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ABSTRACT: We measured phytoplankton and bacterial biomass and production at weekly intervals
during summer in water samples from 2 sites in the shallow, eutrophic Roskilde Fjord, Denmark. In
addition we measured O,-uptake on unfiltered water and size-fractions < 100 um and < 1 um.
Phytoplankton gross production in the water column was 6.2 g O, m~2d~" at Stn 1 and was balanced by
pelagic community respiration (Re, 3.8 g O, m™? d™!) and sediment respiration (2.5g O, m™? d71).
Phytoplankton gross respiration (3.0 g O, m~* d™!) was temporarily exceeded by pelagic community
respiration (3.1 g O, m™2 d~') plus sediment respiration (2.0 g O, m~2 d”') at Stn 2 where there is
additional production by littoral plant communities. Phytoplankters and bacteria together accounted for
72 to 85% of Rc and zooplankters for the remainder Phytoplankters respired a large proportion (ca
30%) of their gross production and were apparently mainly grazed by benthic suspension feeders.
Phytoplankters dominated pelagic respiration (50 % of R¢) at Stn 1, which has most phytoplankton,
while bacteria dominated (44 % of R¢) at Stn 2. We ascribe the relatively larger respiratory activity of
bacteria at Stn 2 to additional supply of organic matter from littoral plant communities and frequent
sediment resuspension. The importance of bacteria in the pelagic food web was supported by other
findings. Bacterial biomass approached phytoplankton carbon biomass at Stn 2 and bacterial net
production in the water column was 10% (Stn 1) and 35 % (Stn 2) of phytoplankton gross production.
Bacterial net production and respiration were linearly related in the bacterial size-fraction (< 1 um) with
a bacterial growth yield of 47 %. We argue that the conversion factors applied to calculate bacterial net
production and the mean growth yield attained are reasonable values considering the other measure-

ments of pelagic carbon pools and processes.

INTRODUCTION

New and improved methods of measuring biomass,
production and respiration of bacterioplankton have
shown that bacteria are important biological compo-
nents of pelagic environments. Direct cell counts of the
number of free-living bacteria and measurements of
their biovolume and carbon content demonstrate that
bacterial biomass is often high and that bacteria repre-
sent a large proportion of biological surfaces in the
plankton community (Watson et al. 1977, Peters 1986,
Bjernsen 1987, Simon & Tilzer 1987). Estimates of bac-
terial gross production range from 20 to 80 % of the
phytoplankton production in lakes (Riemann & Sender-
gaard 1986) and 24 to 60 % in marine environments
(Fuhrmann & Azam 1980, 1982, Larsson & Hagstrom
1982, Lancelot & Billen 1984, Ducklow & Hill 1985).
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Finally, about 50 % of plankton community respiration
has been found in the bacterial size-fraction in marine
coastal waters (Willlams 1981) and eutrophic lakes
(Schwaerter et al. 1988).

There are currently intensive discussions of the relia-
bility of some of these estimates, particularly those of
bacterial net production (Riemann & Sendergaard
1984, Carman et al. 1988, Robarts & Wicks 1989) and
the proper evaluation of bacterial metabolism in the
pelagial food webs (Scavia 1988, Sherr & Sherr 1988,
Strayer 1988). Despite the methodological problems,
however, bacterial net production does appear to vary
predictably across systems of different trophic status
(Cole et al. 1988). In an overview based upon 70
studies, annual bacterial production averaged 30 % of
water column annual primary productivity (Cole et al.
1988). Applying a mean growth yield of 50 % (Cole et
al. 1988) this result would indicate that 60 % of primary
production was fluxed through the bacteria and 30 %
was respired. These values are certainly not fixed but
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are likely to vary with the season and properties of
particular ecosystems, e.g. the supply of allochthonous
compounds, the food web structure, the depth and
influence of sediment processes. Though these
averages look high, even higher levels of bacterial
carbon demands relative to primary production have
been reported for some environments (Scavia 1988).
Likewise, 50 % of plankton community respiration in
the bacterial size-fraction (Williams 1984, Schwaerter
et al. 1988) would indicate bacterial carbon demands
approaching the level of primary production if most of
the organic input is respired in the pelagial and bac-
terial growth yield is 50 %. As pointed out by Strayer
(1988), however, it should be realized that organic
molecules are consumed and recycled several times
through the food web and the flux through the bacteria
derives not only from phytoplankton exudates and lysis
products but from heterotrophic organisms as well. The
total secondary production of heterotrophic organisms
may therefore exceed primary production whereas
primary production plus allochthonous input should be
balanced by respiratory losses and losses of organic
compounds from the pelagic. This would give room for
a considerable production and respiration of grazing
and predatory organisms that form the link to fish
populations.

Despite the controversy of bacterial production
methods there has been few attempts to evaluate them
towards a carbon mass balance (Cole et al. 1989) or to
combine them with other measurements of bacterial
metabolism. In this context, measurements of commun-
ity respiration and respiration in the bacterial size-
fraction have several advantages. They provide an
overall assessment of heterotrophic metabolism di-
rectly related to oxidation of organic matter and bac-
terial net production, and respiration can be measured
in the same size-fraction and tested for internal repro-
ducibility and consistency. These combined measure-
ments would allow us to evaluate the importance of
bacteria in oxidizing organic material and to calculate
bacterial growth efficiency.

In this paper we examined phytoplankton biomass
and production, bacterial biomass and production, and
dark oxygen consumption of the entire plankton com-
munity and of size-fractions smaller than 100 um and
1 um in a eutrophic Danish estuary. The experiments
reported here were restricted to 2 eutrophic sites du-
ring a late summer period when surface irradiance and
temperature were relatively stable. Our objectives
were several. First, we determined the distribution of
respiration among size-fractions and evaluated the
contribution of different organisms and in particular
the contribution of small, free-living bacteria to plank-
ton community respiration. Second, we related bac-
terial net production measured by thymidine incorpo-

ration to bacterial respiration in size-fractions less than
1um and estimated bacterial growth efficiency.
Finally, we evaluated the overall autotrophic and het-
erotrophic metabolism in the plankton community.

MATERIALS AND METHODS

Study sites. Roskilde Fjord is a nutrient-rich, shallow
estuary with low tidal amplitude (< 10 cm) connected
with the Kattegat via the outer part of Isefjord,
Denmark (Fig. 1 in Jensen et al. 1990). We examined 2
sites in the inner part of the estuary (Stn 1 and Stn 2 in
Jensen et al. 1990) at weekly intervals between July 22
and September 2. Water depth was 4.1 m at Stn 1 and
4.6 m at Stn 2. Both sites had high phytoplankton and
bacterial biomasses and high levels of primary produc-
tion and plankton community respiration. The benthic
animal community was dominated by polychaetes at
Stn 1 whereas high densities of mussels Mytilus edulis
were found at Stn Z. Further details are given by Borum
(1985) and Jensen et al. (1990).

Water samples. Water was collected before noon
with a 51 Perspex sampler from 3 depths at Stn 1 and 4
depths at Stn 2 evenly distributed in the usually well-
mixed water column. Measurements of plankton com-
munity respiration (Re¢) and bacterial net production
(BNP) in the unfiltered samples were started immedi-
ately as described previously (Jensen et al. 1990).
Laboratory measurements were initiated within 1 to
4 h. Water samples were kept at ambient seawater
temperature in insulated boxes during transport.
Laboratory incubations were made in bottles under
circulation in a thermostated incubator kept at ambient
seawater temperature.

Analytical procedure. The following analytical
scheme was used for measurements of dark respira-
tion, phytoplankton gross photosynthesis (PGP) and
BNP. Dark respiration was measured over 24 h in
unfiltered samples (R¢) and samples filtered through a
100 um mesh-size net (Rygo) and a 1 um Nuclepore
filter (R,). Phytoplankton gross photosynthesis was
measured over 2 h on unfiltered samples (PGP¢) and
100 um (PGPyoo) and 1 um (PGP,) size-fractions. Bac-
terial thymidine incorporation as a measure of net pro-
duction was determined immediately over 0.5h in
unfiltered samples (BNP¢) and 1 um samples (BNP,).
In addition, thymidine incorporation was measured in
1 um filtrates that had been incubated over 24 h in the
incubator in the dark (BNP;(24}) to be able to correct
for changes in bacterial activity during the 24 h period
used for measurements of respiration in the same size-
fraction.

Respiration. Respiration was measured in 125 ml
darkened Jena glass bottles. The initial and final oxy-
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gen concentrations were measured on triplicate bottles
for every size-fractions with a micro-Winkler technique
using starch as visible indicator of the end-point. We
could resolve oxygen differences as low as 32 mg O,
m™3; the same level of resolution was achieved using
amperometric end-point detection (Schwaerter et al.
1988). The lowest respiration rate measured in the 1 um
size-fraction was much higher (148 mg O, m™2 d™})
than the precision of the method. The median value of
the coefficient of variation of the mean respiration
(CV=SD/x) measured on 8 dates at the 2 sites was
1.8 % in the unfiltered samples, 4.2% in the 100 um
size-fraction and 5.2 % in the 1 um size-fraction.

Phytoplankton biomass (PB) and gross production
(PGP). Phytoplankton biomass as chlorophyll a was
measured by ethanol extraction of duplicate water
samples filtered through GF/C filters (Jespersen &
Christoffersen 1987). Primary production was meas-
ured by '#C-incorporation into particulate material in
25 ml glass bottles in an incubator following recom-
mendations in Nielsen et al. (1981). Bottles were incu-
bated in duplicate at 10 light levels at photon flux
densities between 0 and 547 uE m 2 s™! provided by
fluorescent-light tubes. Dark fixation rates were sub-
tracted from light fixation rates. Dissolved inorganic
carbon was measured on an infrared gas analyzer (Ver-
maat & Sand-Jensen 1987).

During 2 h incubations it is likely that carbon fixation
of phytoplankton represents values between net and
gross photosynthesis (Harris 1978, Peterson 1980). To
calculate gross photosynthesis we used the following
procedure. We determined the linear relationship
between measured carbon fixation and photon flux
density at light limitation [excluding the origo (0,0}]
and determined the negative y-intercept. This value
was then added to all measured carbon fixation rates to
attain gross photosynthesis (Andersen & Sand-Jensen
1980). Gross photosynthetic rates measured in the
incubator were converted to field estimates of gross
photosynthesis based on mean hourly measurements of
surface photon flux density (photosynthetically active
radiation, PAR) and measurements of the vertical light
attenuation coefficient by integration over time and
depth as previously described (Jensen et al. 1990). For
calculation of gross photosynthesis at photon flux
densities in the field exceeding those in the incubator
the photosynthesis-light curves were extrapolated
linearly above the measured photon flux density.

Bacterial biomass (BB) and net production (BNP).
Bacterial cell numbers and mean volume were deter-
mined by epifluorescence microscopy on formalin-
fixed preparations of the entire plankton community
stained with acridine-orange as previously described
(Jensen et al. 1990). Biovolume was converted to car-

bon biomass by a conversion factor, 0.35 pg C um™2,

found for this particular estuary (Bjernsen 1986a). Brat-
bak (1988, his Table 3.3) reached the same mean value
comparing carbon:volume conversion factors of for-
maline and glutaraldehyde fixed bacteria measured by
epifluorescence microscopy by several authors.

Bacterial net production was measured by (methyl
JHjthymidine incorporation into cold TCA precipitate
(Fuhrman & Azam 1980) over 30 min incubations with
7.8 nM thymidine. We tested that this thymidine con-
centration saturated uptake. Triplicate samples and
blanks were treated and radioassayed by liquid scintil-
lation counting as described by Jensen et al. (1990).
(*H) thymidine incorporation was converted into cell
production applying an emperical factor, 1.1 x 10'®
cells produced per mol thymidine, determined in the
estuary (Riemann et al. 1987), and into carbon produc-
tion by multiplying by the measured biovolume
0.063 um?> cell™! (Jensen et al. 1990) and by 0.35 pg C
um ™3 (Bjernsen 1986a).

RESULTS

Biomass and productivity of phytoplankton
and bacteria

Both sites showed high levels of phytoplankton and
bacterial biomasses and productivities (Table 1).
Phytoplankton biomass and gross production at light

Table 1. Phytoplankton biomass (PB, mg chl a m™), phyto-

plankton gross productivity at light saturation (PGP, mg C m™3

h~!), bacterial biomass (BB, mg C m™) and bacterial net

production (BNP, mg C m™ h™'), at Stns 1 and 2 in Roskilde

Fjord. Mean values and ranges of weekly measurements on
8 dates between July 22 and September 2

Variable Stn 1 Stn 2

PB 22.8 7.6
7.7-452 3.4-11.1

PGP 118 35
36-242 12-62

BB 220 205
32-335 70-297

BNP 3.76 3.60
1.94-6.03 1.01-6.06

saturation were about 3-fold higher at Stn 1 than at
Stn 2. Bacterial biomasses and productivities were about
the same at both sites suggesting a relatively greater
influence of bacteria in pelagic metabolism at Stn 2. If
we assume a C/chlratio of 30 to 50 in the phytoplankton,
the biomass of phytoplankton relative to bacteria will be
3.1to 52 atStn1and 1.1 to 1.9 at Stn 2. A priori, this
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would suggest that bacterial respiration exceeded phy-
toplankton respiration at Stn 2 which was also sup-
ported by later calculations (see below).

Community respiration and respiration in
size-fractions

Mean community respiration was higher at Stn 1
(384mg O, m>h ! thanatStn 2 (22.7 mg O, m > h™};
Table 2). Mean respiration rates were almost as high in

Table 2. Dark respiration rates of the plankton community in
unfiltered samples (R¢) and in size-fractions smaller than
100 um (Rjpo) and 1 um (R;). Mean values *+ SE and ranges
(mg O, m~3 h™') of weekly measurements on 8 dates between
July 22 and September 2 at Stns 1 and 2 in Roskilde Fjord

Site and Mean value Range % of Rc
variable +SE
Stn 1
Re 384 = 54 16.0-57.1 100
Rioo 36.7 £ 5.3 15.4-54.3 96
Ry 152 = 1.7 10.1-23.6 40
Stn 2
Rc 277 £ 1.9 17.4-33.8 100
Rigo 257 £ 21 17.4-33.8 93
R, 13.9 + 2.2 6.7—-22.9 50

the size-fraction < 100 um as for community respiration
(93 to 96 % of Rc). Mean respiration rates in the 1 um
size-fraction were only slightly higher at Stn 1 (15.2 mg
O, m™3 h7') than at Stn 2 (13.9 mg O, m~° h™!). Thus,
respiration rates in the 1 um fraction were 40 % of
community respiration at Stn 1 and 50 % at Stn 2.

Bacterial metabolism

It is essential for calculation of bacterial respiration in
the 1 um size-fraction that no other types of organisms
are present here. Heterotrophic nanoflagellates and
ciliates are larger than 1 um (Fenchel 1982) and though
a few have been found to pass 1 pm screens (Andersen
1984, Fuhrman & McManus 1984) they were only
detected after several days of growth and will not
produce any measurable interference during 24 h incu-
bations. However, small photosynthetic cyanobactena
can pass the 1 um filters and contribute to respiration in
this size-fraction. We checked this aspect by '*C light
incubations of 1 um filtered water. *C light fixation
was slightly higher than '*C dark fixation in the 1 um
fraction. Assuming that the dark respiration of these
supposedly phototrophs was 5 to 6% of their light-
saturated photosynthesis (Jensen et al. 1990), these

organisms could account for only 1 % of the respiration
rates in the 1 um size-fraction. In the following we
therefore assume that respiration rates in the 1 um
fraction were due to bacteria alone.

Released from the grazing pressure of bacteriovore
zooplankton, bacterial biomass may increase in 1 um
filtrates during 24 h dark incubation. Indeed we found
on average a 1.59 to 1.67 higher net production of
bacteria in the 1 um filtrates after 24 h dark incubation
relative to the initial value (Table 3). If this increase

Table 3. Bacterial net production in unfiltered samples (BNP.)
and in the bactenal size-fraction (<1 pm) at the start (BNP,
{0 h]) and after 24 h incubation (BNP; [24 h]). Phytoplankton
gross photosynthesis at light saturation in unfiltered samples
(PGP¢) and in a size-fraction less than 100 um (PGP,q). Mean
and range of measurements in Roskilde Fjord at Stns 1 and 2,
on 8 dates between July 22 and September 2. All units in mg

Cm™ h™!
Variable Stn 1 Stn 2
BNP- 3.76 (1.94-6.03) 3.60 (1.01-6.06)
BNP; (0 h) 3.15 {1.78-5.79) 3.16 (1.02-5.97)
BNP, (24 h) 529 (4.11-8.69) 5.04 (3.00-7.29)
PGP, 114 (36-242) 36 (12-63)
PGPygo 104 (31-208) 33  (12-63)

was parallelled by a similar increase in bacterial num-
bers the mean specific growth rate would be ca 0.5 d™*
This corresponded to growth estimates based upon
measured bacterial net production and biomass (see
below).

To examine the relationship between bacterial respi-
ration and net production in the 1 um size-fraction the
mean values of net production measured initially and
after 24 h were used. Alternatively, we could have
calculated the mean net production after 12 h assum-
ing an exponential increase with time instead of a
linear increase. However, because the activity of a
single bacterium may change after filtration and
because the exact time pattern was not known, the
linear approach was used. The approach taken would
not alter the subsequent conclusions. Mean bacterial
production was only 2 % higher using the linear model
instead of the exponential model.

Bacterial respiration and net production in the 1 um
size-fraction were significantly linearly related at both
sites (p < 0.001, r? = 0.67; Fig. 1). The y-intercept was
close to zero. The slope of the regression line was
3.02 £ 0.70(SE} mg O, respired per mg C produced.
Assuming a molar ratio of oxygen to carbon of 1.0, the
mean growth efficiency was 46.9%. Using all the
paired measurements of bacterial respiration and net
production the mean growth vyield was 452 %
1.4%(SE) at Stn 1 and 45.6 = 2.8 %(SE) at Stn 2.
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Fig. 1 Relationship between bacterial respira-
tion and net production, in the 1 um size-frac-
tion, at Stns 1 and 2
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Not all bacteria passed the 1 um filter and bacterial
net production increased in the 1 um filtrate over 24 h
(Table 3). Mean bacterial net production was 1.14 to
1.19 times higher in unfiltered water than in 1 um
filtrates showing that the majority of actively growing
bacteria were small and free-living. Mean bacterial
net production over 24 h incubation in the 1 um fil-
trate was 1.315 times higher than the initial value.
We used the bacterial production rates to calculate
the initial bacterial respiration rates in the plankton
community by multiplying respiration rates in the
1 um filtrate by 1.165, correcting for the presence of
bacteria > 1 um not included in respiration measure-
ments in the 1pm size-fraction, and dividing by
1.315, thus correcting for increase of bacterial
metabolism during 24 h incubation. The bacterial
respiration rates attained were 13.4 and 12.3 mg O,
m~* h~! at Stns 1 and 2, respectively.

Contribution of diiferent organisms to community
respiration

Bacteria, phytoplankters and zooplankters all con-
tribute to pelagic community respiration. We have
already estimated bacterial respiration (Rg) and now
attempt to evaluate phytoplankton and zooplankton
respiration. Phytoplankton and zooplankton respira-
tion is equal to community respiration minus bacterial
respiration (Rc—Rp). For every measurements at the 2
sites we made linear regression analysis of Rc—Rg
versus phytoplankton gross photosynthesis (PGP) and
phytoplankton biomass (PB). The idea was that phy-
toplankton respiration should approximate a linear
function of phytoplankton photosynthesis and bio-
mass. The weaknesses of this approach are that sev-
eral analytic errors are involved and that the zoo-

| | | :

1 2 3 4 5 6 7

Bacterial net production (mgCm™3h"")

plankton biomass may covary with the phytoplankton
biomass. If phytoplankton and zooplankton biomasses
are positively interrelated we would tend to overesti-
mate phytoplankton respiration and underestimate
zooplankton respiration. However, we have no reason
to believe that this covariation existed at the 2 sites
during the short investigation period. Macrozooplank-
ton have long generation times relative to the rapid
fluctuations of phytoplankton biomass. Phytoplankton
and bacteria biomasses showed no simple interde-
pendent time pattern (Jensen et al. 1987) and accord-
ingly covariation between phytoplankton respiration
and respiration of bacteriovore zooplankton should
not be expected.

The linear relationships of Rc —Rp versus PGP and PB
were highly significant at Stn 1 (Table 4; r?=0.90). The
relationships were also positive at Stn 2 but correlations
were weaker particularly for Rc—Rp versus PB which
was therefore not considered any further. Phytoplank-
ton respiration rates were 6.1 % (Stn 1) and 7.8 % (Stn
2) of light-saturated gross photosynthesis according to
the slope of Rc—Rp versus PGP. These values corres-
ponded with previous calculations of phytoplankton
respiration in this estuary as well as with literature
values (Jensen et al. 1990). The estimated mean phyto-
plankton respiration rates were 19.2 and 20.0 mg O,
m™> h™! at Stn 1 according to the 2 regression analysis
and 7.8 mg O, m~> h™! at Stn 2. Background respiration
not accounted for by phytoplankton provided an esti-
mate of zooplankton respiration rates at 5.0 and 5.8 mg
O,m*h7!(Stn1)and 7.6 mg O, m~>h~? (Stn 2). In the
subsequent analysis we used the values attained by the
relationship of Rc —Rg versus PGP because of the better
fit.

The overall contributions of phytoplankters, bacteria
and zooplankters to community respiration are shown
in Table 5. At Stn 1 phytoplankters were responsible
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Table 4. Results of linear regression analysis of community respiration minus bacterial respiration {Rc-Rg, mg O, m™ h™!) versus

light-saturated gross photosynthesis (PGP, mg C m™ h™') and chlorophyll concentration (PB, mg chl @ m™*). Mean values, slopes

{mg O, mg™! O, and mg O, mg ' chl h™!), y-intercept (background respiration, mg O, m™ h™!) and correlation coefficients of the

regressions are shown. Carbon-based production was converted to oxygen assuming at 1.0 molar ratio. Mean phytoplankton

respiration (Rp, mg O, m™ h™!) was calculated as the mean x-value times the slope. Bacterial respiration was calculated as
described in the text

Variable Stn 1 Stn 2
Re—Rp Re—Rp Mean Rc—Rg Re—Rp Mean
vs PGP vs PB level vs PGP vs PB level
Rc-Rp 25.0 15.4
PGP 118.2 37.2
PB 228 7.6
Slope 0.061 0.88 0.078 0.58
Y-intercept 5.8 5.0 7.6 11.0
Rp 19.2 20.0 7.77 4.45
Correlation coefficient 0.95 0.95 0.52 0.25

Table 5. Community respiration and respiration rates of phy-
toplankton, bacteria and zooplankton. Bacterial respiration
was measured in the <1 um size-fraction and corrected for the
presence of larger bacteria and the increase in bacterial activ-
ity during 24 h incubation in 1 um filtered water Phytoplank-
ton and zooplankton respiration were calculated from the
linear regression analysis of community respiration minus
bacterial respiration versus phytoplankton gross photosyn-
thesis in Table 4. Respiration of heterotrophic nanoflagellates
was estimated assuming that they consumed the entire bac-
terial production and respired 60 % of this. All values are
averages for the period July 22 to September 2 in mg O, m™
h! Percentages of community respiration in parenthesis.
Further information in text

Commun. Phytopl. Bact. Zoopl. Nanofl.
Stn 1
38.4 19.2 13.4 58 6.0
(100) (50) (35) (15) (16)
Stn 2
27.7 7.8 12.3 7.6 5.7
{100) (28) (44) (27) (21

for 50 % of R¢, bacteria for 35 % and zooplankters for
15%. At Stn 2 phytoplankters were responsible for
28 % of R, bacteria for 44 % and zooplankters for 27 %.
Thus, phytoplankters were more important in the
respiratory budget at Stnl than at Stn 2 in agreement
with the 3-fold higher biomasses at the former locality.
Bacteria on the other hand were more important at Stn
2 in agreement with the similar bacterial biomass and
production levels at the 2 localities. Finally, zooplank-
ters were significant components of the respiratory
budget at both sites.

Not all of phytoplankton net production is consumed
and respired by heterotrophs in the pelagial. Phyto-
plankters are lost extensively by sedimentation and by
grazing of benthic filter-feeders (Kanneworff & Kamp-

Nielsen unpubl.). Part of the particulate production is
also lost to more nutrient-poor neighbouring regions by
advection and mixing. Bacteria, on the other hand, are
probably not lost to the sediment or to benthic filter-
feeders. Moreover, the bacterial net production was
high and no significant changes in bacterial biomass
took place between the start and the end of the obser-
vation period. Accordingly there needs to be room in
the respiratory budget for considerable metabolism of
bacteriovore zooplankters. If we assume that the entire
bacterial production is converted by pelagial nano-
flagellates growing at an efficiency of 40 % (Fenchel
1982) we reach an estimate of nanoflagellate respira-
tionof 6.0 mg O, m™>h~? (Stn 1) and 5.1 mg O, m~*h~!
(Stn 2; Table 5). According to these estimates there is
no room (Stn 1) or little room (1.9 mg O, m~® h™! at
Stn 2) for respiratory losses by other zooplankton
organismes,

Phytoplankton production and respiration in the
pelagial and the sediment

Integrated rates of production and respiration in the
water column and sediment respiration are shown in
Fig. 2. Phytoplankton gross photosynthesis was about
twice as high at Stn 1 than at Stn Z. Phytoplankton
gross production was balanced by respiration in the
water column and the sediment at Stn 1. Phytoplankton
gross production and pelagial respiration balanced
each other at Stn 2. Including sediment respiration the
respiratory processes, therefore, exceeded phytoplank-
ton gross production. However, this was only a tempo-
rary phenomenon. During the period April 15 to Sep-
tember 2 phytoplankton gross production exceeded
total pelagic and sediment respiration at Stn 2 by 10 %
(Table 7 in Jensen et al. 1990) Because of the high
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Station 1 Station 2
Littoral
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Rc:3.8 Rc: 31
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Fig. 2. Phytoplankton gross productivity (PGP}, respiration of
phytoplankton (Rp) bacteria (Rg) and zooplankton (Rz) in the
water column (R¢ = Rp + Rg + Ry) and sediment respiration
(Rg) at Stns 1 and 2. Mean values for 8 dates between July 22
and September 2. Sediment respiration rates are estimates
from Kanneworff, Kamp-Nielsen & Nielsen (unpubl.}. Conver-
sion from carbon units was based on a molar ratio of O, to C of
1.0. Integrated values of bacterial metabolism (not shown in
the figure) were mean bacterial net production {+ SE):
0.98 + 0.18 (Stn 1} and 1.06 = 0.20 (Stn 2} and mean bacterial
gross production 2.30 (Stn 1) and 2.42 (Stn 2). All units are in
gO, m 247!

phytoplankton biomasses at Stn 1 and the associated
high light attenuation with depth there was no signifi-
cant contribution of littoral algae and rooted plants to
the organic pool in water and sediment. In the large
broad where Stn 2 was located, however, gross produc-
tion of littoral plants was 35 % of gross production of
phytoplankton on an annual basis (Borum et al
unpubl.}) and this production of organic matter may
contribute to the metabolism in water and sediment at
the deepest spot where Stn 2 was located even though
littoral plants did not penetrate that deep.

Phytoplankton respiration was a major process in
pelagial community respiration and a significant pro-
portion of the phytoplankton gross production (30.5 %
at Stn 1, 28.5% at Stn 2) was respired directly by the
algae. It also appears from the budget that bacterial
metabolism was very important in the pelagic environ-
ment. Bacterial net production was 16% of phyto-
plankton gross production at Stn 1 and 35 % at Stn 2.
The carbon flux through the bacteria (bacterial gross
production) was 37 % of phytoplankton gross produc-
tion at Stn 1 and 80 % at Stn 2.

DISCUSSION
Bacterial metabolism

Three independent methods testified the major im-
portance of small free-living bacteria in pelagial me-
tabolism in Roskilde Fjord. Bacterial biomasses were
high approaching the estimated phytoplankton carbon
biomass at Stn 2, bacterial net production in the water
column was 16 % (Stn 1) and 35% (Stn 2) of phyto-
plankton gross production and respiration ratesin 1 pm
filtrates were 40 % (Stn 1) and 50 % (Stn 2) of commun-
ity respiration. Two important conversion factors are
involved in calculations of bacterial biomass and net
production, i.e. the carbon content per unit volume and
the number of cells produced per mol thymidine incor-
porated into macromolecules. Both conversion factors
vary considerably in the literature (Cole et al. 1989).
We here used conversion factors derived from studies
in Roskilde Fjord (Bjernsen 1986a, Riemann et al
1987). The carbon conversion factor used (0.35pg C
um™% is in the middle of the range of recent direct
measurements (Bjernsen 1986a, Bratbak 1988). It is
important to realize that the conversion factor is valid
only for conversion between carbon content and bac-
terial volume measured under the epifluorescent mi-
croscope. The carbon:volume ratio of natural bacteria
is probably lower (0.22 pgC um™®; Bratbak 1985)
because of cell shrinkage caused by fixation and prep-
aration of samples for microscopy. The thymidine con-
version factor (1.1 x 108 cells mol™!) applied is lower
than those used by most other investigators (Cole et al.
1989). Thus using the arguments forwarded by Cole et
al. (1989) based on the carbon balance sheet from
Mirror Lake, New Hampshire, our 2 conversion factors
in combination are certainly realistic and lead to similar
or lower estimates of bacterial net production than most
other conversion factors apphed.

Bacterial net production varied linearly with respira-
tion rate in the 1 um filtrate and from the slope of this
relationship, we calculated a mean growth yield of
46.9 %. This estimate of bacterial growth yield is sensi-
tive to the conversion factors used for calculating bac-
terial carbon production from short-term thymidine
incorporation as well as the applied molar ratio of
oxygen to carbon. The bacterial growth yield, for
example, would increase to about 52 % if we applied a
0,:C ratio of 1.25 instead of 1.0. The estimated bac-
terial growth yield was the same as that determined by
Cole et al. (1984) in Mirror Lake during summer and it
is close to those efficiences (50 to 60 %; Calow 1977)
generally applied. Nevertheless, it would be desirable
to perform all measurements in carbon units and use a
direct determination of bacterial carbon production.
This approach was taken by Bjernsen (1986b) growing
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free-living bacteria in continuous cultures fed with
filtered seawater from Roskilde Fjord. Bjernsen (1986b)
reached much lower estimates of bacterial growth yield
(21 %). His approach was good but some methodologi-
cal problems may still have remained (e.qg. possible
growth of bacteria on wall surfaces, bacterial mortality
by viruses; Bergh et al. 1989). Also, by removing the
algae by filtration the medium may become depleted
with N-rich amino acids which may lead to higher
respiratory rates of bacteria relative to their growth.
Goldman et al. (1987) recently showed that bacterial
growth yield is certainly not constant but depends on
substrate C:N ratios.

We may ask whether a bacterial growth yield of 21 %
could be compatible with our findings. If our measure-
ments of bacterial respiration in the 1 um filtrates are
correct (the reproducibility was good and no conver-
sion factors except for the molar O,:C ratio are
involved) we would thus need to accept that bacterial
net production was overestimated by a factor of 3.3.
This is hard to believe considering that the 2 conver-
sion factors in combination were lower than factors
used by most other investigators. In any case overesti-
mation may result from application of a too high carbon
or thymidine conversion factor or a combination of
both. Changes in the carbon conversion factor would
change bacterial net production and bacterial biomass
equally, whereas changes in the thymidine conversion
factor would not affect the bacterial biomass. From
Table 1 we estimate a mean specific growth rate at
0.41 d™', applying the mean values of bacterial biomass
and the original estimate of bacterial net production.
Thus a 3.3-fold lower thymidine conversion factor
would lead to a mean specific growth rate of 0.12 d™!
(generation time 5.6 d). This growth rate seems un-
acceptably low considering the rates usually attained
in filtered coastal water from eutrophic regions at 15 to
20°C (Riemann et al. 1987) and during natural growth
cycles (oscillating with bacteriovore nanoflagellates) in
other coastal Danish waters during summer (Andersen
& Fenchel 1985, Andersen & Serensen 1986). Applying
a 3.3-fold lower carbon conversion factor (i.e. 0.11 pg C
um™?), would not alter the specific growth rate, but
bacterial net production in the water column would
then be only 5% (Stn 1) and 11 % (Stn 2) of phyto-
plankton gross production. This seems unacceptably
low considering that we examined a summer period
and that the annual mean value observed in the broad-
scale review of Cole et al. (1988) was 30 %. We there-
fore conclude that our bacterial production rates and
growth yield at 46.9% represent our best estimates
considering the measured phytoplankton production
and previous estimates of bacterial growth yield.

Bacterial metabolism relative to phytoplankton bio-
mass and production was much higher at Stn 2 than at
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Stn 1 in Roskilde Fjord. The most likely explanation for
this pattern is an additional supply of organic sub-
strates from littoral algae and rooted macrophytes in
the 40 km? large broad where Stn 2 was located at the
deepest spot. Moreover frequent resuspension of sur-
tace sediments and subsequent input of organic sub-
strates occured at Stn 2 but not at Stn 1 which was
located in a smaller and more protected broad.

Pelagial metabolism and implications for food webs

Phytoplankton, bacteria and zooplankton were all
important components of pelagic community respira-
tion with phytoplankton and bacteria as the main
respiring organisms. The distribution of respiratory
activity among organisms corresponded with those
observed by Williams (1981) in coastal marine waters
and by Schwaerter et al. (1988) in eutrophic lakes
during summer

It is common practice to assume that *C light fixation
of phytoplankton measures net production and also to
use this value as an estimate of daily net production.
This is a problematic procedure. Phytoplankton respi-
ration is often the single most important loss process of
primary production (Tilzer 1984, Forsberg 1985). In
Roskilde Fjord during late summer, for example, about
30 % of phytoplankton gross production was respired
by the algae, constituting 50 % (Stn 1) and 28 % (Stn 2)
of community respiration.

Zooplankton respiration was estimated to 5.8 and
7.6 mg O, m~3 h™! If bacteriovore nanoflagellates con-
sumed the entire bacterial production and respired
60 % of this, their respiration alone would be 5.7
and 6.0 mg O, m~3 h™!. Alternatively if zooplankton
respired the entire bacterial production, this would
amount to 9.5 and 10.0 mg O, m™> h™!, thus exceeding
the estimated total zooplankton respiration. We are
unable to evaluate the exact fate of bacterial produc-
tion. Part of bacterial net production may be lost by
viral infection and respired by other bacteria. Organic
compounds are also lost in the microbial food web and
recycled back to the bacteria. Though our estimates of
zooplankton respiration appear to be low they may
therefore be correct after all. Similar patterns though
with slightly higher respiratory activity ascribed to zoo-
plankton were previously estimated in Roskilde Fjord,
i.e. 17 to 22 % of community respiration at Stn 1 and 28
to 36 % at Stn 2 (Jensen et al. 1990).

There is little room in the respiratory budget for
respiration of micro- and macrozooplankton feeding
directly on algae. This accords with the observation of
very sparse macrozooplankton populations in Roskilde
Fjord (Horsted et al. 1988, Riemann et al. 1988). At a
locality 10 km north of Stn 2 the macrozooplankton
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biomass (> 45 um) was only 9 (April), 20 (June) and
4mg C m™? (September; Horsted et al. 1988, see also
Table 1). If we use these biomass levels of macrozoo-
plankton to estimate macrozooplankton respiration we
attain values which are insignificant relative to the
measured mean community respiration of 27.7 (Stn 2)
and 38.4 mg O, m™> h™! (Stn 1). The measured max-
imum biomass of the only copepod present (Acartia
tonsa) was 2.2 mg C m™>, According to Kierboe et al.
(1985) the respiration rate of A. fonsa under optimum
feeding conditions at this biomass level would be
0.03 mg O, m~2 h™!. Accounting for the presence of
other macrozooplankton organisms (> 45pum) and
applying the same specific rates of respiration the max-
imum respiration rates of the entire macrozooplankton
community at peak abundance would be 0.3 mg O,
m~® h™! or ca 1% of community respiration. Thus the
main loss processes of phytoplankton production
appear to be respiration by the algae themselves, bac-
terial respiration and respiration by benthic organisms.
The importance of benthic processes is expected from
the shallow nature of the estuary, the dense com-
munities of benthic filter-feeders (particularly at Stn 2)
and high sediment respiration rates. The importance of
mussel populations for regulation of phytoplankton
abundance was also demonstrated in large seawater
enclosures in Roskilde Fjord (Riemann et al. 1988). We
acknowledge the uncertainties in our estimates of
micro- and macrozooplanktons respiration, however,
and recommend a direct approach to determine
the consumption and respiratory activity of these
organisms.

In conclusion our data suggest that respiration of
phytoplankton and bacteria constituted the major car-
bon loss in pelagial waters at 2 sites in the eutrophic
estuary during late summer. Benthic and pelagic
metabolism were tightly interrelated in the shallow
environment and to describe pelagic carbon fluxes the
benthic environment needs to be considered. Consid-
ering the complex structure of food webs (Sherr & Sherr
1988) there is a gap between operational analysis of
biomass, production and respiration of pelagic organ-
isms and proper evaluation or testable models of car-
bon fluxes and regulations in the food web. We also
suggest that future studies should consider more care-
fully the ingestion and respiration of macrozooplankton
and the possible internal circulation of organic
compounds among bacteria through autolysis or viral
infection.
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