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ABSTRACT: The effects of additions of humic substances (derived from river water) on bacteria, proto- 
zoa, phytoplankton, and copepods in a coastal plankton community from the Skagerrak (west coast of 
Sweden) were studied in a n  enclosure experiment. Bacterial numbers and bacterial production were 
significantly higher in the humic treatment compared with non-hurnic treatment. Tintinnids and 
oligotrich chates  also attained higher densities in the humic treatment than in non-humic treatment, 
probably reflecting higher food availability due to the increased bacterial production. Phytoplankton 
biomass and primary production were slightly higher in the humic treatment compared with the non- 
humic treatment. The growth of dinoflagellates and small flagellates was enhanced by humic addition. 
The number of copepods and nauplii became significantly lower in the humic treatments. Thus, the 
humic addition affected the 'microbial loop' positively, but the increase in nutrient regeneration sub- 
stantially increased neither phytoplankton growth nor copepod production. 
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INTRODUCTION 

Nutrient availability and grazing are both factors 
which have important effects on the structure of 
marine phytoplankton communities. The two are inter- 
connected because nutrient availability is partly 
dependent on regeneration of nutrients by grazers. 
Often, only inorganic nutrients are considered to be 
important for phytoplankton growth, but organic 
bound nutrients may also be of significance. Phyto- 
plankton may take up nitrogen in the form of organic 
compounds such as urea (Sahlsten et al. 1988) or amino 
acids (Flynn & Butler 1986). Inorganic nitrogen sources 
include nitrite or nitrate produced by bacterial miner- 
alization (Tupas & Koike 1990) and ammonia produced 
by excretion by grazers (Bbmstedt 1985, Probyn 1987, 
Caron & Goldman 1990). 

A large pool of the dissolved organic nitrogen in 
coastal areas occurs in humic substances, which leak 
from soils and are transported by rivers into coastal 
waters. The amount of humic substances entering 
coastal waters can be significant in areas where the 
drainage area is dominated by forests (Andersson et al. 
1991). Indeed, humic substances constitute the largest 
fraction of the dissolved organic matter (DOM) in most 
natural waters (Thurman 1985). Humic substances are, 
however, thought to be relatively resistant to bacterial 
degradation (Fenchel & Blackburn 1979, Geller 1983), 
so that low-molecular weight DOM produced by 
phytoplankton is thought to be the main carbon source 
for bacteria (Larsson & Hagstrom 1979, Chrost et al. 
1989, Vadstein et al. 1989). On the other hand. humic 
substances can support bacterial growth in freshwater 
systems (Tranvik 1988, Moran & Hodson 1990) and 
thus might be utilized to some extent by bacteria in 
coastal waters. For example, hurnic substances contain 
nitrogen (3 to 6%; Rashid 1985) and might therefore be 
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a potential nitrogen source for phytoplankton. Carls- 
son et al. (1993) found in enclosure experiments with 
coastal water containing natural phytoplankton com- 
munities (larger zooplankton were excluded) that 
additions of humic substances isolated from river water 
lead to increases in phytoplankton biomass. This might 
have resulted because bacteria used the humic sub- 
stances as substrates and were then consumed by het- 
erotrophic grazers, which in turn excreted ammonia 
(Carlsson et al. 1993). In addition, photooxidation of 
humic substances may occur (Kieber et al. 1990). This 
process may produce labile compounds which might 
then be taken up by phytoplankton directly. 

To see if riverine humic substances can be utilized by 
marine bacteria and, if so, the resulting increased bac- 
terial production would increase phytoplankton and 
zooplankton production via the 'microbial loop' (Azam 
et al. 1983), we performed an enclosure experiment 
during late summer. We looked at the growth of bacte- 
ria, the changes in phytoplankton species composition. 
bacterial production, phytoplankton primary produc- 
tion and the growth of protozoa and copepods. 

MATERIALS AND METHODS 

Water from 1 m depth from the Gullmar Fjord, on the 
Swedish west coast, was pumped through a 100 pm 
nylon net using a submersible pump on 4 August 1992. 
The water was used to fill sixteen l00 1 polyethene 
cylinders, which had been cleaned with DeconexTL1 
detergent, kept in seawater for 24 h and then thor- 
oughly rinsed with seawater to remove any toxins from 
the plastic. The cylinders were placed in a pool which 
was kept at the in situ temperature (18 to lg°C) by 
flow-through of surface sea water from nearby. The 
cylinders were covered with a 0.1 mm polyethene film 
to prevent aerial contamination and subjected to nat- 
ural light conditions. 

The water in the cylinders had a salinity of 25~ .5%~ 
and the nutrient concentrations were as follows: NO3-, 
0.25 pm01 1-l; NH4+, 0.3 pm01 I- ' ;  PO4"-, 0.05 pm01 I-';  
Si(OH),, 0.4 pm01 I-'. Earlier experiments have shown 
that, without nutrient additions, nutrient depletion will 
occur in experiments like these after only a short time 
because of nutrient uptake by the biofilm that estab- 
lishes on the enclosure walls (Santschi 1982). Thus, to 
keep the phytoplankton from becoming nutrient lim- 
ited during the initial part of the experiment, nutrients 
were added to the following concentrations in all cylin- 
ders: NH4+, 4.0 pm01 I-'; Pod3-, 2.0 pm01 I-'; and 
Si(OH),, 4.0 pm01 1-l. The surplus addition of P com- 
pared to N (N/P = 2) was made to ensure that P-limita- 
tion of phytoplankton biomass production did not 
occur. In earlier experiments it was found that N in 

humic substances could be utilized by phytoplankton 
(Carlsson & Graneli 1993), and addition of excess P 
should have made it possible for the plankton to use all 
'degradable' N in the humic substances. Trace metals, 
iron and EDTA were added to all flasks at concentra- 
tions corresponding to the f medium (Guillard & Ryther 
1962) (at !h0 of the original concentration). 

Zooplankton were caught with a 100 pm mesh size 
net towed at 2 to 4 m depth on 2 August. The zoo- 
plankton were placed in a 50 l carboy and were kept at 
18 to 20°C, with aeration. The natural concentration of 
zooplankton was determined from a quantitative net 
tow with the 100 pm mesh size net hauled vertically 
through a 10 m water column. On 4 August, dead ani- 
mals were gently siphoned off from the zooplankton 
carboy, and the living zooplankton were concentrated 
by filtration using a 100 pm net. 

The aim was to add copepods to all 16 cylinders in 
order to reach the natural concentration. However, the 
zooplankton counts from Day 1 showed that there 
were 80 to 90 ind. 1" present in the cylinders, which 
was approximately 3 times the ambient density. Con- 
centrations of Oithona spp. observed elsewhere have 
varied from 0.5 to 2 ind. I-' in the Barents Sea 
(Gonzalez & Smetacek 1994), 0 to 40 ind. 1-' in the 
open ocean (Davis et al. 1992) and up to more than 
1000 ind. 1-' in Japanese coastal waters (Uchima 
unpubl., cited in Uch~ma 1988). Thus, the copepod 
concentrations used in this experiment do occur under 
natural conditions. 

Humic substances were added to 8 of the cylinders. 
The addition of humic substances increased the dis- 
solved organic carbon (DOC) concentration of the 
water from 5.0 to 7.8 mg 1-l. 

The humic substances were isolated from water 
sampled close to the mouth of the river Fylledn in the 
county of Halland, Sweden. The separation and con- 
centration of humic substances were done using the 
methods described by Thurman & Malcolm (1981) 
and Petersen et al. (1987). The water was acidified to 
pH 1.8 with sulphuric acid and filtered through 50 
and 1 pm cartridge filters (Brunswick Technetics Fil- 
terite). The filtered water was then passed through a 
XAD-8 resin (AmberliteTM) in a glass column at a rate 
of 100 m1 min-l. By the commonly used 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 de- 
sorbed by back flushing the column with 2.5 bed vol- 
umes of 0.1 M NaOH followed by immediate acidifi- 
cation to pH 2.5. The pH was then adjusted to 7.0 with 
NaOH, and the humic substances were frozen until 
use. Analysis of total nitrogen in the humic sub- 
stances, using the method described by Solorzano & 

Sharp (1980), showed that it contained 1.8% N (by 
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weight). An addition of humic substances which gave 
a concentration increase of 2.8 mg 1-' of DOC in the 
cylinders was thus equivalent to a final concentration 
of 3.6 pm01 I-' N (excluding the initial nitrogen con- 
tent of the seawater). 

The cylinders were sampled daily. Before sampling, 
the cylinders were gently stirred by moving a Secchi 
disc through the water column to ensure that it was 
thoroughly mixed. 

Daily measurements of chlorophyll a (chl a) concen- 
tration were made using ethanol extracts of filters (Jes- 
persen & Christoffersen 1987). Samples (10 to 20 ml) 
were filtered onto Whatman GF/F filters, and chl a flu- 
orescence was measured using a Turner 112 filterfluo- 
rometer. When this extraction is used, the fluorescence 
of humic substances which can otherwise disturb in 
vivo chl a measurements (Carlson & Shapiro 1981) is 
avoided. The fluorescence measurements of chl a were 
calibrated to absolute chl a values using spectrophoto- 
metric analysis of extracted chl a.  This was done twice 
(Days 1 and 9 of the experiment), using a water sample 
which contained equal proportions from all cylinders. 

Primary production was measured as I4C uptake 
using the method of Ertebjerg-Nielsen & Bresta 
(1984). Two pCi of radioactive NaHI4CO3 (I4C-Cen- 
tralen Copenhagen) was added to 25 m1 glass flasks 
and incubated for 2 h (12:OO to 14:OO h). The flasks 
were incubated at 0.5 m in the pool, outside the cylin- 
ders. Light measurements were carried out with a 
QSL-100 spherical quantameter (Biospherical Instru- 
ments, Inc.). Light intensity (PAR) varied between 80 
and 2100 pE m-2 S-' during the incubations, depend- 
ing on the degree of cloudiness. Primary production 
was calculated as pg C I - '  h-' (dark bottle values were 
subtracted from light bottle values). 

Bacterial production was measured using 3H-thymi- 
dine (specific activity 40 Ci mmol-'; Amersham Corp.) 
according to Fuhrman & Azam (1980, 1982). The final 
concentration of the isotope was 10 nmol I-', which 
should have been sufficient to reach saturation uptake 
(Heinanen 1993). 

Nutrients [NO3-, NH,', Pod3- and Si(OH),] were 
analyzed using standard procedures for seawater 
(UNESCO 1983). NO3- was analyzed with an auto- 
analyzer (TRAACS) and NH,', P043-  and Si(OH), were 
analyzed manually. 

Zooplankton were sampled on Days 1, 3 and 9 of the 
experiment. Between 2 and 5 1 of water was sampled. 
The water was screened through a 30 pm nylon net, in 
order not to miss any nauplii present, and preserved in 
35 m1 of 5 % Lugol's solution. Between 20 and 100 % of 
the total volume was counted depending on the num- 
bers of zooplankton present. At least 100 animals were 
counted at lOOx magnification, using a Nikon TMS 
inverted microscope. The following categories of zoo- 

plankton were used: copepods, copepodite stages C, to 
C, of the dominant copepod Oithona similis, cyclo- 
poids, calanoids, harpacticoids, nauplii, cladocerans 
and tintinnids. Since copepods and copepodite stages 
of Oithona simjlis, along w ~ t h  nauplii, totally domi- 
nated the zooplankton (more than 98% of the counted 
individuals), only data for these categories are pre- 
sented. 

Phytoplankton samples were preserved with acidi- 
fied Lugol's solution and cell counting was performed 
with a Nikon Diaphot inverted microscope using the 
method described by Utermohl (1958). Cell counts 
were made on the initial day and Days 3, 6,  9 and 10 for 
all replicates. At least 50, but often more than 400 cells 
were counted (depending on the abundance in the 
samples) for each phytoplankton species/group, giving 
a standard deviation of *28 % or + l 0  % respectively. 
Oligotrich ciliates and tintinnids were also counted in 
the phytoplankton samples. The dimensions of at least 
10 cells of each phytoplankton species/group were 
measured for calculation of plasma volume of diatoms 
and cell volume of other species, following stereomet- 
ric formulas in Edler (1979). To convert pm3 to pg C the 
conversion factors 0.13 for dinoflagellates (Smetacek 
1975) and 0.11 for all other species were used (Strath- 
mann 1967). 

Growth rates (d- l )  for phytoplankton and ciliates 
were calculated according to the following formula: 
p = ln(NL,lNL2)/At, where N,, and 1Vf2 are cell numbers 
at 2 different times during the experiment where posi- 
tive growth occurred and At is the time interval (in 
days) between NL1 and Nt2. 

Bacterial counts were made according to the method 
described by Porter & Feig (1980) using the fluoro- 
chrome DAPI and a Nikon Optiphot epifluorescence 
microscope equipped with the following filters: excita- 
tion, 365 nm; barrier filter, 400 nnl; dichroic mirror, 
400 nm. 

Statistical analyses of differences between growth 
rates for phytoplankton and ciliates, chl a concentra- 
tions, primary production, bacterial numbers and bac- 
terial production in the cylinders with and without 
additions of humic substances were carried out using 
2-tailed paired t-tests. 

RESULTS 

Nutrients 

Approximately 2 pm01 1-I of the added ammonium 
(4 pm01 1-l)  was taken up by the phytoplankton/bacte- 
ria between the addition on the evening of the first day 
of the experiment and the first measurements early the 
next day. During the first 3 d of the experiment, ammo- 
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nium concentrations became low (0.10 to 0.20 pm01 
I- ') .  The nitrate+nitrite concentrations also became 
low (0.02 to 0.10 pm01 I - ' )  after 3 to 4 d, while the phos- 
phate concentrations stabilized at 1.3 to 1.5 pm01 1-' 
after 6 d. The N/P ratio of inorganic N and P thus 
became around 0.10 to 0.25. Silicate concentrations 
decreased from 4.0 to 0.4-0.5 pm01 I-' during the first 
4 d of the experiment. There were no significant differ- 
ences in nutrient concentrations between the 2 treat- 
ments at  any time. 

days 

Fig. 1. Changes in chlorophyll a and prmary production In 
treatments with (+HS) or without (-HS) addition of humic 

substances. Mean + SD of 8 replicates 

Chlorophyll a 

Chl a concentrations increased from approximately 2 
to 8 pg 1-' during the first day of the experiment in the 
humic and non-humic treatments (Fig. 1). After Day 2 
or 3, chl a concentrations decreased continuously until 
the end of the experiment. Chl a concentrations were 
slightly, but significantly, higher In the humic treat- 
ment than in the non-humic treatment throughout the 
experiment (p < 0.001). 

Primary production 

The rate of carbon fixation increased in both treat- 
ments during the first 3 d of the experiment, which was 
a consequence of the addition of nutrients and increase 
in phytoplankton biomass (Fig. 1). Primary production 
rates were higher in the humic treatment compared 
with the non-humic treatment on Days 1, 3 and 5 (p < 
0.01). After Day 3 ,  primary production rates decreased 
in both treatments and attained lower values in the 
humic treatment than in the non-humic treatment. 

Bacterial numbers and production 

The initial concentration of bacteria in the cylinders 
was approximately 1.0 X 106 cells ml-' (Fig. 2). The 
number increased between Days 1 and 2 in both treat- 
ments. The increase was significantly higher in the 
treatment where humic substances had been added (p 
< 0.001). After this initial increase, bacterial numbers 
remained approximately unchanged until Day 6, after 
which a second Increase occurred between Days 6 and 
10 (from approximately 1.5-2 to 3-5 X 106 cells ml-'). 

o . o ! . . . . . . l  
0 2 4 6 8 10 12 

days 

Fig. 2. Changes In bacterial numbers and bacterial production 
in treatments with (+HS) or wlthout (-HS) humlc substances 

added. Mean * SD of 8 replicates 



Carlsson et al.: Humic substances in a coastal plankton comn~unity 

This increase was again significantly higher in the 
humic treatment than in the non-humic treatment. 
Bacterial production was somewhat higher in the 
humic treatment even on Day 1 of the experiment 
(Fig. 2; p c 0.001). This might have been because of uti- 
lization of humic substances by bacteria. Between 
Days 1 and 5, there was an almost continuous decrease 
in bacterial production in both treatments, although 
rates were still higher in the humic treatment (p c 
0.001). Between Days 5 and 9, the bacterial production 
rates increased to the levels they had had on Day 1 
and, again, rates were higher in the treatment where 
humic substances had been added (p  < 0.001). Bacter- 
ial production rates were between 1 and 4 % of primary 
production rates during the whole experiment. 

Phytoplankton numbers, growth rates and 
carbon content 

Some phytoplankton species/groups grew well and 
increased in number during the experiment, while 
others decreased because of grazing by copepods, 
nutrient limitation or other effects (e.g. containment 
effects). Diatoms (Leptocylindrus spp.) were ~nitially 
stimulated by nutrient addition and had relatively high 
growth rates between Days 1 and 3 (p = 0.6 to 0.8 d-l)  
(Fig. 3). The growth rates are based on the cell counts 
and are therefore net growth rates in the presence of 
grazers. The number of diatoms then decreased during 
the latter part of the experiment. Small dinoflagellates 
also increased in number, and certain species (small 
Katodinium sp., Gymnodinium sp. and An~phidinium 

+ Protoperidiniurn divergens 

+ Protoperidiniurn bipes 

sp., all of them < l 5  pm) continued to increase during 
the whole experimental period. Small dinoflagellates 
had significantly higher growth rates in the treatment 
where humic substances were added than they did in 
the non-humic treatment (p < 0.05). The same pattern 
was seen for some of the large dinoflagellates [Gyro- 
dinium sp. (p < 0.05), Katodinium sp. (ns), Scripsiella 
trochoidea (ns) and Protoperjdinium bipes (p < 0.05)). 
By contrast, however, some dinoflagellates (Ceratium 
fusus, C. furca, C. lineaturn, Dinophysis norvegica and 
Prorocentrum micans) decreased in number during 
the experiment. Abundances of monads/flagellates, 
(counted in 3 size-fractions: <3, 3-6 and 6-10 pm) 
increased rapidly during the first 5 d of the experiment 
(net growth, p = 0.3 to 0.5 d- ')  but after this their num- 
bers decreased. On Day 9 of the experiment, their 
abundances were close to initial values, except for fla- 
gellates 3-6 pm, which remained at  higher than initial 
abundance throughout the experiment. 

The total phytoplankton biomass (as carbon), which 
was 34 to 49 pg 1-' initially, increased to 150 to 175 pg 
1-' on Day 5, then decreased to levels of 90 to 140 pg 1-' 
by the end of the experiment. Phytoplankton carbon 
during the middle phase of the experiment (when the 
biomass was at  its maximum) was dominated by 
diatoms (60 to 70% of phytoplankton carbon) while 
dinoflagellates made up approximately 10 to 20 % of 
cell carbon (Fig. 3). At the end of the experiment, 
dinoflagellates made up 40 to 70% of phytoplankton 
carbon. The highest phytoplankton carbon concentra- 
tions were found in the treatment to which humic sub- 
stances were added (on Day 3, p c 0.01). Other spe- 
cies/groups (not presented in Fig. 3) never comprised 

days 

+ Katodiniurn sp. - small (< l5 vm) 
dinoflagellates 

+ Leptocylindrus danicus 
+ rninirnus 

Fig. 3. Cell carbon concentration of dominant phytoplankton taxa in treatments with (+HS) or without (-HS) humic substances 
added. Carbon concentration was calculated by multiplying cell numbers with plasma volume (for diatoms) or cell volume (for 

other species) and using factors according to Smetacek (1975) and Strathmann (1967). Mean + SD of 8 repl~cates 
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more than 6 %  of phytoplankton carbon during the 
experiment. The carbon:chlorophyll ratio was approx- 
imately 20 at the start of the experiment and increased 
to approximately 40 at  Day 5 and 120 at Day 9. 

Protozooplankton 

The number of oligotrich ciliates was initially about 
0.3 cells ml-l, and it increased in both treatments 
between Days 1 and 5. The increase was significantly 
larger in the humic treatment compared with the non- 
hurnic treatment (Fig. 4). The number of oligotrich cili- 
ates rose to approximately 15 cells ml-' in the humic 
treatment, but to only 4.6 cells ml-l in the non-humic 
treatment. The concentration of tintinnid ciliates was 
approximately 2 cells ml-' on the first day of the exper- 
iment. The abundance of the tintinnids showed the 
same pattern as for the oligotrich ciliates. The number 
of tintinnids increased to approximately 15 cells ml-' 
on Day 5 in the humic treatment, but to only 2 to 4 cells 
ml-' in the non-humic treatment. After the initial 
increase of both oligotrich and tintinnid ciliates, their 
numbers decreased to initial levels over the last 5 d of 
the experiment. 

1 tintinnids 

- oligotrich 
ciliates 

15- 

10- 

5- 

0 2 4 6 8 10 12 

days 

Fig. 4. Changes in cell numbers for tintinnids and oligotrich 
ciliates in treatments with (+HS) or without (-HS) humic sub- 

stances added. Mean i SD of 8 replicates 

Copepods 

The natural concentration of copepods (> l00  pm) in 
the Gullmar Fjord was determined to be approximately 
25 ind. 1-l. As more than 98% of all individuals were 
Oithona similis, only values for 0. similis are presented 
here (Fig. 5). Between Days 1 and 9, the number of 
0. similis (copepods and copepodite stages C, to C,) 
increased in both treatments. The number of nauplii 
increased from about 100 ind. 1 - l  to about 500-600 ind. 
1 - l  during the first 3 d .  During the second part of the 
experiment, the nauplii decreased in both treatments. 
The number of copepodites and nauplii were signifi- 
cantly lower in the humic treatment than in the non- 
humic treatment on Day 9 (p < 0.001). 

Oithona similis 

.- 
U 
C .- nauplii 
' 800 T 

1 3 9 
days 

Fig. 5. Oithona 5fmilis. Nuniber of copepodb (cldults dnd cope- 
podite stages C, to CS) and nauplii in treatments with (+HS) 
or without (-HS) humic substances added. Mean r SD of 

8 replicates 

DISCUSSION 

In this experiment it was shown that several biologi- 
cal processes could be stimulated in near surface sam- 
ples from the Gullmar Fjord when allochthonous DOM 
was supplied in relatively small quantities. Bacterial 
numbers and bacterial production were higher in the 
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humic treatment than in the non-humic treatment 
throughout the experiment. This suggests that the 
humic substances were utilized by bacteria (Tranvik 
1988, Moran & Hodson 1990). Elsewhere, Chin-Leo & 
Benner (1992) noted that DOM supplied by rivers 
increased bacterial production in coastal waters. 
According to the chl a measurements, there was a 
small, but significant, stimulation of phytoplankton 
growth by the addition of humic substances during the 
experiment. Assuming that 1 pm01 1-' of nitrogen is 
equivalent to the formation of 1 pg 1-' of chl a [which is 
an approximate value, but often typical of natural pop- 
ulation~ (Furnas 1983) or in monocultures under labo- 
ratory conditions (Harrison et al. 1977)], the nitrogen 
added with the addition of the humic substances 
(3.6 pm01 1-') should have been equivalent to the for- 
mation of 3.6 pg 1-' of chl a.  The difference in the max- 
imum attained chl a concentration between the humic 
and non-humic treatments was 1 to 2 pg I-': chl a con- 
centrations in the non-humic treatment reached 6 to 7 
pg 1-l, while in the humic treatment they reached over 
8 pg I-'. This suggests that some of the humic nitrogen 
was incorporated by the phytoplankton (approxi- 
mately 30 to 60%). The rest of the nitrogen was either 
too refractory to be used, or might have been taken up 
by bacteria. 

The C:N ratio in humic substances isolated from 
river water is usually around 50 (by weight) (Malcolm 
1985). The humic substances used in this experiment 
had a C:N ratio of approximately 56. The C:N ratio of 
particulate matter in coastal waters, by contrast, is gen- 
erally much lower: between 4 and 20 according to Sak- 
shaug et al. (1983). According to Fenchel & Blackburn 
(1979), net mineralization of N will take place only 
when the bacterial substrate C:N ratio is less than 10 
(assuming a bacterial C:N ratio of 5).  Thus, when the 
substrate has a high C:N ratio, as is the case for humic 
substances, assimilation of nitrogen, rather than min- 
eralization, by bacteria is likely to occur. On the other 
hand, Tupas & Koike (1990) have shown that ammo- 
nium was mineralized by marine bacteria when the 
C:N ratio of the substrate was between 12 and 18, but 
they did not study substrates with C:N ratios higher 
than 18. Thus, some mineralization of nitrogen from 
humic substances might perhaps have occurred in this 
experiment. The most probable way for some part of 
the nitrogen from humic substances to have become 
available for phytoplankton, however, would have 
been via protozoan grazing on bacteria (Probyn 1987, 
Caron & Goldman 1990 ) .  

The added humic substances increased the concen- 
tration of DOC from 5.0 mg l-' to 7.8 mg C I-'. The con- 
centration of humic substances in surface water in the 
open KattegaUSkagerrak is between 0.1 and 2.0 mg C 
1-' (Wedborg et al. 1994), but the concentrations are 

presumably higher in coastal areas. Thus, the amounts 
of humic substances added to the humic treatments 
were probably not large compared with either the 
amount of DOC already present in the water or the 
humic content of water from the central areas of the 
KattegaVSkagerrak. 

The rapid increase in phytoplankton biomass in spite 
of the high number of added copepods suggests that 
the copepods did not affect the growth of phytoplank- 
ton to any large extent. This might have been because 
Oithona similis, the dominant copepod species, is an 
omnivore (Paffenhofer 1993) and may not have grazed 
on the phytoplankton very rapidly (Tsuda & Nemoto 
1988). If so, then perhaps the copepods may have been 
feeding on food sources other than phytoplankton. 
Another alternative food source might have been cili- 
ates (e.g. Wiadnyana & Rassoulzadegan 1989, Paffen- 
hofer 1993). Small flagellates (<3 and 3-6 pm) in- 
creased in number during the experiment. These 
flagellates may have been too small to be grazed effec- 
tively (e.g.  Tsuda & Nemoto 1988). 

The excretion of nitrogen by zooplankton might 
have provided a substantial source of nutrients in our 
experiment. The mean carbon weight of the Oithona 
individuals in our experiment was approximately 
0.9 pg C ind.-' according to their mean prosome length 
of 600 pm (S. Uye pers. comm.). If carbon weight was 
approximately 40% of the dry weight (Parsons et al. 
1977), then dry weight of 1 Oithona individual would 
have been 2.25 pg. There are, to our knowledge, no 
measurements of excretion rates for Oithona, and 
weight-specific nitrogen excretion rates for mixed zoo- 
plankton/copepod communities vary between 0.17 
and 4.5 pg N mg dry wt-' h- '  (prediction of weight- 
specific nitrogen regeneration rates based on linear 
regressions in Caron & Goldman 1990 using data from 
Ikeda 1974, Mullin 1975, Ikeda et al. 1982, Vidal & 
Whitledge 1982, and Verity 1985). Thus, over the 
course of the 10 d experiment, copepod excretion rate 
might have regenerated 0.5 to 14 pm01 1-' with a con- 
centration of approximately 80 copepods 1-' In addi- 
tion microzooplankton would also have contributed to 
the regenerated nitrogen pool. The number of tintin- 
nids and ciliates peaked on Day 5 of the experiment 
(-15 cells ml-l). Their cell volumes (-3000 pm3, and 
15000 pm3 cell-' respectively) were converted to dry 
weight by assuming a specific gravity of 0.2 (Caron & 
Goldman 1990). Excretion rates were assumed to be 1 
to 10 pg N mg dry wt-' h-' (Verity 1985). Thus, maxi- 
mum ciliate excretion of nitrogen during the 10 d 
experiment would have been 1 to 9 pm01 I-'. Hetero- 
trophic nanoflagellates also probably excreted nitro- 
gen, but, since their numbers were not determined, we 
cannot estimate their contribution. The regenerated 
nitrogen might thus have been between 1.5 and 
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23 pm01 1- '  during 10 d .  Since there was no net accu- 
mulation of either inorganic nitrogen, phytoplankton 
biomass or increase in copepod numbers, the amount 
of regenerated nitrogen may have been in the lower 
part of this range. Thus, the nitrogen regenerated by 
grazers might have been comparable to the nitrogen 
added as  humic substances. Also, the nitrogen ex- 
creted by grazers and its uptake by phytoplankton 
must have been tightly coupled, since inorganic nitro- 
gen did not accumulate. 

During the first 4 d of the experiment silicate con- 
centrations dropped (0.4 to 0.5 pm01 1-') to levels which 
would have caused silicon limitation for the diatoms: 
silicon half saturation constants are in the range 0.3 to 
5 pm01 1- '  (Paasche 1980). Microscopic observations of 
the diatoms also showed that the diatom cell walls 
became thinner during the experiment and that by the 
end of the experiment Leptocylindrus danicus and L. 
minimus cells were abnormally shaped (twisted and 
bent). 

The low concentration of inorganic nitrogen and the 
presence of excess phosphorus, trace metals and vita- 
mins suggests that phytoplankton growth became 
nitrogen llmited between Days 3 and 4 of the experi- 
ment. Increasing nitrogen limitation was accompanied 
by decreasing chl a concentrations in all treatments. 
This rnay have affected the copepods. Uchima & 
Hirano (1986) found that nauplii of Oithona davisae 
need a food concentration of at least 270 pg C 1-' to 
develop into first stage copepodites. Since the phyto- 
plankton carbon concentration in both treatments was 
below 200 pg C 1-l after Day 5 during the experiment, 
food limitation probably occurred. 

At the end of the experiment, there were signifi- 
cantly lower numbers of adults/copepodites and nau- 
plii in the humic treatment than in the non-humic 
treatment. The reason for the difference is unknown. 

In conclusion, grazing by Oithona similis, which is 
the dominant copepod species in the eastern Skager- 
rak between July and September (Eriksson 1976), did 
not affect the phytoplankton biomass to any large 
extent, even if the copepods were added at 3 times the 
ambient density. This may be because of its omnivo- 
rous feeding behaviour. Bacteria were able to utilize 
allochthonous humic substances rapidly and the actlv- 
ity in the 'microbial loop' was increased. Also the 
growth of phytoplankton, especially small dinoflagel- 
lates and heterotrophic dinoflagellates, was to a minor 
extent stimulated, but no positive reaction could be 
noted at the copepod level. 
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