
rivers w h ich d ischarge along the coastline between 
S teninge and the Kullen peninsula (the N issan, La
gan and Rônneân plus several sm aller stream s) has 
been estim ated from offic ia l data provided by the  En
vironm ental Q uality Laboratory, SNV, Uppsala. The 
estim ated annual and seasonal inputs of dissolved 
organ ic carbon (DOC) and particulate organ ic carbon 
(POC) from these sources are detailed in Table 2. 
DO C inputs v ia  m arine  inflows across the  seaward 
boundaries o f the area have not been included 
through lack of any reliable data on which to base es
tim ates. T h is  potential source thus constitu tes one of 
the principa l unknown elem ents in any attem pt to 
ba lance a carbon budget for the area (see chap. 5 ).

4.2. PLANKTONIC INVERTEBRATE HETEROTROPHS

4.2.1. PELAGIC BACTERIAL AND MICRO- 
ZOOPLANKTON PRODUCTION 

(COMPARTMENTS 3, 4)

Few d irect m easurem ents o f these elem ents in the 
network were undertaken in the course o f the 
1983-89 programme. Therefore, data provided by the 
detailed experim ental carbon budget stud ies in Dan
ish estuarine enclosures carried ou t by R ie m a n n  et 
at. (1990) has been used for the ir estim ation, sup
plem ented by in form ation on bacteria l and 
m icroplankton ic popu lations o f the Skagerrak and 
Kattegat areas given by H a g s t r ö m  e t al. (1988), 
KiORBOE e t al. (1990) and R o s e n b e r g  et al. (1990b). 
T he  Danish experim ental stud ies provided a close 
approxim ation to  the existing conditions in the  SE 
Kattegat, however the  authors em phasized a num ber 
o f s im plifica tions and assum ptions w h ich they need
ed to make in order to  carry out the ir budgeting exer
cise. They used the model o f A z a m  et al. (1983) to 
d iv ide  organism s into arb itrary s ize groups assum ing 
a predator/prey ratio of 10 and assum ed a general 
va lue of 30%  carbon conversion effic iency these as
sum ptions, a lthough necessary given the  lack of un
derstand ing of these systems, are probably far too 
broad. Moreover, R ie m a n n  e ta !. (1990) warn against 
extrapolating the ir results to  fie ld situations. However, 
alternative calcula tions of bacterial b iom ass and pro
duction based on fie ld  m easurem ents o f bacterial

num bers and productiv ity a t a shallow  station in the 
Skagerrak (R o s e n b e r g  et a l., 1990b) resu lt in very 
s im ila r figures. Thus, in the absence o f any bette r ba
sis fo r estim ating flows and sinks w ith in  these parts 
o f the p lanktonic system , we consider th is use of the 
data jus tified . The annual production and b iom ass of 
these com ponents, calcula ted on th is  basis, are 
detailed in Table 3.

4.2.2. MESO-ZOOPLANKTON 
(COMPARTMENT 5)

Some fie ld in form ation is available from the area as 
to the  standing stock, diets and growth rates o f cope- 
pods (TiSELiUS, 1988, 1989; J o n s s o n  &  T is e liu s ,  
1990; KI0RBOE &  N ie ls e n ,  1990; N ie ls e n  &  K is r b o e ,  
1990). This has been supplem ented by use o f re la
tionships detailed by K i0r b o e  et al. (1985) to  esti
m ate respiration and consum ption rates. The 
dom inant copepods in the area are Paracalanus pa r
vus and Paracalanus e longatus  (T ís e liu s ,  1988). L it
t le  inform ation on Rotifers and C ladocerans from  the 
area is available, thus som e general correction fac
tors, based on re lationships given in  N ie ls e n  & 
K10RBOE (1990), have been used to take these organ
ism s in to account. T he  results calculated on th is  ba
sis  are given in Table 3.

4.2.3. PELAGIC INVERTEBRATE CARNIVORES 
(COMPARTMENT 6)

Two species o f predatory medusae, A urelia aurita  
and Cyanea capillata, are com m on throughout the 
study area. No d irect stud ies were undertaken on 
these organism s du ring  the course o f the  project, 
thus estim ates of the ir energy budgets have been 
based on inform ation given by M ö l l e r  (1979, 1980) 
and S c h n e id e r  (1989) fo r populations in Kiel Bight, 
an area of the outer Baltic system  w ith s im ila r geo
graphical and hydrographical characteristics to  the 
study area. This in form ation has allowed an estim ate 
of annual carbon flows to  be made for these species 
wh ich m ay be apportioned m ore o r less equally be
tween the sum m er and autum n periods. Thus, the 
adult medusae start appearing abou t the beginning 
of May, reach peak biom ass levels by the beginning 
o f Ju ly  and thereafter decline  precipitously. Their in
fluence on the carbon flow, particu larly in the  im pact 
of the ir predation on the m eso-zooplanktonic com po
nent in the system, is thus strongly seasonal. The 
calcu la tions of annual carbon flow  for these organ
ism s are shown in Table 3.

4.3. BENTHIC INVERTEBRATE HETEROTROPHS

Calculations for these com partm ents of the network 
are a ll based on a separate consideration o f each of
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( >  95 %  o f the  b iom ass o f that group), wh ilst below 22 
m the brittle  star Am phiura filifo rm is  com prises over 
91% o f the  feeding biom ass o f th is  troph ic group. 
O ther species con tribu ting  the  rem aining am ounts of 
b iom ass to  th is  troph ic group have been considered 
to utilize energy proportionate to the m ajor organ
ism s at each depth. Energy flow  through the Arctica  
populations has been assum ed to  approximate the 
flow  occurring in Cerastoderm a  and M ya, since con
sum ption rates per un it w e ight in Arctica, reported by 
W in t e r  (1969, 1978), are roughly com parable to 
those estim ated for the latter two species. Thus esti
m ates have been based on the biom ass figures for 
the  suspension feeding populations between 13 and 
22 m (62%  o f b iom ass above 13 m). The P:B ratio of 
Am ph iu ra filifo rm is  g iven by O ’ C o n n o r  et al. (1986) 
has been used to estim ate the  production of the A m 
ph iu ra  populations below 22 m. Respiration values 
have also been calcula ted from  inform ation given by 
these authors and consum ption estim ates were 
based on assim ila tion effic iencies given by W a r w ic k  

et al. (1979).

B. BENTHIC DEPOSIT FEEDERS 
(COMPARTMENT 9)

The dom inant deposit feeding organism s in waters 
sha llower than 13 m in the study area were the 
bivalve M acom a ba lth ica  (62%  o f biom ass o f all 
deposit feeders). T h is  species is a lso a suspension 
feeder in conditions o f high phytoplanktonic abun
dance (H u m m e l , 1985b) and cou ld thus be consi
dered to contribu te at least equally to the preceding 
com partm ent. However, given the high incidence of 
ob ligate suspension feeding species in the com m uni
ty, it is considered tha t the M acom a  in the area are 
more likely to  deposit feed. O ther deposit feeders of 
im portance are the  polychaetes Pygospio elegans  
(19%) and Scoloplos a rm ige r (9%). Estim ates o f pro
duction in these populations have been based on 
m easurem ents o f local b iom ass levels and literature 
values of P :B  ratios (M acom a, H u m m e l , 1985a; poly
chaetes, W a r w ic k  et a l., 1979). Seasonal variability 
in M acom a  production has been based on inform a
tion in H u m m e l  (1985a). Respiration was calculated 
using the  equation of M c N e il l  &  La w t o n  (1970) and 
consum ption estim ated us ing an assim ila tion effi
c iency of 60%  (W a r w ic k  et a l., 1979) for all the 
deposit feeding organ ism s at a ll depths.

The  dom inant deposit feeders at depths between 
13 and 22 m were the  bivalve A bra n itida  (3 5 %  of 
deposit feeder biom ass), the crustacean Diastylis  
rathke i (1 9 % ) and the  polychaetes M yriochele  spp. 
(9 % )  and M aldane sa rs i (9 % ) . Production estimates 
fo r these species have been based on local biomass 
values and literature values fo r P :B  ratios (R a in e r , 
19 85 , for Abra-, R o b e r t s o n , 1979, for o ther species).

In areas below 22 m the  brittle  star A m ph iu ra  ch ia je i 
m ade up 35%  o f the  total deposit feeding biom ass, 
the polychaete Polyphis ia crassa  25 %  and the  echi- 
noid Brissopsis lyrife ra  13%. P :B  ratios for the 
echinoderm  species given by B u c h a n a n  &  W a r w ic k  
(1974) were used to  calculate the ir production and 
tha t of Polyphisia  was estim ated by analogy from  
data given by N ic h o l s  (1977) fo r Pectinaria.

C. INFAUNAL BENTHIC CARNIVORES 
(COMPARTMENT 10)

The predom inant in faunal invertebrate carn ivores at 
all depths in the area were nephtid polychaetes, prin
c ipa lly  Nephtys caeca. This com prised over 81% of 
carnivore b iom ass a t depths sha llower than 13 m, 
54%  between 13 and 22 m and 15% at depths below 
22 m. Thus, the  varie ty o f carnivores increases with 
depth, e.g. the  polychaetes Glycera a lba, G oniada  
m aculata, Pholoe m inuta  (=  inornata). Production es
tim ates for th is  group have been based on local bio
mass data and an assum ed P:B ratio o f 2.0, a 
com posite m edian figure arrived at by reference to 
data from studies on Nephtys, Nereis  and Glycera  
(B a ir d  &  M i l n e , 1981; B u c h a n a n  &  W a r w ic k , 1974; 
M ö l l e r  et a l., 1985; W a r w ic k  et a l., 1979) and 
general ratios given by G e r l a c h  et al. (1985) and 
S c h w in g  h a m e r  et al. (1986). Respiration estim ates 
have been based on the  re lationships given by 
M c N e il l  &  La w t o n  (1970) and consum ption has 
been calculated us ing the assim ila tion effic iency 
given by K a y  &  B r a d f ie l d  (1973).

4.4. LARGE MOBILE HETEROTROPHS

4.4.1. INVERTEBRATE EPIFAUNAL CARNIVORES 
(COMPARTMENT 11)

The dom inant larger invertebrate carn ivores in the 
area vary according to  depth. In the  sha llower areas 
above 13 m, the shrim p Crangon crangon  and the 
crab Carcinus m aenas  predominate. At depths be
tween 13 and 22 m Carcinus  is rep laced by the  her
m it crab Eupagurus, a lthough Crangon  rem ains an 
im portant predator at these depths. Estim ates o f bio
mass, production and consum ption in these popula
tions have been based on detailed stud ies m ade in 
various em baym ents along the Swedish west coast 
to  the north of the  study area in the years im m ediate
ly preceding the  Kattegat project (M ö l l e r  et al., 
1985; P ih l , 1985; P ih l  &  R o s e n b e r g , 1982, 1984). 
Respiration estim ates have been based on the for
m ulae detailed by M c N e il l  &  La w t o n  (1970). Pro
duction in these populations is m in im al in w inter 
when, between Decem ber and February, they m i
grate offshore to  deeper waters.
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effect on the  secondary and te rtia ry producers in the 
system, however, su ffic ien t inform ation concerning 
seasonal population fluctuations in m any o f the con
sum er com partm ents is unavailable to a llow  a com 
parison o f seasonal carbon flow  networks in the area. 
It is worth em phasiz ing som e m ajor qualitative varia
tions  in the system between the d iffe rent seasons 
which will have the e ffect o f e ither sw itch ing em pha
sis in certain flow  pathways in parts o f the network, 
o r indeed elim inating som e pathways and/or com 
partments. Thus the pe lagic invertebrate carnivores, 
overwhelm ingly represented by the  medusae Aurelia  
and Cyanea, are present on ly from  June to Septem 
ber (S c h n e id e r , 1989), and have no influence on 
the ir m eso-zooplanktonic prey at o ther tim es of the 
year. Predation on the  sha llow  in faunal benthic popu
la tions is s im ilarly reduced during the  w inter months 
through the offshore m igration o f epifaunal inver
tebrate and fish  carn ivores (M ö l l e r  et a l., 1985; 
P i h l , 1989a, 1989b). S econdary production levels in 
the system w ill be lower du ring  the winter, but no 
re liab le data is available to  assess the m agnitude of 
such seasonal changes.

5. DISCUSSION

5.1. AN UNBALANCED ANNUAL BUDGET

T he sim plified box m odel o f the SE Kattegat system 
presented here suggests som e m ajor im balances w i
th in  the system, m ost notably between the  supply of 
particulate carbon from  the pe lagos and the dem and 
from  the infaunal benthos. If the  calculated results 
presented here are taken to be rea listic then the total 
dem and by benthic consum ers exceeds the potential 
supply at a ll depths. The tota l respiratory dem and for 
the system reaches an area-weighted average o f 270 
g C m -2 -y_1, whereas the  total consum ption shows 
an average of 410 g C m _ 2 y _1. T he  latter figure is a 
linear sum m ation o f consum ption across all com part
m ents and thus concea ls a  contribu tion from  recy
cled carbon. Therefore, it would not necessarily be 
expected to  ba lance the carbon input (S t r a y e r , 
1988; S c a v ia , 1988), but the resp iratory dem and, be
ing equivalent to known carbon losses from  the sys
tem , m ight be expected to be in  overall equilibrium  
w ith inputs. In fact it exceeds calculated inputs by 
som e 25% , suggesting e ither an underestim ation in 
som e o f the  calculated sources o r the  addition o f car
bon to  the  system from  other unestim ated sources.

It should be noted, however, tha t no  estim ates of 
the  supply o f particu la te and dissolved carbon enter
ing the  area via the exchange of w ater through the 
m arine boundaries have been made. W hether th is is 
a potential source o r s ink  for carbon in the  area is un
known. F l o d e r u s  (1989), F l o d e r u s  &  H à k a n s o n  
(1989) and R y d b e r g  e t al. (1990) have suggested

tha t considerab le quan tities of organ ic m ateria l form 
ephem eral de tritus-rich mud blankets and are trans
ported as a w hole by resuspension processes from 
shallower to deeper areas w ith in  the  Kattegat. Such 
resuspension events occur com m only in response to 
w ind-driven tu rbu lence throughout the year, but are 
particu larly frequent during the autum n. Moreover, 
F l o d e r u s  &  P ih l  (1990) have suggested that in the 
deeper waters traw ling activ ity can s ign ifican tly  affect 
the frequency o f resuspension events, and thus 
m ateria lly  influence the  distribution o f fine, organic- 
rich m aterial. S uch processes are presently unquan
tified , but m ust be considered as possib le agents fo r 
im porting organ ics orig inating beyond the ir bound
aries to  the  area.

The possib ility  tha t the measured prim ary produc
tion rate may be an underestim ation o f the  true  pro
duction in the area m ust a lso be considered. 
R ic h a r d s o n  &  C h r is t o f f e r s e n  (1990) have recent
ly reported a p rim ary  production rate o f 290 
g C m _ 2 y ' 1 in an area som e 40 km south of the 
study area, w ith over 30%  o f the sum m er production 
being concentrated below the pycnocline. Such sub- 
pycnocline production may not have been fu lly  
recorded during the present study, lead ing to  a possi
ble  underestim ation o f the total production in the 
area. However, the area sam pled by R ic h a r d s o n  &  
C h r is t o f f e r s e n  (1990) lies close to  the entrance to 
the Öresund and in the v ic in ity o f a fron t associated 
w ith  the Baltic outflow, and those au thors report the 
highest production levels from  waters on e ither side 
o f the front. The enhanced nutrien t ava ilab ility  in 
such areas w ill undoubtedly increase the prim ary 
production values above those o f adjacent, m ore sta
ble waters. It should be noted, however, tha t the 
presence of such shallow and h igh ly  productive 
areas im m ediate ly to  the south o f the study area in
creases the like lihood of the advection o f carbon 
detritus into the  study area by the  processes 
described above, o r v ia  the surface Baltic  ou tflow  
which passes through the area (S v a n s s o n , 1984; 
R y d b e r g  et a l., 1990). An im portant im balance was 
noted w ith in the pe lag ic  system in the  flows to and 
from the m eso-zooplanktonic com partm ent. The 
potential supply from  autotrophic and heterotrophic 
sources was found to be nearly th ree  tim es the esti
mated consum ption. Even if considerab le energy is 
lost through recycling w ith in  the m icrobia l loop, the 
com bined supp ly from  phytoplanktonic and m icrobia l 
sources greatly exceeds the assim ila tory capacity of 
the recorded m eso-zooplanktonic populations. As
sessm ent of these populations in the area was not 
com prehensive, however, and was concentrated on 
specific  copepod species for relatively restricted peri
ods of tim e du ring  the  study period (TIs e l iu s , 1988). 
The data used may therefore underestim ate meso- 
zooplanktonic consum ption. However, the  very high
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TA B LE  4

A  com pariso n  o f the  inpu ts to network com partm en ts  in the  C hesapeake Bay a nd  B a ltic  S ea system s (total ca rbon  th roug h
pu t, W u l f f  8  U l a n o w ic z , 1989) and th e  inpu ts  to  s im ila r com partm en ts  in the  SE Kattegat! system s (m g C m ~ 2 d _1), 

separated in to  d iffe ren t w ater depth intervals fo r th e  benthos and carn ivo rous fish.

compartment Baltic Chesapeake Kattegat

Pelagic p roducers 570 1430 513
B enth ic  p roduce rs 18 213 28
DOC 77 499 202
S uspended POC 300 1180 263
S ed im ent POC 170 3380 344
P lankton
P e lag ic  bacteria 144 499 400
M icro-zooplankton 168 490 240
M eso-zooplankton 330 253 43
Inve rteb ra te  ca rn ivo res 11 44 3
B enthos

w ate r dep th  (m)

< 1 3 13-22 > 2 2

M eio fauna 28 131 143 298 205
S uspension  feeders 69 54 640 423 336
D eposit feeders 73 581 8 53 209
Infauna l and ep ifauna l ca rn i
vores 2 20 64 26 51
Nekton
P lanktivorous fish 10 7 13
C arn ivorous fish 4 3 9 0.2

Chesapeake is m ore stressed as a system than the 
Baltic proper. The analysis o f the SE Kattegat 
presented here does not involve such com putations, 
but som e sim ple com parisons o f the m agnitude o f 
flows between s im ila r com partm ents in the various 
system s m ay suggest some conclusions as to  its 
com para tive status. T he  various com partm ents and 
flow  paths defined for the Kattegat system  were 
based on those defined by W u l f f  &  U l a n o w ic z  
(1989) in order to  facilita te  th is further comparison. 
Table 4 lists the  various total carbon throughputs to 
each com partm ent in the Baltic and Chesapeake 
system s w ith  the inputs to each com partm ent in the 
SE Kattegat. These la tte r are not s tric tly  com parable 
w ith the tota l throughputs o f the other models, since 
they are derived d irectly  from calcu la tions based on 
observational data, whereas the throughputs include 
some com puted recycling inputs to  each com 
partm ent.

Nevertheless m ajor d ifferences between the  in
puts to  com parable areas w ith in  each system are 
worth com m enting on. Thus, the Chesapeake has 
considerab ly h igher levels of both autochthonous 
and allochthonous inputs than e ither the Baltic 
proper o r the SE Kattegat. The prim ary production in 
the Chesapeake is 2 to 3 tim es that in the o ther sys
tem s, the DOC is 7 tim es h igher than in the  Baltic 
and tw ice  as high as in the Kattegat, and the POC in 
both the  w ater co lum n and the sedim ents is many 
tim es greater. Am ong the planktonic com partm ents

the levels o f bacteria and m icro-zooplankton ca lcu
lated for the Kattegat are rough ly in term ediate be
tw een those of the Chesapeake and the  Baltic, but 
the  m eso-zooplankton and invertebrate carnivore 
levels are an order o f m agnitude be low  those o f the 
o ther two systems. The predom inance o f the benthic 
suspension feeders in the Kattegat is very obvious 
when com pared w ith the other system s, and benthic 
carn ivores are a lso m ore im portant there than else
where. Deposit feeders in the K attegat on ly  ap
proach the levels in the o ther system s in the deeper 
areas. M eiofauna appears to  be som ewhat more im 
portant, but these figu res  w ere c rude  estim ates for 
the Kattegat. Both p lanktivorous and carnivorous 
fish appear to  be a little  less im portant in  the 
Chesapeake than in the o ther two system s. In gener
al, flow  levels in the Kattegat system  are in term edi
a te between the low levels recorded fo r the Baltic 
and the very high levels in the Chesapeake.

In the Baltic the fish, m ainly pe lagic species, con
sum e about 3 .5%  of the tota l ava ilab le  energy (E lm - 
GFtEN, 1 9 8 4 ). The sam e percentage is consum ed by 
fish in the Kattegat, but an additiona l 4 .3%  is con
sum ed by the invertebrate carn ivores be low  a  water 
depth of 22 m, where N ephrops norveg icus  is a 
dom inant species. C om m ercia lly im portant crusta
ceans are not available in the B altic  because o f the 
hyposaline conditions.

Therefore, the most strik ing  d iffe rences between 
the  SE Kattegat and the o ther two system s is the
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