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ABSTRACT: Phytoplankton pnmary production was studied in the turbid estuary of the river Schelde 
(The Netherlands). Measured rates of gross primary production were comparable to other estuanes. 
Respiration rates were calculated as being a fixed percentage of the maximum rate of photosynthesis 
(pB,,). We calculated that net primary production would be possible only when the rate of respiration 
was less than 1.5% of P',, .  This respiration rate seemed too low to be realistic, but was necessary to 
explain the observed growth of phytoplankton. Near the maximum turbidity zone, no net annual pri- 
mary production could be calculated. Maximum rates of photosynthesis were similar to those reported 
in the literature. Phytoplankton had relatively high rates of photosynthetic affinity [aB,  0.032 to 0.043 
mg C mg-l chl h-' (pm01 m-2 S-')-'], although they were within the range reported in the literature. 
When lower values for a B  were used, estimates of net primary production decreased significantly. We 
propose that it is probably better to use the 0.1 % light level as the base of the photic depth than the 1 % 
light level when considering the critical depth. We also calculated respiratory losses with a simple 2- 
compartment model assuming that respiration was determined by maintenance processes and by the 
growth rate. Using this model with published parameter values, the calculated respiratory losses in the 
summer were comparable to the results in which a respiration rate equal to 1.5 % of P',,, was assumed. 
Hence, this physiologically more sound approach allowed calculation of net primary production 
whereas the more rigid approach assuming that respiration is a fraction of P8,,,,, did not. 
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INTRODUCTION 

Primary production by phytoplankton in estuaries 
can be high in comparison to nearby coastal areas due 
to relatively high nutrient concentrations. This poten- 
tial production is not always reached because estuar- 
ies, especially the well-mixed coastal plain estuaries, 
are often very turbid, imposing light limitation on pri- 
mary production by algae. With some exceptions - 
the Ems Estuary (Colijn 1983), the Dutch Wadden Sea 
(Cadee 1993), the Bristol Channel (Joint & Pomroy 
1981) and the Westerschelde (Van Spaendonk et al. 
1993) - annual primary production by phytoplankton 
is not well studied in European estuaries. 

The Schelde Estuary (Fig. 1) is a turbid, eutrophic 
coastal plain estuary in the southwest of The Nether- 

lands. It is a system of relatively deep tidal channels 
separated by intertidal flats. The estuary is fed by the 
river Schelde, which has a catchment area of approxi- 
mately 19500 km2 (Heip 1989). A salinity gradient 
exists which increases from approximately 2.5 psu 
near Antwerpen to 29 psu at the seaward boundary 
near Vlissingen (see Fig. 1). The residence time of 
water in the entire estuary is approximately 75 d (Heip 
1989). As the estuary is heavily polluted by domestic 
and industrial waste, bacterial growth is intensive 
(Billen et al. 1988, Goosen et al. 1992), leading to oxy- 
gen depletion in the more central and eastern parts of 
the estuary. Oxygen saturation levels below 10% are 
found in the river Schelde. Nutrient concentrations are 
high (Kromkamp et al. in press). The range in the sea- 
sonal growth period (April l to September 30) between 
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Fig. 1. Sampl ing stations in the Schelde Estuary, The Netherlands. 
Average salinity (psu) IS g lven in parentheses 

seawater (seaward boundary) and freshwater is 70 to 
600 pM for dissolved inorganic nitrogen, 3 to 20 pM for 
phosphate and 5 to 230 pM for silicate. Average annual 
total suspended matter content changes from more 
than 80 mg I- '  at the freshwater boundary to less than 
30 mg 1-' at the seaward boundary. As nutrient con- 
centrations are very high, they do not limit phyto- 
plankton growth (Van Spaendonk et al. 1993, Soetaert 
et al. 1994). 

As the water column is generally well mixed, phyto- 
plankton experience a varying light regime. However, 
in the central and western parts of the basin, we regu- 
larly observed a temporary salinity difference of up to 
2 to 3 psu between the surface and the bottom, which 
lasted a few hours. It was observed by Van Spaendonk 
et al. (1993) that in the Westerschelde the euphotic 
depths might be considerably smaller than the mixing 
depths (in this study taken as the average bottom 
depth of each compartment), indicating that during 
daylight phytoplankton experience light intensities too 
low to support photosynthesis. If the time spent below 
the photic depth is too long, the critical depth will be 
exceeded and the respiration rate on a daily scale will 
be higher than the photosynthesis rate; net growth is 
no longer possible, leading to loss of cell mass and 
eventually to the decline of populations. It is generally 
assumed that the critical depth necessary to sustain 
phytoplankton populations is 5 to 6 times the euphotic 
depth (taken as the depth to which 1 % of the light 
penetrates; e.g. Grobbelaar 1985, Cloern 1987, Alpine 
& Cloern 1988). 

Generally, phytoplankton respiration is not taken 
into account when studying primary production. Cole 
et al. (1992) questioned whether a positive carbon bal- 
ance was possible in the turbid Hudson River Estuary, 
USA. Results of Fichez et al. (1992) and Van Spaen- 

Sampling site 

1 Vlissingen (29.2) 9 Zandvliet (1 1.2) 

2 PvN-SS (25.7) 10 Lillo (9.7) 

3 Margarethapolder (23.9) l l Boei 105 (6.1) 

4 Hoedekenskerke (24.0) 12 Antwerpen (2.6) 

5 Hansweert (21 -9) 13 Hoboken ( l  .2) . . 

6 Perkpolder (21 -5) 14 Rupelmonde (1 .O) 

7 Baalhoek (17.9) 15 Ternse (0.8) 
Schelde 

8 Bath (14.5) 

donk et al. (1993) showed that net phytoplankton 
growth did occur in the turbid estuaries, despite the 
fact that the ratio of euphotic depth to mixing depth 
was unfavourable. 

We studied primary production in the Westerschelde 
and a portion of the Schelde River as part of an ecosys- 
tem study and were interested In the carbon balance of 
the phytoplankton. In this paper net phytoplankton 
production is estimated under the assumption that res- 
piration (R) is a fixed percentage of the maximum rate 
of photosynthesis (P,,, in mg C mg-' chl h-'). The esti- 
mated respiratory losses are compared to a physiologi- 
cal model where respiration is split into maintenance 
respiration and respiration which varies linearly as a 
function of primary production. 

METHODS 

Water sampling and physical measurements. In 
1991 all stations (Fig. 1) were sampled every 2 wk from 
March to October and once a month for the rest of the 
year. Temperature, pH, oxygen concentration and 
salinity were measured in situ using a CTD-probe 
(H20-datasonde coupled to a Surveyor 3, Hydrolab). 
Only data from surface samples are presented here. 
Light attenuation was measured using Licor LI-192SB 
cosine-corrected light sensors which were connected 
to a Licor LI-185B quantum meter. 

Chemical analyses. Seston dry weight was deter- 
mined gravimetrically after drying at 70°C. 

Samples for pigment analyses of phytoplankton 
were filtered onto glass fibre filter (Schleicher & 
Schuell, no. 6). Filters and sediment samples were 
extracted in 90% acetone and pigments were deter- 
mined using reversed phase high-performance liquid 
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chromatography (HPLC) according to Gieskes et al. 
(1988). 

Primary production of phytoplankton. Duplicate 
50 m1 samples [to which 200 p1 of 185 kBq ml-' I4C- 
NaHCO,, (Amersham) was added] were incubated in a 
rotating incubator (Vegter & de Visscher 1984) on 
board the RV 'Luctor' immediately after sampling at 
in situ temperatures. The samples in the incubator 
were exposed to 10 different irradiances (excluding 
the dark bottles) up to a maximal irradiance of 
810 pm01 m-' S- ' .  After incubation the samples were 
gently filtered over 0.45 pm nitrocellulose filters 
(Schleicher & Schuell BA23). The incubation period 
was 2 h. Filters were placed in HCI fumes for 30 min, 
air dried and counted in a Beckmann LSC (LS5000TD). 
A scintillation cocktail was prepared using 0.5 % (w/v) 
P P 0  (2,5-diphenyloxazol, p.a. Merck) in toluene 
(Baker, technical grade). Correction for quench took 
place using the shift in the Compton peak (H-number) 
according to the manufacturer's instructions. Dissolved 
inorganic carbon was determined by potentiometric 
titration. Primary production was calculated using an 
isotope discrimination factor of 1.05. The rate of carbon 
fixation in the dark bottles was subtracted from that in 
the light bottles in order to avoid overestimates of pri- 
mary production by phytoplankton due to chemosyn- 
thetic processes. 

The photosynthesis/irradiance (PII) curves were fit- 
ted according to Eilers & Peeters (1988): 

where PBis the rate of photosynthesis, E is the (scalar) 
incubation irradiance (pm01 m-2 S-') and a, b and c are 
fit-constants. p,,, [ l / ( b  + 2 , E ) ] ,  the photosynthetic 
capacity, is the maximal rate of photosynthesis (mg C 
mg-' chl h - ' )  and uB ( l l c )  is the photosynthetic effi- 
ciency, i.e. the initial slope of the P/I curve [mg C mg-' 
chl h - '  (1.lmol m-2 S-')-']. The superscript B denotes 
that P/I characteristics were calculated per mg chloro- 
phyll a (chl a) .  The irradiance in the incubator was 
measured with a 47t sensor (Biospherical Instruments). 
Because the incubation time of 2 h was relatively short, 
it was assumed that the measured rates of photosyn- 
thesis equalled gross rates (Williams 1993). 

Water column production was calculated from the 
fitted PlI curve, the attenuation coefficient and hourly 
incident irradiance. The latter was measured close to 
Stn 5 (Hansweert) with a Kipp solarimeter fitted with 
a PAR (400 to 700 nm) sensor. Because the instrument 
broke down in 1991, hourly light data were obtained 
from a local station of the Dutch Meteorological Insti- 
tute (KNMI). However, the sensor they used inte- 
grated radiation from 300 to 2200 nm. A conversion 
factor (0.33 + 0.02) was calculated after comparing 
500 hourly data points. Integral column production 

corrected for basin morphology (because there are 
large tidal flats and shallow areas in the Wester- 
schelde which take up approximately 25 % of the total 
surface area) was calculated according to Klepper 
(1989), by calculating primary production per m2 in 
small layers of 25 cm depth which were then multi- 
plied by the surface area at the particular depth of the 
compartment. After addition of the values from all 
layers, the water column production (mg C m-2 h-') 
was calculated by dividing the total production in the 
compartment by the surface area of that compart- 
ment. Production rates between sampllng points were 
calculated using measured irradiance data and as- 
suming that the P/I characteristics and photic depths 
did not change during the calculation interval (the 
week before and the week following the sampling 
date). Carbon turnover rates (P/B ratios) were calcu- 
lated by dividing the column production (P) by the 
carbon content of the phytoplankton in the water col- 
umn (biomass, B). The carbon content of the phyto- 
plankton was calculated from the chlorophyll a con- 
tent, assuming a C/chl a ratio of 30. This ratio was 
chosen because i t  was the mean ratio found in phyto- 
plankton samples taken from the nearby Ooster- 
schelde Estuary during the period 1982 to 1990, from 
which volume measurements were determined micro- 
scopically (Wetsteyn & Kromkamp 1994). This way 
high C/chl a ratios were prevented which would have 
otherwise occurred if the carbon content was calcu- 
lated from particulate (detrital) organic carbon mea- 
surements. Although the C/chl a ratio can vary de- 
pending on environmental conditions, recalculation of 
net primary production with assumed C/chl a ratios of 
20 or 50 again led to the conclusion that the respira- 
tion rate was higher than the gross primary produc- 
tion rate, assuming that the respiration rate was > 5  % 
of PB,,,. 

RESULTS 

Euphotic depths 

The ratio of the average annual mixing depth (G,, 
taken as the total water depth) relative to the euphotic 
depth (Z,,, taken as the depth to which 1 % of the sur- 
face Light penetrates) is plotted in Fig. 2. When it is 
assumed that the euphotic depth is equal to the depth 
to which 1 % of the surface irradiance penetrates, the 
Z,,,/Z,, ratio varies between 4 and 6 in the outer part of 
the estuary, and increases to more than 10 in the limnic 
part. Large variations (up to 100% at some occasions) 
occurred at  each station, mainly due to tidal variations 
(i.e. resuspension of sediments). The dashed horizontal 
line at a Z,,,/Z,, ratio of 5 in Fig. 2 indicates the critical 
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Fig. 2. Annual average mixing depth to euphotlc depth ratio 
(&/Ze,) for each station. The euphotic zone was taken as the 
depth to which 1 % of the surface irradiance penetrates (I ) .  
The short dashes show the standard error of the mean. (m) 
Indicates when the depth of the euphotic depth would equal 
0.1 % of the surface irradiance. The dashed line indicates the 

&/Ze, ratio (of 5) giving rise to the critical depth 

depth. The critical depth is, of course, not constant, but 
depending on the time of the year (i.e. on the length of 
the photoperiod) and on the phytoplankton composi- 
tion (Tett 1990, Langdon 1993). However, if the critical 
depth is close to or higher than a Z,,,/Z,, ratio of 5 in 
Fig. 2, no net photosynthesis is possible in the eastern 
half of the estuary whereas there will only be a limited 
net production in the western half of the basin. When it 
is assumed that the euphotic depth equals the depth to 
which 0.1 % of the surface light penetrates, net primary 
production is possible at salinities higher than 15 psu. 
The question whether a positive carbon balance is a 
possibility for phytoplankton will be explored later in 
this paper. 

Phytoplankton chlorophyll and gross primary 
production 

Chlorophyll biomass and daily primary production 

Fig. 3 shows the seasonal changes in phytoplankton 
biomass, expressed in terms of chl a and gross primary 
production. Dynamics in phytoplankton biomass and 
production at Stn 1 showed the pattern normally seen 
in temperate marine areas. Further up the estuary, the 
more turbid conditions limited production more to the 
summer period and the relation between chlorophyll 
and production became less clear (see also Kromkamp 
et al. in press). 

The average annual chl a concentration was high in 
the limnic region, where oxygen concentrations were 
lowest, and decreased sharply to approximately 7 mg 

0 100 200 300 400 

35 2000 

30 C st. 8 1 1 750 

0 100 200 300 400 
Julian day 

Fig. 3. Change in chlorophyll content (I) and daily produc- 
tion (lines) for 4 representative stations 

m-3 and then remained constant at salinities higher 
than 10 psu (Fig. 4). This sharp decrease cannot be 
explained by dilution alone. Most likely, phytoplank- 
ton coming from the rivers Schelde and Rupel die 
when they encounter more saline conditions. Also, the 
main phytoplankton grazers were nearly absent at 
salinities below 8 psu, decreasing grazing losses in the 
limnic part (Soetaert et al. 1994. Kromkamp et al. in 
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Fig. 4.  Change in average chlorophyll concentration (March 
to December) with salinity 

press). A large contribution to the total chl a in these 
low salinity waters by microphytobenthos and salt 
marsh plants is unlikely because the area of salt 
marshes and intertidal flats is small compared to the 
central and western parts of the basin. The average 
summer chl a/chl c ratio (Fig. 5) shows a change in the 
phytoplankton composition at salinities above 10 psu. 
The chl a- and b-containing green algae which domi- 
nated phytoplankton populations in the limnic region 
(Kromkamp unpubl.) were replaced by a chl a- and c- 
containing phytoplankton population dominated by 
diatoms. Diatoms dominated the phytoplankton in the 
Dutch part of the Westerschelde (Stns 1 to 9) (Koeman 
et al. 1992). Interestingly, the replacement of green 
algae by diatoms seemed to take place after the fresh- 
water phytoplankton had died (i.e. after the strong 
decrease in biomass). 

Annual gross production ranged between 150 and 
300 g C m-' in the western part, decreased to less than 
100 g C m-2 in the eastern part and rose sharply to 
high values (500 g C m-2) in the limnic region of the 
basin (Antwerpen and upstream, Fig. 6). Values were 
similar to those observed 2 yr before, with the excep- 
tion of Stn 12 (Antwerpen), where annual production 
was twice as high in 1989 (Van Spaendonk et al. 1993). 
Total production for the Westerschelde was estimated 
at 55 300 t C yr-'. 

Notice that the rise in chl a in the Schelde (?-fold) is 
much higher than the 2-fold rise in production in this 
area compared to the marine part of the estuary. This 
can be explained by the PI5 ratios (carbon turnover 
rates, Fig. f ) ,  which increase in more saline waters, 
suggesting higher growth rates in this stretch of the 
estuary: PIB ratios calculated from gross production 
rates (i.e. no correction for respiratory losses) were 
below 0.3 for Stns 12 (Fig. f a ,  2.6 psu) and 8 (Fig. 7b, 
14.5 psu, with the exception of a period in July, when 

chl a/b / /'&=---A 

0 5 10 15 20 25 30 
salinity (psu) 

Fig. 5. Change in the ratios of chl a/chl band chl a/chl c with 
salinity. Data are the mean values for the summer months 

(April to September) 

0 5 10 15 20 25 30 
salinity (psu) 

Fig. 6. Annual gross primary production at different salinities 

rates above 0.5 d-' were measured). In summer, turn- 
over rates were above 0.3 d- '  for Stn 4 (Fig. fc)  and 
above 0.4 d - '  for the marine Stn 1 (Fig. 7d). Turbidity is 
high in the Schelde Estuary, and respiratory losses will 
be high. It is therefore better to calculate the PI5 ratios 
(which is a measure for the growth rate) from net pri- 
mary production rates. Net production rates were cal- 
culated assuming that respiration rates were 5 % of the 
assimilation ratio (photosynthetic capacity). Although 
this is at the low end of the reported range of respira- 
tion rates (Langdon 1993 and references therein), we 
have observed respiration rates like these often in our 
light-limited continuous cultures of diatoms and green 
algae. P/B ratios calculated on these net production 
rates are nearly always negative, indicating that algal 
growth is not possible and that populations will decline 
and collapse (Fig. 7). Upon lowering the respiration 
rate to 2.5 % of PBm,,, significant positive turnover rates 
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Fig. 7 PIE ratios for 4 representatwe stations. ( m )  Respiration, 
R = 0 %  of pBmdX; (m) R = 2.5% of pBmdX; (A) R = 5 %  of 

pBmax 

for prolonged periods during the summer were only 
observed for stations with a salinity above 20 psu. 
However, respiration rates below 5% of the assimila- 
tion rate are generally considered not to occur 

Freshwater phytoplankton coming down the rivers 
Schelde and Rupel encounter more saline conditions, 

0 50 100 150 200 250 300 350 400 
Julian day 

Fig. 8 ,  Daily net production for the 4 selected stations (as in 
Fig. 7). (m) Gross production (no respiration); (0) R = 2.5% 

of PBmax; (A) R = 5 %  of pBmdX 

which are likely to stimulate their rate of respiration 
(Flameling & Kromkamp 1994). Hence, respiration 
rates are likely to be higher in the limnic part than in 
the other parts of the estuary, and as a consequence, 
the calculated net P/B ratios are probably underesti- 
mations. 
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Photosynthetic parameters 

Photosynthetic capacities were low in winter and 
normally reached their maximum in summer (Table 1). 
Minimum values were lower in the limnic region than 
in the marine region (not shown). The average summer 
values (June to September) increased from 8.1 (22.0) 
in the inner estuary (1 to 3 psu) to 10.7 (k0.9) in the 
middle estuary (3 to 20 psu) to 12.2 (+ 1.0 mg C mg-' 
chl h- ' )  in the outer estuary (20 to 30 psu). Like the 
photosynthetic capacity, aB showed a clear seasonal 
cycle. In contrast to PB,,,,, no spatial differences were 
observed in the summer values of aB. The minimum 
values, however, were lower in the limnic region 
(Table 1). In the limnic region the standard deviations 
of PBma, and a B a r e  high. This was due to some very low 
values of both parameters, most likely caused by an 
amount of chl a from 'unhealthy' or dying phytoplank- 
ton populations which had difficulties with the increas- 
ing salinity upon entering the estuary. Because dark 
fixation rates were subtracted from the light bottles, 
the high standard deviations in the photosynthetic 
parameters P',,, and aB in the low salinity range were 
not caused by chemosynthetic incorporation of I4CO2. 

Effect of different estimates of respiration on 
net primary production 

It is not possible to measure phytoplankton respira- 
tion rates (R) with the 14C method. Therefore, we 
assumed that respiration was a fixed proportion of 
PBm,,. We also assumed that the measured rates of pri- 
mary production were gross rates (PG), which seems a 
fair assumption considering the short 

- 8 0 O 1 . . . . . , , J  
0 5 10 15 20 25 30 

salinity (psu) 
Fig. 9. Net annual production at the different stations. (I) 
Gross production; (v) net production when R = 1.5% of PEm,,; 
(m) net production when R = 2.5% of PB,,,; (A) net produc- 
tion when R = 5 % of p,,,. In calculating annual production 
we interpolated linearly between sampling points. This gave 
small differences for the gross production (R = 0) when 

compared to the data presented in Fig. 6 

was taken as 5 % of P\,,. Also, when R was taken as 
2.5% of the photosynthetic capacity, net annual pro- 
duction for the inner estuary was only observed in the 
freshwater Stn 13, just upstream of Antwerpen. In the 
salinity range of 2 to 15 psu, no phytoplankton growth 
was possible. At more saline conditions, gross produc- 
tion was slightly higher than calculated respiration. 
Even when R is 1.5 % of PBm,,, no net production takes 
place in the inner Westerschelde. One might doubt 
though that respiration rates below 5% of the photo- 
synthetic capacity are physiologically feasible (see 
Langdon 1993 for a recent review on respiration rates). 

taken as 5% of P',,,. The same was true 
for the other stations, with the exception 
of 2 sampling days at the marine Stn 1 
(Fig. 8a).  When the respiration rate was 
taken as 2.5 O/o of PB,,,, i.e. only during the 
spring bloom period, net primary produc- 
tion was calculated at Stn 12, during the 
rest of the year R was > P6. The period and 
the magnitude of the positive net produc- 
tion with this assumed respiration rate 
increased towards the sea, reflecting the 
improved light conditions (Fig. 9). Annual 
production was never positive when R 

incubation times used (Williams, 1993). 
Table 1. Minimum and maximum photosynthetic capacities as well as the 

Hence' net production average (Avg) and standard deviation in E,, and aB for Days 150 to 257 
as  PN = PG - R. (n = 7 or 8) at several stations. Average salinity at each station is given 

Fig. 8a to d shows the net daily rates of 
production calculated for 4 selected sta- 
tions. At Stn 12 (Fig. 8d), no net area1 pro- 
duction could be calculated when R was 

Salinity Stn P",,, P",.. a" as 
(PSU) Min-max Avg (SD) Min-max Avg (SD) 
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Thus, from the calculations shown so far it appears that 
the algae respire more carbon than they produce by 
means of photosynthesis. Alternative views will, how- 
ever, be discussed below. 

DISCUSSION 

The initiation of the spring bloom in aquatic environ- 
ments is generally explained by the critical depths 
hypothesis (Sverdrup 1953 in Smetacek & Passow 
1990, Tett 1990). In most estuaries, the seston content is 
high which causes poor light conditions. In an analysis 
of phytoplankton primary production in San Francisco 
Bay (California, USA), it was concluded that when the 
ratio of the mixing depth to the euphotic depth (&/ZeU) 
is smaller than 6, net primary production is possible 
and a bloom can be initiated (Cole & Cloern 1984, 
Alpine & Cloern 1988). Other authors obtained the 
same ratio (Grobbelaar 1985, Tett 1990), although 
Grobbelaar argued that the ratio can be much higher 
(Grobbelaar 1990). In the present study, the mixing 
depth is taken as the average water depth of each com- 
partment. It is clear from Fig. 2 that when a Zm/Ze,, ratio 
of 5 to 6 is used, hardly any phytoplankton growth 
would be possible in the Westerschelde. Our estimates 
of net primary production also seem to indicate that net 
phytoplankton growth is not possible: P/B ratios based 
on net primary production estimates with a low respi- 
ration rate (R = 5% of PEm,,) were generally negative, 
and net annual production rates were also negative. 
The C/chl a ratio is known to be dependent on envi- 
ronmental conditions (Geider et al. 1986). However, 
changing the C/chl a ratio to 20 to 50 did not lead to a 
different conclusion for calculations of net primary pro- 
duction based on the assumption that R = 5 % of pE,,,, 
as the C/chl a ratio does not enter the calculations on 
net production. A different C/chl a ratio only changed 
the dynamics in the PIB ratios: i.e. a negative net PIB 
ratio became more negative, whereas a positive P/B 
ratio increased more upon lowering the C/chl a ratio; a 
higher C/chl a ratio seems to dampen out the seasonal 
changes (not shown). Unrealistically low respiration 
rates were necessary for net primary production to be 
calculated. Still it is hard to believe that no phyto- 
plankton growth occurred, since the chlorophyll 
dynamics strongly suggest that phytoplankton growth 
did happen. Indeed, in a general ecosystem model for 
the Westerschelde we found that import of algae 
across the freshwater and marine end members could 
not explain the observed dynamics in phytoplankton 
biomass, although it did show that import processes 
were important (Soetaert et al. 1994). From this we 
must conclude that the critical Z,,,/Zeu ratio in the West- 
erschelde must be larger than 5 and that consequently 

net primary production did occur. Generally, the water 
layer up to the 1 % light level is taken as the euphotic 
depth (during the photoperiod). This is probably not 
correct. We have measured net photosynthetic oxygen 
evolution frequently below this light level in cultures 
(not shown), and the compensation light level is there- 
fore often smaller than 1 % of the surface irradiance. If 
we take the 0.1% depth as the compensation depth 
and recalculate the mean Z,,,/Zeu ratios (and assume 
that this gives a better indication of the critical depth), 
we see that net production is possible downstream 
from Stn 9 (salinity of > l  1 psu). The same conclusion 
can be drawn when the net annual pnmary production 
is calculated assuming respiration to be 1.5 % of P',,,. 
This hypothesis is corroborated by the results of the 
Westerschelde ecosystem model (Soetaert et al. 1994), 
which also suggest that net phytoplankton primary 
production occurred downstream from Stn 9. 

Cole et al. (1992) concluded that phytoplankton net 
primary production was not possible in the turbid 
freshwater Rhode River Estuary and that phytoplank- 
ton biomass was 'imported' by advection from shallow 
areas in the estuary. In the Westerschelde resuspen- 
sion of benthic algae from the intertidal mudflats might 
be responsible for part of the observed biomass, but 
the maximal surface area of the intertidal flats is 
approximately 25% of the total surface area in the 
Westerschelde (De Jong & de Jonge in press). Benthic 
microalgal primary production can be an important 
part of total algal primary production in estuaries. Sul- 
livan & Moncreiff (1988) estimated benthic microalgal 
pnmary production to be 30 % of total primary produc- 
tion in a Mississippi (USA) salt marsh. Colijn (1983) 
found that primary production by microphytobenthos 
was 20% of total production in the Ems-Dollard Estu- 
ary. Kromkamp et al. (in press) and De Jong & de  
Jonge (in press) argue that microphytobenthos pro- 
duction in the Westerschelde is less than 15 % of phyto- 
plankton production, and it is therefore unlikely that 
microphytobenthos resuspension alone can explain 
the observed chlorophyll dynamics. 

Our model to calculate net production is very much 
dependent upon the respiration rate and the specific 
photosynthetic parameters. All of our photosynthesis 
light data were fitted with the iterative method of Eil- 
ers & Peeters (1988) because they gave the best fit. We, 
however, also used the fit methods of Platt & Jassby 
(1976) and Platt & Gallegos (1980). Using the 3 fits, the 
gross primary production was calculated taking the 
basin morphology into consideration. Differences in 
calculated area1 production with the different fit meth- 
ods were not significantly different. In general, the Eil- 
ers & Peeters method gave slightly higher PEm,,-values, 
but the differences were small and not significant 
(Table 2). The Platt & Gallegos fit gave the highest wE- 
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Table 2. Annual average rates of P:,,,, and compar~sons 
between pBm,, and aR between the fit-methods (in %) of Eilers 
& Peeters (EP, 1988), Platt & Jassby (PJ,  1976) and Platt & Gal- 

legos (PG, 1980) for 4 selected stations 

Stn PRll,m aR 
EP PJ/EP PG/EP PJ/EP PG/EP 

12 6 91 100.0 96.8 104.4 118.2 
8 7.73 93.7 90 7 103.8 118.5 
4 8.95 97.6 95.6 104.1 116.8 
1 9.70 99.0 98.1 104.9 116.2 

values: they were on average 17 % higher than when 
calculated using the Eilers & Peeters method. The 
higher photosynthetic efficiencies calculated with the 
Platt & Gallegos method, however, did not lead to 
higher areal production values. Apparently, the gain in 
carbon fixation at low light intensities is lost at higher 
irradiances because this fit method gave rise to high 
rates of photoinhibition. The photosynthetic efficien- 
cies we report are at the high end of the range as 
reported for selected coastal areas and estuaries in 
North America (Keller 1988). If we take 50% of our 
mean aB-values [i.e. from ca 0.034 to 0.017 mg C 
mg-' chl h - '  (pm01 m-' S-')-'], the areal production 
decreases by 40 %. Hence, the net primary production 
will be very much dependent on large changes in the 
photosynthetic efficiency. This is contrary to results 
found for the turbid Hudson River Estuary by Cole et 
al. (1992): they argued that in shallow waters (or in 
rather transparent waters) higher values of crB would 
lead to higher net production rates, but that in deeper 
waters the net areal production is not very sensitive to 
the value of aB. If changes in aB can have such large 
effects, then spectral changes with depth might be 
important. In the Schelde Estuary (Kromkamp unpubl. 
results), blue light is rapidly absorbed and the photo- 
synthetically usable radiation might decrease by as 
much as 40% in the first meter. This means that the 
photosynthetic efficiency will decrease (aB = a s p h @ ,  
where asph  is the algal absorption per mg chlorophyll 
and @ the quantum efficiency of photosynthesis) 
because the absorption of light by phytoplankton will 
decrease. Thus, according to this reasoning, our calcu- 
lated net production rates are possibly too high. When 
we compared our PBm,,-values with those reported in 
the literature, no indications of methodological errors 
were observed: our mean and maximum values corre- 
spond very close to mean values found for coastal and 
estuarine systems in North America (Keller 1988) and 
Europe (Colijn 1983, Wetsteyn & Kromkamp 1994). 

I t  is probably better to divide respiration into a 
constant maintenance respiration (needed for cell 
integrity, osmotic balance, etc.) and a variable respira- 

tion dependent on the growth rate (Laws & Bannister 
1980, Falkowski et al. 1985, Geider & Osborne 1986). 
Using this information, Langdon (1993) developed a 2- 
component model of algal respiration, which also 
allowed respiration in the light to be different from res- 
piration in the dark, as was shown to be the case for 
several algae by Grande et al. (1989) and Weger et al. 
(1989). The respiration over the entire water column 
(R,,) can be modelled as: 

R,, = B Z [24 DRo + (24 -D) RD P:, + D RD R, PBzt] (2) 

where B is the biomass (mg chl m-", Z is the mixing 
depth, DR, is the biomass-specific maintenance respi- 
ration (mg O2 mg-' chl h-'), D the daylength, RD is the 
growth rate (or better: photosynthesis) dependent lin- 
ear coefficient of dark respiration (mg O2 mg-'  chl h-'.), 
PBz, is P,,/(DBZ), P,, is the primary production in the 
water column (mg C m-2 d-l) ,  and RL the ratio of light 
to dark respiration (Langdon 1993). Using this model 
and values of the coefficients as suggested by Langdon 
(see legend Fig. 10), we calculated which proportion of 
the gross photosynthesis was respired at the marine 
Stn 1. The maintenance respiration (DR,) was taken as 
0.048 mg O2 mg-l chl h-', a value typical for diatoms 
(Langdon 1993). When the respiration coefficient 
related to growth (RD) was taken as that suggested to 
be representative for diatoms (1.024 mg 0, mg-l chl 
h- ' ;  Langdon, 1993), the ratio R,,/P,, was smaller than 
when it was assumed that R was 1.5% of PBm,,. HOW- 
ever when RD was doubled to 2.048 mg O2 mg-' chl 
h-', the amount respired sometimes matched the 
amount calculated with the assumption that R was 
1.5 % of PBm,, (Fig. 10), although in most cases, it 
remained lower. When values were chosen that were 
representative of Prymnesiophytes, the R,,IP,, ratio 
behaved more or less the same as when R was taken as 
1 .S % of PB,,,,,. The fact that model values taken as rep- 
resentative for Prymnesiophytes gave the best results 
corresponds to the fact that a large part of the spring 
and late summer bloom at Stn 1 was caused by the 
Prymnesiophyte Phaeocystis pouchetii. 

We tried to estimate respiratory losses in 2 ways in 
order to calculate net primary production. Our results 
show that the approach to calculate net production 
from gross production by assuming that the respiration 
is a fixed percentage of the photosynthetic capacity did 
lead to higher values (overestimates) of respiratory 
losses (when norn~ally assumed values for the respira- 
tion are used, i.e. between 5 and 20% of P\,,) than 
when using Langdon's (1993) 2-compartment model 
(which also uses published data from culture studies). 
Respiration rates below 5 %  of the photosynthetic 
capacity are considered very low and it is doubtful 
whether they are physiologically meaningful. One 
might argue, however, that algae in turbid estuaries 
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Fig. 10. Comparison of respiration (R,,) to gross production 
(P,,) for the whole water column at Stn 1 u s ~ n g  2 different 
models to calculate respiration. For the first model, Eq. (2) (in 
text) is used: (I) biomass-specif~c maintenance respiration 
(DRo) = 0.048 mg 0, mg-l chl h- ' ,  the photosynthesis-depen- 
dent lineral coefficient of dark respiration (RD) = 1.024 mg O2 
mg- '  chl h- '  and the ratio of light to dark respiration (RL) = 2, 
values typical for diatoms; (0) same values except that R, 1s 
doubled to 2.048; (0) DRo = 0.272, RI, = 1.872 and RL = 1, val- 
ues typical for Prymnesiophytes. For the second model (v) 

we assumed that R = 1.5% of PR,,,,, 

hardly ever photosynthesize at  their maximum rate for 
a period longer than a few minutes. However, unpub- 
lished P/I curves made from samples of cultures of 
light-limited algae nearly always show that respiration 
rates are more than 4 to 5% of the photosynthetic 
capacity, even when the P/Icurve is made at  the end of 
the dark period. Hence, the results from culture studies 
contradict the results discussed in this paper. One rea- 
son for this might be that cultures are seldom axenic 
and that bacteria contribute to the dark respiration. 
Bacterial biomass in algal cultures is normally insignif- 
icant in comparison to algal biomass and consequently, 
bacterial respiration will only be a small proportion of 
the total dark respiration. A more likely explanation 
might be that algal cultures are adapted to the constant 
conditions under which they are grown It was shown 
by Loogman (1982) and Post et al. (1986) that continu- 
ous cultures of the cyanobacterium Oscillatona agard- 
hii and the green alga Scenedesmus protuberans 
grown with different light/dark cycles adapted the 
rates at which they increased their carbohydrate con- 
tent during the day and respired it during the following 
dark period according to the length of the light period. 
Hence, these algae were 'trained' to their environmen- 
tal condi.tions and the respiration rates were a reflec- 
tion of these conditions. Algae in the natural environ- 
ment, especially in turbid, well-mixed temperate 
estuaries, will seldom experience constant conditions. 
Hence, they are in a condition of unbalanced growth, 

in contrast to most algae in cultures, especially contin- 
uous cultures, where algae are in a condition of bal- 
anced growth. It might be that under conditions of 
unbalanced growth, respiration will decrease as soon 
as the algae enter darkness. Also, phytoplankton cul- 
tures exposed to a fluctuating light climate might 
increase their PE,,,, as shown for the marine diatom 
Skeletonema costatum (Kromkamp & Limbeek 1993), 
in contrast to cultures grown with a simple light/dark 
cycle or with continuous light. Because natural phyto- 
plankton experience fluctuating light as they circulate 
through the light gradient, this might be another rea- 
son for the fact that when respiration is estimated by  

assuming it is equal to 5% of PBm,,, respiratory losses 
might be overestimated. 

Research is needed on the regulation of respiration 
and the growth kinetics of algae under conditions of 
unbalanced growth. The data gathered by Langdon 
(1993) in his review come from algal cultures and are 
partly based on mass balances. Use of the data pre- 
sented by Langdon in combination with gross primary 
production rates determined by us makes it more likely 
that respiration rates below 5% of PE,,,,, do indeed 
occur. 
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