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ABSTRACT Heterotrophic bacter~oplankton production (3H-thymidine incorporation rate) and abun-  
dance in the surface water of the Schelde estuary (The Netherlands) were studied during an  annual 
cycle in 1991 along the salinity gradient (0  8 to 33 psu) Bacterial production and numbers increased 
from the lower to the uppel estuary This spatial varlabil~ty of bacterial production was positively coi- 
lelated wlth concentrations of dissolved and particulate organic carbon and negatively correlated with 
the oxygen concentration On  a n  annual scale the ratio gloss bacterial production net primary produc- 
tion was larger than 1 in the whole estuary and  ~ncreased from the lower to the upper estual y This lndi- 
cates that bacteria processed more carbon than was put into the system by phytoplankton primary pro- 
duction A comparable situation is found in other estuanes and sho~vs  the high degree  ot heterotrophy 
of these systems Despite the high degree of heterotrophy, temporal variation in bacterial production In 
the lower Schelde estuary was charactensed by a sprlng and summer bloom and was  correlated wlth 
phytoplankton prlmary production This apparent contradiction IS explained by r a p ~ d  uptake of labile 
algal exudates by bacteria and a subsequent inciease of bacter~al  production rate durlng and after the 
phytoplankton bloom This idea is corroborated by the absence of a n  increase in d~ssolved organic car- 
bon dunng  phytoplankton blooms in the lower estuary Due to a n  excess of allochthonous organic car- 
bon and nutlients in the upper estuary tempelature was the most important factor in explaining the 
variability of bacterial production in this region 
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INTRODUCTION 

Phytoplankton and heterotrophic bacterioplankton 
mediate the flow of inorganic and organic carbon and 
nutrients to higher trophic levels (Pomeroy 1974, Azam 
et al. 1983). In oligotrophic areas a general depen- 
dence of bacterial growth on phytoplankton produc- 
tion is suggested (Larsson & Hagstrom 1982, Bird & 
Kalff 1984) and bacterial production has been esti- 
mated to be 10 to 50% of net primary production 
(Hagstrom et al. 1979, Azam et al. 1983, Cole et  al. 
1988). Production by heterotrophic bacterioplankton in 
estuaries is often high when compared to the adjacent 
coastal areas and open sea. The intensive growth of 
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bacteria in estuaries is due  to relatively high organic 
carbon and nutrient concentrations caused by river 
inputs and discharge of waste. Estimates of hetero- 
trophic bacterial production and phytoplankton pri- 
mary production in the Delaware estuary (USA) have 
shown high ratios of bacterial production to primary 
production up to ratios > l  (Hoch & Kirchman 1993). 
Weak correlations between bacterial and phytoplank- 
ton biomass and/or production have been observed in 
the Hudson River estuary (USA) (Findlay et al. 1991). 
In estuarine and marine environments the temperature 
has been proven to be  an  important factor affecting 
bacterial growth, especially during winter (White et  
al. 1991, Hoch & Kirchman 1993, Shiah & Ducklow 
1994a, b ,  1995). 

The study of organic matter production in the 
Schelde estuary (The Netherlands) has been focussed 
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mainly on phytoplankton primary production (Van 
Spaendonk et al. 1993, Kromkan~p & Peene 1995a, 
Kromkamp et al. 1995). Due to high turbidity. phyto- 
plankton primary production was shown to be low. 
Soetaert & Herman (1995a, b) modelled the nitrogen 
and carbon flow in the Schelde estuary and found nitri- 
fication to be the major process in nitrogen cycling and 
in autotrophic fixation of carbon in the upper estuary. 
The role of heterotrophic bacteria in consumption and 
production of organic matter in the Schelde estuary is 
not well known. Billen et al. (1988) predicted intensive 
bacterial growth, by modelling microbial processes, 
and Soetaert & Herman (1995b) showed a very high 
degree of heterotrophy in the Schelde estuary. By in 
situ measurements Goosen et al. (1995) showed that in 
spring, bacteria! production rates in the S c h e l d ~  P S ~ I I -  

ary are among the highest reported for temperate estu- 
aries. 

This paper describes the study of heterotrophic bac- 
terial production during an annual cycle in the Schelde 
estuary and the adjacent part of the river Schelde. The 
aim of this research was to investigate the dynamics of 
heterotrophic bacteria and the relation with potential 
factors (temperature, organic matter, primary produc- 
tion) controlling heterotrophic bacterial production. 

STUDY AREA 

The Schelde estuary (Fig. 1) is a turbid, eutrophic 
estuary in the southwest of The Netherlands (latitude: 
51" 14' to 51" 26' N, longitude: 3" 35' to 4" 24' E). In 
the central and lower part of the estuary the tidal 
channels are separated by intertidal flats. The naviga- 
tion channel has a depth of 15 to 20 m. The average 
depths of compartments 1 to 15 (shaded areas in 
Fig. 1) are 13.7, 12, 9.9, 9, 11.9, 11.9, 6.7, 8, 9, 10.1, 
9.7, 9.7, 10.4, 9, and 9 respectively. The river Schelde, 
which has a catchment area of 19500 km2 (Heip 
1989), is the most important freshwater source. The 
average discharge of 100 m%-' is low compared to 
the tidal exchange of 100000 m%-' The total volume 
of the estuary in compartments 1 to 10 is 2.5 billion m3 
and, the surface area is about 300 km2 The residence 
time of the water in the estuary is about 75 d (Heip 
1989), causing a gradual salinity gradient of approxi- 
mately 0.8 psu near the city of Temse (Stn 15) to 
29 psu near the coastal city of Vlissingen (Stn 1; 
Fig. 1). In general the water in the estuary is well 
mixed with maximum tidal currents of about 1 to 
1.5 m S-'. The estuary is heavily polluted by domestic 
and industrial waste, causing intensive bacterial 
growth (Billen et al. 1988, Goosen et al. 1995). Intense 
bacterial respiration and the long residence time of 
the water lead to oxygen depletion and a large efflux 
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Fig. 1. Map of the Schelde estuary, The Netherlands, with sam- 
pling sites. The hatching indicates compartments, represented 
by the different sampling stations. The morphology of the com- 
partments was used to calculate integral column production 

of CO2 to the atmosphere in the central and upper 
parts of the estuary (Goosen et al. 1995, Frankignoulle 
et al. 1996). In this low-oxygen zone of the estuary a 
zone of maximum turbidity is also located. Due to the 
high turbidity, primary production by phytoplankton 
in the Schelde estuary has been shown to be light lim- 
ited (Van Spaendonk et al. 1993) and in the central 
and upper parts of the estuary no net annual primary 
production could be calculated (Kromkamp & Peene 
1995a, b). Nutrient concentrations are high, with con- 
centrations of inorganic nitrogen, phosphate and sili- 
cate from 70 to 600, 3 to 20 and 5 to 230 pM respec- 
tively (Kromkamp et al. 1995). 

METHODS 

Water sampling. In 1991, surface water from 15 sta- 
tions in the Schelde estuary (Fig l )  was sampled, from 
the RV 'Luctor', every 2 wk from March to October. For 
the rest of the year the stations were sampled once a 
month. During each cruise all stations were sampled 
within 2 d. At the time of sampling, temperature, pH, 
oxygen concentration and salinity were measured in 
sltu with a CTD probe (H20  datasonde coupled to a 
Surveyor 3, Hydrolab). 

Chemical analyses. Suspended particulate matter 
(SPM) dry weight was determined gravimetrically on 
glass fiber filters (GF/C, Whatman) after drying at 
70°C. On the same filters particulate organic carbon 
(POC) was determined with a nitrogen/carbon ana- 
lyser (model NA 1500, Carlo Erba) as described by 
Nieuwenhuize et al. (1994). 
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Samples for analyses of dissolved organic carbon 
(DOC) were filtered through glass fiber filters (Schlei- 
cher & Schuell, no. 6) which were pretreated at 350°C. 
DOC was measured with an  autoanalyser (Skalar) 
using UV destruction and photometric detection. 

Bacterial numbers and production. Water samples 
for enumeration of bacteria were preserved with 1.5 %, 

glutaraldehyde (final concentration) and stored at 5°C. 
Bacterial numbers were determined by epifluores- 
cence mlcroscopy after staining with 4 ' ,  6-diamidino-2- 
phenylindole (DAPI) and filtration on black polycar- 
bonate filters (Porter & Feig 1980) 

Heterotrophic bacterial production rates were esti- 
mated by measuring the incorporation rate of tritiated 
thymidine ([methyl-"]thymidine, 2.92 to 3.18 TBq 
mmol-l, Amersham Ltd) into cold trichloroacetic acid 
(TCA)-insoluble material (Fuhrman & Azam 1982). 
Triplicate samples of 5 m1 were incubated (45 to 60 min) 
in the dark with 19 nM tritiated thymidine (final con- 
centration) at In s i tu  temperature, on board the RV 
'Luctor' immediately after san~pling.  Thymidine uptake 
was linear for at least 2 h and a concentration of 19 nM 
thymidine saturated thymidine uptake in the highly 
productive eastern part of the estuary during winter 
(Fig. 2). To check if 19 nM also saturated thymidine up- 
take during a highly productive period, the concentra- 
tion of thymidine in the assay was doubled in March 
1991. This did not increase thymidine incorporation, in- 
dicating that 19 nM was still saturating thymidine up- 
take. As bacterial production rates were rather high in 
March, and saturation was measured in the part of the 
estuary with the highest organic carbon and SPM 
concentrations, we assumed 19 nM thymidine to be 
saturating in the entire estuary and during the entire 
year. No estimate of Isotope dilution was made, but by 
using a saturating concentration of thymidine we as- 
sumed isotope dilution to be constant. Blank incu- 
bations were prefixed with 1.5 % formaldehyde (final 
concentration). At the end of the incubations the incor- 
poration was terminated by adding 1.5 % formaldehyde 
(final concentration) to the experimental vials. The vials 
were stored on ice and cold TCA precipitates on 0.2 pm 
pore size cellulose nitrate filters were obtained as 
described by Ellenbroek & Cappenberg (1991). Filters 
were dissolved in Filtercount (Packard) and radio- 
activity was measured in a Beckman TD5000 LSC. 
External standardisation was used to correct for 
quench. From all the triplicate incorporation measure- 
ments the average coefficient of variation (CV = stan- 
dard deviatiodmean X 100) was 9 %, 98 % of the mea- 
surements had a CV below 25% and in 71% of the 
measurements the CV was below 10%. Thymidine in- 
corporation rates were converted to production rates in 
terms of cells and carbon by using a thymidine conver- 
sion factor of 2.0 X 1018 cells produced mol-' thymidine 

TdR (nM) 

Fig. 2 Trltiated thynlidine incorporation (TT1) at  Increasing 
concentrations of thymidine (TdR) Measurements were  per- 
formed in December 1990 in triplicate s an~p le s  from Stn 10, 
located in the highly productive turbidity zone of the Schelde 

estuary Note that TT1 was saturated at  15 nM 

incorporated (Smits & Riemann 1988) and a carbon con- 
version factor of 2.0 X 10-l4 y C cell-' (Lee & Fuhrman 
1987). Integral column production was calculated by 
multiplication of production per volume by the average 
depth of the corresponding water compartment, indi- 
cated by the shaded areas in Fig 1. Annual production 
was calculated by temporal integration of bacterial pro- 
duction, assuming no diurnal variation and a well 
mlxed water layer at all stations (Goosen et  al. 1995). 

Primary production. Phytoplankton primary pro- 
duction (14C method) and integral column production 
were measured and calculated according to Krom- 
kamp & Peene (1995a). Duplicate 50 m1 samples [to 
which 200 p1 of 925 kBq ml-' 14C-NaHC03 (Amel-sham 
Ltd) was added]  were incubated In a rotating incubator 
(Vegter & de Visscher 1984) on board RV 'Luctor' 
immediately after sampling at in s i tu  temperature. The 
samples in the incubator were exposed to 10 different 
irradiances (excluding the dark bottles) up  to a maxi- 
mal irradiance of 810 pm01 m-2 s-' After incubation for 
2 h the samples were gently filtered over 0.45 {im pore 
size nitrocellulose filters. Filters were placed in HC1 
fumes for 30 min, air dried and radioactivity was 
counted in a Beckman TD5000 LSC. Dissolved in- 
organic carbon was determined by potentiometric 
titration. Primary production was calculated using a n  
isotope discrimination factor of 1.05. Carbon fixation in 
the dark bottles was subtracted from that in the light 
bottles. The photosynthesis/irradiance (P/I) curves 
were fitted according to Eilers & Peeters (1988). Water 
column production was calculated from the fitted P/I 
curve, the attenuation coefficient and the hourly in- 
cident irradiance. Integral column production was cal- 
culated by dividing total compartment production, cor- 
rected for basin morphology, by the surface area of that 
compartment. 

Statistics. All statistical analyses were performed 
with Systat (Wilkinson 1989). 
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RESULTS Longitudinal profiles of bacterial production 

The annual average salinity in the Schelde estuary 
varied between 0.8 psu at  Stn 15 (Temse) and 29.2 psu 
at  Stn 1 (Vlissingen). Most other physical and chemical 
factors in the ScheIde estuary also showed a longitudi- 
nal gradient. The difference in temperature over the 
salinity gradient was rather small throughout the 
whole year, range 1.5 to 5.4"C with an annual average 
(kSD) of 2.8 k l.O°C. In the coldest month, February, 
the temperature of the water was 0.7 and 2.2"C at Stns 
1 and 15 respectively. During the warmest month, 
August, temperatures were 20.2 and 22.f°C respec- 
tively. SPM concentrations increased with decreasing 
salinity and peaked in the turbidity zone. Due to the 
grsdual sa!ir?ity .;radient no sharp max im~lm turbidity 
zone existed in the Schelde estuary but a high turbid- 
ity zone was located over a long distance upstream of 
Stn 8 (Bath). Concentrations of organic carbon, both 
DOC and POC, also showed an increase with decreas- 
ing salinity (Fig. 3A, B). As shown in Fig. 3C, the oxy- 
gen concentration showed a sharp decrease with 
decreasing salinity between Stns 7 and 11. In the 
marine part of the estuary the water was often super- 
saturated with oxygen. The low oxygen concentration 
between Stns 11 and 15 was consistent during the 
whole year and sometimes the water was completely 
anoxic. 

Salinity (psu) Salinity (psu) 

Fig. 3 Annual average ( i S D )  concentrations of (A)  dissolved 
organic carbon (DOC), (B) particulate organic carbon (POC). 
(C) oxygen, and (D) heterotrophic bacterial production rate 
(BP) as a function of annual average salinity in the Schelde 

estuary 

During the whole year a typical longitudinal profile 
of heterotrophic bdcLerid1 production rate was found 
along the salinity gradient in the Schelde estuary. 
Fig. 3D gives the annual average of the bacterial pro- 
duction rate for all stations. From Stn 1 (Vlissingen, 
average salinity of 29.2 psu) to Stn 10 (Lillo, average 
salinity of 9.7 psu) an almost linear increase of the bac- 
terial production rate with decreasing salinity was 
found. At lower salinities a more rapid increase of the 
bacterial production rate was observed with decreas- 
ing annual average salinities. Annual average bacter- 
ial production rates and organic carbon concentrations 
showed an almost identical profile (Fig. 3A, B, D). The 
Spearman rank correlation test showed a strong corre- 
lation (r2 = 0.971) of the annual average of bacterial 
production rate with both DOC and POC. Annual aver- 
age bacterial production rates and oxygen concentra- 
tions (Fig. 3C, D) showed a strong inverse correlation 
(r2 = 0.981). 

For further analysis of the relation between bacterial 
production rate and organic carbon concentration over 
the salinity gradient we analysed all data from sepa- 
rate sampling campaigns (after log-transformation) by 
linear regression statistics. To eliminate the effect of 
temperature on the relation between bacterial produc- 
tion and organic carbon, all bacterial production rates 
were normalised to 15°C assuming a Qlo of 2.5 for the 
thymidine incorporation rate. This Qlo value is close to 
the value given by Shiah & Ducklow (1994a). Normali- 
sation of bacterial production for temperature only had 
a marginal effect on the slope and the intercept of the 
regression equations. In Fig. 4 the slope of the regres- 
sion lines of bacterial production versus DOC are given 
for all sampling dates. During the annual cycle regres- 
sion analysis for DOC and POC showed comparable 
patterns of variation. Along the salinity gradient the 
results of regression analysis between bacterial pro- 
duction and DOC (and POC, results not shown) 
showed only a small slope during algal and bacterial 
blooms (Figs. 5 & 6) while the slope is far steeper in 
between blooms and durlng winter (Fig. 4 ) .  

Annual cycles of bacterial production and 
primary production 

Fig. 5 shows the annual cycles of bacterial produc- 
tion rate in the surface water at some stations in the 
Schelde estuary. At the marine stations (1 and 3) the 
annual cycle is characterized by 2 blooms, one In May 
and another in August-September. In the middle estu- 
ary, Stns 5 to 9, 2 more periods of increased bacterial 
production rate were recorded in March and in 
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Julian day 

Fig. 4 .  Results of regression analysis of temperature-corrected 
bacter~al production (BP,,) versus dissolved organic carbon 
(DO<') concentration along the salinity gradient in the 
Schelde estuary. (A)  annual variation of BP,,, calculated for 
each campaign by regression analysis, at a low DOC concen- 
tration which is representative of the lower estuary (m) and at 
a high DOC concentration which is representative of the 
upper estuary (0). The larger the difference between BP,, in 
the upper (0) and lower (m) estuary, the steeper the slope of 
the regression which is given in (B). Horizontal lines indicate 
periods of spring and summer bloom of phytoplankton and 

bacterioplankton (see Figs. 5 & 6) 

November. As Fig. 5 shows, bacterial production rate 
in winter was below 0.5 pg C 1-' h-' in the marine and 
brackish part of the estuary up to Stn 7. For all these 
stations maximum values during the spring bloom 
were 2.5 1-19 C 1-' h-'. At stations with an annual aver- 
age salinity 111.2 psu (station numbers 29) production 
rates in winter increased up to 5 pg C I-' h-'. Durinq 
the tvhole year bacterial production rates were high 
and showed an irregular pattern of peaks. 

To obtain a systematic comparison between bacter- 
ial production and primary production, both produc- 
tion rates were determined in subsamples of the same 
water sample. In Fig. 6, annual cycles of colun~n pro- 
duction by both heterotrophic bacterioplankton and 
phytoplankton are given for some stations in the 
Schelde estuary. In winter, bacterial production rates 
were higher than primary production rates in the 
whole estuary. Generally, in the lower estuary, 
blooms of bacterioplankton seemed to be initiated 
after the start of phytoplankton blooms. This relation 
between bacterial production and primary production 
disappeared upstream of Stn 8. The increase of bac- 
terial production rates in the middle and upper estu- 
ary was so immense that during a substantial part of 

Julian day Julian day 

Fig. 5. Annual cycles of heterotrophic bacterial production 
rate a t  8 stations in the Schelde estuary 

Julian day Julian day 

Fig. 6. Annual variation of daily column production of hetero- 
trophic bacterioplankton (D) and  phytoplankton (0) a t  6 sta- 

tions in the Schelde estuary 
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the year it was higher than the primary production most of the variation in bacterial production rate. In 
rates. most cases DOC and POC concentration were less im- 

Regression analysis of bacterial and primary prod.uc- portant factors in explaining the variation in bacterial 
tion rate per station over the whole annual per~od production. 
showed a highly significant (p < 0.0001, r2 = 0.56 to 
0.74) correlation in the lower estuary, Stns l to 5. 
Goosen et al. (1995) showed in the Schelde estuary that Bacterial growth rates 
bacterial production changed substantially during a 
tidal cycle and thus as a function of changing salinity. At 4 stations, representative of the marine (Stn 3), the 
To eliminate the effect of varying salinities at  each sta- brackish (Stns 7 and 11) and the freshwater (Stn 15) 
tion in finding the most important factor regulating bac- parts of the estuary, standing stocks of bacteria were 
terial production rates, a forward stepwise multiple re- determined. At Stn 3 the variation in the bacterial con- 
gression analysis was performed for data grouped in centrations in the water seemed to parallel the varia- 
small ranges (2 psu) of salinity. Bacterial production tion in bacterial production rates (Fig. 7). At the other 3 
rate was the dependent variable and primary produc- stations this relation between bacterial production and 
!ior, rate, DOC, PQC am! temperature t he  indep~ndent  number was less clear. Unfortunately some important 
variables. The results of the regression analysis samples were missing at times when bacterial produc- 
(Table 1) show that in the lower estuary, primary pro- tion rates showed maximum values. During the sprin.g 
duction rate was the most important factor in explain- bloom an exceptionally high number of bacteria was 
ing the variation in bacterial production rate while in recorded at Stn 7 (Baalhoek). Estimates of bacterial 
the middle and upper estuary, temperature explained growth rates were obtained by dividing the production 

rate by the standing stock concentration. Growth rates 
were rather variable and no clear difference in growth 

Table 1. Stepwise multiple regression statistics with bacterial rate between the different seasons could be calculated. 
production (mg C m-' d-'1 as dependent variable- ,411 values Annual average (+SD) growth rates @) for the Stns 3, 
except temperature (T) were log-transformed. PP: gross pri- 
mary production (mg C m-Z d.'); DOC: dissolved organic car- 
bon (mg C I - ' ) ;  POC: particulate organic carbon (mg C I - ' ) .  In 

12 1 .S 
the column 'Sign factor' only the factors remaining in the 10 
resulting model to explain variation in bacterial production 8 1 .O 

are given 6 

Salin~ty range S ~ g n  factor P r- n 
(PSU) 

< 2 PP 0.006 0.224 32 
2-4 POC 0.039 0.392 11 
4-6 T <0.0001 0.898 8 
6-8 T 0.014 0.504 11 
8-10 T <0.0001 0.685 13 
10-12 T <0.0001 0.695 17 
12-14 T <0.0001 0.808 13 

POC 0.075 
14-16 T 0,001 0.613 14 
16-18 T 0.006 0.96 9 

DOC 0.133 
POC 0.004 
PP 0.007 0.394 17 
T 0.055 0 806 1.8 
POC 0.075 
P P 0.072 
DOC 0.118 0.571 21 
PP <0.0001 
T 0.113 0.74 8 
POC 0.031 
PP 0.028 
PP 0.002 
DOC 0.048 
POC 0.075 
PP <0.0001 
PP 0.003 0.686 10 

0 60 120 180 240 300 360 

Julian day 

Fig. 7 Variation in bacterial numbers ( 0 )  and product~on (0) 
at 4 representative stations in the Schelde estuary 
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7, 11 and 15 were 0.023 k 0.01, 0.035 + 0.026, 0.041 * 
0.017 and 0.051 * 0.019 h-' respectively, corresponding 
to generation times (G = ln2p-l)  of 30.5 * 12.8, 19.9 * 
15.1, 16.7 + 7.0 and 13.6 * 5.1 h.  Stepwise multiple 
regression analysis with specific growth rate as the 
dependent variable showed a very weak correlat~on 
with primary production (p  = 0.071, r 2 =  0.215) at Stn 7 
and with temperature (p  = 0.134, r2 = 0.153) at Stn 3. No 
significant relations were found at  the other stations or 
with other variables. 

I DISCUSSION 
l 

I Bacterial abundance and  production along the 
I estuarine gradient 

For calculation of bacterial production rates from 
thymidine incorporation rates, conversion factors are  
needed. Combinations of different conversion factors 
may result in a wide range of production estimates 
(Ducklow & Carlson 1992) It should be mentioned 
here that another combination of conversion factors 
would not have influenced the main results and con- 
clusions of this study. As bacteria in the upper estuary 
are larger than in the lower estuary (Goosen et al. 
1995) the use of 1 carbon conversion factor for the 
whole estuary may probably underestimate the differ- 
ences between the upper and lower estuary. 

Bacterial abundance and production in the Schelde 
estuary showed a typical longitudinal profile during 
the whole year with low abundances and production 
rates in the lower estuary and higher abundances and 
production rates upstream. Production rates malnly 
increased from the middle to the upper estuary, up to 
values 10 times higher than in the lower estuary. Bac- 
terial numbers in the Schelde estuary were compara- 
ble to numbers found in other estuaries but were at the 
high range in the upper estuary (see also Heip et  al. 
1995). Maximum bacterial concentrations are  in the 
range of the maximum concentrations given for Chesa- 
peake Bay (USA) (Ducklow & Shiah 1993). Bacterial 
production rates in the lower Schelde estuary were 
comparable to other estuaries, whereas those in the 
upper estuary were among the highest reported in the 
literature (see Ducklow & Shiah 1993, Heip et  al. 1995). 
Goosen et  al. (1995) compared bacterial production 
rates during spring in European estuaries and found 
production rates in the maximum turbidity zone and 
the freshwater part of the Schelde estuary to be very 
high. As in the Loire estuary (France) (Relexans et al. 
1988) bacterial production rates increased in the tur- 
bidity zone. Relexans et al. (1988) explained the 
increased heterotrophic activity by accun~ulation of 
phytoplankton material and,  as in the Schelde estuary, 

n hetel-otroph~c bacter~al production 229 

found a good correlation between bacterial productiv- 
ity and POC concentration. The gradient of organic 
carbon concentration explained most of the variation in 
bacterial production over the longitudinal transect in 
the Schelde estuary while temperature only had a mar- 
ginal effect (Figs. 3 & 4 ) .  The severe oxygen depletion 
in the turbidity zone In the Loire estuary was mainly 
restricted to the sunlmer when the temperature was 
high. In the Schelde estuary the oxygen depletion was 
present during all seasons, and along the salinity gra- 
dient correlated with bacterial production rates. 

Annual variation of bacterial production rates 

The results of this study show that during a n  annual 
cycle in the lower Schelde estuary bacterial production 
is significantly correlated to an  autochthonous source 
of organic carbon, namely phytoplankton primary pro- 
duction. Bacterial production was low in winter and 
did not increase until the start of the phytoplankton 
spring bloom. Bacterial production rate seemed to be 
coupled to phytoplankton primary production rate. 
This statement is validated by statistical analysis 
(Table 1) which showed primary production to be the 
most important factor explaining the variation of bac- 
terial production in the lower estuary. 

In the middle and upper estuary bacterial production 
rates were relatively high during the whole year. No 
correlation between bacterial production rate and pri- 
mary production rate was observed and the variations 
in bacterial production could mainly be explained by 
the temperature. The small or nonexistent response of 
bactel-la to primary production in the middle and upper 
estuary may be explained by the presence of organic 
matter of allochthonous origin leading to permanent, 
high, non-lim~ting concentrations of DOC and POC. 
The a r n o ~ ~ n t  of ca rhnn  added hy phytoplankton exu- 
dates must have been relatively small. Also nutrients 
were present in non-limiting concentrations (Krom- 
kamp e t  al. 1995) leaving temperature as the major 
regulating factor for bacterial growth. 

The relatively larger response of bacteria to primary 
production in the lower estuary explains the 
decreased slope of the regression between bacterial 
production and  organic carbon along the salinity gra- 
dient during phytoplankton blooms (Fig. 4).  During 
the spring and summer bloom, phytoplankton cells 
release labile organic material. In the lower estuary 
this fresh material is the major carbon source leading 
to a bloom of heterotrophic bacteria. Consequently 
the gradient in bacterial production rate between 
upper and lower estuary will decrease then. Rapid 
decomposition of fresh DOC may explain why, 
despite the phytoplankton bloom, no increased con- 
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centrations of DOC and no correlation of DOC with 
bacterial production was found during the annual 
cycle In the Schelde estuary. 

Heterotrophy versus autotrophy 

In Table 2 our estimates of the annual bacterial pro- 
duction (gross production: BP,; net production: BP,) in 
the Schelde estuary are compared with estimates of the 
annual gross (PP,) and net (PP,) primary production 
(based on 2 h incubations with I4C-bicarbonate; Krom- 
kamp & Peene 1995a). The BP,:PP, ratios are very high 
compared to the expected 10 to 50% for pristine sys- 
tems (Hagstrom et al. 1979, Azam et al. 1983). The high 
r a t i s  fcunc! ir! the Sche!c!e estusry are in ar;reerr.ent 
with the results of Soetaert et al. (1994) and Kromkamp 
& Peene (1995a, b), who concluded that net phyto- 
plankton primary production seems not to be possible 
in a large area of the middle and upper Schelde estu- 
ary. The thymidine method measures net bacterial pro- 
duction. When we take into account respiration by as- 
suming a 30% growth efficiency for bacteria, the total 
amount of carbon processes by bacteria (BP,) will be 
higher by even more than a factor of 3 (Table 2). Conse- 
quently, comparison of gross bacterial production with 
net primary production would result in extremely high 
ratios of BP:PP especially for the upper Schelde estuary. 
On an annual scale, in the whole estuary the amount of 
carbon processed by heterotrophic bacteria is higher 
than the carbon input by phytoplankton primary 
production. A factor which may have an effect on the 
ratios we found is primary production by 
microphytobenthos. The incidental mea- 
surements on microphytobenthos in the 
Schelde estuary showed that microphyto- 
benthos production can be significant 
compared to phytoplankton primary pro- 
duction (Kromkamp et al. 1995). Possibly 
primary production by microphytobenthos 
provides an extra carbon source for plank- 
tonic heterotrophic bacteria. 

The ratio bacterial production:primary 
production (BP:PP) can be considered as an 
indicati.on of the trophic state of a system. 
Our results show that the Schelde estuary 
is a heterotrophic system and that the het- 
erotrophy is increasing from the lower to 
the upper estuary. By modelling all auto- 
trophic and heterotrophic processes, Soe- 
taert & Herman (1995b) came to the same 
conclusion about the trophic state of the 
Schelde estuary. Measurement of CO, 
fluxes (Frankignoulle et al. 1996) also de- 
monstrated the heterotrophy of the system. 

In the upper Schelde estuary, the annual variations 
in bacterial and primary production rates were not 
correlated with each other As in the Schelde estuary, 
a high BP:PP ratio and a weak or nonexistent correla- 
tion between bacteria and phytoplankton has also 
been found in other heterotrophic systems like the 
Delaware estuary (Hoch & Kirchman 1993), the upper 
St. Lawrence estuary (Painchaud & Therriault 1989), 
the Hudson river (Findlay et al. 1991) and the Rh6ne 
river plume (Kirchman et al. 1989). In the lower 
Schelde estuary, bacterial production rates were cor- 
related with primary production rates. A positive cor- 
relation between bacterial and phytoplankton bio- 
mass and/or production has been observed mainly in 
autotrophic systems (Bird & Kalff 1984, Lancelot & 
Ril lon -- - - - 1984, - - - Co!e et a! 1988, Currip 1990, Simnn et al. 
1992). In the heterotrophic lower Schelde estuary, BP 
and PP were correlated despite the fact that BP 
exceeded PP for long periods. This may be explained 
by the algal blooms which probably produce enough 
labile DOC to increase bacterial production. In this 
way phytoplankton may regulate the temporal varia- 
tion in bacterial production rate above the production 
rate that thrives on allochthonous carbon. This alloch- 
thonous organic carbon enters the upper estuary and 
is degraded while being transported to the lower estu- 
ary (Fig. 3). As a consequence the allochthonous 
material entering the lower estuary is probably rather 
refractive. However, no direct measurements on 
degradability of dissolved organic matter along the 
salinity gradient in the Schelde estuary have been 
performed. 

Table 2. Comparison of annual net (BP,) and gross (BP,) production (g C 
m-' yr.') by heterotrophic bacterioplankton and annual gross (PP,) and net 
(PP,) production (g C m-2 yr-l) by phytoplankton (PP, and PP,; data from 
Kromkamp & Peene 1995b) in the Schelde estuary in 1991. BP, was calcu- 

lated from BP, assuming a 30% growth efficiency. nd: not determined 

Stn Annual average PP, PP,, BP, BP, Ratio 
salinity (psu) BP,,/PP, BP,/PP, 
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