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ABSTRACT

Temporal and spatial variations in PolyChlorin-
ated Biphenyl (PCB) and Polycyclic Aromatic
Hydrocarbon (PAH) contents were studied in the
Scheldt estuary during a one-year period (August
1987 - June 1988). Concentration levels in the
Scheldt river (up to 206 ng-g~* for individual PCB
congeners and 14.6 pg9-g—' for individual PAH
compouncis) were higher than in any other riverin
the North Sea area. The annual input into the es-
tuary was approximately 160 kg for total PCBs (10
congeners) and 12 000 kg for total PAHs (13 com-
pounds). A smali fraction of the riverine PCB and
PAH load (10%) was transported to the North Sea,
whereas most organic pollutants were stored in
estuarine sediments. Particulate PCBs and most
particulate PAHs behaved conservatively in the
Scheldt estuary. PCB and PAH contents de-
creased when salinities increased, as a result of

the mixing ot riverine with marine particulates..

Moreover, the PCB patterns gradually shifted in
that the fraction of less chiorinated biphenyls in-
creased compared to more chlorinated con-
geners, Possible mechanisms are discussed. It is
suggested that emissions of PCB mixtures en-
riched in less chlorinated congeners took place in
the proximity of the mouth of the estuary. Low
molecuiar weight PAHs (phenanthrene, anthra-
cene and fluoranthene) were removed in the lower
salinity range. This observation may be explained
by microbial degradation at low salinities under
(near) anoxic conditions, favoured by the long
residence time of the particulates in the high-
turbidity zone.

1. INTRODUCTION

The occurrence of PolyChlorinated Biphenyls (PCBs)
and Polycyclic Aromatic Hydrocarbons (PAHSs) has
been proved within all abiotic compartments and
most biota in the aquatic environment (e.g. BORNEFF
& KUNTE, 1983; DUINKER ef al, 1984; PHILLIPS &
Spies, 1988; OLIVER & NiiMi, 1988). Impact on marine

organisms has been shown for both groups
(REINDERS, 1980; MALINS of al., 1988). PCBs and
PAHs are very persistent and are bicaccumulated to
a great extent {(BRUGGEMAN, 1983). Their hydropho-
bic nature leads to strong sorption onto particulates.
Sorption mainly takes piace onto the Particulate Or-
ganic Matter (POM) phase (KARICKHOFF et al., 1979).

Organic poflutants may be supplied to the sea
through: rivers, atmospheric deposition, spills and
the dumping of dredging material. Estuaries in partic-
ular may accumulate iarge amounts of poliuted river-
ine particulate matter. In such cases, organic
pollutants wilt contribute 1o the environmental stress
on the estuarine ecosystem, both now and in the
future. )

Among others, READMAN et al. (1982), HERRMANN
& THOMAS (1984) and DuINKER (1986) studied the es-
tuarine behaviour of PCBs and PAHs. Generally,
pathways and fate of PCBs and PAHs were fargely
determined by the particulate matter dynamics in the
estuary, whereas no major differentiation was detect-
ed between PCB congeners and between PAH com-
pounds. An exception was the behaviour of low
molecular weight (M.W.} PAHs in the Tamar estuary
(READMAN et al., 1982), which were more susceptible
to microbial degradation and volatifization than high
MMW. PAHSs.

DUINKER (1986) found that small/low density partic-
ulates, having higher sorption capacity than the
‘bulk’ particulates in the estuary, escaped from the
estuarine circulation and predominated in the coastal
area (particuiate matter concentrations < 1
mg-dm~3).

The Scheldt estuary (Fig. 1) is heavily contaminat-
ed with heavy metals and organic micropoilutants
(RIZA, 1982). The large organic matter load causes
oxygen depletion in the Scheldt river and in the up-
per estuary (from Rupeimonde to buoy 87, Fig. 1).

In this study, we determined PCBs and PAHs inthe
particulate matter of the Scheldt estuary. The main
aims were: firstly, to assess PCB and PAH contents
in the Scheldt estuary during different seasons; se-
condly, to study pathways and fate of PCBs and
PAHs in the estuary, and thirdly, to estimate the PCB
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and PAH load from the Scheldt river to the estuary
and from the estuary to the North Sea. Only the par-
ticulate fractions were studied, since they represent
the major parts of the total PCB and PAH concen-
trations.
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ing the sampling, and W.H. Pot and W. Wilts for
analyzing the samples. We also thank RWPM.
Laane, J.P. Boon and C.H. van der Weijden for their
valuable comments on the manuscript.

2. THE SCHELDT ESTUARY

The Scheldt estuary (Fig. 1) drains a densely populat-
ed and industrialized area of approximately 22:103
km?2 in northern France, western Belgium and south-
western Netherlands. The average freshwater input
at Rupelmonde is 110 m3s—* (range: 20 to 600
m3-s-1). The water residence time is 30 to 90 days
and the estuarine water is mostly well-mixed. On
average, the influence of the seawater reaches to be-
tween Antwerp and Rupeimonde.

The position of the high turbidity zone (HTZ) is
strongly dependent on the freshwater discharge
(WoLLAST & DUINKER, 1982). Riverine particulates
are mixed with marine particulates within the estu-
ary: the percentage of riverine particulate matter
decreases from 100 to 10%, when salinity increases
from 05 to 25 (SALOMONS & EYSINK, 1881). The upper
estuary is often anoxic (WOLLAST & DUINKER, 1982).
Especially in summer, (near-Janoxic conditions may
prevail as far the Belgian-Dutch border, 55 km up-
stream from Vlissingen (RIZA, 1982).

Fig. 1. The Scheldt estuary.

3. SAMPLING AND ANALYSIS

The Scheldt estuary was sampled (irrespective of the
tidal phase) 5 times in about one year (25-26 August
and - 15-16 December in 1987, and 17-18 February,
13-14 April, 15-16 June in 1988). Water depth, salinity,
turbidity, temperature, pH and dissolved oxygen con-
centration were continuously recorded during the
cruises.

During each cruise, samples were taken at fixed
salinities and always at a depth of 3 m. Particulate
matter was collected, using a continuous-flow cen-
trifuge (15000 rpm; 1000 dm3-h~-Y), on teflon plates
(pre-rinsed with acetone and hexane}, scraped off
and frozen (—20°C) untii further treatment in the
taboratory. All reagents used were hanograde quality.

The particulate matter samples were freeze-dried
and subsequently homogenized and weighed. Par-
ticulate Organic Carbon (POC) was analysed
gravimetrically with a Coleman C-analyser. Sub-
samples (05 - 2 g dry weight) were extracted for 4
hours with 150 cm® hexane-acetone (3/1, viv) using a
Soxhlet apparatus. PCB 29, PCB 155 and ben-
zo(b)chrysene were added as internal standards for
recovery determinations. The extracts were concen-
trated to 5 c¢m3 using a Kuderna-Danish apparatus
and then, gently, to 1 em3 under a nitrogen flow.

The cleaning-up was performed by eluting the ex-
tracts with hexane through a combined SiO, (5%
water) and Al,Og column (with Na,SO4/NaOH bur-
den for sulphur removal, JAPENGA et al., 1987). After
a subsequent concentration step, PCBs and PAHs
were separated on dry Al,O5 (1 @) in a microcolumn.
PCBs were eluted with 6 cm® 3% diethylether in
pentane and concentrated to 1 cm3. Before measur-
ing, 100 xg PCB 143 were added as an internal stan-
dard. After drying the column under a nitrogen flow,
the PAH fraction was eluted with 1 cm® methanol.

PCB analyses were performed on a Hewlett-
Packard 5880 gas chromatograph equipped with two,
temperature-programmed,  fused-silica  capiliary
columns (SE 54 and CP sil 19 CB, both of 0.32 mm
internal diameter and 50 m length) connected to the
same injection port, and two ®Ni electron capture
detectors.

PAH analyses were performed on a Hewlett-
Packard 1090 liquid chromatograph with two Hewlett-
Packard 1046a fluorescence detectors, equipped
with a reversed phase column (Vydac 201 tpb-5, 46
* 250 mm).

Quantification of individual PCB congeners was
carried out with PCB 143. The PCB congeners deter-
mined were IUPAC nos. 26, 44, 49, 52, 101, 118, 138,
153, 170 and 180 (nomenclature according to
BALLSCHMITER & ZELL, 1980). Quantification of PAHs
was performed with a mixture of external standards.
The PAH compounds determined were: phenan-

PCBs AND PAHs IN THE SCHELDT EST! UARY 91

TABLE 1

The river discharge (Q, in m®s~7) and contents (in ng-g-") of some PCB congeners, C10PCB (sum of 10 congeners),
some PAHs and ZPAH (sum of 13 compounds) at Hoboken (average salinity: 0.45) for all cruises.

cruise Q PCBS52 PCB 101 PCB 153 PCB 180 T10PCB  ANT  FLA  BAP SPAH
25-26 August 1987 114 271 49.5 803 577 396

15-16 December 1987135 728  148.7 2060 1577 1088 g 1;;2 1£ %:
17-18 February 1988 293  21.4 315 462 30.8 245 774 4127 1204 19299
1314 April 1988 150  16.8 343 518 342 217 1134 7576 1800 32110
15-16 June 1988 95 413 883  125. 87.8 542 1517 14628 4645 68683
average 157 359 705 1019 73.6 494 1423 8416 2062 38241

threne (PHE), anthracene (ANT), fluoranthene (FLA),
pyrene (PYR), benzo{a)anthracene (BAA), chrysene
(CHR), benzo(e)pyrene (BEP), benzo(b)fluoranthene
(BBF), benzo(k)fiuoranthene (BKF), benzo{a)pyrene
{(BAP), benzo(ghi)perylene (BPE), dibenzo(ah)an-
thracene (DBA) and indeno(1,2,3-cd)pyrene (INP).
The detection limits were 0.1 ng-g—1 for PCBs and
1 to 5 ng-g~' for PAHs, dependent on the com-
pound and the amount extracted.

Procedural blanks were performed at regular inter-
vals, and indicated that no significant source of con-
tamination was introduced during the analytical
procedures. Moreover, some samples were extract-
ed twice at identical conditions. No PCBs and PAHs
could be detected in the second extracts.

Some samples were split up immediately after
sampling and further treated as duplicate samples.
Precision for all compounds was always better than
18%. Recoveries were 96 and 88% for PCB 29 and
PCB 155, respectively (average of both capiliary
columns). benzo(b)chrysene proved not to be a
proper compound for recovery determinations in
Scheldt samples. In the chromatogram, another, yet
unidentified, compound was present with the same

retention time. Results, reported here, were not cor-
rected for recovery.

4. RESULTS

Particulate matter concentrations varied considera-
bly during the sampling period. Highest concentra-
tions (>100 mg-dm-3) were measured at the
salinity interval 2 to 6 (the High-Turbidity Zone}. The
location of the HTZ was strongly dependent on the
river discharge: at Walsoorden during high river flow
(February), and at Antwerp during low river flow
(June), which is in agreement with WoLLAST &
DUINKER (1982).

The particulate organic carbon content of the sus-
pended matter in the estuary ranged from 2.1 to
10.1%. Generally, organic carbon contents de-
creased when salinities increased. Anoxic conditions
preya_iled in the upper estuary during the summer
cruises. At Hoboken, highest dissolved oxygen con-

centrations (4.4 mg-dm-%) were measured in
February.

Individual PCB congener contents ranged from 0.3
to 206.0 ng-g~!. Individual PAH contents ranged
from 11 to 14628 ng-g~—'. in Table 1, contents at
Hoboken of some PCB congeners, some PAH com-
pounds, as well as total PCB and total PAH contents
are presented. PCB and PAH contents at Hoboken
{Table 1) varied considerably over time and tended
to relate inversely with the river discharge. No obvi-
ous relation was found between PCB and PAH
contents.

PCB and PAH contents at buoy-87 varied con-
siderably less. In Fig. 2 an example is given in which
the contents of PCB 52 at Hoboken are compared to
bugy 87 for ail cruises, supplemented with measure-
ments in May and June 1986, and January 1987 (un-
published results). Coefficients of variation at
Hol:oken and buoy-87 were 65 and 13%, respec-
tively.

80

PCB 52 (ng.g~")
>
Q

20

0 ' '
1986 1987 1988

Fig: 2. PCB 52 contents at Hoboken (W) and buoy-87 (+)
during the 1986-1988 period. The coefficients of variation
are 65 and 13%, respectively.
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PCB and PAH contents expressed in ng per g dry
weight, as well as normalized to }he POC content,
generally decreased with increasing sah_m.tues The
latter are presented as a function of salinity, using
BAP and PCB 138 as representative gxamples, in
Fig. 3. Steep gradients were observed in the upper
estuary, especially in December for PCBs and June
for PAHs. During ali cruises, PCB and PAH contents
tended to show maximum values in the HTZ.

Compared to Hoboken, the fraction of Iesg chlori-
nated congeners was always considerably hngher at
Viissingen, where marine particuiates predominate.
This shift of the PCB pattern appeared to be & gradu-
al change in the Scheldt estuary. As an example,
different PCB contents normalized to PCB 138, of
the two end-members (Hoboken and Vlissingen) in
February, are compared in Fig. 4. PCB 138 hag been
chosen as a reference, because this congenet is sta-
ble and can be determined well (DUINKER et al.,
1988).
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Fig. 3. Contents of (A} BAP and (B) PCB 138 (in mg-kgC-") as a function of salinity for all cruises. The salinities with the

highest observed particulate matter concentrations are indicated by horizontal bars on the x-axis.
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Fig. 4. The particulate PCB patterns at Hoboken (left-hand

column of each pair) and Vlissingen (right-hand columns}) in

February 1988. Contents are normalized to the PCB 138
concentration.

In Fig. 5, the ratio of the sum of the low M.W. PAHs
(PHE, ANT and FLA, consisting of 3 or 4 aromatic
rings) to total PAHs has been plotted as a function of
the salinity for December. The ratio decreased from
0.5 to 0.3, when the salinity increased from 0.4 to 6
and remained constant afterwards. Pyrene (which
has the same M.W. as FLA), however, showed be-
haviour similar to the high M.W. PAHSs.

The ratio of (PHE + ANT + FLA) to total PAHSs at
Hoboken (plotted against the water temperature for
all cruises in Fig. 6) \ended 10 decrease with increas-
ing water temperature.

5. DISCUSSION

Table 2 shows that the PCB contents measured in
the Scheldt river are higher than those of DuiNKER
(1986) for the same river, and aiso that they are
higher than those reported for several other rivers in
this area (Rhine, Elbe, Weser and Ems). Three ex-
planations for our higher contents in the Scheldt river
can be given: :

—1. the more efficient extraction by hexane-acetone
compared to use of hexane only (summarized by
DuINKER, 1986). Reextraction of their sampies with

£0.6
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Fig. 5. The ratio of PHE (@), PHE + ANT (+) and PHE +
ANT + FLA(¢) to total PAHSs, as a function of salinity
in the upper estuary in December.

hexane-acetone indicated, however, that the recayv-
ery had been (nearly) 100% (Boon, pers.comm.)
—2. a recent increase of the PCB pollution, and
—3. the samples by DUINKER (1986) were accidental-
ly taken during a period with relatively low PCB fev-
els {cf. our April cruise).

To our knowledge, PAH contents in the Scheldt
river have never been reported before. PAH contents
are very high in the Scheldt river compared to the
Rhine and Tamar (Table 2).

PCB and PAH contents at Hoboken (Table 1)
strongty varied during the sampling period. A weak
inverse relation may exist with the river discharge
{December being an exception for PCBs). No depen-
dence on other physical or chemical variables (e.g.
temperature, O,) could be detected. The organic
poliutant contents in the estuary are probably deter-
mined by emissions and variations in hydrological
conditions (governing the resuspension of sediments
in the Rupel and Scheldt tributaries and the subse-
quent transport to the estuary).

TABLE 2

Average contents (in ng-g~') of some PCBs and PAHs

in the rivers Rhine (Klamer, pers.comm.), Weser and Ems

(DUINKER, 1986), Elbe (STURM et al., 1986, average of 9 cruises in 1984-85), Tamar (READMAN et af., 1982) and Scheldt

(DUINKER, 1986; this

study). -: not analyzed.

PCB 52 PC8 101 PCB 153  PCB 180 ANT FLA BAP
Rhine 27.3 31.1 36.9 15.4 308 1050 521
Weser 4.8 5.9 - 97.6 - - -
Ems 4.2 1.8 - 28.0 - - -
Elbe 21 25 28 12 - - -
Tamar - - - - - 760 74
Scheidt 128 15.6 - 36.3 - - -
This study 35.9 70.5 101.9 73.6 1423 8416 2062
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Fig. 6. The ratio of (PHE + ANT + FLA) to total PAHs at

Hoboken as a function of water temperature for all cruises.
Line fitted by eye.

PCB and PAH contents varied considerably less at
buoy 87 than at Hoboken (Fig. 2). The large differ-
ence may be explained by the high residence time of
the particulate matter in the upper estuary. Riverine
particulate matter with varying pollutant contents is
thorough* —~ed in the upper estuary (the HTZ be-
inc - sent in the upper estuary), before a fur-
: fransport takes place. Besides, the

marine particulates, expected to have
suvey Lo slant contents compared to the riverine
particuiaiss, is considerably higher at buoy 87 than
at Hoboken.

PCB and PAH contents generally decreased in a
seaward direction as a result of the mixing of riverine
with marine particulates. Contents normalized to
POC tended ta show peak values in the HTZ. Due to
great variations in the river discharge during the
sampling period, the position of the HTZ also varied,
so that this phenomenon cannot be attributed to a
certain discharge or effluent. We suggest that in the
HTZ, POM was partially broken down (Van Zoest et
al., in prep.), while subsequently organic poltutants
were re-adsorbed onto the remaining organic matter.
The observed pattern was most distinct in summer.
in December, the pattern was not observed for
PCBs. This may be the result of the exceptionally
high load, eclipsing the common pattern.

Particulates near Viissingen have relatively high
contents of less chlorinated congeners compared to
the riverine source. We c¢an think of 3 mechanisms
causing an enrichment of less chlorinated congeners
in marine particulates:

-—1. atmospheric deposition with PCB mixtures en-
riched in these congeners. Less chlorinated con-
geners easily evaporate, and may thus be enriched
in the atmosphere, and consequently in the depo-

sition;

—2. degradation of more chiorinated congeners in
the lower estuary, and

—3. discharges of PCB mixtures enriched in less
chlorinated congeners in the lower estuary.

The shift in PCB pattern, however, has not been
recognized in the Rhine estuary (Klamer, pers.
comm.) and Elbe (STURM et al., 1986), suggesting
that marine particuiates are not enriched in less chio-
rinated congeners by atmospheric deposition. Be-
sides, DUINKER & BOUCHERTALL (1989) recently
found that the PCB mixture in aerosols and rain was
dominated by a high degree of chiorination. In the
literature, no evidence has been presented for the
degradation of more chlorinated congeners in aero-
bic environments. The opposite however, (i.e. the
aerobic degradation of less chlorinated congeners
and the anaerobic degradation of more chiorinated
congeners) has been reported (FURUKAWA et al,
1979; BROWN ¢t al., 1987, respectively). There is no
evidence for the third, most plausible reason, be-
cause of the lack of measurements in the harbour
area of Vlissingen.

Finally, the behaviour of PAHs in the Scheldt estu-
ary will be discussed. The low M.W. PAHs were re-
moved in the upper estuary {Fig. 5). In general, the
differentiation between low and high M.W. PAHs
may be explained by several processes: photodegra-
dation, volatilization, desorption and microbial
degradation. READMAN et a/. (1982) found that in the
Tamar estuary the low M.W. PAHs (Naphtalene,
PHE and ANT) were more susceptible to volatiliza-
tion and microbial degradation than high M.W.
PAHSs. FLA was included in the high M.W. group. in
the Scheldt estuary, however, the FLA behaviour
mostly resembles the PHE and ANT behaviour. HEIT-
KAMP & CERNIGLIA (1987) found that low M.W. PAHs
were better degraded by microorganisms than high
M.W. PAHSs.

In the Scheldt estuary, the observations cannot be
accounted for by photodegradation, volatilization
and desorption, since there is no reason why such a
process shouid only take place in the very low salini-
ty (S=0 to 5) range. We suggest that microbial
degradation of the low M.W. PAHs occurs in the up-
per estuary through bacteria thriving in anaerobic or
low-oxygen conditions. The low M.W./total PAHSs ra-
tios at Hoboken tend to decrease with increasing
temperatures (Fig. 6), confirming the suggestion of
microbial degradation of low M.W. PAHs.

In general, however, microbial degradation of
PAHSs is favoured by aerobic conditions (DELAUNE et
al.,1981; MILLE et a/., 1988), but may take place very
slowly in anoxic conditions (HAMBRICK et al., 1980).
The long residence time of particulates in the upper
estuary may cause low M.W. PAH degradation to be
a significant removal mechanism.
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6. BUDGET CALCULATIONS

For budget calculations, it is assumed that the partic-
ulate poliutant fractions represent the major part of
the load: in general, both partition coefficients (e.g.
DUINKER, 1986) and particulate matter concentra-
tions are high. Qur calculations are limited to the
area between Hoboken and Vlissingen (Fig. 1).

8.1, INPUT

Table 1, in which the contents of £10PCB and TPAH
for all cruises are given shows large variations. The
annual input of PCBs and PAHs into the estuary at
Hoboken can be calculated by multiplying the aver-
age contents and the amount of particulate matter
transported by the Scheldt river into the estuary
(0.3210° kg-y—1; VAN ECK & DE ROOY, 1990). Thus,
the river input (periocd August 1987-July 1988) is ap--
proximately Z10PCB = 160 kg-y~' and TPAH =
12 000 kg-y-1.

The PCB pattern in the particulate matter at
Hoboken resembles Clophen A50 (DUINKER &
HILLEBRAND, 1983). The 10 PCB congeners consi-
dered here account for approximately 40% of this
technical mixture. Thus, the total input of particulate
PCBs into the estuary at Hoboken may be estimated
at 400 kg-y—1. '

The contribution of the dissoived PCB load is prob-
ably small: the partition coefficient of Aroclor 1254
(which shows only minor differences with Clophen
A50, DUINKER & HILLEBRAND, 1983) is 100.000
dm®-kg =1 (THOMANN & DITORO, 1983). The average
dissolved PCB concentration is then 12 ng-dm-3,
corresponding to a dissolved input at Hoboken of 42
kg-y~, which is a minor contribution (~10%) to the
total PCB input at Hoboken.

6.2. OUTPUT

The same calculation method can be used for the
amounts transported to the North sea, since the
majority of the particulate poliutants benaved con-
servatively (ie. PCBs and high M.W. PAHs).
STEYAERT & VAN MALDEGEM (1987) estimated that
the amount of particulate matter entering the North
Sea from the Scheldt estuary is 10% of the amount
transported by the river, thus carrying the same pol-
lutant fraction to the North Sea (16 and 1200 kg-y~
for Z10PCB and ZPAH, respectively). For PCBs, the
estimated load is too low, since a discharge of PCBs
probably takes place in the proximity of the mouth of
the estuary.

This is a minor contribution for PCBs (compared to
e.g. the Rhine: 7600 kg-y~, DUINKER et al., 1984) to
the budget of the North Sea, in spite of the high con-
centration levels. Although the PCB flux is small, the
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PCB concentrations in the estuary cause very high
contents in e.g. mussels (Mytilus edulis). at Terneu-
zen, the average concentration of 7PCBs (con-
geners: 28, 52, 101, 118, 138, 153 and 180) was 84
#g-kg~1 (wet weight) in 1987, which was 4 times
higher than the contents in the Ems-Dollard estuary
(STUTTERHEIM & ZEVENBOOM, 1988).
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ABSTRACT

The horizontal and vertical distributions of bac-
teria and bacterial productivity were compared
with nanoflageilate densities in the southern part
of the central North Sea. Mixed, frontal and strati-
fied waters were sampled in transects during
summer 1988. :

High bacterial abundance, 2.7 to 4.5*108
cells-cm -3, distinguished coastal from ofishore
waters. Bacterial production and nanoflagelate
densities were also high in the coastal zone but
reached comparable or even higher vailues further
offshore in frontal systems. We crossed two con-
spicuous fronts: the Frisian Frontal zone and a
frontal zone along the northern slope of the Dog-
ger Bank. These fronts were characterized by en-
hanced bacterial production and/or enhanced
bacterial specific growth rates. In fronts as well as
mixed waters, nanoflagellate densities covaried
with bacterial specific growth rates and reached
highest numbers in fronts, e.g. heterotrophic
nanofiagellate densities peaked in the Frisian
Front with 6000 to more than 10 000 ceiis-cm -3,
These high densities were accompanied by low
bacterial abundances (0.45*10° cells-cm-3) sug-
gesting a regulation of bacterial numbers by het-
erotrophic hanoflagellates. A comparabie pattern
was found in the Dogger Bank front. Biomass of
autotrophic nanoflagellates was significantly cor-
related with biomass of heterotrophic nanoflagel-
lates. A maximum of nanofiagellates was present
in the thermocline in stratified waters,

The carbon distribution between bacteria and
nanoflageliates over the water column was always
dominated by flagellates, except in the coastal
zone. Offshore, in mixed waters, bacterial bio-
mass made up 30 to 51% of the bacterial plus
auto/heterotrophic nanoflagellate biomass. In
fronts and stratified waters the biomass of hetero-
trophic nanoflagellates alone exceeded bacterial
biomass.

Bacterial production amounted to a fraction of
3 to 31% of the primary production.

1. INTRODUCTION

Since STEELE (1974) proposed a structure and carbon
budget of the food web in the North Sea, our insight
into the functioning of such ecosystems has under-
gone drastic changes. Fundamental is the impor-
tance now ascribed to the microbial food web in the
trophic structure.. Heterotrophic bacteria appear to
utilize significant fractions of the primary production
in planktonic marine ecosystems (vaN Es & MEvYER-
REIL, 1982). Estimates of the fraction of primary pro-
duction passing through bacterioplankton are in the
10 to 50% range (FUHRMAN & Azam, 1982; Azam ef
al., 1983). This means that at 50% growth efficiency,
5 10 25% of the primary production is converted into
bacterial biornass.

Bacteria concentrate energy by converting DOM
(dissolved organic matter) not available to other
secondary producers into biomass. Subsequently
this energy can be transferred to higher trophic levels
such as heterotrophic nanoflageilates and ciliates. To
what extent the biomass of secondary producers in
the microbial loop is transferred to higher trophic lev-
els and links up to the conventional food web is un-
known. The process may depend strongly on size
class distribution in the food web and on the number
of trophic transfers involved (e.g. POMEROY & WiesE,
1988).

So far only modest efforts have been undertaken to
study the small-food web in the North Sea. GeiDEr
{1988) and NIELSEN & RICHARDSON (1989) studied the
structure of auto- and heterotrophic nanoplankton in
parts of the North Sea. The role of bacteria in the
North Sea was recently reviewed by BILLEN et al.
(1990). They emphasize the lack of data on the
micrabial food web in the Central North Sea.

Our investigation aimed to fill in some of these
gaps and to supply data on the functioning of the
microbial loop in mixed, frontal and stratified water
masses,

Acknowledgements.—We are grateful to the techni-
cai crew on board the RV. ‘Holland’ and RV, “Tyro’ for

*Publication no. 9 of the project ‘Applied Scientific Research’ (BEWON)



