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ABSTRACT In t h ~ sstudy we estimated the amount a n d fate of phytoplankton primary p r o d u c t ~ o nin
the coastal zone of the Gulf of Gdansk, Poland, an area exposed to nutnent enrichment from the Vistuld R ~ v e rand nearby inunlcipal agglomeration The ~ n v e s t i g a t ~ o nwere
s
c a r n e d out at 2 sites d u r ~ n g
5 months in 1993 (February, April, May, August and October). A prolonged bloom pei-iod occurred in
the coastal zone, as compared to the open Gulf and the open sea waters. From Aprll until October most
values of gross primary production in the near-surface layer w e r e in the range 100 to 500 m g C m-'' d 1
Phytoplankton net exudate release constituted on a v e r a g e 5 % of the gross prlmai-y production, total
exudate release was estimated to be about 2 times h~gher.Bacterial production in the growth season
was relatively low (the mean value l y ~ n gbetween 5 and 9 %of gloss primary production), nevertheless,
the microbial community (bactena and protozoans) u t ~ l ~ z eadlarge proportion of primary production
(from about 50% in April and May to 16'%,in October). Usually direct protozoan grazing on phytoplankton exceeded bacterial uptake of the phytoplankton exudates. In winter, summer a n d autumn
communlty respiration exceeded depth-averaged primary production, ~ n d ~ c a t i nthat
g external energy
sources ( s e d ~ m e nresuspension,
t
allochthonous organic matter) play a substantial role in communlty
metabol~sm.
KEY WORDS Primary product~on Bacterial production Respiration
Nutnents Eutrophication Pelagic community Baltic Coastal zone

INTRODUCTION

Although the impact of nutrient enrichment on the
functioning of the coastal pelagic ecosystems has been
studied by numerous scientists ( e . g . Rosenberg et al.
1986, Cederwall & Elmgren 1990, Weisse 1991), it is
not easy to draw general conclusions. Weisse (1991)
concluded that though the abundance of bacteria,
autotrophic picoplankton, small algae, heterotrophlc
nanoflagellates, ciliates, and metazoan microplankton
increases with an increase in both nutrient loads and
primary production, the relative significance of these
different microorganisms for the carbon flux decreases
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along eutrophication gradients; at the same time the
roles played by the classic food chain (phytoplanktonzooplankton-fish) and the sedimentation increase.
Schiewer & Jost (1991) indicated, however, that microorganisms, particularly bacteria, play a greater role in
highly enriched lagoons along the German coast of the
Baltic.
These problems have been poorly studied in the Gulf
of Gdansk, Poland. T h e Gulf is strongly influenced by
the Vistula River, the second largest river discharging
into the Baltlc Sea. T h e Vistula River discharges a s
much a s 30 km3 of water annually, carrying with it 85 X
10" of total nitrogen and 5 X 103 t of total phosphorus
(Dojlido et al. 1994). T h e impact of the discharges is
exacerbated by the pollution load from the metropolitan complex of Gdansk, Gdynia a n d Sopot, which has
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800 X 10' inhabitants. There are some data that indicate a relatively high ratio of protozooplankton to
metazooplankton biomass in the Gulf of Gdansk as
compared with that in the open sea (Witek et al. 1993,
Bralewska & Witek 1995), indicating that unicellular
organisms play a greater role under eutrophic conditions. There are, however, numerous essential aspects
of the ecosystem, particularly the role of individual
groups of planktonic microorganisms in the energy
flow, that have not yet been studied in this region.
The aim of the present study, then, was to conduct a
preliminary investigation of the function of the microbial loop in the ennched coastal I-egion of the Gulf of
Gdansk. The main objectives were to estimate the contribution of exudate release to the total primary production of phytoplankton, to estimate bacterial production, a n d to seasonally gauge the degree of utilization
of the primary production and the bacterial production
by the pelagic community.
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MATERIAL AND METHODS

The investigations were carried out at 2 sampling
sites, one 500 m offshore of Gdynia, where samples
were collected from a motorboat, and the other one
located near Sopot, 800 m offshore, where samples
were gathered from the end of a pier (Fig. 1). The
water depth at both sites was 7 m. The samples were
Table 1. Dates and s a m p l ~ n gsites. 1: bacterioplankton grazing experiments; 2: heterotrophic nanoflagellate growth rate
experiments -: no experiments
Date (1993)

Site

Experiment

(F)
(F)
(F)
(F)

Gdynia
Sopot
Gdynia
Sopot

1; 2
-

6 A P (AI
~
8 A P (A)
~
13 Apr (A)
15 Apr (A)

Gdynia
Sopot
Gdynia
Sopot

11 May
13 May
17 May
19 May

(M)
(XI)
(kl)

(M)

Gdynia
Sopot
Gdynia
Sopot

17 Aug
19 Aug
23 Aug
25 Aug

(Au)
(Au)
(Au)
(Au)

Gdynia
Sopot
Gdynia
Sopot

16 Feb
18 Feb
22 F e b
24 Feb

12 Oct
14 Oct
18 Oct
20 Oct

(0)
(0)
(0)

(0)

Gdynia
Sopot
Gdynia
Sopot

54

-

18

19

20

Longitude E

Fig. 1 Location of sampling stations in the Gulf of Gdansk
(southern Baltlc)

collected in 1993 during 5 sampling periods: in February, April, May, August, and October. During each
period samples were gathered twice at each site, but
some tlme-consuming experiments were done once at
each site in each period (Table 1). Each time about
100 1 of water was collected with a 5 1 Niskin bottle
from the near-surface layer (1 m depth). The water was
poured into 1 plastic container, then homogenized and
dispensed for individual measurements. Temperature,
salinity, nutrients and chlorophyll a (chl a) determinations were also made at 3 and 6 m depths.
In situ water temperature was measured with a mercury thermometer. Salinity measurements were made
with a Plessey Environmental Systems (model 6230 N)
salinorneter. Chemical analyses were performed
directly after sampling using the standard BMP (Baltic
Monitoring Program) analytical methods recommended for the Baltic Sea (Grasshoff 1976, UNESCO
1983, Grasshoff et al. 1983). Absorbance measurements were made with a Beckman (model 26) spectrophotometer.
Total biologically degradable organic matter (TOM)
was determined with the method of biochemical oxygen demand [BOD2,(TOM)],with a 21 d incubation
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tlme being sufficient for an almost complete exhaustion of available organlc matter. Nine bottles (volume
ca 100 ml) per sample were incubated, some used as
control measurements during incubation (after 3 to 5 d
and after 14 d ) to ensure that the oxygen content did
not drop to below 2 c m W 2 dm-" which could cause an
inhibition of the organic matter degradation. The
amount of biologically degradable dissolved organic
matter [BOD,, ( D O M ) ]was determined by the Incubation of water samples that had been preflltered
through a 0.15 pm membrane filter and inoculated
with 0 1 cm3 of unfiltered water. The amount of biologically degradable particulate organic matter [BOD,,
(POM)] was calculated by subtracting the BOD,,
(DOM) from the BODZI(TOM).The Incubations were
performed in parallel at the In situ temperature and at
20°C. The dissolved oxygen content was determined
with the Winkler method (triplicate measurements).
Phytoplankton samples were prc~servedwith Lugol's
solution and the analyses were performed using Utermohl's method (1958), with a n inverted microscope.
Cell volumes were determined based on shape while
the conversions into carbon blomass were made
according to Baltic Marine Biologists (BMB) recommendations (Edler 1979).
For the determination of chl a concentrations, water
samples were filtered onto GF/F filters; fractions
>20 pm and <20 pm were separated by filtering
through 20 pm nylon screen. Chl a was extracted with
90% acetone and measured spectrophotometr~cally.
For calculations the .Jeffrey & Humphrey (1975) formula was used.
Primary production measurements were made with
the radlo~sotope m c t t ~ o d in light and dark bottles
(Steemann-Nielsen 1952), using NaH1'C03; the sample activity was in the range 140 to 280 kBq whlle the
pH was in the range 9 to 10. Incubations were performed in sjtu (in 100 cm3 glass bottles at a depth of
1 m over 3 h at midday) and in an incubator (in the
same type of bottles but over a period of 2 h ) . The
incubator ensured the same ambient temperature a s
present in the sea a n d llght at the level of 400 pm01
m-2 s - In
~ the range 400 to 700 nm (Photosynthetically
Active Radiation, PAR), roughly corresponding to
90 W m-,. Two 8 cm3 subsamples were taken from
each bottle directly after incubation for determination
of total primary production. The remaining part of the
sample was divided into 2 equal portions. One of
them was subjected to a cascade filtration underpressure (<0.02 MPa) through a nylon screen and glass
fiber filters (GF/F) that separated the sample Into > 20
pm and 20-0.7 pm size fractions. The second portlon,
for determination of phytoplankton net exudation,
was filtered through the GF/F filter only and 2 subsamples, 8 c m h a c h , were taken from the filtrate. For
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liquid samples, Inorganic carbon was eliminated by
adding 0 5 c m h f 0.1 N HC1 and leaving samples for
24 h, while the samples on filters were placed in the
fumes of concentrated HC1 for 3 to 5 min. The sample
activity was measured with a Beckman LS 6000 IC
sc~ntillationcounter, using 8 cm3 and 10 cm' portions
of a hydrophilic 'Ready Value' scintillation cocktail for
the dry filters and the liquid samples, respectively;
separate blanks were used A relatively short incubation time gives primary production values close to
'gross' values (Platt et al. 1984). Following the BhIB
recommendations (krtebjei-g Nielsen & Bresta 1984),
a correction factor of 1.06 was introduced to multiply
the production value in order to compensate for losses
of organlc I4C d u e to phytoplankton respiration during ~ncubation.The amount of inorganic carbon was
measured with the Anderson & Robinson method
(1946). Global solar radiatlon was measured with a
Kipp and Zonen pyranometer. Dally production was
calculated by multiplying the value of production
obtained during the entire in situ incubation time by
the ratio of a full day's dose of light to the dose of light
during the incubation period. Water transparency was
measured with a Secchi disk. Approximate light conditlons in the water column were derived froin both
the solar radiation measured during incubation and
the extinction coefficient k, the latter calculated using
a n empirical formula for the Gulf of Gdansk (Renk
1990) k = 2.4/SD (where SD is Secchi depth). An
assumption was made that PAR constituted 5 0 % of
the global solar radiatlon. T h e assimilation number
was calculated from the primary production measured
in the incubator.
Total bacterial number and biomass were determined with the epifluorescence method (Hobbie et al.
1977) using a J e n a Lumar microscope. Bacteria (preserved with 1 O/u formaldehyde solution) were collected
on irgalan-black-dyed, 0.2 pm Nuclepore fllters and
stained with acridine orange. The volume of the bacterial cells was measured with a Porton G 12 graticule
mounted In the microscope eyepiece (HELCOM 1988).
T h e rate of thymidine incorporation (TTI) was measured using the method described by Fuhrman &
Azam (1980), by adding a 9.1 nM labelled 9thymidine solution of stock activity of 2.2 TBq mmol-'. T h e
incubation was performed over 1 h (in February over
2 h ) at the in sjtu temperature. Activity measurements
were made with the Beckman LS 6000 IC scintillation
counter. Conversion factors of 1 . 1 X 106 cells pmol-'
thymidine (Rieman et al. 1987) and 0.35 p g C p m 3 of
bacterial cell volume (Bjornsen 1986) were applled for
calculat~onof bacterial production
Measurements of bacterioplankton grazing were
carried out with a filtrat~on-incubation method that
consisted of the comparison of changes, after 24 h incu-
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bations, in bacterial numbers in the following fractions:
<0.8 pm (only bacteria present), < 8 pm (heterotrophic
nanoflagellates feeding on bacteria present), and
<20 pm (heterotrophic nanoflagellates and small ci1.iates present). Depending on fraction, prefiltrations
were made through 0.8 pm or 8 pm Nuclepore filters
(filter diameter 47 mm, vacuum <0.02 MPa), or
through a 20 pm nylon screen (by gravity). After prefiltration through a 0.8 pm filter the bacterial number
was between 75% (February, April) and 100%
(August) of the total number in unfiltered samples; in
other fractions the differences were insignificant ( p r
0.05). Incubations were made in 70 cm3 ( ~ 0 . pm
8 and
< 8 pm fractions) and 280 cm3 (<20 pm fraction) polycarbonate flasks placed on a rotating wheel (3 rpm) in
darkness at in situ temperature. Initial, as well as postincubation, bacterial numbers were measured in 3 parallel flasks, with 3 preparations analysed from each
flask. The production of bacteria (PB) in the c 0 . 8 pm
fraction was calculated according to the formulas,
PB = ko8Bo
and k O 8= (InNI - ln N,)lt
where k, denotes the rate of change in bacterial nurnber in the fraction <0.8 pm; No and NI are the bacterial
numbers in this fraction at the beginning and at the
end of incubation; t is incubation time; and B. is the
bacterial biomass in the unfiltered sample. The grazing
(elimination) of bacteria (EB) in fraction f was calculated according to the formula:

where k , is the rate of bacterial number change in a
given fraction.
Protozooplankton were analysed by various methods
depending on the group. Small heterotrophic nanoflagellates (1.5 to 8 pm) were preserved with glutaraldehyde (0.5% final concentration), stained with primuline and analysed with an epifluorescence microscope
on 0.8 pm black Nuclepore filters (method of Caron
1983). Ciliates, heterotrophic dinoflagellates, and
other heterotrophic nanoflagellates larger than 8 pm
(e.g. Diaphanoeca sp., Leucocryptos spp.) were analysed similarly to phytoplankton. These analyses were
preceded by the inspection of parallel samples preserved with glutaraldehyde and viewed under an epifluorescence microscope in order to identify the auto(mixo-)trophic and heterotrophic forms. Cell volumes
were determined based on shape. Recalculations into
carbon were made by applying the factor 0.22 p g C
pm-3 of cell volume for heterotrophic nanoflagellates
(Bjerrsheim & Bratbak 1987), 0.19 p g C pm-3 for ciliates
(Putt & Stoecker 1989), and 0.13 and 0.1 l pg C pm-3 for
thecate and naked dinoflagellates, respectively (Edler
1979).

The growth rate of heterotrophic nanoflagellates
was determined simultaneously with measurements of
bacteria grazing, by specifying the nanoflagellate
number in the < 8 pm fraction before and after 24 h
incubation (3 replicates). Nanoflagellate production
was calculated in the same way as bacterial production
in the ~ 0 . pm
8 fraction.
Metazooplankton were collected from 10 1 water
samples filtered through a 40 pm mesh screen, then
preserved with 2 % formalin solution and analysed
with a stereoscopic microscope. Volume of the organisms was determined based on shape. The factors
applied when recalculating the biomass into carbon
were 0.064 g C cm-3 for crustaceans (Vinogradov &
Shushkina 1987) and 0.05 g C cm-:' for rotifers and the
remaining forms (Parsons et al. 1977).
Total community respiration (TCR) was determined
by measuring oxygen consumption during 24 h incubations of unfiltered seawater in 2 1 bottles placed in
darkness at in situ temperature. The t h e of incubation
was chosen based on the methodological experiment
in which a constant oxygen drop during 6, 18, and 24 h
incubation was found; that rate significantly dropped
d u r ~ n gthe next 24 h incubation. Prior to each experiment, 6 bottles were filled with water, 3 of them
for measurements at the beginning and 3 for measurements at the end of incubation. For oxygen measurements (Winkler method), three 100 cm3 subsamples
were taken from each bottle, using a tube.
Zooplankton respiration was calculated accord~ngto
the formulas:
log R = 0.75logV - 4.09
for protozooplankton (Fenchel & Finlay 1983),where R
is oxygen uptake (p10, i d - ' h-'); V is body volume
(pm3),with Q l o = 2.5 adopted from Caron e t al. (1990)
for temperature correction; and

for metazooplankton (Ikeda 1985), where C W is carbon weight (mg ind.-'); and Tis temperature ("C).

RESULTS

Environmental conditions
The salinity in the coastal zone of the Gulf of Gdansk
ranged from 7.3 to 7.5 PSU during most of the year,
typical for the near-surface layer of the southern Baltic.
A drop in salinity to between 6 and 7 PSU was
observed during spring as a result of the freshet outflow of the Vistula River (Fig. 2A).
Although high winter stocks of nutrients were
quickly depleted by the phytoplankton spring bloom
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Fig. 2. Environmental parameters in the near-surface layer of the coastal zone of the Gulf of Gdansk in the seasons studied.
Letters on the X-axes are symbols for individual sampling dates as given in Table 1. (A) Temperature and salinity of water; (B) concentrations of phosphorus compounds: (C) concentrations of nitrogen compounds; ( U ) silicate concentrations; (E) a n d (F) biochemical oxygen demand,BOD

(note the low values at the beginning of April; Figs. 2B,
C, D), concentrations increased again in April, due to
the discharge of nutrient-rich water by the Vistula
River during freshet. In particular, nitrate and silicate
demonstrated a n increase in concentrations, but by the
middle of May these reserves, too, had been almost
entirely taken up. The summer/autumn regeneration
of nutrients resulted in a distinct increase in phosphate
and silicate. An increase in inorganic nitrogen was
weaker during this time of the year; the inorganic species were dominated by ammonia.
The greatest water transparency, exceeding 6 m
Secchi depth, was observed in February and October,

while the lowest occurred in February (1 m) and in
April (2 m). The very low value observed in February
resulted from very rough seas on that day.
The values of BOD2, (POM) were highest during the
spring months and were correlated with phytoplankton biomass. The highest values of BOD2, (DOM) were
observed in May. In May, August and October, the particulate and the dissolved fractions of biologically
degradable organic matter occurred in similar proportions, while in February the dissolved fraction, and in
April the particulate fraction, predominated (Fig. 2E).
The low temperatures in February and April likely limited organic matter degradation (Fig. 2F).
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Salinity, temperature, chl a and nutrient concentrations at depths of 1, 3 and 6 m indicated that the whole
water column was well mixed in all seasons except for
the second half of the period of measurement in April,
the first half in May, and in a few cases in August and
October Intensive inflow from the Vistula River and
warming of the surface layer, resulting from increased
solar radiation, favoured water stratification in the
April-May period.

Phytoplankton and primary production

High chl a concentrations, observed during the first
sample collection in April, indicated that phytoplankton blooming must have started sometime between
samplings in February and April. Phytoplankton biomass was highest in April, but high values were also
observed in May (Fig. 3A, B). In these months phyto-

plankton composition was dominated by dinoflagellates (mainly Peridiniella catenata and naked dinoflagellates), diatoms (Skeletonema costaturn, Chaetoceros spp. and small Centrales), and the autotrophic
ciliate Mesodinium rubrum. In August and October
moderate biomass of diverse phytoplankton was
recorded. In adition to dinoflagellates, diatoms, and M.
rubrum, nanoflagellates and cyanobacteria contributed significantly to phytoplankton biomass.
The nanoplankton fraction (c20 pm) prevailed over
the entire study period (Fig. 3B). The chl a concentration in the micro- ( > 2 0 pm) fractlon reached about 50%
of the total value only In April and once in May; in the
remaining months the micro-fraction accounted for
about 20 to 30%, or was practically not present at all
(August). Picoplanktonic algae ( < 2 pm) played a secondary role; their biomass (microscopic observations),
even at the seasonal peak in August, reached 10 to
15 p g C dm-3 (mainly cyanobacteria), or 5 to 20% of the
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Fig. 3. Phytoplankton, chl a, and primary production in
the near-surface layer (A) Composition and biomass of
phytoplankton; (B) chl a concentrat~on;(C) daily primary
production, PP; (D) comparison between the in s ~ l uand
the potential PP (in incubator); (E) assimilation number
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total phytoplankton biomass. In the remaining months
picoplankton biomass did not exceed 1 % of phytoplankton biomass
In the p e ~ l o d swhen the water-column was stratifled,
maximum chl a concentrations were usually noted at
3 m depth
Gross total plimaly product~on showed the lowest
In s ~ t uvalues in February, not exceeding 15 p g C dni
d ', while the highest values, above 400 p g C dm d ',
weie recolded in Aplil and May (Fig 3C) W ~ t ha few
exceptions, the primaiy pioduction measured In sltu
and the potential primary production measul ed in the
incubator were compaiable (Fig 3D) PAR at 1 m depth
was usually in the range 50 to 200 W m and for these
light condlt~ons the mean difference b e t ~ v e e n the
potential and the In s ~ t uprimary production was 5 +
22 'X), the value of 90 W m-' In the ~ncubatorremalned
wlthin the above given range There we1 e 2 cases (the
last measurement in February and the second one in
April) when PAR at 1 m depth was lower than 10 W
m 2 , and the production values l n sltu were coirespondingly 3 5 and 9 t l n ~ e slower than those in the
incubator An approximate depth-integrated (0 to 7 m)
primary production was estimated on the b a s s of the
assimilation number and the vertical chlorophyll d ~ s t r i bution, w ~ t hthe assumption that at radiation exceeding 50 W m the assim~lationnumber did not depend
on llght, while at rad~ationsbelow 50 W m it linearly
decreased with light The obtdined values wele between 10 and 50 m g C ni d in Febluary, between

'

'

' '

Table 2 Total

primary

175

440 and 980 m g C m-2 d-' in April, between 820 and
3820 mg C m-' d-' In May, between 580 and 1860 m g C
m-2 d-l i
n August and between 200 and 840 m g C m-"
d-' in October. The depth-averaged primary production constituted from 25 (in April) to over 100%, (in a
few cases, chlorophyll concentrations were considerably higher at 3 ni depth than at 1 m) of primary production at 1 m depth; m e a n value was 6 3 % .
The intensity of primary production, expressed by
assimilation number, was highest in August, when 7 to
10 p g C h ' were assimilated per 1 pg of chl a Similarly,
high ass~mllatlonnumbers were observed in October,
but only on 2 dates. In the remaining seasons values
ranged fro111 1 to 4 p g C (pgchl a ) ~ .h-'.
' The intensity of
primary production in February was much the same a s
that observed in April (Fig. 3 E ) .
Phytoplankton net exudate release varied from 0 to
about 7 p g C drn-%-', with the highest values observed in April and May and the lo~,vestin August
(Table 2); there were no rneasui-en~entsin February.
Average net exudate release constituted about 5 % of
total primary production.

Bacterioplankton and bacterial production

The total bacterial number varied, over the entire
period of the study, from 1.2 to 3 . 8 X l o b cells cm-.' and
showed low interseasonal v a r ~ a t ~ oBacterial
n.
biomass
was also weakly d~fferentiatedover the year, slightly

productlon, phytoplankton net exudate release and bacter~oplanktonproductlon (TT1 method) (all In p g C
dnl -' h ' ) . In parentheses- percentage of total primary production

Date

Total primary production
In s ~ t u
Incubator

16 Feb
18 Feb
22 Feb
24 Feb
6 Apr
8 Apr
13 Apr
15 Apr
11 May
13 hlay
17 May
19 May
17 Aug
19 Aug
23 Aug
25 Aug
12 Oct
14 Oct
18 Oct
20 Oct

0.50
2 45
1.15
1 57
54 08
20 41
8 85
49.55
59.53
52.67
42.78
38.15
33.15
13.87
34.33
23.01
24.98
13 87
19.10
13.36

116
2 52
1 56
2 96
57 28
182 34
8.35
58.01
60.08
48.55
49.68
37.90
25 35
13.54
36.90
26.62
49.37
17.98
20.90
15.68

Phytoplankton net exudate release
In s ~ t u
Incubator

Bacterial
product~on

NO measurements
No measurements

0.09
0.06
0.22
0 11
0 21
0 23
0 65
0 32
3 27
1 30
0 05
0 40
0 30
0 28
0 35
0 39
0 12
0 14
0 13
0 22

1 86
0
0 04
4 60
6.60
1.41
6.86
1.93
1.20
1.11
0 78
0
1 72
0 31
0 49

No measurements
No measurrments
( 3 4)
1.57
(0)
0 80
(0S )
037
(9.3)
7 16
(11.1)
7 23
(2.7)
210
(16 0)
3 50
(5 1)
1 70
(3.6)
1.57
(8.0)
0.69
(2.3)
0 88
(0)
0
(6.9)
3.55
(2.2)
1.48
(2.6)
0
No measurements

(2 7 )
(0.4)
(44)
(12.3)
(12.0)
(4.3)
(7.01
(4 5)
(6.2)
(5.1)
(2 4)
(0)
(7.2)
(8.2)
(0)
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higher values being noted in April and May (Fig. 4A).
In contrast, thymidine incorporation and bacter~alproduction showed a distinct seasonal variability, with low
values found in February and October, and maximum
ones in May (Fig. 4 B , C). In May, however, the minimum value of thymidine incorporation was also
recorded.

Bacterioplankton grazing
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Fig. 4. Bacterioplankton in the near-surface layer. (A) Bacterial biomass; (B) rate of thymidine incorporation, TTI; (C) production of bacteria, PB

The changes in bacterial number, after removal of
bacterivorous organisms (<0.8 pm fraction), reflected
the bacterial production. In the experiments in which
the assemblage consisted of pico- and nanoplanktonic
organisms (120 pm fraction), bacterial production
was usually counterbalanced by bacteria grazing
(Table 3). In most cases the rate of change of bacterial
number in this fraction was low or statistically
insignificant (Student's t-test, p > 0.05). A considerable imbalance was observed during the first experiment in August when bacteria grazing was nearly 2
times higher than bacterial production. The remova.1
of organisms larger than 20 pm (e.g copepods Acartia
tonsa, which were highly abundant then) probably
resulted in intensified grazing by nanoplanktonic bacterivores.
In experiments in which the assemblage consisted of
organisms smaller than 8 pm, the imbalance between
bacterial production and grazing was greater (Table 3).
In some cases (e.g. in August) bacteria grazing prevailed over production, indicating enhanced grazing
by small bactenvores that occurs after the removal of
organisms larger than 8 pm. In other cases (e.g. first
experiment in May) bacteria grazing by organisms
< 8 pm was lower than bacterial production. Presumably, under natural conditions, bacteria were then
grazed by the
larger than pm# such as the
ciliate Euplotes sp.

Table 3. Rate of change of bacterioplankton abundance (k, d-l) in size-fractionated cultures and the calculated production by and grazing on ( p g C
dm-3 d-l ) bacter~a ns: not significant at p = 0.05
Date

16 Feb
6 Apr
15 Apr
11 May
19 May
17 Aug
25 Aug
12 Oct
20 Oct

Fraction <0.8 pm
k o , Production

Fraction <20 pm
kZ0 Grazing

Fraction c 8 pm
kS
Grazing

Protozooplankton
The highest protozooplankton biomass
was observed during spring (Fig. 5A-D).
During that period heterotrophic dinoflagellates (Gymnodinium cf. heterostriatum) and other naked forms (as well as
thecate forms from the Diplopsalis group)
and non-carnivorous ciliates predominated (in April, the genera Holophrya/
Urotricha, Strombidium and Tintinnopsis;
in May, Euplotes, Strombidium and Vorticella). The carnivorous ciliates (mainly
the genera Askenasia, Didinium and
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Monodinium) and Ebria tripartita also reached a peak
during spring The highest biomass of heterotrophic
nanoflagellates and nanoplanktonic ciliates was
observed in August (Fig. 5B, D). Among the ciliates,
the genus Balanion, between 7 and 15 pm.in size, predominated. Although small, and therefore not greatly
contributing to biomass, they appeared in large numbers in different seasons and probably fed intensively
upon heterotrophic nanoflagellates.

Fig. 5. Composition and biomass of zooplankton in the
near-surface layer. (A) Ciliates; (B) group of small ciliates
( < 2 0 pm);(C) heterotrophic dinoflagellates; ( D ) heterotrophir nanoflagellates, IE) metazooplankton

Production of heterotrophic nanoflagellates
Measurements of the growth rate of heterotrophic
nanoflagellates w e r e disturbed 3 times (once in May
and twice in August) by the occurrence of Balanion s p .
in experimental enclosures. In the remaining experimental observations the growth rate of nanoflagellates
ranged from 0.35 to 0.61 d l , with one exception in
October, when, for unknown reasons, it was negative
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Table 4. Small (1.5 to 8 pm) heterotrophic nanoflagellate
growth rates, production and estimated food requirements.
ns: not significant at p = 0.05; ?: production and food requirements uncertain
Date

Growth rate
(d.])

16feb

24 Feb
6 Apr
15 Apr
11 May
19 May
17 Aug

25Aug
12 Oct.
20 Oct

Production Food requirements
(pgC dm--' d-'1 (pgC dm ' & l )

0.61
0.43
0.37
0.58
0.35

0.19
0.10
1.35
3.17

0.4

0.2
2.7
6.3
4.9
?
26 1
22 6

2.46

ns"

?
23.05
21.32
?
0.16

0.43"
1.01"
-0.14
0.57

7

0.3

"Balanion sp. in experimental vessels

(Table 4). The highest growth rate was in August,
when, despite the presence of Balanion sp., a value
of 1 d-' was recorded. Production of heterotrophic
nanoflagellates showed a seasonal pattern; values
recorded, in. April, May a n d August were a n order of
magnitude higher than those in February and October
(Table 4 ) .

Metazooplankton
T h e composition, a s well as the biomass, of metazooplankton demonstrated great seasonal variability,
with t h e lowest abundance in February a n d April
a n d the highest in May a n d August (Fig. 5E). Predominance of rotifers (mainly Synchaeta baltica) and
copepods (mainly Acartia fonsa a n d A. bifilosa) was
observed in May a n d August. Relatively high vadability in metazooplankton biomass within individual
months indicates a patchy distribution of these
organisms.
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Respiration of pelagic community
Total community respiration was lowest in February
and October and highest in May and August. The avera g e respiration in May was about 5 times higher than the
avcrage value for February. In April high variability
of total community respiration was found (Fig. 6A).
The zooplankton respiration, calculated from body
mass and temperature, showed much greater seasonal
variability than the total pelagic community respiration. The average zooplankton respiration was about
100 times higher in May than in February. Generally,
protozooplankton respiration was considerably higher
than metazooplankton respiration. In April calculated.
metazooplankton respiration constit.uted less than l 'X,
while in the remaining months it usually made up between 2 and 10% of total zooplankton respiration.
Only twice (once in August and once in October) did
the respiration of metazooplankton exceed the respiration of protozooplankton (Fig. 6B)

DISCUSSION

Primary production and exudate release
Maximum concentrations of chl a occurring in the
southern Baltic during the sprlng bloom usually
remain in the range of 10 to 20 pg dm-3, although there
have been some cases in which values exceeding
50 pg dm-"ere
recorded (Nakonieczny et al. 1991.,
Renk et al. 1992, Lataia 1993).Values observed during
our studies in the coastal zone of the Gulf of Gdansk
were within the above-mentioned average range,
except for the record-high chl a concentration observed in April, which resulted from a massive bloom
of the dinoflagellate Peridiniella catenata. Blooms of
this species have been appearing in the Gulf of
Gdansk since the mid-80s (Bralewska 1992, Wrzoiek
1993),and have not been previously reported.
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Fig. 6. Pelagic community respiration in the near-surface layer. ( A ) Total community respiration, TCR; (B) zooplankton respiration
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Fig. 7. (A) Chl a a n d (B) primary production m e a s u r e d in 1993
in t h e near-surface layer of t h e coastal z o n e , o p e n waters of
t h e Gulf of G d a n s k (Stn P I ) , a n d t h e o p e n Baltic (Stn P140)
Data for Stns P1 a n d P140 from Ochocki & Nakonieczny
(unpubl.)

As in the case of the chlorophyll concentrations, the
maximum values of primary production measured during our studies did not differ from values found in the
open waters of the southern Baltic (Renk et al. 1993,
Ochocki et al. 1995). In the coastal zone, however, the
period marked by high production and high concentrations of chl a was much longer as compared with open
waters. This is illustrated by measurements made durlng 1993 in the coastal zone and in open waters (Fig. 7).
the latter being made at Stns P1 and P140 located at a
distance of 40 and 90 km from shore (Fig. l ) .
A comparison of assimilation number (Fig 3E) with
the concentration of various nitrogen forms (Fig. 2B)
over the sampling periods shows that the primary production intensity was higher over the summer and
autumn period when ammonia predominated ('regenerated' production). During spring, when nitrates predominated, the intensity of ('new') production was
lower.
In order to estimate gross primary production, a relatively short incubation time (2 and 3 h) was used. This
short time might be considered to be too short for the
stabilization of exudate release expressed as a percentage of total primary production. Wolter (1982)
found that exudate release stabilized within 6 h, and it
can be seen from her Fig. 2 that after 2 a n d 3 h relative

production In the Gulf ot G d a n s k

exudate i-elease constituted about 70%) and 8 0 % ,
respectively, of ~ t sfinal value There are numerous
authors, however, who assert that exudate release by
phytoplankton is rapid (Larsson & Hagstrom 1979,
Mague et al. 1980, Smlth et al. 1986). Larsson &
Hagstrom (1979) stated that during ~ncubationsthe
amount of dlssolved organic mattel- labeled with 14C
increased during the fii-st 2 h , then stabilized, indicating lsotopic equilibi-iunl and a balance between production and consumption. Prolongation of incubation
could even lead to underestimation of exudate release
The measurements presented In thls paper did not
show any significant difference between the contribution of net exudate release in total primary production
obtained after a 2 h and after a 3 h incubation time
(average 5.11 t 3.84 O/o a n d 4.91 i 4.551,)).
Values of net exudate release set the lower limit of
the range of values for total phytoplankton production
of dlssolved organic matter, since during the incubation period some fraction of the product~oncould have
been taken up and utilized by bacteria. The upper limit
of the range can be determined by summing the bacterial assimilation occurring during incubation and the
net exudate releasc?. The GF/F fllters collect about
50'% of bacterioplankton (Lignell 1992),therefore, only
a part of the ''C labelled organic matter, incorporated
by the bacteria, was present In the filtrate, with the
other part being I-etainedon the filter Moreover, a part
of organic matter taken up by bacteria was mineralized
during respiration. Middelboe et al. (1992) estimated
that the ratio of bacterial production to assimilation
(growth yield) in marine coastal waters lies in the
range from 0.21 to 0.45, while Daneri et al. (1994)
stated that most often it varied from 0.15 to 0.45. Using
the measurements of bacterial production (Table 2)
and assuming a n average bacterial growth yield of
0.25, it was possible to calculate that the bacterial
assimilation during incubation corresponded to about
7 "0 of total primary production. Keeping in mind that
bacteria may utilize sources of organic matter other
than phytoplankton exudate, we can estimate that total
phytoplankton exudation may be about 2 times higher
than the net release, and it may constitute ca 10'% of
gross primary product~on.
The exudate release constituted a rather small fraction of the total primary production in the coastal zone
of the Gulf of Gdansk and was close to the lower limit
of the range given by Fogg (1983),i . e from 5'Y0 of total
primary production in eutrophic waters to 40 " , in oligotrophic regions. Undoubtedly, the Gulf of Gdansk,
particularly its coastal region, is a highly enriched
environment. In other regions of the Baltic Sea, the
average annual exudate release was estimated at 7 %
(Lignell 1990) and 12 to 1 6 % (Larsson & Hagstrom
1982) of total primary production.
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Bacterial production and its utilization
The present study enables a comparison between
the estimates of bacterial production based on thymidine uptake using a constant conversion factor
(Table 2) and the estimates based on observation of
bacterial growth in the fraction ~ 0 . pm
8 (Table 3). The
comparison showed an almost ideal convergence of
the results in April and a greater variation in the
remaining part of the growing season, with a general
tendency for the bacterial growth method to produce
higher values. The greatest differences were observed
in the first experiment in May, in which record-high
thymidine incorporation showed a 2.5-fold higher production estimate in comparison with that obtained with
the growth method, and in the first experiment in
October, in which the former was 3 times lower than
the latter. In February, the growth method did not
show statistically sign~ficant(p > 0.05) bacterial production, while thymidine incorporation indicated
production at the level of 2 p g C dm-3 d-l. The mean,
empirically determined conversion factor for all the
experiments, except for the 3 mentioned above, was
1.36 (k0.25) X 106 cells pmol-' thymidine, compared to
1. l X 106 assumed in the thymidine method. This exercise pointed to the risk that biased results may be
obtained when bacterial production in a highly variable near-shore environment is estimated solely
with the thymidine method using a constant conversion factor.
Daily bacterial production measured with the thymidine method in the near-surface layer of the coastal
zone of the Gulf of Gdansk in the period from April to
October constituted 0.2 to 29% of gross primary production, with the most frequent values ranging from 1
to 6 % (average 5 Yo). An exception was the month of
February, when in some cases it exceeded 50 % of primary production. If a n empirically determined factor of
1.36 X 106 cells pmol-' thymidine were applied, then
these values would be 22% higher. Assuming homogeneous vertical distribution of bacteria, bacterial production in the growth period accounted on average for
7.5% of depth-integrated primary production (applying a n empiric conversion factor, for ca 9 %).
According to the review of Cole et al. (1988),average
bacterial production amounts to 20 %, of primary production (median 16%).Values for the Baltic Sea are slightly
lower. Annual estimates made by Kuparinen (1984)
were 10% of primary production; Kuosa & Kivi (1989)
reported 1 5 % , while Lignell (1990)derived 14.4% The
relatively low values found in the present study could
have stemmed from the fact that bacterial production
was related to gross primary production. The authors
cited used longer incubation times, which brought their
primary production records closer to net values.

1997

Both the highest and the lowest values of bacterial
production were recorded in May. The highest values
coincided with maximum phytoplankton exudate release and with the largest amounts of biologically
degradable dissolved organic matter The lowest bacterial production occurred concurrently with the
depletion of inorganic nitrogen and phosphorus. The
important role which these elements, considered to be
limiting to bacterial growth, play was emphasized for
the Baltic Sea by Kuparinen & Heinanen (1993) and
Zweifel et al. (1993).
The total amount of biologically degradable organic
matter determined with the BOD,, method (Fig. 2E, F)
can be roughly converted from oxygen to carbon units
by assuming that for every 2 atoms of utilized oxygen
1 atom of carbon is mineralized. With this conversion of
BOD2, (TOM) the ratio of carbon mass in biologically
degradable organic matter to nitrogen mass in total
organic matter (Fig. 2B) was about 1 in February, varied between 3 and 6 in April and May, was slightly
below 3 in August, and was about 2 in October. Taking
into account that the C : N ratio in living organic matter
IS about 6 and in detritus even higher (Parsons et al.
1977), it can be estimated that throughout the whole
period except for spring the biologically degradable
organic matter constituted less then half of total
organic matter contained in water. Daily bacterial production was on average equivalent to 0.75% of the
total (dissolved and particulate) amount and to 1.5% of
the dissolved fractlon of biologically degradable
organic matter, with maximum values observed in
April and May.
Phytoplankton exudation seems to be an important,
but not the most important, food source for bacter~oplankton. With an average bacterial growth efficiency
of 0.25 and production between 5 and 9% of gross primary production, the bacteria had food requirements
ranging from 20 to 36% of primary production, i.e. at
least 2 times higher than phytoplankton exudation,
which is estimated to be about 10 % of primary production. Most likely, other sources substantially contribute
to bacterial food in the region.
Bacterial production IS mainly utilized by protozooplankton. The food requirement of heterotrophic nanoflagellates can be estimated (Table 4 ) if one assumes
50% growth efficiency for this group of protozoans
(Calow 1977, Fenchel 1982, 1987, Fenchel & Finlay
1983).Bacteria must have been the main food source of
heterotrophic nanoflagellates because picoplanktonic
algae are negligible in the coastal zone of the Gulf of
Gdansk. The low number of measurements of heterotrophic nanoflagellate production does not allow for
far-reaching conclusions; however, the data indicate
that this group could have played a major role in bacteria grazing, on several occasions being able to con-

Witek et al.: Phytoplankton primary production ~n t h e Gulf of Gdansk

sume more than .7/3 of bacterial production. When
exceptionally high bacterial production was recorded
in May (Fig 4C, first measurement), a relatively low
contribution of heterotrophic nanoflagellates to bacteria grazing was observed. The ciliates Euplotes sp. and
Vorticella sp., in great abundance then, must have
been the primary consumers of bacteria at that time, as
has been reported in the literature (Fenchel 1969, Cast
1985, Albright et al. 1987).

Zooplankton respiration
The estimation of zooplankton respiration, based
on data from the literature, incorporates several
assun~ptionsand simplifications. One of them is the
assun~ptionthat Fenchel & Finlay's (1983) formula,
pertaining basically to ciliates and heterotrophic
nanoflagellates, can be applied to heterotrophic
dinoflagellates, for which appropriate data a r e missing. Studies performed by Hansen (1992),Jeong & Latz
(1994), a n d others indicate that the growth rate of heterotrophic dinoflagellates is lower than that of ciliates,
which in turn could suggest a lower respiration rate.
The same studies, however, show that heterotrophic
dinoflagellates have relatively low growth efficiency.
One can conclude from this that their respiration rates
are not necessarily much d~fferentfrom those of ciliates. The applicat~onof results from laboratory measurements to calculations of zooplankton respiration
under natural conditions is another simplification. In
the case of protozoans t h ~ smay lead to overestimation,
because Fenchel & Finlay's (1983) formula assumes
actively growing individuals; in natural conditions
their metabolic activity can be diversified. For metazooplankton, the application of Ikeda's (1985) formula,
pertaining to non-feeding organisms with low motor
activity, may lead to underestimation. Moreover, daytime sampling most likely leads to a n underestimation
of the metazooplankton biomass, resulting from diurnal vertical m~grationsand escape reactions.
Zooplankton respiration, calculated with the above
limitations, contributed about 1 % to the total respiration of the p e l a y ~ ccommunity in February and about
20'% (on average) in the remaining period.

Carbon flow in the pelagic community
Simplified diagrams of carbon flow in the pelagic
community in particular seasons a r e shown in Fig 8.
Primary production was depth-averaged, while for the
remaining parameters a homogenous distribution in
the water column was assumed; measurements were
averaged by month. It was assumed in calculations
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that total phytoplankton exudation was t ~ r ~ as
c e high
as the net exudate release and that it was entirely utilized by bacterioplankton. Bacterial production was
calculated based on thymidine incorporation a n d the
empirically determined conversion factor; it was
assumed that in the growth period bacterioplankton
production was entirely utilized by protozoans. Protozoan production a n d food requirements were calculated on the basis of their respiration, assuming the
respiratory quotient (RQ) of 1, net growth efficiency for
c~liates,heterotrophic nanoflagellates and Ebria tripartita of 0.5, and for heterotrofic dinoflagellates of 0.25;
an assimilation efficiency of 0.8 was assumed for all the
organisms. It was assumed that protozoan growth was
not limited by food. Grazing among protozoans was
taken into account assuming that cilates from the genera Askenasia, Didinium, Monodinium, Lacryn~aria
a n d 10% of heterotrofic dinoflagellates fed on other
protozoans a n d that the production of heterotrophic
nanoflagellates a n d cilates from the genus Balanion
was utilized by other protozoans. Protozoan production, calculated in this way, was the potential net production available for metazoans.
Unicellular organisms played the greatest role in the
carbon flow in spring In April and May about 5 0 % of
gross p r ~ m a r yproduction passed through the microbial
community (bacteria and protozoans). This percentage
gradually decreased over the growth season and in October it reached only 1 6 % . Usually, this flow was predominated by direct protozoan grazing on phytoplankton, the path through exudate release being more
important In May and October. The remaining part of
the primary production was utilized by metazooplankton and exported to the benthic system and/or offshore.
Due to uncertain metazooplankton biomass a n d respiration values, the contribution of metazooplankton to
utilization of primary production was not specified in
Fig. 8. Earlier investigations made in the same area,
however, showed that rotifers in May a n d J u n e a n d
copepods in July may reach biomass values comparable to maximum protozoan biomass (Witek 1986) and
thus contribute significantly to phytoplankton grazing.
At the same time both rot.ifers (Synchaeta spp.) a n d
copepods (Acartia spp.) are reported as being important
consumers of protozoa (Ackefors 1981, Jonsson &
Tisel~us1990, Stoecker & McDowell Capuzzo 1990).
Despite the relatively high protozoan growth efficiency assumed, the overall efficiency of the microbial
community in carbon transfer from phytoplankton to
metazoans was not high a n d varied from 10 to 1 6 % ;
the reason for this was a multiple carbon transformation in a complex food web. In reality this efficiency
was even lower because the microbial community was
supplied not only from primary production but also
from alternative food sources.
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If in a momentary carbon budget we omit both the
matter exchange due to advection and the changes in
biomass, then the community respiration and export to
the benthic system (losses) must be compensated for
with the sum of gross primary production and carbon
uptake from external origins (sources).The difference
between gross primary production and community respiration corresponds with a difference between export
to the benthic system and carbon uptake from the

Fig. 8. Main pathways of carbon
flow in particular seasons in the
coastal pelagic community in the
Gulf of Gdansk. Stocks in p g C
d m - b n d flows in p g C dm-' d-'
Data averaged by month and by
depth. (Because of unusual phytoplankton biomass and light condi.tions on 8 April, potential primary
production light conditions as
averaged for April was used for
that date)

external sources. In April and May uptake of allochthonous carbon and export to the benthic system were
more or less balanced, while in February, August and
October the former exceeded the latter. Such a situation suggests the great importance of external energy
sources for the pelagic community described. The relatively low bacterioplankton production recorded
appears to contradict to the above-mentioned conclusion. Phytoplankton exudate release, however, was
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insufficient to satisfy the energy requirements of the
bacteria, even at their low level of production. In the
shallow, coastal study area a n essential source of
energy could have been matter originating from resuspension of bottom sediment5 and allochthonous matter
discharged by the Vistula River The Vistula is a great
source of organic matter for the ecosystem of the Gulf
of Gdansk, and annually delivers ca 500 X 103 t of
organic carbon (Niemirycz 1994), corresponding to
about half of the primary production in the entire Gulf
of Gdansk. The particulate fraction of this load sinks
down to the bottom in the area adjacent to the river
mouth; the labile fraction of the dissolved pool is probably decomposed there as well. Nevertheless, the
refractory components of organic matter, whose
decomposition is possible after a period of exposure to
higher temperatures and/or sunlight, may be carried
away and spread over a large area, thus supplying the
area of study.
Approximate calculations lead to the conclusion that
average bacterial growth efficiency in the coastal zone
of the Gulf of Gdansk is probably very low. Bacterial
respiration could be determined by subtracting phytoplankton and zooplankton respiration from total
community respiration. Approximate values of zooplankton respiration are presented in Fig. 8, but phytoplankton respiration values are missing as no information adequate for the study area was found in the
litc~dture.The available data indicate, however, that at
light saturation phytoplankton respiration constitutes a
few percent of primary production, and in the case of
the whole euphotic layer it constitutes not more than 'l3
of daily gross primary production (Keller & Riebessel
1989, Jensen et al. 1990, Sand-Jensen et al. 1990,
Latala 1991).Assuming that phytoplankton respiration
constitutes 30% of gross primary production, the contribution of bacteria to community respiration varied
from ca 30% in April to 70% in Octobel-, and to
over 90% in February. Bacterial growth efficiency P
would then reach about 0.15 in April and 0.2 in May
a n d only ca 0.05 in all remaining seasons.
Is bacterial growth based on the consumption of
allochthonous organic matter much less efficient than
primary-production-based growth? Daily bacterial
production constituted on average only 1.5":, of biologically degradable dissolved organic matter, thus suggesting high metabolic costs related to the assimilation
of this energy source. Although the refractory character of allochthonous organic matter and its high C : N
ratio seems to explain well the relatively low bacterial
production at high bacterial respiration (Hopkinson et
al. 1989), it is difficult to give a precise answer to the
question raised above. The difficulty arises not only
from an insufficient number of respiration measurements of bacteria growing on different types of

medium but also from numerous uncertainties involved in the determination of bacterial growth efficiency, as discussed by J a h n k e & Craven (1995).
As compared with other Baltic coastal ecosystems,
the coastal zone of the Gulf of Gdansk is a highly productive region. Primary production recorded in the
Gulf of Gdansk in the growth season (200 to 3800 mg C
m-' d-l, monthly averages of 600 to 2100 m g C m'' d")
was higher than that found in the less eutrophic waters
of the Kiel Bight (seasonal averages of 400 to 800 m g C
m-' d-', Smetacek et al. 1984), in the Ask6 region, SE
coast of Sweden (100 to 1400 m g C m-2 d-l, Larsson &
Hagstrom 1982), the Tvarminne region, SW coast of
Finland (seasonal averages of 100 to 1300 m g C m-2
d-l, Kuparinen et al. 1984), or in Parnu Bay, Gulf of
Riga, Estonia (0.5 to 5.5 g o 2 m-' d-l, corresponding to
200 to 2000 mg C m-' d-', Tenson 1995). Productivity of
the Gulf of Gdansk coastal zone was, however, not
conspicious as compared with other seas. For example
similar or higher values were reported from the southern Kattegat (100 to 3500 m g C m-2 d-', Richardson &
Christoffersen 1991), the Louisiana Shelf (100 to
3000 m g C m-2 d-l. Redalje e t al. 1994), or the Chesapeake Bay (seasonal averages, including winter averages of 1100 to 2300 m g C m-' d-', Baird & Ulanowicz
19891, while much higher values were found in the
Mississippi K~verPlume (400 to 8200 m g C m-' d-l,
Redalje et al. 1994).
One of the peculiar features of the region studied
was a high community respiration (in the growth season the majority of the results were in the range 200 to
700 p1 O2 dm-'l d-', which corresponded to 290 to
1000 m g 0 2 m-"-'),
causing the system to be netheterotrophic. Data reviews by Hopkinson (1985) and
Dortsch et al. (1994) show that in coastal environments water-column respiration rates rarely exceed
500 m g 0 2 m-3 d-l, and in some regions they are even
below 100 m g O z m-" d-l; in the vicinity of river
mouths, however, water-column respiration increases
and values exceeding 1000 m g 0 2 m-:' d-' a r e not
exceptional. In such systems, at a high rate of allochthonous matter discharge, community respiration may
be higher than primary production, as found by Hopkinson (1985) in the near-shore Georgia Bight. The
question arises of how such a situation may affect the
functioning of particular parts of the ecosystem. Based
on this study, it appears that uptake and then mineralization of the allochth.onous organic matter by bacteria
constitutes a 'side channel' in the carbon flow which
does not have a significant impact on the structure of
the remaining part of the epipelagic food web. For
comparison, the contribution of the microbial loop to
the carbon flow (ranging from 16 to about 50% of gross
primary production) was similar to that observed in the
Chesapeake Bay ecosystem, where the proportions of

Mar Ecol Prog Ser 148: 169-186, 1997

phytoplankton net production channeled through the
microbial loop ranged from 25 to 5 0 % , depending on
season (Baird & Ulanowicz 1989). Serious problems
resulting from high community respiration appear,
however, in the deeper parts of the Gulf of Gdansk
ecosystem, in part~cularat the bottom of the Gdansk
Deep and in the near-bottom zone below the halocline.
In these subsystems, hypoxic/anoxic conditions have
been observed over the past several decades, their
extent depending on the one hand on material loads
carried into the Gulf, and on the other on the changing
meteorological/hydrological conditions in the Baltic
Sea (Cyberska & Lauer 1990, Trzosinska & tysiak-Pastuszak 1996).
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