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ABSTRACT: The relationship between benthic bacterial production and biomass and sediment-water 
exchange rates of inorganic nutrients was examined in the North Sea (Dogger Bank region), in 
summer. The sediments were sandy, poor in organic matter and with low buffering capacities for 
nutrients. Fluxes of dissolved inorganic N (DIN) and P (DIP) across the sediment-water interface 
were measured using undisturbed sediment cores. Bacterial production (3H-thymidlne incorporation 
method) in the sediment surface layer and bacterial biomass were analysed in the same sediment. By 
comparison of thc benthic actlvlties at 13 stations we assessed significant negative relations between 
bactenal production and sediment-water fluxes of nutrients W ~ t h  ~ncreasing hdcterial production the 
net efflux of DIN and DIP decreased. Bacterial production was significantly related to bacterial biomass 
and bacterial biomass was significantly related to chlorophyll a and pheopigment in the sediment, 
suggesting that enhanced bacterial production rates were associated with input of organic carbon. The 
observed relationship between bacterial production and nutrient sediment-water exchange could be 
explained by temporary immobilization of N and P in bactenal biomass. It was demonstrated that in 
response to a short-term sedimentation event, the increase in benthic bacterial biomass (over a 5 d 
period) may equal the decrease in sediment-water effluxes of DIN and DIP. Heterotrophic benthic 
bacteria can apparently act as sinks for N and P, which only release N and P upon death. 

INTRODUCTION 

The role of bacteria in early nutrient diagenesis is 
not well established. Microbial reduction of oxygen 
and other electron acceptors during decomposition 
of organic matter is a controlling factor in benthic 
nutrient cycling (Froelich et al. 1979, Bender & Heggie 
1984), while the importance of chemo-autotrophic 
nitrifiers is also acknowledged (Henriksen & Kemp 
1988). However, the direct relation between benthic 
nutrient mineralization and heterotrophic bacterial 
production is less clear (Meyer-Reil et  al. 1980, Black- 
burn 1988). This is due to the scarcity of benthic bac- 
terial production measurements and the fact that those 
that are available are discussed largely in relation to 
food chain dynamics (e.g.  Alongi & Hanson 1985, 
Kemp 1990). 

Traditionally, bacteria are regarded as processors of 
organic matter, releasing mineral nutrients. In this con- 

cept positive relations are expected between bacterial 
growth rates (production) and mineral nutrient release. 
However, from pelagic and laboratory studies increas- 
ing evidence has become available that bacteria may 
act as net consumers of mineral nutrients, rather than 
as net remineralizers (e.g.  Azam et al. 1983, Wheeler & 

Kirchman 1986, Bratbak 1987, Martinussen & Thing- 
stad 1987, Bloem et al. 1988, Jurgens & Gude 1990). 
Recently Tupas & Koike (1990, 1991) showed that bac- 
teria first mineralize a considerable part of dissolved 
organic nitrogen and subsequently assimilate the 
released NH,+to meet their N demand. Net regenera- 
tion of P and N by bacteria probably only occurs when 
the C : N  and C : P  atomic ratios of the substrate are 
small compared to the relatively invariant ratio in the 
bacterial biomass of 45: 9 :  1 (Bratbak 1985, Wheeler & 
Kirchman 1986, Coldman et al. 1987). Goldman et al. 
(1987) showed that N regeneration by bacteria does 
not occur at  substrate atomic C : N  ratios of 10 or more. 
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In sediments, organic matter may have larger C : N and 
C : P ratios than the commonly applied Redfield ratios 
(e.g. Balzer 1984, Klump & Martens 1987) due to 
mineral nutrient loss during autolysis of phytoplankton 
cells and preferential degradation of organic N and P 
compared to organic carbon. With an average C :  N: P 
atomic ratio of the organic matter in the sediment of 
125: 11 : 1 (Klump & Martens 1987), benthic bacteria 
are probably net N and P consumers according to 
Goldman et al. (1987). Regeneration of N and P may 
then occur only upon death of the bacteria. 

We hypothesize that when bacterial production coin- 
cides with net biomass increase, the production may 
be negatively related to benthic N and P regeneration. 
In poorly buffered sediments the benthic N and P 
regeneration will be reflected by the sediment-water 
nutrient fluxes. The hypothesis was tested in North 
Sea sediments during a cruise in summer 1988. The 
Dogger Bank region was selected because of its low 
deposition of degradable organic matter and the low 
bioturbation activity. The buffering capacity for nutri- 
ents was expected to be low in the poor sandy sedi- 
ments here, so that relations between nutrient fluxes 
and bacterial production and biomass may show up. 

MATERIALS AND METHODS 

Study area and sediment collection. The Dogger 
Bank is a shallow area on the border between the 
Southern and the Central North Sea (Fig. 1). Depths of 
the sampling stations ranged from 25 m at Stn 62 to 
89 m at Stn 97. The stations were visited during the 
Window expedition in July-August 1988. 

Intact sediment cores were obtained using a modi- 
fied cylindrical Reineck-type boxcorer (Reineck 1963) 
with an inner diameter of 31 cm. At each station 2 box- 
cores were subsampled for bacterial production and 
biomass (10 acrylic llners with 2.5 cm i.d.1 and for 
nutrient flux measurements (3 to 7 acrylic tubes with 
10 cm i.d.). Part of the nutrient fluxes were measured 
in whole boxcores. Cramer (1991) analysed the sedi- 
ment samples for chlorophyll a and pheopigments by 
the fluorometric method as described in Holm-Hansen 
et al. (1965). We applied her data collected in the sedi- 
ment surface layer (0 to 5 mm). The sediment texture 
analyses (by laser-spectrometry) and carbon and 
n~trogen content of sediment samples (by CHN 
analyser) were determined by Saager et al. (1989) and 
van Raaphorst et al. (1990). In this study these data 
were corrected for the differences in carbonate content 
of the sediment samples. 

Bacterial production and biomass. Bacterial produc- 
tion was measured in sediment slurries with [methyl- 
3H]thymidine. The filter method of Moriarty (1990) and 

Moriarty & Pollard (1990) was used following van Duyl 
& Kop (1990). The 5 mm top layer of the sediment was 
removed from the liners and pooled. After brief mixing 
(up to 1 min) aliquots of 100 p1 wet sediment were with- 
drawn and dispensed into 25 p1 aqueous solution con- 
taining 25 pCi [3H]thymi&ne (42 Ci mmol-', Amersham, 
UK) and 75 g1 filtered (0.2 pm) seawater with an 
increasing concentration of unlabelled thymidine. In 
this way isotope dilution was assessed for each sampling 
station. Four concentration steps of added thymidine 
were offered within the range of 2.5 to 32 pM with 3 
replicates per concentration. In this way up to 12 pro- 
duction replicates and 4 blanks were produced per 
sampling station. The slurry was incubated for 1 to 2 h ,  
stopped with ethanol (80 %) and was further processed 
after 1 to 7 d of refridgeration at 4 to 7 "C. To assess the 
period of linear incorporation of 3H-thymidine a time 
series was made at one of the stations (Stn 67). 

As thyrnidine conversion factor we used the value of 
1 X 1018 cells formed per m01 thymidine incorporated in 
DNA (Bell 1986, Moriarty 1988, Michel & Bloem 1993). 
The recovery of DNA was on average 60% (see van 
Duyl et al. 1992a for method). Bacterial production rates 
were therefore corrected. Using the average C : N : P  

Fig. 1. Bathymetric map of the study area in the North Sea 
(Dogger Bank region) with the stations visited in the summer 

of 1988 
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ratio of bacterial biomass (45: 9 :  1 atomic ratio; e.g.  Gold- 
man et al. 1987) the N and P assimilation was estimated 
on the basis of bacterial C production measurements. 

Acridine orange direct counts were conducted to 
determine bacterial abundance and size of bacteria 
and subsequently biomass production, all according to 
van Duyl & Kop (1990) One sample per site was 
analysed. Formaldehyde-fixed bacteria were sepa- 
rated from the sediment by incubation (15 min) in a py- 
rophosphate solution and subsequent sonification, and 
stained in acridine orange. Bacteria were sized and 
counted under an  epifluorescence microscope ( 1 2 5 0 ~ )  
on 0.2 Fm Nuclepore filters, prestained in irgalan 
black. The carbon conversion factor used, was 2.2 X 

10-l0 mg C (Bratbak & Dundas 1984). 
Nutrient fluxes. The benthic mineral nutrient flux 

data and the data on oxygen penetration depths applied 
in this paper were published in van Raaphorst et  al. 
(1990). Sediment-water fluxes were estimated in 2 
different ways. In the first, the fluxes were calculated 
from the difference between the concentrations in the 
benthic chambers at the start and the end of the benthic 
oxygen uptake measurements (van Raaphorst et  al. 
1990, Cramer 1991). Since this procedure involves the 
subtraction of only 2 concentrations for every flux esti- 
mate, it is not very accurate, particularly when these 
concentrations do not differ much. In the second 
method, 3 to 7 replicate cores (10 cm i.d.) were placed at 
in situ temperature +2"C, while the overlying water 
(750 ml) was kept saturated with respect to O2 by con- 
tinuously bubbling air. In this way, turbulence was 
introduced in the water column, just below the level 
where visible suspension of bottom material occurred. 
During the incubation (ca 40 h) 6 to 9 samples of the 
overlying water were taken at regular intervals. Al- 
though the 2 techniques differ substantially, results of 
the first were usually within the range of values ob- 
tained by the second method. The sediment-water ex- 
change rates were obtained from the slope of the line 
passing through the nutrient concentrations of these 
samples. For the equations relevant to the estimation of 
nutrient fluxes we refer to van Raaphorst et al. (1990). 

Nutrients were determined on a Technicon TRAACS 
800 auto-analyzer. Phosphate and nitrate were deter- 
mined according to the procedures outlined by Stnck- 
land & Parsons (1972), and ammonium following the 
phenol-hypochlorite method (Helder & d e  Vries 1979). 

200 pm, the coarsest sediments being found at the 
stations on the bank. The organic C and N contents 
were 0.13 to 0.52% and 0.01 to 0.15'Y0 of dry sediment, 
respectively. During the expedition (July-August 1988) 
the water column off the bank was temperature strati- 
fied, whereas that on the bank proper was well mixed. 

Bacterial production and biomass 

The incorporation of thymidine was linear with time 
for at least 3 h as shown by the time course in Fig. 2. 
The degree of participation of the 3H-thymidine in 
the production assays ranged from 6 to 59% in the 
Dogger Bank region, with diluting pools equivalent 
to 0.34 to 8.03 nmo1 (100 yl wet sediment)-'. Rates per 
station were corrected for respective isotope dilution. 
The results of bacterial biomass and bacterial pi-o- 
duction measurements are listed in Table 1. The bac- 
terial biomass in the upper 5 mm varied between 
120 and 434 mg C m-2. The average biovolume per 
bacterium ranged from 0.13 to 0.19 pm3 cell-' (not 
shown). Bacterial production ranged from 20 (k 3) to 
143 (+ 48) mg  C m-2 d-' in the upper 5 mm of the 
sediment. On the basis of a C : N:  P ratio of 45 : 9 : 1 for 
bacterial biomass the N and P incorporation rates were 
estimated. 

A significant correlation (Fig. 3) was found between 
bacterial production and biomass (Spearman rank cor- 
relation, r, = 0.61, n = 11, p < 0.05) if Stns 16a and 97 
were excluded. Some characteristics of these stations 
suggest that they may be different from the others. The 
mean grain size of the sediment at Stn 97 was lower 

RESULTS 
Incubation time (min) 

Study area 

All stations in the Dogger Bank region had sandy 
sediments with median grain sizes between 100 and 

Fig 2 Time course of 3H- thyn~~d ine  incorporation mto bac- 
tenal DNA expressed in dlsmtegrahons per minute (DPM) In 
the sediment surface layer (0 to 5 mm) at  Stn 67 at  in s ~ t u  

temperature 
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Table 1. Site characteristics (depth and temperature) and benthic bacterial biomass and bacterial production/assimilation of 
C, N and P in the 5 mm top layer of the sediment for the 13 stations 

Stn Depth Temperature Bacterial 
biomass 

(m1 ("C) (mg C m-2) 

Bacterial production 
(mg m-' d-') SE C assimilation F.; assimilation P assimilation 

(mmol m-2 d") (mmol m-= d-'1 (mmol m-* d - ' )  

89 35 7.42 1.48 0.16 
143 4 8 11.92 2.38 0.26 
20 3 1.67 0.33 0.04 
35 8 2.92 0.58 0.06 

107 36 8.92 1.78 0.20 
72 28 6.00 1.20 0.13 

11 1 29 9.25 1.85 0 21 
3 7 14 3.08 0.62 0.07 
63 63 5.25 1.05 0.12 

133 32 11.08 2.22 0.25 
108 10 9 00 1.80 0.20 
7 0 13 5.83 1.17 0.13 
88 26 7.33 1.47 0.16 

(96 pm) and the C content higher (0.52%) than at the 
other stations (mean grain sizes 128 to 213 pm; C con- 
tent 0.13 to 0.39%). This is possibly related to the 
relatively high bacterial biomass at this station. Stn 16a 
was an  unusual station with respect to inorganic 
nutrient profiles (van Raaphorst et al. 1990). Signs of 
physical disturbance of the sediment surface as a result 
of surface transport of sediment down the slope were 
present. 

The chlorophyll a and pheopigment contents of the 
sediments at the different stations were 0.2 to 1.5 and 
0.7 to 5.5 pg g-l  dry sediment, respectively. The pheo- 
pigment content of the sediment showed a significant 
relation to the water depth (r, = 0.79, p<0.01, n = 13). 
Significant correlations were also found between 

Stn 97 
m 

01 I 
0 5 0 100  1 5 0  

Bacterial product ion (mgC m 2  d") 

Fig. 3. Relation between benthic bacterial biomass and benthc 
bacterial production in the 5 mm top layer of the sediment 

benthic bacterial biomass and chlorophyll a,  and pheo- 
pigment content (Table 2). Bacterial production and 
bacterial biomass were not significantly related to any 
of the other sediment characteristics listed in Table 2. 
The sediment-water exchange rates of DIN and DIP 
were not related to any of the abiotic sediment charac- 
teristics in Table 2. 

Nutrient fluxes and relations with bacterial 
production and biomass 

At most stations the DIN and DIP fluxes were di- 
rected towards the water column (Table 3), but at some 
stations a net uptake of NH4+ and/or P043- by the sedi- 
ments was found. Benthic NH4+ fluxes ranged from 
-2 (k 16) to + 745 (2215) pm01 m-' d-l, those of NO3 
from 73 (f 23) to 322 (f 30) pm01 m-' d-l and those of 
P043- from -6 (+7) to + 115 (f31)  pm01 m-' d-l. The 
large standard deviations were mainIy caused by core- 
to-core variations (van Raaphorst et al. 1990). The 
range in the sediment water efflux of DIN and DIP was 
smaller (ca 2-fold) than the N and P assimilation by 
bacteria (comparison of Tables 1 & 3) .  

Phosphate sediment-water exchange showed a 
significant linear covariation with sediment-water 
exchange of the nitrogen compounds, most strongly 
with the total DIN flux (r, = 0.92, p<0.01; Fig. 4 ) .  The 
depth profiles of the concentrations of NH,', NO,, PO:- 
in interstitial water were reported by van Raaphorst 
et al.. (1990). Concentrations in the upper 5 mm of the 
sediment ranged from 3 to 60 pM (NH.;), 9 to 45  pM 
(NO3-) and 1.0 to 8.6 pM (PO:-) for the 13 stations 
Significant correlations between bacten.al production, 
biomass and the respective nutrient concentrations 
were not found. 
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Table 2. Overview of the Spearman rank analyses conducted between sediment and site characteristics on the one hand and ben- 
thic bacterial biomass, benthic bacterial production, DIN and DIP sediment-water fluxes on the other hand. ns: not significant 

Depth 
Temperature 
Grain size 
C content 
N content 
Chlorophyll a 
Pheopigrnents 
Chl a/pheopigm 

Bacterial production 
Range W 20-143 mg C m-' d ' 

T 2.6-20 pg C g(DW) ' d.' 
P P 

25-89 m ns 
6.6-14.5"C n S 

96-203 pm ns 
1 3-5.2 mg g(D\rV)-I ns 
0 2-1 mg g(DW) ' n S 

0.2-1.5 pg g(DW)-l ns 
0.7-5.5 pg g(DW) ns 
0.2-1.3 ns 

Bacterial biomass 
120-434 mg C m ' 

14.4-63.4 pg C g(DW)-' 
- 

ns 
ns 
ns 
ns 
ns 

r, = 0.58, n = 13, p <  0.05 
r, = 0.58, n = 13, p < 0.05 

ns 

DIN flux 
71-762 

pmol m-> d - l  

DIP flux 
(-16-115 

pm01 m ' l  d- '  
-- 

ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 

Significant negative correlations were, however, normalized the bacterial production by multiplying it by 
found between bacterial production and the sediment- Xn/5 (X,, is oxygen penetration depth in mm). This 
water DIN and DIP fluxes (Figs. 5 & 6),  based on Spear- resulted in slightly stronger negative relations for the 
man rank correlation and ANOVA tests. The Spearman NH,' and NOT sediment-water flux, and slightly 
rank correlation coefficients were r, = - 0.66, p < 0.02 weaker relations (but still significant) for the DIN and 
(NH,' + NO,), r, = 0 . 5 8 ,  p < 0.05 (NH,+), and r, = - 0.83, DIP (PO:-) fluxes with bacterial production: r, = - 0.63, 
p 0.01 (POA3-); n = 13 in all cases. Table 4 shows the 0.02 p < 0.05 (NH,' + NO,), r, = - 0.64, p < 0.05 (NH,+), 
results of the analysis of variance (ANOVA) with sedi- r, = -0.58, p < 0.05 (NO,) and r, = - 0.82, p < 0.01 (P043-); 
ment-water exchanges of DIN and DIP as dependent n = 12 in all cases. Considering these small differences 
variates, and bacterial production and biomass as inde- we  used the actual measured bacterial production rates 
pendent variates. A linear relation was assumed be- (0 to 5 mm) in the interpretation. 
tween the sediment-water fluxes of DIN and DIP and 
the bacterial variables. The strong negative relation 
between benthic bacterial production and the inorganic DISCUSSION 
N, P fluxes indicates that benthic nutrient regeneration 
to the water column was least at high, and greatest at The source and/or sink function of heterotrophic 
low, bacterial production in the oxic upper 5 mm of the microorganisms for nutrients has often been invoked 
sediments. At most stations the thickness of the oxic to explain patterns in sediment-water exchange of 
zone was more than 5 mm (Table 3). Consequently, the nutrients (e.g.  Rutgers van der Loeff 1980, Garber 
obtained relations between bacterial production and the 1984, Klump & Martens 1987, Simon 1988). Direct evi- 
nutrient fluxes may be partly misleading. Therefore we dence for relations between these variables is lacking 

in marine sediments. Microbial activity 

Table 3. Sediment-cvater exchange of inorganic nitrogen DIN [NO; and measurements in sediments are scarce. 
NH,') and DIP [PO,,') and oxygen penetration depth in the sediment fol- the Moreover, relations are often masked by a 

13 stations high buffering capacity in sediments with 
a relatively high organic content. 

In the Dogger Bank region the sedi- 
ments are poor in organic matter, poor in 
macrozoobenthos, low in benthic activity 
and well oxygenated (van Raaphorst 
et al. 1990, Cramer 1991). The significant 
relationship between sediment water 
exchange of PO:- and DIN in an N : P ratio 
approaching the ratio of degradable or- 
ganic matter in sediments (e.g.  Balzer 
1984, Klump & Martens 1987) emphasizes 
that the differential sorption capacities 
for N and P in the sediments involved 
were low. Van Raaphorst et al. (1990) 
concluded, on the basis of porewater data, 

Stn DIN flux SD DIP flux SD O2 penetra- 
(pm01 m-2 d-l)  (pm01 m-2 d . ' )  tion depth (mm) 

8 544 252 38 5 7.5 
16 170 49 -2 11 12 
16a 727 30 115 31 4.5 
21a 95 1 33 1 104 94 4 
3 6 185 72 4 2 12 
5 1 301 405 19 27 7 
56 290 4 9 6 20 10 
56a 762 93 58 0 4 
56aa 280 35 30 4 
62 7 1 39 - 6 3 11 
67 104 94 -6 7 15 
75 110 107 3 16 20 
97 157 97 12 18 10 
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absence of burrowing activities (van Duyl et al. 1992b). 
Therefore, the contribution of activities of aerobic 
heterotrophic bacteria deeper down In the sediment to 
the sediment-water exchange was assumed to be low. 

Bacterial production and biomass: 
variation in space and time 

Fig. 5. Relation between bacterial C (and N) assimilation in the 5 mm thick variations within a particular sediment 
sediment surface layer and the sediment water exchange of DIN are due to temporary imbalances in 

The spatial variation in bacterial production and 
0 - - - -O - - - - - - - - - - - - - - - - - - - - - - biomass in the Dogger Bank region could not be ex- 

c3 plained by the spatial variation in sediment organic 
matter and grain size composition, including tempera- 

-50 :: o 200 4 0 0  6 0 0  800 ' O o O  was ture. apparently The range too in sediment small to characteristics reveal such relations covered 

DIN f lux (urn01 m" d-'1 (Yamamoto & Lopez 1985, Cole et al. 1988). The ab- 

Fig. 4.  Relation between sediment water fluxes of DIP (PO:-) sence of a between temperature and 

and DIN (NO3- and NH,') production indicates that the benthic system may be 
substrate-limited in the Dogger Bank region. 

There are indications that short-term variability in 
that the nutrient fluxes are largely controlled by labile organic matter may cause the variations in bac- 
processes within the oxic layer and that anaerobic terial production and biornass. The summer range of 
processes are relatively unimportant. Although the bacterial production in the Dogger Bank region (20 to 
bacterial production measured in the 5 mm sediment 143 mg C m-' d-l; 0 to 5 mm sediment surface layer) 
surface layer does not represent the bacterial produc- fell in the same range as the seasonal range in bac- 
tion in the oxic zone at all stations, it may exert a terial production reported for a sandy Dutch coastal 
dominant influence on the sediment-water fluxes of station (29 to 158 mg C m-2 d-'; 0 to 5 mm; van Duyl et 
inorganic nutrients. Benthic bacterial production al. 1992a) with the lowest values restricted to the 
(aerobic and anaerobic) has been found to decline winter period. This may imply that winter as well as 
rapj.dly with depth in the sediment, particularly in the summer conditions with respect to substrate avail- 

ability occur in the Dogger Bank re- 
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higher than in summer (Moriarty et al. 
1990, van Duyl & Kop 1990). Biomass 
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.,- 
0  3000  6000  9 0 0 0  12000  Bacterial 

(pm01 C m-2 d-') produstion 

Fig 6. Relation between bacterial C (and P) assimilation in the 5 mm thick 
sediment surface layer and the sediment water exchange of DIP 

production and mortality. Short-term van- 
ations in input of labile organic matter 
have been shown to induce synchronous 
variations in bacterial biomass and pro- 
duction (Monarty & Pollard 1982, Cammen 
&Walker 1986, Meyer-Reil1987, van Duyl 
et a1 1992b). The significant covariation 
between bacterial production and biomass 
suggests that such short-term events may 
indeed occur in the Dogger Bank region in 
summer. The available substrate dictates 
the variation in bacterial production, re- 
flected by variations in biomass (bottom-up 
control). Top-down control by grazing on 
bacteria does not seem to be a forcing 
mechanism in sediments (e.g. Hansen et  
al. 1987, Kemp 1987, 1990, Alongi 1988, 
Hondeveld et al. 1992). 

The process most likely to determine 
the variable input of labile organic matter 
in the Dogger Bank region will be sedi- 
mentation of organic material. The signif- 
icant relation between bacterial biomass 
and sediment chlorophyll a and pheo- 

Table 4.  Statistical evaluat~on (ANOVA) of influences of varying bacterial production (BP) and bacterial biomass (BB) on the 
sediment-water exchange rates of (a)  DIN and (b)  DIP respectively 

(a) Dep var DIN n = 13 Ivlultiple R 0 781 Squared mul t~ple  R 0 61 0 Adlusted squared mul t~ple  R 0 532 
Standard error o f  estlmate 198 229 

Vanable Coefficient Std error Std Coef Tolerance t p (2-tall) 

Constant 876 33 190 507 0 000 4 600 0 001 
B P -5 949 1 5 1 3  -0 778 0 997 -3  933 0 003 
BB -0 103 0 584 -0 035 0 997 -0 177 0 863 

Analysis of variance 
Source Sum of squares df Mean square F-ratio P 

Regression 613763 784 2 306881 892 7 810 0 009 
Residual 392946 523 10 39294 652 

(b) Dep. var.. DIP n = 13 Multiple R: 0.879 Squared mul t~ple  R: 0.773 Adjusted squared multiple R: 0.728 
Standard error o f  estimate. 21.074 

Variable Coefficient Std error Std Coef. Tolerance t p (2-tail) 

Constant 84.679 20 253 0.000 4.181 0.002 
B P 0 . 9 2 2  0 161 -0.865 0.997 -5 736 0.000 
B B 0.086 0.062 0.209 0.997 1.384 0.197 

Analysis of variance 
Source Sum of squares df Mean square F-ratio P 

Regression 15132.494 2 7566.247 17.036 0 001 
Residual 4441.199 10 444.120 
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pigments, indicators for the presence of decaying algal 
material in the sediment, support this view. Substrate 
for bacteria from benthic primary production is hlghly 
unlikely, considering the depths of the stations. There 
was no relation between sediment chlorophyll a and 
the depth of the water column. 

In conclusion, variations in bacterial production and 
biomass were interpreted as a consequence of differ- 
ences in availability of labile organic carbon, associ- 
ated with the time passed since the latest sedimen- 
tatlon event. This means that interpretation of the 
variations in space might be considered as variation in 
time. 

Impact of bacterial variables on nutrient fluxes 

The significant negative relationships between bac- 
terial production and nutrient fluxes do not support 
the view that benthic bacteria are important net miner- 
alizers of organic matter. With increasing bacterial pro- 
duction the efflux of DIN and DIP out of the Dogger 
Bank sediments decreased instead of increased. The 
following explanations can be given: 

(1) The DON and DOP effluxes will increase with 
increasing bacterial production in the sediment at the 
cost of DIN and DIP effluxes. In sediment microcosm 
experiments Hansen & Blackburn (1991) observed a 
steep increase in the DON efflux in response to an 
algal substrate addition. In a comparable experiment 
Garber (1984) ascribed the initial increase in DON (9 % 
of the initial input) to hydrolysis, an artefact related to 
the pre-treatment of the algal input. The initial DON 
release after an organic input is probably determined 
by processes taking place in the algal detritus and not 
so much in the sediment surface layer. This seems an 
improbable explanation for the negative correlation 
between bacterial production in the sediment surface 
and the DIN efflux in the field. 

(2) The C :  N:  P ratio of both the organic substrate and 
bacteria may vary with substrate concentration and 
bacterial production respectively. The N and P content 
of the organic substrate may decrease at  increasing 
bacterial production, or the N and P content of bac- 
terial biomass may increase with increasing bacterial 
production. It ha.s been shown that the C :  N:  P ratios 
of bacterial b~omass can differ depending on the sub- 
strate C : N: P ratio (e.g. Goldman et al. 1987, Tezuka 
1990). It is, however, improbable that the range in 
growth rates found in the Dogger Bank region are the 
result of the supp1.y of different substrate C :  N :  P ratios 
(Balzer 1984, Klurnp & Martens 1987). In addition, 
there are no indications that the N and P content of 
bacterial biomass increases only as a consequence of 
faster growth rates. 

(3) Net increase in bacterial biomass by production 
coincides with a (temporary) immobilization of N and P 
in bacterial biomass. It assumes that changes in the 
net fluxes of N and P into bacterial biomass are large 
enough to be reflected in the sediment-water ex- 
change of mineral nutrients. In aerobic surface sedi- 
ments both NH,' and PO.,- can be assimilated as a 
source of N and P by benthic heterotrophic bacteria 
(e.g. Blackburn & Henriksen 1983, Gachter et al. 1988, 
Sumi & Koike 1990). Based on C : N : P  ratios of sedi- 
mentated organic matter and the high growth effi- 
ciencies of bacteria (e.g. Ducklow 1983, Moriarty et al. 
1985) the available organic substrate apparently con- 
tains insufficient N and P for biomass production. 
Uptake of other sources of inorganic N and P is 
required to compensate for the apparent N and P 
shortage. However, the porewater concentrations of N 
and P in the Dogger Bank region did not change 
significantly. Inorganic N and P may be quickly re- 
plenished in the porewater by regeneration and/or by 
diffusive transport. In case of a net increase in bacterial 
biornass, replenishment by diffusive transport (either 
from deeper down in the sediment or from the water 
column) may be the most important. The net uptake of 
N and P by bacteria in the 5 mm sediment surface layer 
apparently influences the size and possibly also the 
direction of the diffusive transport of DIN and DIP. 
Changes in the diffusive transport are subsequently 
reflected in the sediment-water exchange of DIN and 
DIP. This process may be the most plausible explana- 
tion for the negative relationships between bacterial 
production and DIN and DIP sediment-water fluxes. 

The important question now is whether the increase 
in bacterial biomass is sufficient to explain the ob- 
served changes in DIN and DIP fluxes with increasing 
bacterial production. The time span over which the 
ranges in benthic bacterial production and biomass 
in the Dogger Bank region may have developed is 
unknown. The total response period of the benthic 
system after a sedimentation event is 3 to 6 wk, as 
mentioned above. Thus the initial period of increase 
in bacterial variables from base rates to maxima must 
fall within a shorter time span. Based on sediment 
boxcosm experiments with similar types of sediments 
it was demonstrated that 5 d after an algal input bac- 
terial biomass and production reached their maximum 
values showing ranges which more than covered the 
ranges of these variables in the Dogger Bank region 
(Fig. 7) (van Duyl et al. 1992b). By assuming a similar 
time span (5 d) for the increase period of bacterial bio- 
mass and production in the Dogger Bank region, the 
increase in bacterial biomass N and P and the de- 
crease in DIN and DIP were estimated. It appeared 
that the increase in bacterial biomass N and P was 
balanced by a decrease in the DIN and DIP fluxes 
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Days since algal input 

Fig 7 Sediment boxcosln expenment The response of 
benthic bacterial productlon ( m )  and biomass ( A ]  to an algal 
lnput of Phaeocyst~s spp (Fig redrawn trom van Duyl et  a1 
199213) h4anipulated sandy North Sea sedlments, poor in 
organic matter, were incubated in round polypropylene 
containers (31 cm In hame te r  and 35 cm high) at  12'C in 
the dark and supplled with running aged seawater After an  
accllmatlzatlon penod of 5 wk  an  input of thawed algal 
matenal (24 g C m-', dominated by Phaeocystis spp ) was 
supplled and enticed after settlement a rapld response of the 
benthlc bactenal biomass and the bacteilal productlon in 
the 3 mm sedlment surface layer In 5 d a maximum for both 
variables was reached which was followed by a decline and 
a return to 's tarvat~on values In the first 5 d approximately 
50 to 60% of the bactenal production was allocated to net 

increase of bacterial biomass 

(Table 5).  More than 70 % of the biomass increase ex- 
pressed in N and P is provided by the decrease in the 
DIN and DIP fluxes (Table 5) .  Apparently bacterial 
net sequestration of N and P more than accounts for 
the decreased flux. 

The actual amount of organic matter required to yield 
such an increase in biomass (121 mg C m-2 in the 
Dogger Bank) would be around 900 mg organic C m-2 
(assuming a 50 % growth yield of the benthic bacteria; 

e.g.  Monarty et al. 1985). Then 50% of the input (450 mg 
C)  will be respired, and 50 % incorporated into bactenal 
biomass. Out of these 450 mg  C ,  121 mg C (27 %) were 
allocated to biomass increase over 5 d (calculated from 

Table 5. Comparison of DIN (NO< and NH,') and DIP (PO:.) 
flux decreases with bacterial blornass increases over a 5 d period 

Flux decrease Biomass increase % demand 
(pm01 5 d - ' )  (pm01 5 d-') j 

Fig. 3) ,  leaving 73 % (329 mg C)  for mortality. This 73 % 
was assumed to become available by recycling (Alongi 
1989, Moriarty 1989). Novitsky (1986) showed that nli- 
crobial detritus (dead bacteria) forms a labile compo- 
nent of the sediment, readily assimilable for bacteria. 
The rest (900 minus 329 mg C m-2) is required from 
other input sources such as sedimentation of organic 
matter. To compensate for the fact that only up  to 
30-50 % of detrital algal material is labile and decom- 
posable within days (Lancelot & Billen 1985, Hansen & 
Blackburn 1991, van Raaphorst et al. 1992) a total 
amount of ca 1100 mg C m-2 is required from sources 
such as sedimentation of organic matter in a period of 
5 d ,  i.e. 220 mg  C m-2 d-l. 

The range of benthic oxygen consunlption in the 
Dogger Bank region indicates that C oxidation is in the 
range 40 to 190 mg C m-2 d- '  (RQ = 0.85 according to 
Hargrave 1973) (van Raaphorst et al. 1990, Cramer 
1991). If the high values (e .g .  190 mg C m-2 d- ')  con- 
tinue for several consecutive days in the form of labile 
organic matter, the required carbon input may reach 
the sediment. This implies that mineralization and 
supply through deposition are almost in balance. Con- 
sequently, there seems to be no significant storage of 
organic matter in the Dogger Bank sedinlents in the 
summer months. There are no data available on sedi- 
mentation in the Dogger Bank region. Sedimentation 
in the Fladen Ground north of the Dogger Bank in 
summer amounted to as much as 45 mg  C m-2 d-' with 
considerable day-to-day variations (Cadee 1986). 
There are reasons to assume that in the Dogger Bank 
region occasionally more material can settle. On both 
sides of the Dogger Bank fronts can develop in the 
water column during summer, when thermal stratifica- 
tion develops. Due to mixing of nutrient-rich bottom 
waters with nutrient-depleted surface waters algal 
blooms may develop in fronts (Braarud et  al. 1953). 
Riegman et  al. (1990) demonstrated such a mixing 
event during our expedition in the Dogger Bank 
region. Part of the organic material formed is assumed 
to settle in the Dogger Bank region proper. Assuming 
that such sedimentation events are  intermittent and  
occur only locally in the region, a heterogeneous 
pattern of benthic bacterial production may be found 
in the region with bacterial production in different 
stages of response to a sedimentation event. 

In conclusion, the organic matter input required for 
an increase in bacterial production and biomass in a 
time span of 5 d is not unreasonable. Based on this 
model w e  may conclude that benthic heterotrophic 
bacteria in the oxic layer of oligotrophic sandy sedi- 
ments can control the sediment-water exchange of 
mineral nutrients in response to short-term sedimenta- 
tion events. Moreover, heterotrophic benthic bacteria 
act as sinks for N and P under these conditions, only 
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