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2003; Paerl et al., 2002; Calow and Forbes, 1998). How-
ever, most studies at the population and community 
level using mesocosms have mainly considered effects 
on community structure, such as abundance and di-
versity of selected organism groups, and have not as 
frequently taken effects on the functions of a commu-
nity into consideration (Møhlenberg et al., 2001). Fur-
thermore, analysis of indirect effects inherently re-
quires studies of populations, communities or whole 
ecosystems (Fleeger et al., 2003; Preston, 2002).
So far, few studies have been made of stress respons-

es of the marine planktonic ecosystem that include the 
function of several trophic levels, and direct as well as 
indirect effects. Such studies also give the opportuni-

1. Introduction
The marine plankton ecosystem is the foundation of 

almost all organic matter production in the sea, which 
means that changes in this system may potentially af-
fect the marine ecosystem as a whole. Changes can be 
induced through factors that stress the ecosystem, at 
the community, population or individual organism 
level. Factors causing stress may be changes in envi-
ronmental factors such as light, nutrients, salinity and 
temperature, competition and/or predation between 
trophic levels and anthropogenic factors such as expo-
sure to pollutants. The issue of stress induced changes 
and their effects have been studied intensively both us-
ing one or several stress factors together (Fleeger et al., 
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Abstract
This study aimed to investigate functional responses of natural marine planktonic communities to stress from the 

antifouling compound zinc pyrithione (ZPT). Isotope labelling techniques (14C) were applied to study bacterial in-
corporation of leucine, photosynthetic activity of phytoplankton and grazing of labelled prey by zooplankton com-
munities for 6 days after exposures to nominal concentrations of 0, 5, 25, 50 nM ZPT in a mesocosm experiment in 
Isefjord, Denmark.
Significant direct effects were visible on chlorophyll α concentrations, which decreased in all exposed communi-

ties, to between 48 and 36% of control concentrations on Day 3, 1 day after the last exposure. Phytoplankton activ-
ities were also significantly affected on Day 3 with activities between 9 and 26% of control levels, as was zooplank-
ton activities in the 25 and 50 nM exposures. In the 50 nM exposure the total community zooplankton activity was 
reduced to 25 ± 4%, and per individual to 46 ± 11% of control levels. Bacterial communities showed positive indi-
rect effects with high activities (up to 183 ± 40%) due to higher amounts of available substrate from algal death. Pol-
lution induced community tolerance analyses performed on phytoplankton and bacterial communities at the end 
of the experiment indicated a development of increased tolerance for phytoplankton in the 50 nM exposed com-
munities, whereas there were no changes in tolerance in the bacterial communities. Multivariate analysis of the in-
tegrated functional response by the plankton communities revealed a significant difference (p < 0.05) between ex-
posed communities compared to controls in the first 3 days after last exposure and in the end of the experiment. 
The study provides evidence of diverse effects on the functions of marine plankton communities under stress from 
a pollutant. Direct effects lead to cascading indirect effects throughout the community, eventually causing differ-
ent developments. Continuous exposure to ZPT could lead to severe long-term effects, causing more permanent 
changes in structure and function than observed here. The study demonstrates that it is possible to assess the func-
tional effects of a stressor in a complex mesocosm system, and to determine effects in a complex plankton commu-
nity, which were not predictable from laboratory studies.
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hulls of the boats are treated with antifouling paint 
with the active biocide ZPT that is slowly released to 
the water body under and around the boats. The sce-
nario represents a reality that occurs frequently dur-
ing spring to autumn all along the Danish coastline. 
Direct and indirect impacts of the released ZPT on the 
pelagic community, as well as the duration of the im-
pact were then followed during 8 days. Through the 
use of standard techniques, newly designed protocols 
for zooplankton grazing measurements and state of 
the art molecular methods, this mesocosm study pres-
ents valuable information on how stress from a select-
ed pollutant influences the function and structure of a 
marine plankton ecosystem.

2. Materials and methods
2.1. Design
The mesocosm experiment was carried out in the 

Isefjord, Denmark (average depth 5–7 m), for 8 days 
in June 2003. Twelve clear polyethylene cylindrical en-
closures (2.5 m deep, 1.25 m in diameter, with 0.1 mm 
thick walls, volume approximately 3m3) were filled 
with adjacent fjord water. The pelagic enclosures were 
attached to a pontoon bridge in the fjord placed 200 m 
from the shore at a depth of 4 m. On the same day as 
the bags were filled, and for the next two consecutive 
days, a nominal concentration range of 0 (solvent only) 
5, 25 and 50 nM ZPT was added to the bags (n = 3). The 
addition of ZPT to the bags took place under intense 
stirring and after nightfall to avoid photodegradation 
of ZPT. Zinc pyrithione (bis(1-hydroxy2[1H]-pyridine-
thionato-O-S)-(T4)zinc) or zinc omadine®)was sup-
plied by Arch Chemicals (Norwark, USA) and 0.048 g 
was dissolved in 100 ml dimethylsulphoxide (DMSO) 
(Merck, Darmstadt, Germany) to yield a stock solution 
of 1.5 mmol/l. A volume of 100 ml stock solution was 
added to the 50 nM treated bags, and 100 ml two and 
ten times dilutions of the stock solution was added to 
the 25 and 5 nM treated bags, respectively and 100 ml 
DMSO alone to the control bags. The solvent concen-
tration did not exceed 37 mg/l in any of the bags. The 
range of exposure concentrations was chosen on the ba-
sis of previous results from dose response experiments 
on natural phytoplankton and bacterial communities 
(Maraldo and Dahllöf, 2004a,b). During the 3 days of 
ZPT addition, water samples from the 50 nM addition 
were taken for chemical analysis of the fate and degra-
dation of the compound (Grunnet and Dahllöf, 2005). 
After the 3 days of consecutive pulse exposure, verti-
cal water samples were taken daily from each bag for 
analyses of the selected variables for 6 days. On the last 
day pollution induced community tolerance (PICT) ex-
periments were performed for two bags from each ad-
dition, with bacterial and phytoplankton activities as 
targeted variables.

ty to integrate the effects on a pelagic community lev-
el, that is comparing the function of all components si-
multaneously, providing an assessment of changes to 
the functional pattern thereby including the interac-
tions between the single components (Dahllöf et al., 
1999). The objective of this study was to estimate the 
impact of a toxicant on the function of a marine plank-
ton ecosystem and to determine the extent to which 
indirect effects from the stressor influence the subse-
quent development of the communities. To estimate 
whether the stressor also induces more long-term ef-
fects, such as selecting for a more tolerant communi-
ty, a pollution induced community tolerance (PICT) 
study (Blanck et al., 1988) was performed at the end of 
the experiment.
The stressor of choice in this study was a recent-

ly introduced antifouling compound zinc pyrithione 
(ZPT), and the results contributed to assessing the 
risks of this compound to the marine environment 
(Dahllöf et al., 2005). Fouling is an ever-present prob-
lem for commercial shipping as well as recreational 
sailing. The dilemma between targeting and eliminat-
ing fouling organisms on ship hulls with the use of bi-
ocides without harming the remaining marine envi-
ronment, remains unsolved. The ban of tri-n-butyl tin 
(TBT) as an active compound in ship paints has led 
to developments of second and third generations of 
products supposedly less harmful to the marine envi-
ronment, one of which is zinc pyrithione. ZPT is an or-
gano-metal complex, in which the zinc ion is complex-
bound to two pyrithione groups. Studies on the fate of 
ZPT in seawater have shown that approximately half 
of the nominal concentration added is transformed to 
copper pyrithione, while the other half is transformed 
to other unidentified complexes depending on the 
availability of other ligands in the water (Grunnet and 
Dahllöf, 2005). So far, only one attempt of measuring 
ZPT in the marine environment has been reported us-
ing a method with a detection limit of 20 ng/l (Thom-
as, 1999). In that study a water sample from a mari-
na was analysed, but no ZPT was detected. Pyrithi-
one, the ligand in ZPT, has also been measured in one 
study (Mackie et al., 2004), where concentrations up to 
105 ± 5 nM were detected in the Mercy River, UK, cor-
responding to ~50 nM ZPT if all the pyrithione orig-
inated from ZPT. The effects on natural phytoplank-
ton communities from Danish waters have been stud-
ied, giving EC50 values in the range 2–60 nM nomi-
nal concentration (Maraldo and Dahllöf, 2004b). The 
variation in EC50 could partly be explained by differ-
ences in community composition and availability of 
phosphate.
This study was designed to mimic a scenario in which 

a small group of leisure boats anchors in a shallow part 
of a Danish fjord every night for a period of 3 days. The 
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were transferred to a 2 ml Eppendorf tube and 50 μl 
of 4 mM [14C]-1-leucine (295 mCi mmol-1, Amersham, 
Life Science) was added to achieve a final concentra-
tion of 190 nM in each tube. Blind samples were pre-
pared with 100 μl 100% trichloroacetic acid (TCA) in 
1 ml water and run in parallel in order to estimate the 
magnitude of abiotic leucine adhesion, as well as to 
control for contamination of the leucine solution. All 
samples were incubated for 60 min, and thereafter 100 
μl of cold 100% TCA and 15 μl of skim milk were add-
ed to lyse cells and enhance the precipitation of pro-
tein. The samples were stored at 5°C until centrifuga-
tion and washing with TCA. The samples were centri-
fuged for 10 min at 13,000 × g and 4°C, the superna-
tant was removed, 1 ml of 100% TCA was added and 
the sample was vortexed. Thereafter the samples were 
centrifuged for another 10 min at 13,000 × g and 4°C. 
Finally, the supernatant was removed, 1 ml of Ecos-
cint A (National Diagnostics, Atlanta, USA) was added 
and the tubes were vortexed again. After 24 h of stor-
age at room temperature (18°C), the samples were ra-
dioassayed in a Beckman LS 1801 scintillation counter. 
The mean value of the control mesocosm bags was set 
to 100% activity.

2.4. Phytoplankton activity
The functional variable of the phytoplankton was 

H14CO3
- incorporation as an estimate of primary pro-

duction. From each mesocosm subsample, four repli-
cates of 10 ml were taken with a 10 ml automatic kip 
dispenser pipette (Schott Duran, Mainz, Germany) 
and transferred to 20 ml glass vials (BN Instruments, 
Denmark). Two microcurie of H14CO3 (1 mCi/ml, 14C 
Agency, Hørsholm, Denmark) were added to each 
sample and the samples were incubated for 2 h under 
cool white light (2× Pope FTD 18W/33, Holland). To 
examine for abiotic 14C adhesion and bacterial incor-
poration of 14C, two dark samples were run in paral-
lel with each experiment. Immediately after the incu-
bation, 200 μl 1 M HCl was added to remove non-in-
corporated 14C in the samples. After 24 h, 10 ml of In-
sta-gel Plus (Perkin-Elmer Life and Analytical Scienc-
es, Inc., Boston, USA) was added and the samples were 
stored for at least 24 h and at most for one week at 
room temperature. Finally, the samples were radioas-
sayed in a Beckman LS 1801 scintillation counter. The 
total incorporation was measured as the amount of ra-
diolabelled carbon, and all the samples were corrected 
for the amount of abiotic 14C in the dark sample. Mean 
values of the triplicate control mesocosm bags were set 
to 100% activity.

2.5. Zooplankton activity
To estimate the functional response of the zooplank-

ton community to the toxicant exposure, grazing rates 

2.2. Sampling
Two sets of depth integrated water samples were tak-

en with a 2.0 m long PVC tube (diameter: 7 cm) at two 
separate times in the morning of each day, with a max-
imum 2 h interval, and each set consisting of 2 × 81 
per bag. In total 2,241 of water were sampled from the 
mesocosm bags during the whole experiment, which 
amounts to 7.5% of the total volume. Sample water 
from both sets were gently filtered through a 45 μm 
sieve to collect larger zooplankton. From the first set of 
samples, the collected zooplankton were used for anal-
yses of grazing potential. At 2-day intervals in the 0 
and 50 nM ZPT mesocosm bags, were the diversity and 
abundance of copepods estimated from the second set 
of samples. The zooplankton were concentrated on a 
45 μm filter and fixed in Lugol. Samples were analysed 
for total abundance of copepods (adult individuals/l) 
in Utermöhl chambers using an Olympus CK40 invert-
ed microscope with 100–200× magnification. A mini-
mum of 50–100 ml subsample was counted, or at least 
100 individuals. Adult copepods and copepodites were 
pooled as one group.
From the first set of samples, subsamples of 5 l were 

taken immediately ashore for all other analyses, and 
the remaining 11 l was discarded. Surface salinity and 
temperature were measured with a Leica Refractome-
ter (Reichert Instruments, Germany) and a standard 
thermometer, respectively, in all bags during the first 
sampling time.
Chlorophyll α and nutrients were measured on Day 

0 before the first ZPT addition. Chlorophyll α was also 
measured on Days 1 and 2, whereas nutrients and all 
other variables were measured daily from Day 3. The 
phytoplankton biomass was determined as the concen-
tration of chlorophyll α in a 50 ml sample vacuum-fil-
tered through a GF/F filter, and extracted in 5 ml 96% 
ethanol for 24 h and thereafter fluorometrically analy-
sed (10-AU Turner fluorometer, USA).
Thirty milliliters of water from each bag was kept fro-

zen until analysis of SiO2
2-, HPO4

2-,NH4
+ and NO3

- +NO2
-

. The analyses were performed on a Skalar autoanal-
yser according to recommendations from the Danish 
Marine Monitoring Program (Andersen et al., 2004).
Bacterial diversity was estimated in 22 selected sam-

ples by DNA extraction, PCR amplification using the 
rpoB gene followed by DGGE separation as described 
by Petersen et al. (2004).

2.3. Bacterial activity
The functional response of the bacterial community 

was monitored as protein synthesis activity by daily 
measurements of 14C-labelled leucine incorporation, 
where a modified version of Smith and Azam’s (1992) 
centrifugation (14C)-leucine-incorporation method was 
applied. From each mesocosm four subsamples of 1 ml 
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subsequently handled according to the procedures de-
scribed above.

2.7. ZPT/CPT analysis
The extraction and analysis were performed accord-

ing to Grunnet and Dahllöf (2005) and are briefly de-
scribed below. Samples with added internal standard 
were extracted using solid-phase extraction (SPE) car-
tridges (Strata X, 6 ml, 200 mg polymeric sorbent pack-
ing, Strata) immediately after sampling. ZPT and CPT 
were extracted from the columns using a 70:20:10 mix 
of acetonitrile, methanol and deionised water. Chro-
matography was performed on an HPLC-system with 
UV–vis-Diode Array (Hewlett Packard Series 1100). Si-
multaneous determination of zinc-and copper-pyrithi-
one in seawater was performed on an HPLC-system 
equipped with an online degasser, a quaternary gradi-
ent pump, an automatic sample loop adjusted to 40 μl, 
a thermostable column compartment, and a UV–vis-
Diode Array detector. The column was an end-capped 
C-18 Jupiter (99.99% metal-free) column, kept at 26°C. 
The flow rate was kept at 1 ml/min at all times. ZPT 
was recorded at 270 nm, CPT at 320 nm, and the inter-
nal standard (Xylene cyanol) at 616 nm.

2.8. Statistical analysis
For each functional variable, the data set consist-

ed of mean values of each mesocosm bag from every 
day. Possible outliers were detected using Grubb’s test 
(Grubbs and Beck, 1972) and if found significant (p < 
0.05) they were discarded, which only occurred on 10 

were monitored daily during the experimental peri-
od by measurement of 14C labelled prey uptake as de-
scribed in detail in another manuscript (Hjorth et al., 
in press) Briefly, four 10 ml replicates of representa-
tive zooplankton samples from each mesocosm bag 
were taken with a 5 ml automatic kip dispenser pipette 
(Schott Duran, Mainz, Germany) and incubated with 
aliquots of 14C labelled phytoplankton previously pre-
pared. One day prior to the experiment, a phytoplank-
ton sample was taken at the same site and incubated 
with H14CO3 for 24 h. It was then concentrated to yield 
an activity of approximately 1,500 dpm/ml and split 
into 6-day portions and kept at -18°C until use. Zoo-
planktons were allowed to feed on the labelled prey 
for 1 h and were then rinsed with 0.2 m filtered sea-
water and collected on 45 μm filters. The filters were 
transferred to plastic scintillation vials, 3 ml of Ecos-
cint A (National Diagnostics, Atlanta, USA) was add-
ed and the samples were radioassayed in a Beckman 
LS 1801 scintillation counter.

2.6. PICT analyses
Six days after the last addition of ZPT, PICT studies 

were carried out on selected mesocosm bags with phy-
toplankton and bacterial activity as variables. Short-
term dose–response experiments were performed for 
each level of the ZPT pre-exposed communities (Fig-
ure 1). Subsamples of duplicate bags of each treatment 
were exposed for 1 h in four replicates to 0, 5, 25, 50, 
100 and 200 nM of ZPT, after which they were incubat-
ed with 14C labelled leucine (1 h) and H14CO3 (2 h), and 

Figure 1. Experimental set-up for short-term toxicity tests used in the phytoplankton and bacteria PICT analysis. Pre-exposed communities from 
the mesocosm experiment were submitted to short-term toxicity tests. Each test consisted of new additions of five concentrations of ZPT (●) and 
one control (○).
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of normalized data and yielded a percentage value to 
describe how similar the levels of all three integrated 
functional variables are to the controls for each treat-
ment and each day. Finally, the similarities of the treat-
ments from each day could be tested for significant dif-
ferences by standard two-way ANOVA with time and 
treatment as fixed factors and Tukey’s test as a post hoc 
test (Smith and Mercante, 1989). In all statistical analy-
ses differences were defined to be significant when p = 
0.05 and marginally significant when 0.05 < p ≤ 0.1.

3. Results
3.1. Control mesocosms
The concentration of chlorophyll α in the control 

communities was highest on Day 0 (5.2 μg/l), and sig-
nificantly lower in the following 3 days (ANOVA and 
Dunnett’s test, p < 0.05). Chlorophyll concentrations on 
Days 4 and 5 were not significantly different from Day 
0, but decreased again for Days 7 and 8 (Figure 2).
The total community incorporation of 14C labelled bi-

carbonate by phytoplankton was highest in control 
communities (3,210 dpm/10 ml) on Day 3 (Figure 3), 
decreasing linearly through the experiment (linear re-
gression, p = 0.012, R2 = 0.83). The specific response of 
the phytoplankton calculated as 14C incorporation/μg 
Chl α showed a high activity to begin with on Day 3 
(119 × 103 dpm/μg Chl α), after which it decreased to a 
minimum on Day 6 (25 × 103 dpm/μg Chl α), increased 
to a maximum on Day 7 (197 × 103 dpm/μg Chl α), and 
on Day 8 the specific activity was back to minimum. 
Bacterial activity also decreased linearly during the 
course of the experiment (linear regression, p = 0.004, 
R2 = 0.9) with values from 1,930 dpm/10 ml on Day 3 
to a minimum value of 500 dpm/10 ml on Day 8. Total 
zooplankton grazing declined more quickly from 540 
dpm/10 ml on Day 3 reaching a steady level around 
100 dpm/10 ml already on Day 4, where it remained 
for the duration of the experiment.
The concentrations of inorganic nutrients (SiO2

2, 

occasions in the whole data set (n = 1,768). Differences 
between means of control and exposed communities, 
was tested in a two-way ANOVA with Dunnett’s two-
tailed t-test as a post hoc test and was performed after 
testing for homogeneity of variances (Levene’s test). 
Differences between days in control communities were 
tested with Dunnett’s test, in which each day was test-
ed for difference compared to Day 0. General trends in 
control communities were also tested by linear regres-
sion. All statistical analyses except multivariate analy-
ses (see below) were done using SAS® software (ver-
sion V8.02). Data from the PICT analyses were analy-
sed by calculating ECxx values and standard deviations 
through the ICp approach (Norberg-King, 1993).
In order to determine differences between the inte-

grated functional development of the exposed and 
control communities, functional responses were com-
pared in a multivariate analysis using Primer version 
5.0 (Plymouth Routines In Multivariate Ecological Re-
search, PRIMER-E Ltd., Plymouth). The means of the 
three functional variables and their 95% confidence 
limits of each exposure level for all days were stan-
dardized by the total means without transformations.
A Bray–Curtis similarity index (Bray and Curtis, 1957; 

Clarke and Warvick, 1994) was calculated from this set

Figure 2. Means of chlorophyll α and inorganic nutrients in control 
communities during the course of the experiment.

Figure 3. Means of phytoplankton activity (●), bacterial activity (▲) 
and zooplankton activity (■) in control communities during the 
course of the experiment. Error bars are 95% confidence intervals (n 
= 3). Fitted lines are linear regression of bacteria (dashed) and phyto-
plankton (dotted) activity.

Figure 4. Concentrations of chlorophyll α in exposed communities as 
% of control. Dotted lines represent 95% confidence limits of control 
values and error bars are 95% confidence intervals (n = 3).
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Day 6 and eventually decreased on the last 2 days of 
the experiment.

3.2. Exposed mesocosms
Chlorophyll α concentrations were significantly low-

er (p < 0.05) in all treatments compared to the control 
from Day 1 to Day 3 and on Day 4 for 50 nM treat-
ments, but from Day 5 to the end of the experiment 
there were no significant differences in chlorophyll α 
concentrations among treatments (Figure 4).
Phytoplankton activity was also significantly lower (p 

< 0.01) on Day 3 for all three exposure concentrations 
(Figure 5a). The activity in the 5 nM mesocosm bags 
was 38% of the activity in the control mesocosm, and in 
the 25 and 50 nM mesocosms it was reduced to 23% of 
the control activity. The ICp approach yielded an EC50 
value of 4.03 ± 0.16 nM ZPT on Day 3 for phytoplank-
ton activity.
The phytoplankton activity of all the exposed com-

munities increased towards control levels during the 
middle of the experimental period, but on the last day 
the activity levels of the exposed mesocosms began to 
show deviations from the control mesocosms again, al-
though not significantly. In the 25 and 50 nM meso-
cosms, phytoplankton activity was 69 and 66% of con-
trols, whereas activity in the 5 nM mesocosms was 
115% of controls. The phytoplankton specific activity, 
measured as 14C incorporation per microgram Chloro-
phyll α (Figure 5b), showed an increasing tendency in 
all exposed communities from Day 3 to Day 4, and for 
the 50 nM exposed mesocosm bags the tendency was 
sustained until Day 5. At the end of the experiment, 
specific activity levels were lower or similar to control 
levels again.
An opposite development occurred in bacterial activ-

ity compared to the pattern observed in the function-
al response of the other two groups (Figure 5c). A dra-
matically higher bacterial activity was seen on Day 1 in 
the 50 nM ZPT exposed communities, in which bacte-
rial activity was 180% of control levels (p < 0.05). Dur-
ing the course of the next 4 days, this high activity lev-
el dropped to similar levels as that of the other exposed 
communities and controls. At the end of the experi-
ment, the activity of the exposed mesocosm bags start-
ed to deviate from the control, illustrated by a margin-
ally significant difference between 5 nM exposed com-
munities and controls (p < 0.1) with a reduction in bac-
terial activity to 73% of controls. A tendency towards 
a lower activity of the 25 and 50 nM exposed commu-
nities on Day 8 compared to the controls was evident, 
with values of 77 and 91%, respectively, but these dif-
ferences were not statistically significant.
Zooplankton grazing levels were also severely im-

pacted on Day 3, 24 h after the last addition of ZPT 
(Figure 5d). Grazing was 74% of control levels in the 

Figure 5. Response of (a) phytoplankton activity, (b) specific phyto-
plankton activity (14C incorporation per microgram Chlorophyll α), 
(c) bacterial activity and (d) zooplankton activity in exposed com-
munities as % of control. Dotted lines represent 95% confidence lim-
its of control values and error bars are standard deviations (n = 3).

HPO4
2-, NH4

+,NO3
-) in the control mesocosms were 

closely linked to the development of chlorophyll α con-
centrations (Figure 2). They all decreased from the be-
ginning on Day 0 and reached a temporary minimum 
on Day 3 (SiO2

2-:11 μM, HPO4
2-: 0.3 μM, NH4

+: n.d., 
NO3

-: 0.1 μM). All of them, except HPO4
2-, increased to 

a peak on Day 5 on which maximum concentrations 
were measured. A sharp decline in nutrient concentra-
tions then followed towards minimum levels on Day 
8. Phosphate concentrations increased from Day 3 to 
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communities on this day increased to as much as 176% 
(5 nM) and 136% (50 nM) of control community graz-
ing levels.
Generally the nutrient dynamics in the exposed me-

socosms did not deviate from those of the control me-
socosms, but the magnitude of changes was different 
(Figure 6). The exposed communities had significant-
ly higher concentrations of all nutrients after ZPT ex-
posure on Day 3 (SiO2

2-, HPO4
2-, and NO3

-) and on Day 
4 (NH4

+). At the end of the experiment, the concentra-
tions of SiO2

2- and HPO4
2- were higher than the concen-

trations in the control communities, whereas the con-
centrations of NH4

+ and NO3
- went below detection 

limits from Day 7 and Day 5, respectively. More spe-
cifically, the concentrations of silicate in the exposed 
communities increased to levels of 118, 135 and 136% 
compared to the control communities, after which they 
fell to control levels on Day 5. On Day 8 silicate con-
centrations in the 25 and 50 nM exposed communities 
were significantly higher than the control community 
concentrations (126%, 110%).
Phosphate concentrations were significantly higher 

than the control concentrations on Day 3 for all three 
levels of exposed communities (124, 131, 138%), from 
Day 4 to Day 7 they were fluctuating around control 
levels and ended at higher levels than control commu-
nities on Day 8 (107, 127, 149%).

3.3. PICT analysis
On the final day of the experiment, a pollution in-

duced community tolerance (PICT) study was carried 
out on selected duplicate mesocosm bags of all treat-
ments on bacterial and phytoplankton activity. For the 
phytoplankton communities, significantly higher EC40 
and EC20 values were calculated for the 50 nM ZPT ex-
posed communities compared to the communities ex-
posed to lower ZPT concentrations and the control 
community (Table 1). The phytoplankton activity did 
not decrease below 50% of controls, not allowing the 
calculation of an EC50 value.
There was no indication of changing ECxx values in 

PICT analyses of bacterial activity with no significant 
differences. The communities exposed to 5 nM ZPT 
had a high EC50 value of 14 ± 10 nM, but that trend was 
not visible in the EC40 and EC20 values.

3.4. Bacterial diversity
The genetic composition of the bacterial communi-

ty was investigated more closely in control and 50 nM 
ZPT exposed mesocosm bags. DGGE gels of the select-
ed bags (n = 2) show that the diversity was the same in 
control and exposed bags at the beginning of the ex-
periment (Figure 7). However, on Days 3 and 4 ad-
ditional bands appeared in the exposed bags, which 
were not present in control bags. On Day 6 and for the 

Figure 6. Response of inorganic nutrients in exposed communities as 
% of control. Error bars represent 95% confidence intervals (n = 3).

mesocosms exposed to 5 nM ZPT, and in the 25 and 50 
nM exposed mesocosm bags, grazing was reduced sig-
nificantly (p < 0.01) to 35 and 25%, respectively. A cal-
culation of EC50 yielded a value of 17 (±3 S.D.) nM ZPT 
on Day 3. On Day 5 the grazing level of exposed com-
munities at 25 and 50 nM was still significantly differ-
ent from control communities (p < 0.05). At the end of 
the experiment, grazing levels in the exposed commu-
nities appeared to be higher than in the control com-
munities again, but the differences were not stastisti-
cally significant. Mean grazing levels of the exposed 
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levels at each time (Figure 8). The total system func-
tion was significantly different from the control in all 
the exposed bags on Days 3 and 4 (Dunnett’s test, p < 
0.05). On Day 5 the similarity of the exposed systems’ 
function to the controls was marginally different (Dun-
nett’s test, p < 0.1), and on Day 6 there was no signif-
icant difference between the exposed communities 
and the controls. However on Days 7 and 8, there was 
again a significant difference in functional levels (Dun-

rest of the selected samples, the additional bands dis-
appeared, and the band patterns of exposed and non-
exposed communities were again similar.
3.5. Integrated community response
When all the functional variables for the three differ-

ent communties are integrated in a multivariate anal-
ysis it provides a measure of total system function, in-
cluding the relationship between the different trophic 

Table 1
ECxx values from PICT analyses performed on Day 8 of the experiment and calculated by the ICp approach (US EPA)
Pre-treatment (nM ZPT) 		 ECxx values in nM ZPT ± standard deviation
									        Phytoplankton activity 											         Bacterial activity
									        EC50 					    EC40 					    EC20 						     EC50 					    EC40 					    EC20
	 0 								       95 ± 37 				   74 ± 27 				   4 ± 21 						    5 ± 7 					    4 ± 1.6 				   2 ± 0.2
	 5 								       59 ± 17 				   40 ± 18 				   3 ± 12 						    14 ± 10 				   4 ± 3.8 				   2 ± 0.4
	 25 								       49 ± 26 				   38 ± 7 					   7 ± 9 						     4 ± 4 					    3 ± 0.3 				   2 ± 0.2
	 50 								        – 					    184 ± 37 				   79 ± 19 					    5 ± 3 					    4 ± 0.4 				   2 ± 0.2

Figure 7. DGGE gels showing the genetic composition of bacterial communities in non-exposed (0) and 50 nM exposed communities (50) on se-
lected days. Each lane is one mesocosm bag, and the same bags are shown for each day. Notice newly appearing bands on Days 3 and 4 indicat-
ed by frames. Internal standard (is); reference sample (r).

Figure 8. Integrated functional activity of exposed communities ex-
pressed as their Bray–Curtis similarity index (% similarity to con-
trol communities). Grey lines are 95% confidence limits of control 
values. Asterisks denote statistical significance levels of p < 0.05 (**) 
and p < 0.1 (*). Error bars are standard deviation (n = 3).

Figure 9. Actual concentrations of ZPT and CPT in mesocosm bags to 
which was added the highest nominal concentration of 50 nM ZPT on 
the first 3 days of the experiment. Additions of ZPT were performed 
at night on Days 0, 1 and 2. Error bars are standard deviations.
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er hand nitrogen limitation is a frequent occurrence in 
coastal marine systems and part of a natural seasonal 
cycle, and therefore the results of this study are ecolog-
ically relevant.
In spite of nutrient limitation and sedimentation it 

was possible to distinguish direct effects of ZPT on the 
functional variables (Figure 5). Severe reductions in 
phytoplankton activity, grazing activity of zooplank-
ton and bacterial activity were evident on Day 3 of the 
experiment with EC50 values of 16–18 nM nominal con-
centrations of ZPT.
The initial effects on phyto- and zooplankton were 

still evident on Day 4, which was the fourth day after 
the first addition of ZPT. The initial reduction of phy-
toplankton activity is consistent with recent studies of 
the effects of ZPT on natural communities of bacteria 
and phytoplankton (Maraldo and Dahllöf, 2004a,b), 
that demonstrated serious effects on protein synthe-
sis and phytoplankton activity with generally low EC50 
values and high seasonal variation in responses.
The effect on zooplankton grazing activity could be 

due to an indirect effect of reduced prey availability as 
well as a direct effect, where the same number of indi-
viduals has a lower prey uptake. Adjusting the graz-
ing to abundance of adults and copepodites shows that 
the specific activity of zooplankton as the grazing/in-
dividual also decreased (Figure 10), which suggests 
that the decrease was due to direct effects.
The consequences of these changes to the community 

at the beginning of the study are, among others, a four-
fold reduction of total grazing activity. This may have 
consequences for the phytoplankton community struc-
ture indirectly, because alterations in predation pres-
sure may change size of algae or diversity of phyto-
plankton. For the state of the zooplankton communi-
ty itself, there are also serious implications of a four-
fold reduced food uptake. Lower assimilation of ener-
gy leads to decreased growth, lower egg production by 
females and possible additive effects from other stres-
sors (Berggreen et al., 1988; Kiørboe and Nielsen, 1994; 
Sibly et al., 2000).
The slower decrease of nutrients in exposed commu-

nities compared to control communities may correlate 
with a higher degradation of algal cells and a subse-
quently higher bacterial activity in the exposed com-
munities. This was especially evident in the commu-
nities exposed to the highest concentrations of ZPT, 
where bacterial activity was 180% of control levels on 
Day 3. The increase in bacterial activity was unexpect-
ed on the basis of laboratory experiements which have 
shown bacteria to be even more sensitive to ZPT than 
phytoplankton (Maraldo and Dahllöf, 2004a). It is like-
ly that a negative response on the bacteria occurred 
right after the first addition of ZPT, but since bacterial 
turnover is much more rapid than phytoplankton turn-

nett’s test, p < 0.05). Tukey’s test performed between 
treatments for each day showed a significant differ-
ence (p < 0.05) between all treatments on Day 3, be-
tween 5 and 50 nM on Day 4, and a marginally signif-
icant difference (p < 0.1) between 5 and 25 nM on Day 
5. For the remaining duration of the experiment, there 
was no significant difference between the different ex-
posures in the integrated community response.
3.6. FATE of ZPT
Zinc- and copper-pyrithione were measured in all 

three replicate bags with the highest nominal concentra-
tion of 50 nM directly after each of the three additions. 
The nominal concentration of ZPT was not achieved 
on any of the days, nor when the concentrations of ZPT 
and CPT were combined (Figure 9). The highest ZPT 
+ CPT concentration of 37 nM was reached after the 
third addition. There was a trend with increasing to-
tal ZPT/CPT concentration for every addition, and to-
wards a larger fraction of ZPT of the total.

4. Discussion
The high production in the initial phase of the me-

socosm experiment depleted nutrients from the water 
column, leading to a decrease in phytoplankton activi-
ty, and also a general sedimentation in the bags due to 
reduced turbulence in the mesocosm bags compared 
to open water. Potential nutrient limitation in a marine 
system can be predicted when inorganic nutrient con-
centration and certain concentration ratio criteria are 
fulfilled (Dortch and Whitledge, 1992). In accordance 
with such criteria (DIN < 2 μM, N:P < 10 and Si:N > 
1), there was a clear indication of nitrogen limitation 
in all mesocosm bags throughout the experimental pe-
riod. This was also confirmed in nutrient enriched di-
lution experiments conducted with samples from con-
trol mesocosm bags (Henriksen, pers. com.). This has 
implications for the activity levels in the communities 
and how functional groups may dominate and inter-
act, and it may be argued that the observed responses 
to the toxicant exposure are influenced by these multi-
stress conditions (Vinebrooke et al., 2004). On the oth-

Figure 10. Specific zooplankton activity as % of control on Day 3 of the 
experiment. Error bars are standard deviations.
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in the sensitivity span of the community, i.e. the range 
of toxicant concentration, over which the community 
can survive and adapt. Concentrations that are suffi-
ciently low allow all components of the community to 
exert resilience and will not lead to tolerance develop-
ment. If a higher concentration is applied, where most 
of the community components are severely affected, 
then the sensitivity and composition of the communi-
ty after exposure will depend on the succession rate 
of the individual components rather than on their rel-
ative tolerance. We suggest that the highest nominal 
addition of 50 nM ZPT used in the study correspond 
to the sensitivity span of the phytoplankton, thereby 
inducing tolerance, whereas the nominal concentra-
tions of 5 and 25 nM ZPT resulted in sufficiently low 
true concentrations to which the community was re-
silient. For the bacterial community however, the ad-
ditions >5 nM exceeded their sensitivity range affect-
ing all components thereby not inducing tolerance. It 
cannot be ruled out that the lack of tolerance induc-
tion may also be due to a question of time since impact 
from ZPT and an earlier occurrence of tolerance. There 
may have been a tolerance increase up until Day 4, in-
dicated by the new bands from Days 3 and 4 on the 
DGGE gels, which did not persist to the end of the ex-
periment, where the PICT analysis was done. With the 
available data it is not possible to distinguish between 
a shift toward tolerance or toward opportunistic spe-
cies in the bacteria.
The additions of ZPT caused major changes in the in-

tegrated community function in the beginning of the 
experiment, due to direct impacts such as a reduction 
in biomass and activity of phytoplankton. The change 
was not only a change from control communities but 
also between the three levels of exposure in the first 3 
days. At the end of the experiment the integrated com-
munity function in the exposed communities started 
to deviate from control again, suggesting that a shift in 
community structure and function had occurred. The 
effect of ZPT thereby caused a system change that last-
ed longer than the initial direct toxic effect. The effect 
on the integrated function shows that it is the relation 
between the activity of the different trophic groups 
that is different from the control at the end of the ex-
periment, and also that there is a different response 
between the exposure levels. The low addition shows 
tendencies towards higher phytoplankton and grazing 
activities and reduced bacterial activity, whereas the 
higher additions have lower phytoplankton and bacte-
rial activity combined with a higher grazing activity.

5. Conclusion
This experiment provided evidence of diverse effects 

on the functions of marine plankton communities from 
ZPT. Direct effects were immediately observed, lead-

over, a recovery of the bacterial community from the 
direct impact was probably dominated by fast grow-
ing opportunistic species and not by toxicant sensitive 
species. The molecular analyses of the genomic diver-
sity of the bacteria in the 50 nM addition showed ap-
pearance of some species in the beginning of the ex-
periment not observed in control bags, which is con-
sistent with this hypothesis. The fast growing species 
could be tolerant species, but the PICT data do not sug-
gest tolerance, since it showed little or no changes in 
tolerance.
The nominal concentrations were not achieved at any 

of the additions. This is partly due to that the actual 
volume was not the 3,000 l that the calculations were 
based on, but rather varied between 2,500 and 3,000 l. 
The analysis of the fate of ZPT showed a transforma-
tion of ZPT to the more stable CPT, with an average of 
15 nM CPT each day. This suggests that the free copper 
concentration remained the same on all 3 days, where-
as there was a reduction in the availability of other 
weaker complex binding ligands, which led to an in-
crease in ZPT concentration with time. This is consis-
tent with the increased sedimentation and reduction 
in Chl α, and with previous studies on the fate of ZPT 
in seawater (Grunnet and Dahllöf, 2005). The presence 
of other ligands that could complex Zn is an addition-
al reason for not reaching the attempted nominal con-
centrations. Although the concentration was only mea-
sured in the highest addition, the variation in fate of 
ZPT within each addition is likely to have been of the 
same magnitude. This variation in exposure within a 
nominal concentration is thereby likely to cause some 
of the variation in the response variables observed 
within the respective additions.
For the pelagic ecosystem as a whole, there is the is-

sue of exposure level and time in relation to effect size. 
If the exposure to ZPT is continuous, as is highly pos-
sible in reality, and not restricted to three pulse expo-
sures of small nominal concentrations as in this study, 
such effects as observed here may underestimate the 
effects in natural environments. However, the tran-
schelation of ZPT to CPT, and of ZPT to unidentified 
Zn complexes, means that the fate of ZPT in the en-
vironment will differ from place to place and time to 
time, due to the differences in the availability of Cu 
and organic ligands. Thereby the effects of ZPT can 
also vary accordingly.
The phytoplankton PICT study indicated that the 

nominal concentration of 50 nM ZPT induced a more 
tolerant phytoplankton community compared to the 
control. Community tolerance develops when the more 
sensitive components of the community are eliminat-
ed or severely affected, while the other less sensitive 
components survive. This means that tolerance only 
will be induced if the toxicant concentration lies with-
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ing to cascading indirect effects throughout the com-
munity, which eventually caused different develop-
ments in the integrated function of the ecosystem. This 
study shows that even under short pulse exposures of 
a rapidly degradable pollutant at relatively low con-
centrations, the plankton community was affected sig-
nificantly. It is likely that continuous exposure to ZPT 
could lead to long-term effects, even though ZPT itself 
has a short half-life, thereby causing more permanent 
changes in structure and function than observed us-
ing pulse exposure. It also demonstrates that it is pos-
sible to assess the functional effects of a stressor in a 
complex mesocosm system, and to determine effects in 
a complex plankton community, which were not pre-
dictable from laboratory studies.
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