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ABSTRACT: The effects of freshwater dissolved organic matter (DOM) on the growth of a community 
of coastal marine bacteria, a heterotrophic flagellate (Cafeteria roenbergensis) and an autotrophic 
dinoflagellate (Prorocentrum minimum) were studied in an experimental system incubated under lab- 
oratory conditions. The DOM used was in the form of rivenne-isolated hurnic substances (HS). The 
addition of HS increased bacterial growth, which in turn increased growth of C. roenbergensis. P. min- 
imum attained higher abundance, higher chlorophyll a content per cell and a higher cellular nitrogen 
(N) content when grown with HS addition. In the treatment with P. minimum and bacteria approxi- 
mately 35 % of the humic-associated N was utilized by the organisms, as indicated by the increase of 
particulate N in P, minimum and bacteria cells. There was no net accumulation of inorganic N in any 
treatment, indicating that bacteria acted as a sink for N when utilizing the HS as substrate. Moreover, 
grazing activity by C. roenbergensis did not cause any significant accumulation of inorganic N in treat- 
ments with C. roenbergensis and bacteria, suggesting that bacteria used the inorganic N released by 
the grazers. Thus, the increased growth of P. minimum with HS present was probably not caused by 
bacterial mineralization of inorganic nitrogen, but could have been caused by the algae using dissolved 
organic nitrogen compounds. 
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INTRODUCTION 

Inputs of riverine dissolved organic matter (DOM) 
represent a significant source of carbon (C), nitrogen 
(N) and phosphorus (P) to coastal ecosystems (Albright 
1983, Rydberg et al. 1990, Chin-Leo & Benner 1992). 
This riverine DOM can increase bacterial production 
in coastal waters (Albright 1983, Kirchman et al. 1989, 
Chin-Leo & Benner 1992, Carlsson et al. 1995), and it 
has recently been shown that high-molecular-weight 
(HMW) (>l kDa) DOM, the dominant fraction, in river 
water is more available for bacterial utilization than 
the low-molecular-weight (LMW) (< l  kDa) DOM 
(Arnon & Benner 1996). Increased bacterial production 
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due to utilization of allochthonous DOM will to some 
extent be available to higher trophic levels in coastal 
waters by the 'microbial loop' (Azam et al. 1983). Thus, 
the ability of a coastal marine pelagic system to process 
the input of riverine DOM is important for the produc- 
tion and perhaps also the structure of coastal pelagic 
ecosystems in areas receiving large riverine inputs of 
DOM. 

A large proportion of the riverine DOM is composed 
of what is known as humic substances (HS), i.e. macro- 
molecular organic compounds with complicated struc- 
ture (Thurman 1985). The amount of HS entering 
coastal waters is especially large in areas where the 
drainage area is dominated by forests (e.g. Andersson 
et al. 1991). Humic substances have usually been con- 
sidered as refractory compounds, not available for bio- 
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logical utilization (Fenchel & Blackburn 1979, Geller 
1983). However, bacteria have been shown to use HS 
as substrate (e.g. Tranvik 1988, Moran & Hodson 1990) 
and phytoplankton growth can also increase when HS 
are added to algal cultures (Graneli & Moreira 1990) or 
to natural plankton communities (Carlsson et al. 1993, 
1995). 

Phytoplankton production in many coastal areas is 
limited by the availability of N (e.g. Ryther & Dunstan 
1971, Howarth 1988, Graneli et al. 1990, Paerl 1993). 
The supply of riverine DOM to coastal waters also sup- 
plies a pool of dissolved organic N (DON) that is a 
potential N source for phytoplankton. Very little is still 
known about the direct utilization of different compo- 
nents of the DON by phytoplankton in natural systems. 
Price et al. (1985) found a significantly higher increase 
in phytoplankton particulate N than the utilization of 
inorganic N and urea together could account for. This 
was perhaps due to the utilization of different DON 
compounds by the phytoplankton community in the 
stratified water mass they investigated. Several phyto- 
plankton species are able to use N bound in different 
LMW organic compounds such as urea and free and 
combined dissolved amino acids (see reviews by Flynn 
& Butler 1986, Antia et al. 1991), and some phyto- 
plankton species have cell-surface amino acid oxi- 
dases which oxidize amino acids and primary amines 
to ammonium for cellular uptake (Palenik & More1 
1990). HMW polymeric compounds such as HS are too 
large to pass the cytoplasmic membrane (Payne 1980) 
and must be degraded enzymatically before uptake 
(Raven 1980), or taken up actively via pinocytosis, a 
mechanism in which the plasma membrane extends 
and forms a vesicle enclosing liquid containing the 
HMW compounds (Klut et al. 1987); this mechanism 
has so far been very little studied and the importance 
of it for phytoplankton nutrition is virtually unknown. 
However, Legrand & Carlsson (1998) recently showed 
that the dinoflagellate Alexandrium catenella could 
take up large (2000 kDa) fluorescein isothiocyanate 
(F1TC)-labeled dextrans, presumably by pinocytosis. 

N in the HS can also be made available for phyto- 
plankton in inorganic form either by bacterial mineral- 
ization (e.g. Cotner & Gardner 1993, Gardner et al. 
1994), depending on the relative C and N availability 
of the substrate (Goldman et al. 1987), or by excretion 
from grazers such as heterotrophic flagellates and cili- 
ates grazing on bacteria (Caron & Goldman 1990) that 
have assimilated the humic-associated N. Photochemi- 
cal release of ammonium from HS was also recently 
described by Bushaw et al. (1996), which presents 
another mechanism by which inorganic N can become 
available for bacterial and phytoplankton uptake. 

The aim of this experiment was to investigate the 
effects of addition of riverine HS on growth, utilization 

of humic-bound N, and interactions between organ- 
isms in an artificially constructed, N-limited plankton 
system, consisting of a coastal marine bacterial com- 
munity, a heterotrophic bacterial grazer (Cafeteria 
roenbergensis) and a photosynthetic dinoflagellate 
(Prorocentrum minim um). 

MATERIALS AND METHODS 

Cultures of Prorocentrum minimum and Cafeteria 
roenbergensis. The dinoflagellate Prorocentrum mini- 
mum (non-axenic strain LAC 6 from the culture collec- 
tion of Department of Marine Ecology, University of 
Lund) was grown in seawater (26%0 salinity) f/2 
medium (Guillard & Ryther 1962) as 1/20 of the origi- 
nal description with nitrate modified in order to give an 
N:P ratio of 16 in the medium. Thus, the initial nitrate 
and phosphate concentrations in the media were 
58 pM and 3.6 PM, respectively. The culture was kept 
at the same conditions as the experimental bottles (see 
'Water sampling and experimental setup'). The culture 
was used as an inoculum when it had reached a den- 
sity of more than 50000 cells ml-', with presumably 
low concentrations of nitrate and phosphate. 

The heterotrophic flagellate Cafeteria roenbergensis 
was obtained from the Department of Botany, Univer- 
sity of Copenhagen, Denmark, and grown in seawater 
(26%0 salinity), with a Pseudomonas sp. bacterium as a 
food source, without any inorganic nutrient additions, 
at the same temperature and light conditions as the 
culture of Prorocentrum minimum. The C. roenber- 
gensis culture that was used as inoculum was grown 
until the density of cells was more than 400000 cells 
ml-l. Since the inoculum of both P. minimum and C. 
roenbergensis constituted only 1 to 3% of the water 
volume in the 5 l experimental bottles, only small 
amounts of inorganic nutrients were introduced 
together with the inoculum, with no detectable 
increase in ammonium, nitrate or phosphate concen- 
trations after inoculation. 

Isolation of humic substances (HS). HS were iso- 
lated from river Fyllean water, county of Halland, Swe- 
den. This river has a drainage area dominated by 
forests and has a medium concentration of HS [the 
water color is approximately 80 mg Pt I-', which corre- 
sponds to a dissolved organic carbon (DOC) concentra- 
tion of 10 to 14 mg C I-', Kullberg & Petersen 19871. 
The separation and concentration of HS were done 
using the methods described by Thurman & Malcolm 
(1981) and Petersen et al. (1987). The water was acidi- 
fied to pH 1.8 with sulphuric acid and filtered through 
50 and 1 pm cartridge filters (Brunswick Technetics 
Filterite). The filtered water was then passed through 
1000 m1 of XAD-8 resin (Amberlite) in a glass column 
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at a rate of 100 m1 min-l. By the commonly used opera- 
tional definition, aquatic humus is the organic material 
which adheres to a macroporous resin (such as XAD-8) 
at  pH 2 (Thurman 1985). The humic material was then 
desorbed by back-flushing the column with 2.5 bed 
volumes of 0.1 M NaOH followed by immediate acidi- 
fication to pH 2.5. The pH was then adjusted to 7.0 
with NaOH, and the HS were frozen until use. Some of 
the concentrated HS was freeze-dried and stored in 
glass scintillation vials for later analyses of total C, N 
and P. Measurements of total C and N in the HS, using 
a Fisons NA 1500 CN-analyzer, showed that they con- 
tained 12 % C and 0.3 % N (by weight). Thus, the HS 
had a C:N ratio of 40. Analyses of the total P in the HS 
were made using the method of Solorzano & Sharp 
(1980) and showed that the HS contained 0.01 % P (by 
weight). The HS we isolated had a low C content com- 
pared with previous values reported in the literature 
(about 50% of HS is usually C according to Thurman 
(1985) and Hedges (1987). We therefore reanalyzed 
the HS for C and N content 3 times and also had a sam- 
ple analyzed by a separate laboratory, with the same 
result. The addition of HS to the seawater increased 
the DOC concentration by 3.5 mg 1-' (measured with a 
Shimadzu TOC-5000 carbon analyzer, after acidifica- 
tion to remove inorganic C) .  The organic N associated 
with the HS was 6.2 pM of N (excluding the initial N 
content of the seawater). 

Water sampling and experimental setup. Surface 
water from the southern Kattegat on the Swedish west 
coast was sampled on 10 October 1994 (salinity 25%0, 
temperature 11°C) with an acid-washed polyethene 
bucket. The water was transported to the laboratory in 
polyethene 10 1 carboys kept inside insulated boxes 
with ice-packs. The water was filtered through a 
0.2 pm Sartorius cartridge filter within 4 h of sampling. 
The less than 0.2 pm fraction was assumed to contain 
some bacteria and no heterotrophic flagellates. The 
small pore size of 0.2 pm was used to ensure that no 
heterotrophic flagellates from the sample would be 
present in the initial water, and some bacteria were 
expected to pass the filter (Stockner et  al. 1990). Epi- 
fluorescence microscopy of samples from the water 
passing the filters showed no presence of hetero- 
trophic flagellates, but a significant number of bacteria 
(0.3 X 106 cells ml-l). To obtain treatments with het- 
erotrophic flagellates, Cafeteria roenbergensis was 
added to the 0.2 pm fraction to give a final concentra- 
tion of 10000 cells ml-'. The bacterial concentration in 
this treatment became 0.6 X 106 cells ml-', including 
the bacteria from the seawater and the bacteria 
included in the C. roenbergensis addition. Cells of the 
autotrophic dinoflagellate Prorocentrum minimum 
were added to other treatments to give a final concen- 
tration of 250 cells ml-l. Bacteria present in the original 

P. minimum culture also increased the bacterial num- 
bers to around 0.6 X 106 cells ml-' in the treatments 
with P. mjnimum. 

The treatments were as follows: BACT (bacteria only, 
0.2 pm filtered seawater), CAF (bacteria together with 
Cafeten-a roenbergensis), PMIN (bacteria together with 
Prorocentrum minimum) and a CAF+PMIN treatment. 
To an identical set of treatments, humic substances 
were added (+HS). All treatments were In triplicates in 
5 1 Pyrex glass bottles, giving a total of 8 X 3 = 24 bottles. 
Trace metals and vitamins according to the f/2 medium 
(Guillard & Ryther 1962) as 1/10 of the original descrip- 
tion were added to all treatments in order to avoid limi- 
tation of phytoplankton growth by these substances. 
The experimental bottles were incubated at 16°C light 
intensity (PAR) 100 pM m-2 S-' (measured with QSL-100 
spherical quantameter, Biospherical Instruments Inc.) 
and a 1ight:dark cycle of 16:8 h. 

Sampling and analyses of inorganic nutrients and 
chlorophyll a (chl a). Samples were taken daily or 
every second day from the experimental bottles for 
analyses of inorganic nutrients (NO3-, NH,', PO,~-) ,  
chl a, primary production, bacterial production, activ- 
ity of alkaline phosphatase, and Prorocentrum mini- 
mum cell numbers. Samples for bacterial and Cafeteria 
roenbergensis numbers and determination of the N- 
content in the P. minimum cells were taken initially 
and at the end of the experiment (7 d).  Inorganic nutri- 
ents were analyzed using standard procedures for sea- 
water (Valderrama 1995). Chl a was measured accord- 
ing to the method of Jespersen & Christoffersen (1987). 
Samples (50 ml) were filtered onto Whatman GF/F fil- 
ters, extracted for 12 h in ethanol and chl a fluores- 
cence was measured with a Turner 10 AU fluororneter, 
calibrated using a chl a standard solution (Sigma). 

Primary production. Primary production was mea- 
sured as I4C uptake using the method of Rrtebjerg- 
Nielsen & Bresta (1984). Two pCi of radioactive 
NaHI4CO3 (International Agency for 14C-determina- 
tion, Copenhagen) were added to 25 m1 glass flasks 
and incubated for 2 h beside the experimental flasks. 
After incubation, the water was filtered through 
0.45 pm membrane filters (Sartorius) and filters were 
placed in a box with HC1 fumes to remove remaining 
non-assimilated inorganic I4C. 

Bacterial production. Bacterial production was mea- 
sured as bacterial uptake of 3H-leucine (specific activ- 
ity 150 Ci mmol-l, Amersham Corp.), according to 
Smith & Azam (1992). The 3H-labeled leucine was 
diluted with non-radioactive L-leucine in the original 
vial to give a final leucine concentration of 20 nM in a 
1.7 ml sample when 5 p1 of the isotope was added. 
Samples for bacterial production were incubated 
30 min in the dark beside the experimental bottles. The 
incubation was terminated by adding TCA to the sam- 
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ples (5% final concentration) and the bacterial cells 
were rinsed with 5 %  TCA and 80% ethanol, by cen- 
trifuging (16000 X g, l 0  min) and aspirating the super- 
natant between centrifugations. Radioactivity in the 
samples from both primary production and bacterial 
production was determined with a Beckman liquid 
scintillation counter using Ultima Gold (Packard Inc.) 
scintillation cocktail. For the calculation of bacterial 
carbon production an intracellular isotope dilution of 2 
and a carbon to protein ratio of 0.86 (weight:weight) in 
bacterial protein was assumed (Simon & Azam 1989). 

Cell enumeration. Samples for counts of bacteria 
and heterotrophic flagellates were preserved with 
formaldehyde (final concentration 2 %). For bacteria, 
2 m1 samples were filtered on 0.2 pm black poly- 
carbonate filters (Poretics Corp.) and for heterotrophic 
flagellates 5 to 10 m1 were filtered on 0.8 pm black 
polycarbonate filters (Poretics Corp.). The 0.2 pm poly- 
carbonate filter has a more accurate pore size than the 
0.2 pm large-volume cartridge filter (that was used to 
obtain the grazer-free initial water) and is generally 
used when bacterial cell numbers are determined by 

epifluorescence microscopy. However, we cannot rule 
out that some bacteria passed the 0.2 pm polycarbon- 
ate filters and therefore the bacteria numbers might be 
slightly underestimated (Stockner et al. 1990). The 
bacterial counts were made according to the method 
described by Porter & Feig (1980) using the fluo- 
rochrome DAPI (final concentration 20 pg ml-l) and an 
Olympus BX 50 epifluorescence microscope equipped 
with the following filter set: excitation 360 to 370 nm, 
barrier filter 420 nm and dichroic mirror 400 nm. Pro- 
rocentrum minimum samples were preserved with 
acidic Lugol's solution and cell counting was made 
using a Hiac-Royco 3000 Particle Size Analyzer cali- 
brated with microscopical P. minimum cell counts 
using a Nikon Diaphot inverted microscope and 2.5 m1 
settling chambers, according to the method described 
by Utermohl (1958). 

Alkaline phosphatase activity. Activity of alkaline 
phosphatase was determined using the substrate 4 -  
methylumbelliferylphosphate (MUF-P) according to 
Petterson & Jansson (1978). Substrate concentration 
was 50 pM in 5 m1 samples that were incubated beside 

the experimental bottles for 1 to 2 h. 
After the incubation, the product of 
substrate hydrolysis (4-methylumbel- 
liferone [MUF]) was detected with a - 
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Fig. 1. Bacterial abundance (cells ml-' X 106) on Days 1 and 7 Treatments: with 
bacteria only (BACT), bacteria and Prorocentrum minimum (PMIN), bacteria and pies were through a l 0  pm 

Cafeteda roenbergensis (CAF) and addition of hurnic substances (HS) (n = 3, mesh size nylon net which let remain- 

Turner 112 fluorometer. Calibration 
using 7 concentrations ranging from 5 
to 150 nM of MUF was made at every 
measuring occasion. 

Analysis and calculation of N con- 
tent in cells. The cellular content of N 
in Prorocentrum minimum was deter- 
mined on the cells retained on pre- 
combusted 25 mm Whatman GF/F fil- 
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formed. A subsample (2 ml) 
was taken out, fixed with 

retained the P. miniumum 3.0 

cells. The P. minimum cells 
were then back-flushed in a 2.5 - 
smaller volume of GF/F fil- 
tered seawater and filtration 2.0 - 
through the precombusted 
Whatman GF/F filters was per- 1 .5 -  

Lugol's solution and the con- 7 
centration of P. minimum cells 
was determined by micro- 2 - 0.0 scopy using a 0.1 m1 Palmer- 

U BACT 

+ BACT+HS 

T 

Maloney counting chamber. .g 
y0 3.0 

Thus, it was later possible to 
calculate the number of P. g , , + CAF 
minimum cells on the filters. 
Controls were also analyzed, '5 2,0 

by processing water from the 2 1 
control bottles with humic D 1.5 - 
addition in the same way as 
above. The amount of N ob- 1.0 - 
tained on these filters was sub- 
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results from the filters contain- 0.0 I I T I I I I  

ing P. minimum cells, in pro- 0 1 2 3 4 5 6 7  
portion to the volume of P. 
minimum concentrate that was 
filtered (the amount of N sub- 

Fig. 2. Bacterial production ( p g  C-' h-') measured as uptake of 3H-labeled leucine. Treat- 
tracted in this way was always ments as i n  Fig. 1 (n = 3, mean & SD) 
less than 5 % of the N assumed 
to be in P. n~inimum cells). 

Bacteria nitrogen content was calculated by assum- 
ing a bacterial C:N ratio of 4.5 and a mean cell C con- 
tent of 20 fg C cell-' (Goldman et al. 1987, Lee & 
Fuhrman 1987). Nitrogen content in the Cafeteria 
roenbergensis cells was calculated by assuming a C:N 
ratio of 7.0 and a conversion factor of 360 fg C pm-3 
(Verity et al. 1992), and the volume of the C. roen- 
bergensis cells was estimated to be approxin~ately 
10 pm-3 after microscopical measurements of linear 
dimensions. 

RESULTS 

Bacterial growth 

with only bacteria (BACT+HS) or bacteria and P. mini- 
mum (PMIN+HS) than in the treatments without HS 
(Mann Whitney U-test, p i 0.05). Also the bacterial 
production became significantly higher in the HS 
treatments than in the treatments without HS during 
the second half of the experiment (Mann Whitney U- 
test, p < 0.05, Fig. 2), except in the treatments with 
both Cafeteria roenbergensis and P. minimum 
(CAF+PMIN and CAF+PMIN+HS). The HS were thus 
a substrate which the bacteria to some extent utilized 
after a lag phase of approximately 3 d (see Fig. 2) .  In 
the treatments with C. roenbergensis the bacterial 
numbers were kept low due to the grazing activity of 
the heterotrophic flagellates. 

The bacterial bion~ass increased several-fold in the Growth of Cafeteria roen bergensis 
treatments with only bacteria (BACT and BACT+HS) 
or bacteria together with Prorocentrum minimum The abundance of Cafeteria roenbergensis was 
(PMIN and PMIN+HS) (Mann Whitney U-test, p < 0.05) significantly higher in the CAF+HS treatment (51 000 
(Fig. 1). Bacterial numbers were significantly higher at cells ml-l) than in the CAF treatment (38000 cells ml-l) 
the end of the incubation period in the HS treatments at  the end of the experiment (Mann Whitney U-test. 
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Fig. 3. Cafeteria roenbergensis. Abundance (cells ml-') on Days 1 and 7. Treatments as  in Fig. 1 (n = 3, mean + SD) 

p < 0.05, Fig. 3), showing that the increased bacterial 
growth in the HS treatments also increased the growth 
of their grazers. In the CAF+PMIN+HS treatment, the 
number of C. roenbergensis cells was also significantly 
higher than in the corresponding non-humic treatment 
(CAF+PMIN) (Mann Whitney U-test, p < 0.05). How- 
ever, the difference between the humic and non-humic 
treatment was less marked when Prorocentrum mini- 
mum was present. In fact, the abundance of C. roen- 
bergensis was lower in both treatments with P. mini- 
mum cells present than in the treatments without P. 
minimum (Mann Whitney U-test, p < 0.01). 

Growth of Prorocentrum minimum 

The cell numbers, chl a concentration and primary 
production were significantly higher in the PMIN+HS 
treatment compared to the PMIN treatment when 
maximum biomass/production was recorded (Days 5 
and 7) (Mann Whitney U-test, p < 0.05, Fig. 4 )  showing 
that the HS addition also stimulated the growth of the 
alga. Prorocentrum minimum in the PMIN+HS treat- 
ment also showed a significantly higher chl a concen- 
tration, cell number and primary production than in 
the treatment with Cafeteria roenbergensis (PMIN+ 
CAF+HS) (Mann Whitney U-test, p < 0.05). Chl a con- 
tent per cell was significantly higher in the PMIN+HS 
treatment than in the PMIN treatment (21.6 compared 
to 5.9 pg chl a cell-' during the exponential growth 
phase (Day 4 )  (Mann Whitney U-test, p < 0.05). Also 
the primary production per cell was significantly 
higher in the PMIN+HS treatment than in the PMIN 
treatment (maximum difference on Day 5 with 45.9 
compared to 9.3 pg C cell-' h-') (Mann Whitney U-test, 
p < 0.05). 

Inorganic nutrients 

The concentrations of inorganic N (NO3- + NH,') and 
phosphate in the initial water used in the experiment 
were about 1.2 FM and 0.2 pM, respectively (Fig. 5). 
The addition of HS increased the nitrate concentration 
by 0.1 to 0.2 pM, but did not change the ammonium 
and phosphate concentrations significantly. The 
increase in nitrate concentration when HS was added 
was low compared to the total N added to the HS 
(6.2 pM N I-'). The initial ratio between inorganic N 
and P after the addition of the HS and the addition of 
Prorocentrum minimum and/or Cafeteria roenbergen- 
sis was about 7:1, i.e. there was a shortage of N accord- 
ing to the Redfield ratio (16:l) .  The HS contained 0.3 % 
N and 0.01 % P, suggesting that the HS would cause a 
P limitation of both bacterial and phytoplankton pro- 
duction if N and P were equally available from the HS, 
and provided that available organic C for the bacteria 
was in surplus in the HS. No extra P was added to any 
treatment, but since no detectable activity of alkaline 
phosphatase developed during the experiment 
( ~ 0 . 5  nmol P m u - '  for all measurements, data not 
shown), sufficient inorganic P was probably present for 
bacterial and phytoplankton growth. Phosphate con- 
centrations were around or below 0.2 FM, except in the 
treatments with C. roenbergensis, where the concen- 
trations increased, indicating that regenerated phos- 
phate accumulated by the grazing of C. roenbergensis 
on bacteria. 

The concentration of nitrate generally decreased in 
all treatments and was below 0.5 FM at the end of the 
experiment, except in the CAF+PMIN+HS treatment, 
where there was about 0.9 pM of nitrate at the end. 
The concentration of ammonium was relatively con- 
stant around or below 0.2 pM in all treatments during 
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PMIN 

PMIN+HS 

Fig. 6. Nitrogen content (pg cell-') in Prorocentrum minimum (PMIN) cells in the treatments with or without additions of hurnic 
substances (HS) and Cafeteria roenbergensis (CAF), on Days 1 and 7 (n = 3, mean 2 SD) 

content in P. minimum significantly higher in the 
PMIN+HS treatment compared to the PMIN treatment 
at the end of the experiment (Mann Whitney U-test, 
p < 0.05, Fig. 6). In the treatment with addition of Cafe- 
teria roenbergensis, however, there was no significant 
difference in the N content per cell of P. minimum in 
the HS treatments compared to the non-humic treat- 
ments, although a significant increase in intracellular 
N content in the PMIN+CAF+HS treatment could be 
observed compared to initial N content (Mann Whit- 
ney U-test, p < 0.05). 

The measured/estimated particulate N concentra- 
tion in bacteria, Prorocentrum minimum and Cafeteria 
roenbergensis was higher in the humic treatments 
than in the non-humic treatments at the end of the 
experiment, except for bacteria in the treatments with 
C. roenbergensis (Table 1 ) .  The highest particulate 
N concentration in organisms was obtained in the 
PMIN+HS treatment (4.35 & 0.17 PM). The calculated 
concentration of particulate N in bacterial cells at the 
end of the experiment was also significantly higher in 
the BACT+HS treatment compared to the BACT treat- 

ment and in the bacterial cells in the 
treatments with P. minimum present 

Table 1 Particulate nitrogen concentration (FM) in bacteria, phytoplankton and 
heterotrophic flagellates. For bacteria a mean cell carbon content of 20 fg ceW1 
and a C:N ratio of 4.5 was assumed. For Prorocentrum nunmum, the N content 
per cell determined with the CN analyzer was used. For Cafeteria roenbergen- 
sis a conversion factor of 360 fg C pm-= and a C:N raho of 7.0 were used. The 
mean volume of C, roenbergensis was determined by microscopical measure- 
ments to be approximately 10 pm3. The calculated N content was 0.51 pg N 

cell-' (mean + SD, n = 3) 

Bacteria P. minimum C. roenbergensis Sum 

Initial: 0.13k0.06 0.38i0.04 0.43*0.06 0.94*0.07 
0.29 k 0.15" 1.10 * 0.01 

Day 7 
BACT 1.31 + 0.08 - 1.31 * 0.08 
BACT+HS 1.67 * 0.12 - - 1.67 * 0.12 
PMIN 1.63 * 0.09 1.36 * 0.02 - 2.99 k 0.11 
PMIN+HS 2.04 * 0.18 2.31 0.05 - 4.35 * 0.17 
C AF 0.29 * 0.02 - 1.38 + 0.12 1.67 0.15 
CAF+HS 0.24 * 0.05 - 1.85 c 0.12 2.09 k 0.17 
CAF+PMIN 0.31 * 0.06 0.87 * 0.20 0.54 ? 0.01 1.72 + 0.16 
CAF+PMIN+HS 0.26 * 0.10 1.02 * 0.15 0.72 + 0.03 2 00 ? 0.19 

aInitial bacterial numbers were higher in treatments with C. roenbergensis 
and/or P. minimum 

(PMIN compared with BACT and 
PMIN+HS compared with BACT+HS) 
(Mann Whitney U-test, p < 0.05). 

DISCUSSION 

The addition of riverine HS stimu- 
lated growth of marine bacteria, the 
heterotrophic nanoflagellate Cafete- 
ria roenbergensis, and the photo- 
synthetic dinoflagellate Prorocentrum 
minimum. The experiment points out 
the complexity of all interactions that 
arise in a 3-member artificial micro- 
bial system regarding bacterial sub- 
strate quality, bacterial abundance/ 
growth, grazing activity of hetero- 
trophic flagellates and growth of 
autotrophs. However, the experiment 
gives information about what poten- 
tially can happen when freshwater 
HS is processed by a planktonic 
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microbial food web in a coastal marine system. The 
most important results were: (1) a significant amount 
of the humic N was utilized by the organisms, (2) bac- 
teria acted as a sink for N when utilizing the HS as 
substrate, since no increase of inorganic N concentra- 
tions could be observed in the treatments with only 
bacteria, and (3) grazer-mediated remineralization 
was of little or no importance for the growth of P, min- 
imum, since no increase of inorganic N concentrations 
could be observed in the treatments with bacteria and 
C. roenbergensis. However, some inorganic N, regen- 
erated by C. roenbergensis grazing on bacteria, may 
have been available for both P. minimum and bacte- 
ria, but so rapidly utilized that no concentration 
increase could be detected. 

Bacterial utilization of HS 

HS are to some extent available to bacterial degra- 
dation, as shown in this experiment and elsewhere 
(e.g. De Haan 1974, Tranvik 1988, Moran & Hodson 
1990). The concentration of DOC in the original coastal 
seawater used in the experiment was 10 mg C 1-l, and 
the addition of HS increased the DOC concentration by 
3.5 mg C 1-l. The addition of HS can be considered as a 
natural increase in HS concentration in coastal waters 
close to river mouths, since open waters in the Katte- 
gaWSkagerrak area have concentrations of HS up to 
2 mg 1-' and DOC concentrations of up to 4 mg 1-' 
(Wedborg et al. 1994). 

The bacterial production increased in the HS treat- 
ments after a lag phase of 3 to 4 d. It is possible that the 
original bacterial community in the 0.2 pm filtrate 
could not dlrectly use the HS as a substrate. Instead a 
succession in the bacterial community in the direction 
towards species more adapted to utilize the HS could 
have taken place. The high bacterial production in the 
HS treatments did not increase bacterial biomass to 
any large extent (although significant) compared to the 
non-humic treatments. This was probably due to a low 
growth efficiency of the bacteria. Amon & Benner 
(1996) showed that bacterial growth efficiency was 
lower (8 to 39%) when bacteria were using HMW 
DOM compared to LMW DOM (16 to 66%). However, 
the total bacterial utilization of DOC was higher for 
HMW DOM than for LMW DOM (Amon & Benner 
1996). HS isolated by using a XAD-8 resin do not sep- 
arate the DOM into HMW and LMW compounds, but 
the river water from which we isolated the HS had a 
high content of colored substances indicating a high 
concentration of HMW compounds, and it is therefore 
reasonable to assume that the HS isolated for this 
experiment consisted mainly of HMW compounds 
(Aho 1986, Tranvik 1990). 

The C:N ratio of isolated riverine HS is normally 
around 50 (by weight) (Malcolm 1985). The HS used 
in this experiment had a C:N ratio of 40. The C:N ratio 
of the bacterial substrate is an important factor to con- 
sider when determining whether bacteria will be a 
source or a sink for N (e.g. Fenchel & Blackburn 
1979). If N in the organic substrate is insufficient for 
growth, the bacteria will assimilate additional N from 
the pool of inorganic N (such as ammonium) (Wheeler 
& Kirchman 1986, Zweifel et al. 1993). Net mineraliza- 
tion of N would occur only when the bacterial sub- 
strate has a C:N ratio less than 10 (Goldman et al. 
1987, Tezuka 1990), assuming that the relative avail- 
ability for bacteria of the C and N is the same. If not, 
the C in the HS is much more refractory than the N, 
and it can therefore be assumed that the bacteria 
would be a sink for the N and not remineralize N in 
the treatments with HS. Since the ammonium concen- 
tration in the treatment with only bacteria and HS was 
constantly low throughout the experiment, the high 
C:N ratio of the HS accurately predicted that bacteria 
were a sink for N. 

Interactions between bacteria, Cafeteria 
roenbergensis and Prorocentrum minimum 

Previously it was generally assumed that bacteria 
were the main remineralizers of organic matter in the 
sea and made inorganic nutrients available for phyto- 
plankton uptake. This view has changed, since N 
demand of bacterial growth cannot be met by the uti- 
lizable DON pool in seawater (Wheeler & Kirchmann 
1986, Goldman et al. 1987). Grazing by bacterivorous 
protozoa is in these instances considered to be the pri- 
mary mechanism for the remineralization of N con- 
tained in the bacterial biomass (Johannes 1965, Azam 
et al. 1983, Caron & Goldman 1990). Protozoans are 
thus the most important organisms for the regenera- 
tion of both inorganic P and N (e.g. Azam et al. 1983, 
Caron & Goldman 1990) and the bacterial contribution 
to net regeneration is quite small, since bacteria are 
also actively assimilating inorganic N and P (e.g. 
Pomeroy 1970, Wheeler & Kirchman 1986, Kirchman 
1994). It can therefore be expected that a growth stim- 
ulation of phytoplankton in an experiment with addi- 
tion of HS would arise from inorganic nutrients regen- 
erated via protozoan grazing on bacteria that 
assimilated some of the humic-bound nutrients. Such a 
response was reported by Carlsson et al. (1993) in a 
mesocosm experiment with a natural coastal plankton 
community, where humic substances increased bacte- 
rial, protozoan, and phytoplankton growth. In this 
experiment we expected a similar outcome. In con- 
trast, however, there was no growth stimulation of the 



Carlsson et al.: Cycling of biol .ogically available nitrogen 33 

phytoplankton when Cafeteria roenbergensis was 
added. Instead, Prorocentrum minimum grew better in 
the treatments without C. roenbergensis, suggesting 
that grazer-mediated remineralization of inorganic N 
was of llttle importance. I t  is surprising, however, that 
no increase in the ammonium concentrations was 
detected in the treatments with C.  roenbergensis and 
bacteria (without P. minimum).  This was probably 
caused by a direct utilization of the regenerated 
ammonium by the bacteria. 

Cafeteria roenbergensis fed on bacteria and 
reached higher numbers in the HS treatments. 
Growth of C.  roenbergensis probably lagged some 
days behind the growth of bacteria, as observed else- 
where in natural communities (Azam et al. 1983, 
Andersen & Ssrensen 1986) and in laboratory studies 
(Fenchel 1982, Tranvik & Sieburth 1989). Thus, C.  
roenbergensis had probably not reached their maxi- 
mum cell density when the experiment ended on 
Day 7 ,  especially since bacterial production was still 
increasing in the treatments with C. roenbergensis. 
Therefore it is possible that additional inorganic N 
would have become available for Prorocentrum mini- 
m u m  in the treatments with C.  roenbergensis after 
Day 7. However, chl a concentrations and primary 
production rates were stable or decreasing on Day 7 
in all treatments with C. roenberqensis, indicating 
that the growth of P. minimum had ceased due to N 
limitation in these treatments. 

Growth of Prorocentrum minimum 

Phytoplankton growth has been shown to be stimu- 
lated by HS (e.g. Prakash & Rashid 1968, Graneli et al. 
1985, Carlsson et al. 1993). The stimulation of phyto- 
plankton growth by HS has sometimes been attributed 
to chelation of trace metals by the HS, either by 'detox- 
ifying' the water (e.g. Toledo et al. 1982) or by making 
necessary trace metals more available for phytoplank- 
ton (Prakash & Rashid 1968, Anderson & More1 1982). 
Also the N present in organic form in soil humic 
extracts used in culture media has been suggested to 
be beneficial for phytoplankton. Morril & Loeblich 
(1979) found that N-limited axenic cultures of Kryp- 
toperidiniurn Eoliaceum increased in growth rate and 
biomass yield when supplied with sterile soil extract, 
probably because of the organic N content, and Ogata 
et al. (1996) observed high growth of Alexandnum 
tamarense when N-limited semi-continuous cultures 
were supplied with yeast extract and suggested that A. 
tamarense was able to utilize organic N substances for 
growth and toxin production. Graneli et  al. (1985) sug- 
gested that Prorocentrum minimum was able to use N 
in HS, either directly or after bacterial mineraliztion, 

since the biomass yield increased when HS and phos- 
phate were added. The cellular N content of P. rnini- 
m u m  grown with addition of HS in the experiment by 
Graneli et al. (1985) was also comparable to cells 
grown with inorganic N. In our experiment, we added 
trace metals according to 1/10 of the f/2 medium (Guil- 
lard & Ryther 1962) to all treatments. Thus, it seems 
unlikely that the lower growth of P. minimum in the 
non-humic treatments was caused by trace metal limi- 
tation. Instead, phytoplankton growth was probably 
limited by the available N in all treatments, and the 
extra utilizable N that was present in the HS treat- 
ments made a larger biomass increase possible. The 
low concentrations of inorganic N in all treatments and 
the absence of alkaline phosphatase activity also sug- 
gest that N limited the growth of P. minimum at the 
end of the experiment. 

The high growth observed for Prorocentrum rnini- 
n lum in the treatment with HS added (without CaEete- 
ria roenbergensls) cannot be explained by the inor- 
ganic N concentrations present initially. Moreover, 
since there was no detectable net accumulation of 
ammonium in the treatment with bacteria and HS, it 
is possible that P. minimum utilized DON. P. minimum 
might have used e.g. amino acids that were associ- 
ated with the HS. Amino acids can be utilized by 
phytoplankton at  environmentally relevant concentra- 
tions (e.g. Flynn & Butler 1986, Antia et al. 1991) and 
a significant amount of amino acids can be bound to 
dissolved HMW compounds (Carlson et al. 1985). The 
extraction procedure we used to concentrate HS 
would also have caused a precipitation of the poly- 
peptides in the river water due to the acidification of 
the sample before eluting it through the XAD column 
(Thurman 1985), and Lytle & Perdue (1981) found that 
97% of the amino acids present in river water would 
be extracted using the XAD extraction procedure. 
Amino acids can also be released from river-isolated 
HS: when riverine HS is added to sterile seawater 
such that the DOC concentration increases by 10 mg 
1-l, the concentrations of dissolved free amino acids 
and dissolved combined amino acids can increase by 
6 to 7 pm01 1-' (Carlsson et al. 1998). 

Particulate nitrogen in bacteria, Cafeteria 
roenbergensis and Prorocentrum minimum 

Particulate N increase in bacteria and Prorocentrum 
minimum in the HS treatment when these organisms 
were grown together, compared to the BACT+HS 
treatment, indicates that the uptake of N from the 
medium (inorganic N and N associated with the HS) 
doubled when P. minimum was present. The highest 
biomass of P. minimum and Cafeteria roenbergensis 
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was produced in the treatments where these organ- 
isms were grown separately with HS, but when they 
were grown together, both had a lower biomass at the 
end of the experiment. It is interesting to note that the 
sum of the particulate N in the C. roenbergensis and P. 
minimum cells when grown together (1.41 pM N with- 
out HS and 1.74 pM N with HS) is similar to the partic- 
ulate N in these organisms when grown alone (C. 
roenbergensis without or with HS: 1.38 and 1.85 pM N 
respectively; P. minimum: 1.36 and 2.31 pM N, respec- 
tively). Thus, the available N was partitioned between 
the 2 organisms when they were grown together. 

By using (1) the concentration of known dissolved N 
when the experiment started (in total 7.70 pM, of 
which 1.50 pM was inorganic and 6.20 pM associated 
with the HS), (2) the increase in particulate N (from 
0.67 pM to 4.35 pM) in bacteria and Prorocentrum min- 
imum in the PMIN+HS treatment and (3) the remain- 
ing inorganic N concentration at the end of the experi- 
ment (0.15 PM), the amount of humic-associated N 
taken up by the organisms can be roughly estimated, 
assuming no net change in the unknown part of the 
DON pool. The humic-associated N left in the medium 
after uptake by bacteria and P. minimum would be: 
(1.50+6.20+0.67-0.15-4.35) pM=3.87 pM, i.e. 6.02 
- 3.87 = 2.33 pM of the humic-associated N was per- 
haps taken up by the bactena and P. minimum, which 
is 37% of the initial humic-associated N [(2.33/6.2) X 

1001. In treatments with Cafeteria roenbergensis, the 
percentage of initially humic-associated N present in 
the organisms on Day 7 was less (8 to 20 %). 

Competition between bacteria and 
Prorocen trum minim um 

It has been shown in experiments (Currie & Kalff 
1984, Pengerud et al. 1987) and modelled mathemati- 
cally (Bratbak & Thingstad 1985) that bacteria can 
compete effectively with phytoplankton for inorganic 
nutrients under certain conditions. Because of the bac- 
terial superiority when competing for inorganic nutri- 
ents, a significantly reduced growth of Prorocentrum 
minimum would be expected in the treatments with 
bacteria at  low inorganic N concentrations. This has 
been shown experimentally for both P- (Currie & Kalff 
1984) and N-limited (Caron et al. 1988) phytoplankton 
cultures which were negatively affected by bacterial 
competition for inorganic P or N after addition of glu- 
cose as a C source. In our experiment, however, there 
was an apparent absence of competition between bac- 
teria and l? minimum for N .  Perhaps the time span of 
this experiment was too short for any significant com- 
petition for N between bacteria and P. minimum to 
develop, compared to the amount of available N. 

CONCLUSIONS 

About 35% of the organic N supplied with the HS 
ended up in bacteria and Prorocentrum minimum cells 
after 1 wk of incubation. Bacteria acted as a sink for the 
humic-bound N they utilized, and grazing activity by 
the heterotrophic flagellate Cafeteria roenbergensis 
did not increase the growth of the dinoflagellate P. 
minimum by remineralizing inorganic N. Thus, river- 
ine HS are to some extent utilized by coastal bacteria 
after a lag phase of a few days and some of the N 
supplied with the HS ends up in bacterial biomass and 
biomass of bacterial grazers. The amount of N that 
becomes available as inorganic N for phytoplankton 
growth can be relatively small. The increased growth 
of P minimum with H S  present was thus probably not 
caused by bacterial or grazer mineralization of inor- 
ganic nitrogen, but might have been due to P. mini- 
mum utilization of DON compounds. 
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