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ABSTRACT: During POSER 2 experiments were performed to study the effects of a single addition of 
mercury (11) chloride on the development of plankton communities enclosed in large plastic bags. 
containing 1.5 to 30 m3 water and ranging from 3 to 40 m in depth. The experiments lasted 1 and 3 wk. 
respectively. In one of these experiments the influence of an additional dose of nutrients was studied. 
During both experiments mercury concentrations in the water decreased after the addition. Part of the 
mercury was found in the sediment collected on the bottom of the bags during the experiment, but most 
of the mercury probably volatilized and was lost to the atmosphere. Addition of 1 or 5 yg Hg I - '  in the 
first experiment resulted in lower numbers of bacteria than in the controls. The first experiment was too 
short to show effects on phytoplankton and zooplankton. Addition of 5 pg Hg 1-' in the second 
experiment inhibited bacteria and phytoplankton, and increased the mortality of copepods, which 
formed the principal part of the zooplankton. Our results are comparable to those obtained during other 
experiments with natural marine plankton communities also enclosed in large plastic bags in fairly 
different sea areas Addition of nutrients stimulated phytoplankton growth, but had no observable 
effects on bacteria or zooplankton. 

INTRODUCTION 

Extrapolation of results of laboratory toxicity tests to 
marine ecosystems is difficult, if not impossible (e .g .  
Gray, 1974; Menzel and Case, 1977; Perkins, 1979). 
Experiments with complex systems, which more 
closely approximate field conditions, are necessary to 
bridge the apparent gap between laboratory and 
natural world. Many investigators have used large, 
flexible plastic enclosures to study the fate and effects 
of pollutants on aquatic ecosystems (e, g. Schelske and 
Stoermer, 1972; Menzel and Case, 1977; Zeitzschel, 
1978; Davies and Gamble, 1979). By employing this 
approach to pollution and dumping problems, corres- 
ponding laboratory tests can be validated (Hueck et 
al., 1978); and ecotoxicologists may be able to predict 
better the influence of pollutants in the field. In this 
way authorities can be assisted in setting standards to 
minimize damage to the ecosystem in question (Hueck 
and Hueck-Van der Plas, 1976; Hueck-Van der Plas 
and Hueck, 1979). 

O Inter-Research/Printed in F. R. Germany 

Since 1974, experiments have been performed to 
study fate and effects of pollutants on enclosed plank- 
ton communities in Dutch coastal waters. We now can 
experiment with natural plankton systems with several 
trophic levels and with a large number of species 
within one experimental unit under semi-natural con- 
ditions. No-effect levels found with this method are 
among the lowest reported in literature (Kuiper, 1980, 
1982). 

Dutch coastal waters, however, are sediment-laden 
and polluted. Ten to 15 % of the water used in these 
bag experiments was freshwater, one third of which 
came directly from the Rhine after a residence time of 
approximately 1 mo in the North Sea, the remaining 
two thirds originated from the Rhine via Lake IJssel 
(Zimrnerman and Rommets, 1974). The biocoenoses in 
the bags might have reacted differently to environ- 
mental stress than those living in the open sea (Fisher 
et  al., 1973; Fisher, 197?), because they had adapted to 
pollution (Stokes et al., 1973; Jensen et al., 1974; 
Stockner and Antia, 1976; Moraitou-Apostolopoulou 



94 Mar. Ecol. Prog. Ser 14: 93-105, 1983 

and Verriopoulos, 1979) or because of other processes 
specific to this particular sea area. Results obtained 
would be of limited significance, if they could be 
applied only to a very limited area of coastal waters 
near the Dutch coast. One of the aims of POSER (Plank- 
ton Observation with Simultaneous Enclosures in Ros- 
fjorden) was to investigate whether ecotoxicological 
results obtained in the Rosfjord can be compared with 
results obtained in Dutch coastal waters. Rosfjord was 
chosen because of its low freshwater input and 
because its waters were relatively unpolluted (Brock- 
mann et al., 1983). 

During POSER, 2 experiments were performed with 
mercury as a model pollutant. Mercury was chosen 
since the results of many experiments with mercury 
and enclosed marine plankton communities were 
available for comparison (Grice and Menzel, 1978; 
Davies and Gamble, 1979; Kuiper, 1977, 1980, 1981; 
Topping et al., 1982). 

MATERIALS AND METHODS 
Set-up and course of the experiments 

On March 6, 1979 the first experiment (POSER 1) 
was started. Six small bags (3 m deep, 1.5 m3 volume) 
were filled simultaneously using a Vanton Flex-i-liner 
pump (Kuiper, 1981). The inflow hose of the pump was 
moved from a depth of 20 m to 0.5 m during pumping. 
Four large bags (40 m deep, 30 m3 volume) were filled 
employing the method of Brockmann et al. (1983). 

On March 8, single doses of mercury (11) chloride 
were added to the bags. Two small bags received a 
dose of 1 pg Hg I-'; 2 small and 2 large bags received 5 
pg Hg 1-'; the remaining bags served as controls 
(Table 1). To add the mercury, a stock solution of 
mercury (11) chloride was rapidly mixed with l00 1 of 

Table 1. Set-up of mercury experiments during POSER 

Experiment Number Initial mer- Nutrients 
number and of bags cury concen- added 
starting date small large tration kg 

Hg I-' 

1 6-3-1979 2 2 no 
2 - 1 no 
2 2 5 no 

2 16-3-1979 ? 1 no 
1 1  5 no 
2 - Yes 
2 - 5 Yes 

sea water taken from the bag. This mixture was 
immediately pumped back via a sprinkler, lowered in 
the bag during pumping to ensure thorough mixing 
with bag contents. 

The development of phytoplankton, zooplankton 
and bacteria, and a set of physico-chemical parameters 
influencing the development of the biota (nutrients, 
pH, temperature), were monitored both in bags and 
fjord. 

All samples, except zooplankton, were taken daily, 
as a rule at 9 a. m., with a non-metallic sampler (Meyer 
bottle principle). Small bags were sampled at 0.5 and 
2.0 m depths, large bags and fjord at 1, 3, 10, 20 and 
35 m. Zooplankton samples were taken twice a week. 
In the small bags almost the whole water column (0 to 
2.5 m) was sampled by means of a pipe (3 m long, 
4.5 cm diameter) tipped with a ball valve. Each sample 
(20 1) consisted of 5 random lowerings of the pipe. The 
contents of the pipe were filtered through a 55 pm net, 
and the material retained was immediately fixed and 
preserved in a 4 % formaldehyde solution in filtered 
sea water. Zooplankton samples in the large bags were 
taken with a 55 pn net with a conical opening (80 mm 
diameter). Each sample (176 1 assuming a 100 % effi- 
ciency) consisted of a vertical haul from 35 m depth to 
the surface. 

During the first week of the experiment weather 
conditions were very bad and on March 12 there were 
strong currents in B a r ~ y  Bight. These currents caused a 
total exchange of water masses in the Baray Bight 
(Brockmann et al., 1981). Consequently, a direct com- 
parison of the development of the plankton in the bags 
with that in the surrounding water, was difficult and 
the first experiment was stopped. 

A second experiment (POSER 2) started on March 16 
(Day 0) by filling 7 small and 2 large bags (20 m long, 
15 m3 volume). It appeared that, within the new water 
body now present in the Rosfjord, the phytoplankton 
spring bloom had already occurred as the nutrient 
concentrations in the water were very low. Since low 
mineralization rates would occur due to the low water 
temperatures (-1 to + 1 "C), we did not expect inten- 
sive phytoplankton growth in the bags. Therefore, 4 of 
the 7 small bags were spiked with nutrients. 

The amounts of nutrients added are considered to be 
comparable to those present before the spring bloom 
(Lannergren and Skjoldal, 1975). On Day 2 we added 
single doses of 8 pm01 KNO, 1-l, 1.5 pm01 KH, PO, 1-I 

and 5 pm01 Na,SiF, I-' to some bags (Table 1). In addi- 
tion to nutrients, single doses of mercury (11) chloride 
were added to some of the bags on the same day. The 
same parameters were measured as in POSER 1. At the 
end of the experiment (Day 20) the sediment settled in 
the small bags was collected for total mercury analysis. 
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ANALYTICAL METHODS 

Chlorophyll concentration was measured according 
to Strickland and Parsons (1968). Prior to filtering 1 1 
samples through Whatman GF/C filters, 1 m1 of a 1 % 
magnesium carbonate suspension was poured on the 
filter. The filters were then transferred into 10 m1 of 
90 % acetone and the cells were extracted after des- 
truction in a Braun MSK cell homogenizer. After cen- 
trifugation pigment concentrations were measured 
with a Vitatron MPS photometer system. Concentra- 
tions of chlorophyll and phaeopigments were calcu- 
lated according to equations given by Lorenzen (1967). 

Phytoplankton samples from different depths of each 
bag were preserved with Lugol's iodine for microsco- 
pia1 inspection with a Zeiss invertoscope. Selected 
samples were inspected and the main species were 
identified by means of the nomenclature given by 
Hendey (1964) and Drebes (1974). 

Concentration and size distribution of suspended 
particulate matter in unpreserved samples were mea- 
sured with a Coulter Counter model TA11 with a popu- 
lation accessory; we used a tube of 100 pm, or of 
280 pm, or both (Sheldon and Parsons, 1967). 

Primary production was measured only in the small 
bags, employing Steemann Nielsen's (1952) 14C 
method; 2 m1 of a Na14C0, solution was added to 
l00 m1 samples in  125 m1 light and dark bottles. 
Ampoules containing an  activity of 2.70 pCi ml-' were 
supplied by the International Agency of 14C determi- 
nation (Horsholm, Denmark). The bottles were incu- 
bated in situ, 2 light bottles at a depth of 0.5 m, 1 light 
and 1 dark bottle at 2.0 m. After 4 h of incubation (10 
a. m. to 2 p.m.) the bottles were transported to the 
laboratory in a dark box; their contents were then 
filtered through 0.45 pm membrane filters. Filters were 
counted with a Packard Tricarb liquid scintillation 
counter. The inorganic carbon content of the water was 
determined by titration according to Strickland and 
Parsons (1968). 

Employing a Technicon auto-analyzer, concentra- 
tions of orthophosphate, nitrate, nitrite and of reactive 
silicate were measured according to Strickland and 
Parsons (1968) and Technicon procedures. Zooplank- 
ton was counted, identified and measured according to 
Fransz (1975). The development of bacteria in the 
water was monitored by the epifluorescence method of 
Daley and Hobbie (1975). Mercury concentration in the 
water was measured by atomic absorption spec- 
trometry with an IRDAB HGM 2300 spectrometer 
according to Spijk (1975). Mercury concentrations in 
the sediment were measured according to Tjioe et al. 
(1973). 

Mean concentrations in the upper 20 or 40 m of the 
water column were calculated following a trapezia1 

integration scheme. Most computations and statistical 
analyses were performed on the CDC 6400 computer of 
IWIS-TNO, The Hague. For all cases where no confi- 
dence level is given p S 0.05 was tested. 

RESULTS 

Technical difficulties 

Strong winds and very low temperatures, with float- 
ing freshwater icefields, highly affected the materials. 
The 2 layers of the bag foils had loosened from each 
other after 1 or 2 wk, which reduced the mechanical 
strength of the laminate. Consequently, 2 large bags in 
POSER 2 showed leakages (the control after Day 10, 
the other after Day 11) and 1 small bag (mercury 
treated Bag 6, after Day 10). 

During the experiments in the fjord (Brockmann et 
al., 1981), extensive water exchanges occurred which 
made a comparison between the development of the 
plankton inside and outside the bags only useful du- 
ring the first phase of the experiments. The water 
exchanges in the Rosfjord led to strong variations in 
the salinity (30 to 34 Y' S). These salinity changes 
caused difficulties for the large bags. Whenever the 
salinity in the fjord was much higher than that in the 
bags, part of the bags tended to float on the fjord. On 
one occasion the bottoms of the 20 m bags were only a 
few meters under the water surface. By increasing the 
weight under the bags, we caused the bottom of the 
bags to sink again, but in this case the heavier water 
outside pressed the bags together at depths varying 
from 2 to 10 m. For this reason, sampling of the large 
bags after Day 12 during POSER 2 was impossible 
(Case, 1978). The sampling of the small bags was not 
disturbed by the salinity variations. 

Mercury concentrations in water and sediment 

Average mercury concentrations in the water during 
both experiments are shown in Fig. 1. No large differ- 
ences were found between different depths, indicating 
that the mercury was well mixed after the addition. 
Only in the large bag during POSER 2 was the mercury 
distribution with depth not homogeneous. On Day 3 
only 1.6 pg Hg 1-' was found at a depth of 20 m; in the 
upper layers (0 to 10 m) an average of 5.9 pg Hg 1-' was 
measured. 

Mercury concentrations in the water decreased in all 
bags. Owing to bad weather conditions during POSER 
1, sampling was not possible on all days, but in the 
small bags concentrations seemed to decrease by more 
than 10 % d-l. During the second experiment, concen- 
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Fig. 1. Mercury concentrations in the bags during POSER 1 
(initial concentrations 1 and 5 pg 1-l) and POSER 2 (initial 
concentration 5 vg Hg I-'). For small bags average values at 
0.5 and 2.0 m depth are presented; for large bags, the average 
of all samples. SB small bag, LB large bag, SBN small bag 

with nutrients added 

trations in the large bag decreased by 4 % d-'. In the 
small bag, to which no nutrients had been added, 
concentrations decreased by 5 % d-' after Day 4. From 
Day 3 to Day 4 a very rapid decrease occurred. 

In the small bags, to which nutrients had been 
added, the average decrease in mercury concentra- 
tions during the first weeks of the experiments was 
11 % d-l. At the end of POSER 2, sediment was col- 
lected in the small bags. Collection of sediment in the 
large bags failed. Table 2 lists the amount of sediment 
collected and the mercury concentrations found in 

Table 2. Mercury concentrations on a wet-weight basis in the 
sediment of small bags, collected at the end of POSER 2 

Bag Mercury Amount A A as % of 
concen- of sedi- Amount the mer- 
tration ment (g) of mer- cury 

(W kg-') cury added 
bag-' (W) 

1. control 319 4.6 1.5 - 

2. control 274 5.5 1.5 - 

3. 5 pg Hg 1-' 1.280 5.5 7.1 0.1 
4.  control + 160 15.4 2.5 - 

nutrients 
5. control + 7 28.7 0.2 - 

nutrients 
6. Hg + 16.100 7.6 122.7 2.2 

nutrients 
7. Hg + 18.600 16.5 307.5 5.6 

nutrients 

these sediments. Mercury accumulated in the sedi- 
ment, but only a maximum of 5 % of the added mer- 
cury could be recovered. 

Phytoplankton 

At the start of POSER 1 the phytoplankton commu- 
nity consisted of diatoms (main species Skeletonema 
costatum, Thalassiosira nordenskioldii and Chae- 
toceros spp.). Fig. 2 shows the chlorophyll concentra- 

POSER 1 

S 5  
n r  LC 
+ f LrJ  

o f j o rd  

L 6 B 10 march 

Fig. 2. Chlorophyll concentrations in bags and fjord during 
POSER 1. Vertical bars: t standard deviation. SB small bag, 

LC large control bag, LM large mercury-polluted bag 

tions in the bags and those in the fjord during the first 
experiment. In all bags chlorophyll concentrations 
decreased as they did in the fjord. Since addition of 
mercury did not influence the development in the 
small bags, the average concentration for all bags is 
presented. Constant pH and constant silicate concen- 
trations as well as the increasing importance of 
carotenoid pigments relative to chlorophyll indicate 
that the phytoplankton was not active during this 
period. 

At the start of the second experiment (POSER 2) the 
water had a relatively low salinity (29 to 30 %O S) and a 
low temperature (0 to 2 'C) (Brockmann et al., 1981). 
After filling, the vertical distribution of the phyto- 
plankton was homogeneous. Thalassiosira norden- 
skioldii was the main species, other diatoms found 
included Thalassionema nitzschioides, Chaetoceros 
debilis, Chaetoceros borealis, Nitzschia seriata, Cos- 
cinodiscus sp. Apart from diatoms a few large flagel- 
lates were present (Peridinium sp., Euglena sp.). 
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Fig. 3. Chlorophyll concentrations during POSER 2 in small 
bags not spiked with nutrients 

Fig. 3 reveals very similar chlorophyll concentra- 
tions in the small bags (not spiked with nutrients, but 1 

polluted with 5 pg Hg-l). Concentrations of suspended 
particulate matter, measured with the Coulter Counter 
(size range 4 to 128 pm diameter), showed a similar 
pattern. After Day 6, chlorophyll concentrations 
increased owing to growth of diatoms, mainly Thalas- 
siosira nordenskioldii, and, to a lesser extent, 
Chaetoceros debilis and Chaetoceros borealis. In the 
large bags the development of average chlorophyll 
concentrations was very similar to that in these small 
bags (Kuiper et al., 1983). 

Fig. 4 shows the average chlorophyll concentrations 
in the bags that were spiked with nutrients. Addition of 
nutrients generated a bloom of diatoms. In these bags, 
Thalassiosira nordenskioldii again was the main 
species; growth of Chaetoceros debilis and 

. . 
35 - m9 m ' )  

30 
- 1 

POSER 2 
25 - 

20 - 

I5 - 
A 

10 - ' I  

- 
,- 

:-%:z-:w- 
l Addrtron L 

0 5 10 15 20 

Fig. 4. Chlorophyll concentrations during POSER 2 in the 
small, nutrient-spiked bags 

Fig. 5. Carbon assimilation in small bags with nutrient addi- 
tion (average values at 0.5 and 2.0 m depth) 

Chaetoceros borealis was also found. Maxima in con- 
trols are approximately ? times the maxima in bags 
without nutrient addition. 

Addition of mercury inhibited, for nutrient-enriched 
bags, the growth of the phytoplankton, which resulted 
in a delay of maximum of 4 d as compared with the 
controls. The same species as in the controls generated 
this bloom. Concentrations of particulate matter in the 

carbon assrmrldl~on 

POSER 2 
o wrlhoul W !  th  nu l r ren ls  nulrrents 

~ A d d " ' O n  T ~ m e  l d o y s l  

5 70 15 

Fig. 6. Relative carbon assimilation (averages at 0.5 and 2.0 m 
depth) in mercury-treated bags, expressed a percentage of 

that in the controls. Vertical bars: f 1 S .  d. 
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Fig. 7. Concentrations of silicate, nitrate, phosphate 

nutrient-enriched bags showed the same pattern with 
time as chlorophyll. 

Fig. 5 shows carbon assimilation in nutrient-spiked 
enclosures. Again inhibition of phytoplankton after 
addition of mercury is very clear. Because carbon 
assimilation rate was partly determined by the biomass 
of phytoplankton, carbon assimilation per mg 
chlorophyll was computed. Fig. 6 illustrates this car- 
bon assimilation in mercury-treated bags relative to 
that in the controls. Since primary productivity at 0.5 m 
did not differ from that at 2.0 m, the average relative 
carbon assimilation was plotted. In the bag that was 
not spiked with nutrients the relative carbon assimila- 
tion was inhibited during the whole experiment. In 
bags to which nutrients had been added, the relative 

and nitrite in small bags with added nutrients 

carbon assimilation was lower than in the controls up 
to Day 8. From Day 10 to Day 15 relative carbon 
assimilation was higher in mercury-treated bags than 
in controls. Nutrient depletion in controls probably 
caused this difference. 

Fig. 7 shows the concentrations of silicate, phos- 
phate, nitrate and nitrite during the second experiment 
in nutrient-enriched bags. Directly after addition of 
nutrients phosphate, silicate and nitrate were con- 
sumed in the controls by the diatom bloom until one of 
these nutrients, probably silicate or nitrate or both, 
reached growth-rate limiting concentrations. Addition 
of mercury delayed the consumption of nutrients, as 
could be expected from the development of phyto- 
plankton biomass and productivity. 
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Zooplankton 

During the first experiment the zooplankton con- 
sisted mainly of calanoid copepods. Nauplii of Calanus 
finmarchicus were the most important in numbers (see 
Brockmann et al., 1981 for details). Numbers were very 
low (1 to 2 1-l). Therefore the samples from the small 
bags (20 1) were not representative for detection of 
significant differences between the bags. In the large 
bags larger samples were taken (176 l), and the num- 
bers of copepods appeared to be lower in the mercury- 
treated bags than in the controls. However, the first 
experiment was too short to allow conclusions. 

At the start of POSER 2 the species composition of 
the zooplankton community resembled that during the 
preceding period. Nauplii of Calanus finmarchicus 
were most important in numbers. In addition: Acartia 
clausi, Centropages harnatus, Pseudocalanus elon- 
gatus, Oithona sirnilis and an unidentified harpac- 
ticoid were found. 
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Fig. 8. Total number of copepods in large bags and fjord 
during POSER 2. LC control bag, LM mercury-polluted bag 
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Fig. 8 shows the total number of copepods (all 
species) in the fjord and in the large bags. The changes 
in the fjord are related to water exchanges; at the start 
of the experiment, numbers of copepods in the bags 
were similar to those in the fjord. In both large bags the 
numbers of copepods declined, but there was a great 
difference between the bags. On Day 10, 65% of the 
number found on Day 1 was counted in the control, but 
in the mercury-polluted enclosure hardly 5 %  was 
found. The decline of the copepods in the control was 
mainly caused by declining numbers of Calanus fin- 

70 20 
16 march 

Fig. 9. Numbers of copepods (all species) in mercury-treated 
bags expressed as percentage of those in the controls. LB 
large bag, S B  small bag, SBN small bag with nutrients added 

marchicus. The other species seemed to thrive well. In 
the mercury-polluted system all species seemed to be 
influenced, although numbers of Pseudocalanus elon- 
gatus and the harpacticoid copepod were too low to 
allow conclusions. During the experimental period no 
growth of nauplii towards larger nauplii or copepo- 
dites was observed. In all small bags, numbers of all 
species of copepods decreased sharply (Kuiper et al., 
1983), but in mercury-treated bags this decrease was 
faster than in the controls. Fig. 9 shows the number of 
copepods (all species) in mercury-treated bags expres- 
sed as percentage of copepods in the controls. The 
variation of this parameter in the small bags is larger 
than in the large bags due to the lower numbers of 
organisms in the samples from small bags, and the 
resulting larger error in the estimation of population 
density. It is clear, however, that addition of 5pg Hg 1-' 
enhanced the mortality of the copepods. 

Bacteria 

Fig. 10 shows the number of bacteria in the small 
bags during POSER 1. In the controls, numbers 
increased from 2 to 5.105 bacteria ml-l. Addition of 1 
and 5 p g  1-I inhibited this increase, but at the end of 
the experiment bacterial numbers also increased in the 
polluted bags. In the large bags too few samples were 
taken during POSER 1 to allow any conclusions on the 
influence of the added mercury. 



100 Mar. Ecol. Prog. Ser. 14: 93-105. 1983 

POSER l 

L - 

3 - 

2 - 

Davies and Gamble (1979) found a decrease of 6 % d-l; 
Takahashi et al. (1977), of 3% d-l. The rate at which 
mercury disappeared from the water did not seem to be 
related to bag size, but to the amount of particles 
available for adsorption and subsequent settling (cf. 
Topping et al., 1982). Where more nutrients were 
available for particle production, mercury concentra- 
tions decreased faster. High phytoplankton activity 
also results in a higher production of residuals of phy- 
toplankton cells and extracellular, soluble organic 
matter, which could form organic complexes with mer- 
cury. These complexes may adsorb differently to the 
walls of the bags and react differently with organisms. 

0 2 L 6 8 - Ttme (days)  

Fig. 10. Development of bacteria insmall bags during POSER 1 

Fig. 11 shows the number of bacteria in the small 
bags during POSER 2. In the controls, to which no 
nutrients had been added, numbers increased slowly 
during the experiment from 5 to about 14.105 bacteria 
ml-l. Addition of mercury inhibited this increase till 
Day 8.  After Day 12 numbers of bacteria were compar- 
able to those in the controls. In the nutrient-spiked 
controls, bacteria at first showed a small increase until 
Day 6 ,  then a decrease and, after Day 10, an increase to 
a maximum on Days 14 and 15. 

In the nutrient-spiked bags treated with mercury, 
numbers of bacteria were lower than in the controls 
during the first days following the addition of mercury, 
but after Day 8 numbers increased to a maximum 
comparable to that in the controls. In the large bags no 
effects of mercury on the bacteria could be detected 
during POSER 2. 

DISCUSSION AND CONCLUSIONS 

The development of plankton in large versus small 
enclosures received attention by Kuiper et al. (1983). 
The general plankton development in the Rosfjord and 
in the controls is discussed in detail by Brockmann et 
al. (1981, 1982). Here, the results will be mainly 
discussed in relation to mercury and to earlier experi- 
ments with enclosed marine plankton communities 
treated with mercury (Grice and Menzel, 1978; Davies 
and Gamble, 1979; Kuiper, 1977, 1980, 1981; Topping 
et al., 1982). 

Fate of the mercury added 

POSER 2 

I*. - controls , '*., ; 
--.X/ * 5 , u g ~ g l - '  

m : controls 
A - 5 , u g H g  l 

Fig. 11. Numbers of bacteria in small bags without added 
In mercury nutrients (a), and with added nutrients (b). Averagesof samples 

decreased by 3 to 30% d-' (Kuiper, 1977, 1980, 1981). taken at 0.5 and 2.0 m depth 
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At the end of POSER 2, a maximum of only 5.6% of 
the mercury added could be recovered from the sedi- 
ment. Such a low value must be attributed in part to 
incomplete sediment sampling (part of the sediment 
was resuspended during sampling), but the sampling 
error should not have exceeded 100 %. In experiments 
in Den Helder, approximately 25% was recovered at 
the end of experiments, a maximum of 10% was 
adsorbed to the walls and the remainder was vol- 
atilized and disappeared into the atmosphere. Davies 
and Gamble (1979) recovered 25 to 30 %, Topping et al. 
(1982) found 6 to 25 % in the sediment, and Takahashi 
et al. (1977) recovered nearly all added mercury in the 
sediment. 

Davies and Gamble (1979) suggest that the larger 
wall surface to volume ratio in their bags, as compared 
with Takahashi's, caused relatively higher adsorption 
to the walls, but Topping et al. (1982) did not measure 
more than 20% of the added mercury on the walls, 
which consisted of PVC foil. Experiments with enclo- 
sures containing 68m3 in Saanich Inlet showed that, 
per day, 1 % of the added mercury was lost to the 
atmosphere (Azam, pers. comm.). 

The cause for the higher rate of mercury loss from 
small bags is probably related to reduced mixing and 
to the relatively smaller surface area available for gas 
exchange with the atmosphere in very large bags in 
comparison with the small bags. The amount of mer- 
cury that disappears from the sea into the atmosphere 
under natural conditions is not known; it depends on 
environmental conditions, time and place. Our results 
support hypotheses about atmospheric mercury trans- 
port put forward by Wollast et al. (1975). Brosset and 
Svedung (1977) also found strong indications that, on 
the west coast of Sweden, polluted sea water, rather 
than polluted air, was the primary source of atmos- 
pheric mercury. 

Effects of the mercury added 

Phytoplankton 

During POSER 1, no influence of mercury on the 
phytoplankton could be detected. This was probably 
due to inactivity of phytoplankton in the controls. 
Brockmann et al. (1982) hypothesize that recently 
upwelled water had been enclosed and that unche- 
lated trace metals inhibited phytoplankton growth. 

During POSER 2, the relative carbon assimilation 
rate was inhibited after addition of 5 yg Hg 1-' in the 
bag without nutrient addition during the whole experi- 
ment (final Hg concentrations ca. 1.3 pg I-').  In the 
nutrient-spiked bags phytoplankton growth was inhi- 
bited as long as mercury concentrations exceeded 2 to 

2.5 pg Hg 1-l. Thomas et al. (1977) and Davies and 
Gamble (1979), also working with enclosed plankton 
communities, found a transient reduction of the rela- 
tive carbon assimilation rate after addition of 1 pg gl-l. 
Addition of 5 or 10 pg Hg 1-' had stronger, but also 
transient inhibitory effects on the phytoplankton in 
these experiments. Five days after mercury addition, 
Thomas et al. (1977) found that phytoplankton biomass 
increased again in both treated enclosures, mercury 
concentrations being still as high as 1 and 5 pg Hg l-', 
respectively. During this time the water from the 
enclosures was still toxic to the outside phytoplankton, 
indicating that the phytoplankton in the mercury- 
treated bags showed some adaptation. On Day 45 of 
the same experiment, mercury concentrations in the 
enclosures were no longer toxic to outside phytoplank- 
ton, although the above-mentioned mercury concent- 
rations were still as high as  0.4 and 2.9 pg Hg 1-', 
respectively. 

In earlier experiments with Dutch coastal plankton, 
addition of 0.5 or 1 yg Hg 1-' had no significant effects 
on enclosed phytoplankton. Addition of 5 pg Hg 1-' 
inhibited the phytoplankton in all experiments, as long 
as mercury concentrations in the water were higher 
than 1.5 to 2 ~g Hg 1- l  (Kuiper, 1977, 1980, 1981). In 
one experiment a single dose of 50 pg Hg 1-' was 
added, resulting in very strong inhibition of phyto- 
plankton for 29 d. After this period, phytoplankton 
began to grow again, at mercury concentrations as 
high as 18 yg Hg 1-l. 

Our experiments seem to indicate inactivation of 
mercury by chelation or adsorption to particles (cf. 
Briand et al., 1978). That relative carbon assimilation 
was not inhibited in the nutrient-spiked bags a few 
days after mercury addition, while in the bag without 
nutrient addition carbon assimilation was inhibited 
during the whole experiment, is probably due to lack 
of complexing substances which were not produced in 
such high amounts as in the nutrient-spiked bags. 
Another explanation, not excluding the former, may be 
that in the bag without nutrient addition the phyto- 
plankton was also stressed by very low nutrient con- 
centrations. The additional mercury stress had a 
stronger influence than without nutrient stress. 
Cloutier-Mantha and Hamson (1980) found that the 
threshold of mercury toxicity to Skeletonema costatum 
decreased by an  order of magnitude when NH,-limited 
cultures were ammonia starved. 

In earlier experiments, Kuiper (1977, 1980, 1981) 
demonstrated changes in species composition after 
addition of mercury, probably related to reduced graz- 
ing after mercury addition. During POSER, probably 
less than 2 %  was filtered per day by the copepods 
(based on filtration rates given by Sonntag and Par- 
sons, 1979). This was probably the reason why the 
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species composition of phytoplankton was not changed 
in these experiments. Thomas et al. (1977) and Davies 
and Gamble (1979) also found no changes in species 
composition as a direct effect of mercury addition. 

Zooplankton 

During POSER 2, addition of 5 yg Hg 1-' reduced the 
numbers of copepods considerably compared to con- 
trols. This was also found by Davies and Gamble (1979) 
and by Beers et al. (1977) after addition of 10 or 5 pg Hg 
I-'. Beers et al. (1977) also report a delay in the 
development of copepod populations. In experiments 
in Dutch coastal waters addition of mercury always 
delayed the development of the copepods (Kuiper 
1977, 1981). During POSER, a delay could not be 
shown, since copepods did not develop in the controls 
either at this early spring-bloom phase (Brockmann et 
al., 1981; Kuiper et al., 1983). The presence of nauplii 
indicates that the development of Calanus finmar- 
chicus had started in a preceding period, because this 
species hibernates as copepodite V in these waters 
(Matthews et al., 1978). 

Bacteria 

During both POSER experiments numbers of bac- 
teria were lower immediately after addition of 1 or 5 kg 
Hg 1-'. These small organisms showed the quickest 
response. However, 6 and 10 d after mercury additon to 
the bags with and without nutrients, bacterial numbers 
were similar to those in the controls. As with phyto- 
plankton, this finding indicates that nutrient addition 
accelerates mercury inactivation via increased produc- 
tion of complexing material, although development of 
adapted species cannot be excluded. 

Davies and Gamble (1979) did not find any effects of 
addition of 1 of 10 yg Hg 1-' on natural bacterial 
populations; this may also be due to their method. 
Azam et al. (1977), also working with natural com- 
munities, found a strong decrease of bacterial activity 
and numbers directly after addition of 5 pg Hg 1-', 
followed by the development of a mercury-resistant 
bacterial population, which reached numbers higher 
than in the control. 

In earlier experiments with Dutch coastal plankton, 
bacterial biomass was estimated by counting colony- 
forming units (CFU) on agar plates. A decrease after 
addition of 5 pg Hg 1-' has never been detected, but 
after a period of approximately 1 wk, numbers of bac- 
teria in polluted enclosures were always higher than in 
the controls (Kuiper 1980, 1981). The inhibitory effects 
during POSER were comparable to those obtained by 

Azam et al. (1977); the stronger increase of bacteria 
after addition of nutrients and mercury was compar- 
able to results obtained by Azam et al. (1977) and 
Kuiper (1980, 1981). This stronger increase is probably 
caused by increased substrate availability from dead 
phytoplankton and absence of inhibitory substances, 
sometimes released by exponentially growing phyto- 
plankton (Brockmann et al., 1977). In this respect, the 
bacterial decrease in the non-polluted, but nutrient- 
spiked bags, between Days 7 and 11, may be inter- 
preted as an inhibition effect by the exponentially 
growing phytoplankton at this time. 

Comparison with other studies 

From the results available on enclosure experiments 
it can be concluded that mercury effects on natural 
plankton communities, isolated from fairly different 
parts of the world (Saanich Inlet, Canada; Loch Ewe, 
Scotland; Dutch coastal waters; Rosfjord, Norway), are 
very similar and that the mercury concentrations at 
which effects were found, are also comparable. This 
indicates that results obtained in Dutch coastal waters 
can, with some confidence, be extrapolated to other 
sea areas. It is interesting to compare the results of 
enclosure experiments with those of other toxicity 
studies. Several reviews concern the toxicity of mer- 
cury to aquatic life (Bryan, 1976; Stebbing, 1976; 
Davies. 1978; Leland et al., 1979; Taylor 1979). 
Laboratory experiments seldom show effects at con- 
centrations below 1 pg Hg 1-'. The lowest concentra- 
tion at which effects were found in enclosure experi- 
ments was 0.5 pg Hg 1-'; a single dose of 0.5 pg Hg 1-I 
changed the species composition of the periphyton 
(Grolle and Kuiper, 1980). 

Sigmon et al. (1977) found a reduction of the diver- 
sity of an epiphyton community in artificial streams, 
and Saward et al. (1974) detected small effects at 
concentrations of 0.1 pg Hg 1-l. In both studies the 
mercury concentrations were kept constant at the 
desired level in a flow-through system. The organisms 
were constantly exposed to new doses of 'ionic or 
reactive' mercury (Davies and Gamble, 1979). 

For copper and cadmium it has been shown that their 
toxicity is correlated with the concentration of free 
metal ions and not with the total metal concentration 
(Sunda et al., 1978; Sunda and Lewis, 1978; Engel and 
Fowler, 1979). Results of different bag experiments 
indicate that mercury is detoxified during these exper- 
iments. Addition of nutrients accelerates this process, 
indicating a role for organic matter as a complexing 
agent. These experiments, however, do not allow con- 
clusions on the forms of mercury that are the most 
toxic, or on the mechanisms by which mercury is de- 
toxified. 
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Effects of nutrient addition 

Addition of nutrients to small bags strongly stimu- 
lated phytoplankton growth. The rate of increase and 
the height of the chlorophyll maximum was compar- 
able to that of a spring bloom in Lindaspollene, a fjord 
north of the Rosfjord (Lannergren and Skjoldal, 1975). 
As secondary effects of this enhanced primary produc- 
tion the amount of sediment and the rate of decrease in 
the amount of the added mercury were higher in the 
nutrient-spiked enclosures. Species composition was 
not affected, although percentages changed. Stimula- 
tion of primary production is often found after nutrient 
addition (Berland et al.,  1975; Parsons et  al., 1977, 
1978). Another secondary effect of the enhanced prim- 
ary production was that the rate of decrease in added 
mercury was higher in the nutrient-spiked enclosures. 
This is important, since in many enclosure experiments 
which explicitly aim at elucidating the fate of the 
added pollutant, nutrients were added. If a pollutant 
which adsorbs to particles is added, rates of decrease 
will be found which are probably too high when com- 
pared with naturally occurring rates of removal (Lee et  
al., 1978). In these cases addition of nutrients to the 
enclosed plankton communities should be  avoided. 

By comparison of the effects of mercury in the nut- 
rient-enriched enclosed ecosystems with the enclo- 
sures left in the original nutrient condition, it can be 
concluded that those plankton ecosystems would be  
affected most by heavy metals, which are within the 
regenerative mode at low nutrient concentrations. 
Cloutier-Mantha and Harrison (1980) came to the same 
conclusion on the basis of their laboratory studies with 
Skeletonema costaturn. This applies to temperate reg- 
ions during summer with succeeding anabolic and 
catabolic phases. But also during winter when the 
phytoplankton is not very active, production of dissolv- 
ed organic substances is reduced so that, in particular, 
protection of still active bacteria will not occur. 
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