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ABSTRACT: The complex systems of shallow-water sediments are today subjected to varying nutri-
ent inputs combined with other anthropogenic stressors, such as toxicants. The effects of differences
in nutrient status of the sediment combined with short-term, low-level exposure to the anti-fouling
biocide copper pyrithione (CPT) were studied in a 38 d experiment using intact sediment in a flow-
through mesocosm system. Abundance and diversity of microphytobenthos, bacteria and meiofauna
were assessed together with sediment—water oxygen and nutrient fluxes (day and night) and denitri-
fication. More effects were found for the sediment with higher nutrient status, but these combined
effects could not be predicted by adding the separate effects of nutrients and CPT observed for the
sediment with low nutrient status. Biomass and diversity of microphytobenthos increased later on in
the experiment due to CPT exposure, as did bacterial activity and abundance. CPT exposure also
increased the proportion of nematodes in the meiofauna. Generally, prokaryotic functions appeared
more affected by CPT exposure than eukaryotic. Differences in the response of functional variables
suggest that eukaryotic photoautotrophs possess a higher functional redundancy than heterotrophs.
Among nutrient fluxes the nitrogen cycling was affected through changed rates of ammonium flux
and denitrification. The integrated analyses show a clearer effect of CPT on the community structure
under low-nutrient status, while CPT affected the community function more in the high-nutrient
system. All treatments show convergence of function, in both light and dark, towards the end of the
experiment, whereas the structure remained separated due to the nutrient regime.
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INTRODUCTION

The most common way to test toxicity to date has
been through laboratory studies with 1 or several spe-
cies exposed to 1 stressor at a time under constant con-
ditions (Nacci et al. 1986, Haglund 1997). These types
of tests are difficult to extrapolate to natural field con-
ditions since they exclude a large number of potential
interactions that occur among the numerous compo-
nents of complex natural ecosystems, so-called indirect
effects (Brock et al. 2004). This also implies that simple
laboratory experiments ignore interactions between
stressors that act simultaneously upon the system.
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Experiments in which stressors are combined and
studied in natural systems close to field conditions will
therefore produce data that, to a higher degree, reflect
the impact on natural systems; this increases the rele-
vance of the results for system modelling and risk
assessment in coastal management (Breitburg et al.
1999, Lenihan et al. 2003, Wiegner et al. 2003). The
advantages of—and large need for—experiments de-
signed with multiple stressors acting upon natural or
semi-natural systems have been recognised in several
reviews (Heugens et al. 2001, Koelmans et al. 2001,
Fleeger et al. 2003). Studies on multiple stressors have
shown that several differences in both direct and indi-
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rect effects occur when the stressors are combined
compared to when acting alone (Skei et al. 2000,
Laursen et al. 2002, Millward et al. 2004). Interactions
between stressors in a system might cause non-additive
effects, giving a totally different response than what
would have been the case assuming simple additive
effects (Folt et al. 1999).

Cloern (2001) has reviewed and described the con-
ceptual models of coastal eutrophication, which in-
clude 3 phases. The first 2 phases are fairly simple, and
include only the signal of nutrient enrichment and the
responses to enrichment. These 2 are relatively well
investigated. In the third phase, other stressors—
including toxicants—are added in combination with
nutrient enrichment. This third phase is at present not
well studied, and we hope that the present study can
contribute information suitable to represent the third
phase in a conceptual model.

In the present experiment we studied the combined
effects of eutrophication and the anti-fouling biocide
copper pyrithione (CPT) on natural sediment commu-
nities from a shallow-water marine area. These areas
are very important nurseries for fish, and, because of
the presence of highly productive primary producers,
they also function as nutrient filters between terrestrial
and marine ecosystems (Nielsen et al. 2004). Increased
knowledge about the sensitivity and direct and indi-
rect effects from disturbances are therefore important
for the management of these areas, aiming at a sus-
tainable use of their resources. Shallow-water sedi-
ment systems close to populated areas are subject to a
wide range of disturbances coupled to anthropogenic
activities, and anti-fouling biocides—such as CPT—
are likely to be present due to near-shore boating
activities. Combinations of the presence of CPT and
differences in the nutrient status are of interest, since
the nutrient load can vary greatly in areas potentially
subjected to CPT. A particular combination of CPT and
nutrients has previously been studied by Maraldo &
Dahllof (2004b), and a relationship between toxicity to
planktonic communities and the level of phosphate in
the water column was found.

CPT is not commonly used in anti-fouling paints in
Europe, whereas the related compound zinc pyrithione
(ZPT) is widely applied. However, when ZPT is
released into the environment, it is trans-chelated into
CPT, which implies that CPT is present in the Euro-
pean environment (Grunnet & Dahlléf 2005). Single-
species tests have shown toxic effects of CPT on, e.g.,
algae and larvae of crustaceans and mussels (Faimali
et al. 2003), sea urchin eggs and embryos (Kobayashi &
Okamura 2002) and fish cells (Okamura et al. 2002), as
have tests using marine bacterial and algal communi-
ties (Maraldo & Dahllof 2004b, Petersen et al. 2004,
Hjorth et al. 2006).

The aim of the present experiment was to study the
effects of short-term, low-level exposure to CPT on
both the auto- and heterotrophic components of a nat-
ural sediment community under 2 different nutrient
regimes. In order to separate the effects according to
auto- and heterotrophic processes, measurements of
oxygen and nutrient fluxes were made in both the light
and dark. In order to examine indirect effects, the
system was studied during a period of 38 d after CPT
exposure. The present study focuses on effects on the
function (oxygen and nutrient fluxes) and structure of
microorganism groups such as benthic algae (micro-
phytobenthos), bacteria and meiofauna. Microorgan-
isms largely drive central processes in the sediment
(primary production, decomposition, nutrient turnover).
Effects on system-level variables (trophic state, reten-
tion and removal of nitrogen) are described and inter-
preted in Sundbéck et al. (2007).

MATERIALS AND METHODS

General approach. The initial manipulations of
nutrient enrichment and CPT additions were done on
intact undisturbed sediment in cylinders (inner dia-
meter 25 cm) that were randomly placed in a flow-
through mesocosm system, with a total of 48 sediment
cylinders. Prior to toxicant addition and sampling, half
of the cylinders were enriched with nutrients (NH,,
NO;™ and PO,*") for 14 d. CPT was added to 12 nutri-
ent-enriched and 12 non-enriched cylinders for 4 con-
secutive nights to minimise its degradation by light
exposure (Maraldo & Dahllof 2004a). The 4 treatments
were: low-nutrient level (Nuyy), high-nutrient level
(Nupign), low-nutrient level and CPT (Nu,,CPT), and
high-nutrient level and CPT (Nuy,,CPT). The re-
sponses of the community structure and functions to
CPT were followed through sampling of 3 replicate
cylinders from each treatment on 7 occasions for 38 d
(9 September to 17 October 2002) after the manipula-
tion period, of which 3 included fluxes only and
4 included all structural and functional variables.
Functional variables included day-time and night-time
measurements of oxygen and nutrient fluxes [NH,,
NO; + NO,~, PO,*", Si(OH),] and dark measurements
of denitrification and bacterial production. Structural
variables included the amount of chlorophyll a (chl a),
abundance and diversity of microphytobenthos, bacte-
ria and meiofauna. Abundance of macroscopic infauna
was also assessed.

Sediment collection. The sediment was collected
from a boat with an Olausson box-corer (30 cm X
30 cm) at a depth of 3 to 4 m, in the Bay of Munkeby
(58°14'N, 11°32'E) in a sound connecting the Gull-
mar and Koljo Fjords on the Swedish west coast. This
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area is microtidal, with a maximum tidal amplitude of
30 cm. When the sediment core was on deck, a cylin-
der of black ABS plastics with a height and inner dia-
meter of 25 cm was lowered gently into the sediment
until there was about 10 cm left at the cylinder top. A
marine plywood plate was inserted from the side to
function as a bottom for the sediment in the cylinder.
The sediment was silty sand, with a porosity of 0.85
and an organic content of approximately 10 %.

Experimental set-up. The experiment was run in a
mesocosm system at Kristineberg Marine Research Sta-
tion near the Gullmar Fjord. The system consisted of a
greenhouse from which the walls had been removed.
This set-up allowed natural light and temperature con-
ditions and protected the system against precipitation.
In the mesocosm system, the 48 cylinders were posi-
tioned randomly and supplied with unfiltered water
from 4 m depth of the Gullmar Fjord (salinity: 26 to 29).
The incoming water was led to an elevated water con-
tainer of 300 I from which it flowed into 10 mm tubing
by self-pressure to 8 tubes (100 cm x 10 cm) each of
which had 6 outlets (6 mm). These outlets led to inlets
(4 mm) placed 5 cm from the upper rim of each cylinder,
resulting in a flow of ~10 1 h™'. The overlying water
depth was ~10 cm, leading to a total water volume of 5 1.

Filamentous green algae belonging to the genus
Ulva (formerly Enteromorpha) that started to grow on
the cylinder walls were regularly removed in order to
avoid their influence on net fluxes from the sediment
system. Furthermore, visible macrofauna, e.g. snails,
brittlestars and settled mussels, were removed from
the top of the sediment and cylinder walls.

Nutrient enrichment. For the nutrient addition, a
continuous in situ supply method used by Hillebrand &
Kahlert (2002) was applied. Granules of a commercial
fertiliser (NH,*, NO;~ and PO,*") were placed in mesh
bags at the water inlet of 24 experimental cylinders.
The fertiliser used was Hydro Agri OptiCrop NPK 21-
3-10, which consists of non-coated granules, and is
commonly used in agriculture on lea and pasture
ground. The amount of granules in the bag for each
cylinder was 10 g, equal to 126 g Nm2and 18 g P m™2.
This addition was chosen according to suggestions by
Williams & Ruckelshaus (1993), reviewed by Worm et
al. (2000). Because of the wash-out by the flow-
through water, the bags were replaced 3 times during
the 14 d of addition, to maintain a stable supply. Aver-
age levels of NH,* (250 uM), NO;~ (150 pM) and PO,3-
(50 pM) were measured in the overlying water during
the enrichment period.

Toxicant. CPT was added to half of the cylinders
(12 Nuy;gn and 12 Nuy,,) as sediment-toxicant slurries,
where dimethylsulfoxide (DMSO) was used as solvent.
Before the slurry was added, the water flow was
stopped and the water level lowered to the level of the

inlet, to ensure that the toxicant would reach the sedi-
ment. The same slurry with DMSO, but without CPT,
was added to the controls, Nuy,,, and Nuy,g,. This mini-
mal deposition was just a powdering on the surface and
gave no covering layer. CPT is photosensitive and de-
grades in daylight with a degradation time of approxi-
mately 7 min (Maraldo & Dahllof 2004a). Addition was
done during 4 nights, as the degradation time is signifi-
cantly reduced at low light intensities and is negligible
in the dark (Grunnet & Dahlléf 2005). This gave a final
concentration of 1 nmol g~! dry sediment in the top
5 ¢cm, where most bioturbation occurs. This concentra-
tion range equalled the LOECs (lowest observed effect
concentrations) found in a microcosm study with sieved
sediment (Petersen et al. 2004).

Sampling and analysis. Oxygen and nutrient fluxes:
Fluxes were measured in 12 of the cylinders at each
sampling, by incubation under lid without water flow.
The overlying water was stirred by a Teflon-coated
stirring bar hanging in the lid. The stirring bar was
turned by a large external u-magnet, driven by an
electrical engine. At the beginning of the incubation,
samples were taken for oxygen and nutrient levels.
The time for incubation was set so that oxygen concen-
tration should not increase or decrease by >20%, in
order to avoid interferences with nutrient fluxes caused
by larger changes in oxygen concentrations (Dals-
gaard et al. 2000). The incubation time averaged just
over 1 h in the light and about 2 h in the dark. Light
incubations were done during the day between ~12:00
and 13:00 h, and the dark incubations were done at
night-time between ~00:00 and 02:00 h. Oxygen sam-
ples were analysed immediately after sampling, using
the Winkler technique (Strickland & Parsons 1972).
Nutrient samples were filtered (Sartorius 0.45 pm
syringe filters) and frozen (—20°C) prior to analysis. Am-
monium (NH,*), nitrate + nitrite (NO3;™ + NO,7), phos-
phate (PO,%") and silicate [Si(OH),] were analysed by
wet-chemistry methods with a SCANPLYS System Scalar
auto-analyzer (SCALAR) at the National Environmen-
tal Research Institute (NERI), Roskilde, Denmark.

Denitrification: Dark incubations for denitrification
were carried out with the ’N-isotope pairing tech-
nique (Nielsen 1992) by inserting small Plexiglas cylin-
ders (inner diameter: 3.5 cm; height: 25 cm) into the
sediment. The incubations were done subsequent to
the flux measurements in the dark. After taking initial
nutrient samples from the denitrification cores, 1 ml of
10 mM NO3™ (99.6 at.%, Europa Scientific) was added
to give a NO3™ concentration corresponding to ~30 % of
the oxygen concentration. The label was allowed to
diffuse into the sediment (0.5 h) after which new sam-
ples for nutrients were taken, in order to get the real
starting concentration of ®NOj~. The cylinders were
closed with tightly fitting Plexiglas plugs and incu-
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bated for approximately 2 h. The overlying water col-
umn was stirred during the incubations by a small
hang-mounted Teflon stirring bar, driven in the same
way as the stirring in the full cylinder oxygen—nutrient
fluxes. To terminate the incubation, 0.5 ml (1 g ml™?)
of zinc-chloride (ZnCl,) was added and the sediment
was slurred with the overlying water. Slurry samples
were transferred into 12 ml gas-tight vials, extra ZnCl,
(0.25 ml) was added, and the vials were tightly closed
and stored in a refrigerator until analysis. Produced
BN, and 3°N, were analysed with GC-MS (gas chro-
matography-mass spectrometry) at NERI. Calcula-
tions of total denitrification (D) were done according
to Dalsgaard et al. (2000).

Chl a: Samples for chl a content in the sediment were
taken with a cut-off 2 ml syringe from the top 5 mm of
the sediment, pooling 5 sub-samples from each repli-
cate cylinder. Chl a was extracted in 3 ml of 90 % ace-
tone, sonicated (10 min) in an ice-bath and stored cold
and dark for 24 h. The samples were centrifuged for
10 min, and the absorbance of the supernatant was
analysed with a spectrophotometer (Shimadzu UV
2401-PC). Chl a and phaeopigment concentrations
were calculated according to Lorenzen (1967).

Microphytobenthos: Samples for algal diversity
were taken as described for chl a, preserved with
glutharaldehyde (final concentration 2.5 %) and stored
in a refrigerator. The algae were counted and classi-
fied to species, genera and/or size class in an epifluo-
rescence microscope at 500x magnification. A mini-
mum of 200 cells per sample were counted, and 30
algae of each group were measured to calculate cell
volume using geometric formulae (for details see
Sundbdack & Snoejs 1991). The microphytobenthic
composition, and relative (%) biovolume, was analysed
only for Days 1 and 24. Diversity was calculated as the
Shannon-Weaver index, H' = £ — p (In p) (Shannon &
Weaver 1949), where p is the fraction of each taxo-
nomic unit in the total number of cells.

Fauna: Samples for meiofauna were taken with a
cut-off 20 ml syringe from the top 5 mm of the sedi-
ment, pooling 3 sub-samples from each cylinder.
Formalin (4 %) containing Rose Bengal was added for
conservation and colouration of the fauna. The organ-
isms were extracted by decantation and collected on a
100 pm sieve, counted and allocated to major phylo-
genetic groups under a dissection microscope.

Macroscopic infauna was collected after the destruc-
tive sampling by sieving the total amount of sediment
in each cylinder through a 1 mm sieve, and then classi-
fied to genera or species.

Bacterial production: Bacterial production was esti-
mated by incorporation of *C leucine into bacterial
proteins according to Petersen et al. (2004). Five sub-
samples (each approximately 0.2 g of sediment) from

each cylinder were incubated with 200 ul of 5 uM *C
leucine for 1 h at 15°C in the dark. The incubation was
terminated by adding 20 pl formalin, and the proteins
were extracted from the bacteria and sediment into a
buffer consisting of TE buffer and sodium lauryl sul-
phate (3 %) using bead beating. The proteins were pre-
cipitated with trichloroacetic acid (CCI3COOH), and
skimmed milk was added to enhance the precipitation.
The radioactive decay was measured directly in the
Eppendorf tubes on a Beckman LS 1801 scintillation
counter. Specific bacterial production was calculated
by dividing the bacterial production with the number
of 16S rRNA gene copies (see below).

Bacterial abundance: Five sub-samples (~0.2 g sam-
ple ) were taken from each cylinder, and DNA was
extracted by bead beating according to Petersen et al.
(2004). During the DNA extraction, internal standards
were used to compensate for experimental variability
(Petersen & Dahlléf 2005a). The number of bacterial
16S rRNA gene copies (Eubacteria) was used as a
proxy for bacterial abundance using real-time quanti-
tative PCR (polymerase chain reaction) according to
Skovhus et al. (2004).

Bacterial diversity: The bacterial diversity was
analysed with PCR-DGGE, and a fragment of the gene
coding for the RNA polymerase beta sub-unit (rpoB)
was amplified for subsequent DGGE analysis using the
primers rpoB1698F (5'-AACATCGGTTTGATCAAC-3')
and rpoB2041R (5'-CGTTGCATGTTGGTACCCAT-3').
A GC-clamp was added to the forward primer at the
5" end (5'-CGCCCCCCGCGCCCCGLCGLeeaaecce-
GCCGCCCCCGCCCC-3"). One of the advantages of
using the rpoB gene in bacterial diversity analysis is
that the gene is only found in a single copy, in contrast
to possible multiple copies of the 16S rDNA. Further-
more, the rpoB gene possesses the same key attributes
as 16S rDNA, e.g. it is common in all bacteria and it
contains conserved as well as variable regions and
therefore can be used as a phylogenetic marker (Dahl-
16f et al. 2000). PCR reaction mixtures (20 pl) contained
2 pl of PCR buffer, 0.5 pl of ANTP (deoxyribonucleotide
triphosphate; 20 pmol ul! of each), 0.5 ul of forward
and reverse primer (25 pmol ul™!), 0.5 ul BSA (bovine
serum albumin; 10 mg ml’l), 13 pl Milli-Q water, 1 pl
JumpStart RedTaq polymerase and 2 pl of sample
DNA (50 ng pl™!). The following programme was used:
5 min at 94°C; amplification for 25 cycles, consisting of
denaturing for 30 s at 94°C, annealing for 1 min a 50°C
and extension for 1.5 min at 72°C, and a final extension
of 10 min at 72°C (Hybaid PCR Express Thermal
Cycling machine, Franklin). Primers were supplied by
DNA Technology A/S, dNTPs were supplied by In-
vitrogen, PCR buffer and JumpStart RedTaq polymerase
were supplied by Sigma. The PCR products were run
on a DGGE gel with a gradient of polyacrylamide (6 to
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8 %) parallel to a 35 to 55 % linear denaturant gradient
(100% denaturing gradient contains 7 M urea and
40 ml of formamide 100 ml™!). Electrophoresis was run
for 16 h at 75 V using the Biorad D-code system
(Hercules) in 0.5x TAE buffer. The gels were stained
with SYBR Gold (Molecular Probes) in 1x TAE buffer
(1:10000) and analysed in KODAK 1D Image Analysis
Software. During the PCR and DGGE, internal stan-
dards, were added in order to compensate for experi-
mental variability (Petersen & Dahllof 2005b).

Statistical analysis. Two-way ANOVA, with time
and treatment as fixed factors, was used to test for
significant effects, and when there was a significant
interaction between factors, pair-wise comparisons of
the means were made by the post-hoc SNK (Student-
Newman-Keuls) test. In cases with non-significant
2-way ANOVA, 1-way ANOVA was used to test for
significance on single days. All variables were tested
for effects of the initial nutrient enrichment (Table 1)
and of CPT effects at the 2 different nutrient levels
(Table 2). All ANOVA tests were run in SPSS v.12.0.1.
Significance levels for individual variables are given in
the text.

Two-way permutational multivariate ana-
lysis of variance (PERMANOVA) (Ander-
son 2001, McArdle & Anderson 2001), with
the fixed factors treatment and day, was
used to analyse microalgal composition
and the integrated community structure
and function. Permutation implies random
re-assignment of the observations to the
treatment groups under each variable, with

nutrients [NH,*, NO5~ + NO,~, PO,*", Si(OH),] on 7
occasions (Days 1, 3,9, 16, 24, 31 and 38). The raw data
matrices for integrated community structure and
function were not transformed, but standardised to z-
scores (normalised). These analyses were based on
Euclidean distances. For the community function, the
tests were run on data matrices from the light and the
dark sampling, separately. A total of 9999 permutations
of raw data were used in all tests. To find out when the
CPT treatments (Nu,,,CPT and Nuy;q, CPT) were insep-
arable from their respective controls (Nuy,, & Nuy;gp), a
posteriori pair-wise comparisons were done with the fac-
tor treatment under each level of the factor day. After the
PERMANOVA, tests of permutational multivariate dis-
persion (PERMDISP) were run on the same data matrices
to find differences in within-group dispersion based on
replicate distance to the group centroid. Principal co-
ordinate (PCO) analysis was calculated from the data
matrices and plotted for the 2 axes describing the great-
est percentage of the variation. The multivariate analy-
sis was run using the programs PERMANOVA v.1.6
(Anderson 2001, 2005, McArdle & Anderson 2001), PER-
MDISP (Anderson 2004) and PCO3 (Anderson 2003).

Table 1. Significance (2-way ANOVA) of the effects from the initial 14 d
nutrient addition (Nuy,, Vs. Nupig: low- and high-nutrient level, respec-
tively) on functional (light and dark) and structural variables. Factors used
were day (D) and nutrient (Nu) treatment (T). T: single main factor effect of
Nuy; D x T: significant interaction between factors (p < 0.05 are shown in bold
and p < 0.1 in plain print); NS: no significant effect revealed by 2-way
ANOVA (p > 0.1). Significant on day: day(s) on which the effect was signifi-
cant based on either Student-Newman-Keul's (SNK) test or 1-way ANOVA

(the latter denoted by asterisk)

subsequent re-calculation of the F-statistics.

This is repeated many times in order to Variable Factor p Significant on day
create a distribution of F-values, which Functional variabl

then is used for comparison with the F- L:lg;}ft lonat variables

value from the original data set instead Net oxygen production T 0.07

of tabulated values. The data matrix for Chl a normalised algal production NS 9*
microalgal composition included the rela- Ammonium flux T 0.08 1%, 38"

. Nitrate flux T 0.03 1+, 24~
tive abundance of each of the 47 found tax- Phosphate flux T 0.001 1* 16*,24*. 31
onomic units in the 4 treatments on Days 1 Silicate flux NS 3*
and 24. The algal raw data were neither Dark
transformed nor standardised, and the Oxygen consumption T 0.03 1+, 38"

. Ammonium flux NS 9+ 38*
analysis v.vas. bf’:lS?d .o.n the measure of Nitrate flux DxT 0.008 3 16
Bray-Curtis dissimilarities. Phosphate flux DxT  0.0001 1,3,9,16,24,31

The data matrix for the analysis of inte- Silicate flux NS
grated community structure included the Total denitrification DxT 0.04 1,38
variables chl a, meiofaunal abundance, Bacterial production ) NS
number of 16S gene copies, sediment con- Specific bacterial production T 0.09

; Structural variables
tent of totfﬂ DNA, and organic carbon .and Chl a T 0.006 9 38
organic nitrogen content on 4 occasions Algal cell volume T 0.04
(Days 1, 9, 24 and 38). The analyses of com- Algal diversity NS 24*
munity function were based on data matri- Bacterial abundance T 0.01 9", 38"
ces from dark and light measurements, re- Meiofaunal density DxT 0.08 v
. g ! Meiofaunal diversity T 0.09 24*

spectively, of the fluxes of oxygen and
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Table 2. Significance (2-way ANOVA) of the effects of copper pyrithione (CPT) addition on functional (light and dark) and struc-

tural variables in the Nuy,,, and Nuyy, systems. Factors used were day (D) and CPT treatment (T). T: single main factor effect of

CPT; D x T: significant interaction between factors (p < 0.05 are shown in bold, and p < 0.1 in plain print); NS: no significant effect

revealed by 2-way ANOVA (p > 0.1). Significant on day: the day(s) on which the effect was significant based on either Student-
Newman-Keul's (SNK) test or 1-way ANOVA (the latter denoted by asterisk)

Variable Nuyow Nupign
Factor p Significant on day Factor p Significant on day
Functional variables
Light
Net oxygen production NS 24* 31"
Chl a normalised algal production NS 24
Ammonium flux NS DxT 0.07 16*,24*
Nitrate flux NS 24* T 0.09 3*
Phosphate flux NS DXT 0.001 3,9, 31
Silicate flux NS DxT 0.02 9, 16, 24
Dark
Oxygen consumption DxT 0.003 1,3, 9 DxT 0.09 1*, 24> 31"
Ammonium flux NS DXxT 0.008 1,9, 16
Nitrate flux DxT 0.011 9,38 NS 9%, 16*
Phosphate flux NS DXT 0.04 3,9
Silicate flux DxT 0.006 3,9 16 NS 16*
Total denitrification DxT 0.05 1* T 0.001 1*,24* 38*
Bacterial production NS 38* DXT 0.04 9,24
Specific bacterial production NS 38* DXT 0.004 1,24, 38
Structural variables
Chl a NS 24* NS 24+
Chl a:phaeopigments NS NS 1%, 9
Algal cell volume NS DxT 0.0001 24
Algal diversity NS 24* DxT 0.07 24*
Bacterial abundance T 0.09 9 T 0.10
Meiofaunal density NS NS 24+
Meiofaunal diversity NS NS

RESULTS

The initial enrichment period of 2 wk, aiming at
creating 2 control systems of different nutrient status,
resulted in 7 significant differences in both structural
and functional variables on Day 1 (Table 1). In the
following we define the initial effects of CPT as the
effects occurring on Day 1 of measuring, which was
3.5 d after the first addition of CPT and 0.5 d after the
last addition. This implies that the initial effects most
probably represent a mixture of direct and indirect
effects (Table 2), and that some observations of direct
effects were lost.

Eifects of nutrients and CPT on community structure
Microalgae

Well-developed diatom mats were seen in the Nuy;gp,
system, which was in accordance with a higher chl a
content (p < 0.01) in the Nuyy, cylinders when com-
pared with Nuy,,, cylinders (Fig. 1la,b, Day 1). Micro-
phytobenthos also showed a trend towards species

with larger cell volume in the Nuy,q, systems (ANOVA
p = 0.12; Fig. 1c,d, Day 1); the nutrient enrichment
stimulated particularly the growth of the diatom Ente-
moneis cf. pseudoduplex, which accounted for, on
average, 28 % of the biovolume in the Nuyy, but only
3% in the Nuy,,, system. There was, however, no initial
difference in the diversity of microphytobenthos due
to the enrichment (Fig. le,f, Day 1). Some of the en-
richment effects were present throughout the experi-
mental period, such as higher chl a content (Fig. 1a,b).

Living (fluorescing) cells were allocated to 47 taxo-
nomical units on the level of species or genera and size
classes. The biovolume was dominated by diatoms,
although cyanobacteria (mainly chroococcales) and
flagellates (mainly cryptophytes) were also present.
Initially, 2 Navicula species (20 to 35 pm long) were
most common, accounting for 25 to 55% of the bio-
volume, with no significant effect of either nutrients
or CPT (Fig. 2, Day 1). The diversity (note that H' was
calculated from relative cell numbers, not relative
cell volume) on Day 1 varied between 2.5 and 2.6, with
no difference between any of the treatments (Fig. le,f).

After 3 wk (Day 24), large (>100 pm) sigmoid diatoms
belonging to the genera Pleurosigma and Gyrosigma
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dominated the algal biovolume in the Nuyy, systems
(Fig. 2). The highest dominance in biovolume of a
single species was found in the Nuy,, CPT treatment,
where P. formosum (~300 pm long) accounted for 80
to 84% of the biovolume. This response was also
reflected in a significantly (p < 0.05) increased average
cell volume (Fig. 1d). On Day 24, the proportion of
cyanobacteria was lower in both CPT treatments (0.1
to 2.5 %) when compared with the 2 treatments without
CPT (15 to 25%; Fig. 2). CPT had also affected algal
diversity by Day 24, when the diversity was lower in
the Nuy,, system (p < 0.1), while in the Nuy;CPT
treatment diversity was higher (p < 0.1; Fig. 1e,f). The
chl a content of the sediment had also increased in the
Nuy,igh CPT treatment by Day 24 (p < 0.05; Fig. 1b). The
chl a:phaeopigment ratio was significantly (p < 0.05)
higher for Days 1 and 9 (by 40 and 65 %, respectively)
in the Nuy;;, CPT treatment.

The PCOs for the relative abundance of the 47
taxonomic units (PCOs based on Bray-Curtis dis-
similarity; Fig. 3) show that already on Day 1, though

not significantly, the groups had started to separate.
On Day 24 there was a clear separation between
Nuy,,, and Nuy,, CPT as well as between Nuyg, and
Nuy,;nCPT, and where the Nu,,,,CPT show an overlap
with Nup;gp.

Bacteria

Bacterial abundance was higher (p < 0.05) in the
Nuyign than in the Nuy,, treatment (Fig. 4a,b, Day 1),
and nutrient enrichment also affected bacterial di-
versity, as more bands were visible on the DGGE gel
on Day 1 in Nuyg, compared to in Nuy, (gels not
shown).

In the Nu,,,CPT treatment, bacterial abundance had
increased by Day 9 (p < 0.05; Fig. 4a), but the DGGE
gel showed no change in bacterial diversity when com-
pared to Nuy,,. There was also an increase in the bac-
terial abundance in the Nuyy,CPT treatment with a
main factor effect (p = 0.10; Fig. 4b).



284 Aquat Microb Ecol 48: 277-294, 2007

o]

ISSANAA
R
i

LK
$255%

3
RN

sl
it

Sigmoid diatoms >10
& Diatoms >5

i Diatoms >2
2] Naviculoids 0.5-2

B Other diatoms 0.5-2
£2 Diatoms <0.5

Hl Cyanobacteria
[] Flagellates

Fig. 2. Composition of microphytobenthos on (a—d) Days 1 and (e—h) 24 shown as proportions of total algal biovolume. Identified
taxonomical units have been allocated to 8 major groups. Shown are the mean proportions. Size groups of diatoms are given in
numbers x 10° pm?3. For treatments see Fig. 1

40 - Day 1
20 - A Nulow
‘:'D ® @ Nu,,, CPT
07 < o AA [ ) ‘ Nuhigh
<
20 I:l NuhighCPT
—40 T T T 1
°
ﬁ"
T - Day 24
20 4
0 -
20 4
440 T T T 1
-40 =20 0 20 40

51.8%

Fig. 3. Plots of principal coordinates (PCO) based on the data
matrix of algal composition in the treatments. When sample
groups differ significantly from each other in the PER-
MANOVA within a nutrient regime, they are encircled: low-
nutrient samples with dashed lines and high-nutrient samples
with solid lines. Percentage values on each axis show the
explained variance. For treatments, see Fig. 1

Meiofauna

Meiofauna consisted mainly of nematodes and
harpacticoid copepods. Nutrient enrichment initially
decreased meiofaunal density (p < 0.1) and increased
the proportion of nematodes (Fig. 4e—h, Day 1).

CPT only affected the density of meiofauna on Day 24,
when the density was higher in Nuy,;,CPT than in the
Nuy,q, treatment (p < 0.05; Fig. 41,h).

Macrofauna

Infauna consisted mainly of the polychaetes Nereis
sp., Arenicola marina and Pectinaria sp.; the bivalves
Cerastoderma edule, Mya arenaria, Macoma baltica
and Phaxas pellucidus; and the amphipod Coroph-
ium volutator. The total density of macrofauna was
in the range of 200 to 400 ind. m2 No pattern
specific for any of the treatments was observed, and
the densities were overall low when compared with
our previous studies using the same type of sedi-
ment.

Integrated community structure

The integrated structure (including the variables
chl a, meiofauna, bacterial abundance and sediment
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content of organic carbon and organic nitrogen)
showed a separation based on the nutrient level
(Nuyew vs. Nuyign), more or less throughout the exper-
imental period without any signs of convergence, as
analysed by PERMANOVA and visualised in the
plots of PCOs (Fig. 5). The structure was also clearly
separated between Nuy,, and Nu,,,CPT on Days 9
and 24 (p < 0.05), while a significant separation was
absent within the Nuy;y, system. A higher and lasting
dispersion was caused by the initial nutrient addition
(p < 0.1), and, by the end of the experiment, it
showed that CPT had decreased dispersion in the
Nuy,,, system, while the opposite was seen in the
Nupgn system (both p < 0.1), as analysed by PER-
MDISP.

Effects of nutrients and CPT on community function
Initial effects

The 2 wk nutrient enrichment gave an increase in
total algal and bacterial abundance that resulted in an
overall higher community respiration (CR, dark oxygen
uptake; p < 0.05; Fig. 6a,b, Day 1). The outflux of phos-
phate in Nuy,qp,, particularly during the night (p < 0.05),
indicated that the Nuyy, system was less oxygenated
than the Nuy,, system (Fig. 6i,j), which was in accor-
dance with the observed increase in denitrification in
Nupign (p < 0.05; Fig. 6g,h) and lower density of
meiofauna (p < 0.1; Fig. 4e-h). Oxygen production in
light (microphytobenthic net primary production, NPP)
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had increased by almost 100 % in the Nuyq, system by
Day 1 (p < 0.1; Fig. 7a,b). Concomitantly, ammonium
(p < 0.1) and nitrate (p < 0.05) uptake also increased
in the light (Fig. 7c—f).

In the Nu,y,, system, the initial effects of CPT were
primarily seen as a higher CR (p < 0.05) on Day 1
(Fig. 6a). A higher denitrification was also observed
(p < 0.05) on Day 1 (Fig. 69).

In contrast to the Nuy,, system, the initial effects of
CPT addition in the Nuyg, system led to lower CR (p <
0.1; Fig. 6b), large outflux of ammonium (p = 0.12) and
lower denitrification (p < 0.05; Fig. 6h), all in the dark.
Furthermore, a lower specific bacterial production was
observed (p < 0.05) on Day 1 in Nuy;z,CPT (Fig. 4d).

Later effects

After Day 1, the effects of CPT on oxygen and nutri-
ent fluxes were more often observed in the dark in the
Nuy,,, system, where 7 incidences of significance were
seen versus only 2 in the light (p < 0.1; Table 2). The
exposure to CPT in Nuy,, led to an increase in NPP
(p < 0.05; Fig. 7a, Day 24), as well as nitrate uptake in
the light (p < 0.1; Fig. 7e, Day 24). In the dark, effects
on nitrate flux (Fig. 6e, Days 9 and 38), silicate flux
(Fig. 6k, Days 3 to 16) and oxygen consumption
(Fig. 6a, Days 1 to 9) were evident. The specific bac-
terial production increased on Day 38 (p < 0.1; Fig. 4c).

In the Nuyy, system, CPT effects (p < 0.1) on oxygen
and nutrient fluxes were seen on 10 occasions in the
light versus 9 in the dark (Table 2), and mostly as
larger fluxes. The effects from the CPT addition in the
Nuy,qn system were mainly seen as increased oxygen
production (p < 0.05; Fig. 7b) in the middle of the
experiment (Days 9 to 24), which coincided with
increased silicate and ammonium uptake, both in the
dark and the light (Figs. 61 & 7j). The phosphate fluxes
were also affected by CPT in both the dark and the
light, resulting in a larger release of phosphate from
the sediment on Day 9, but a lower release on Days 3
and 31 (Figs. 6j & 7h) in Nuy;uCPT compared to in
Nuygp. In the mid-period of the experiment, the spe-
cific bacterial production increased (Fig. 4d). There
was a main-factor effect of CPT on denitrification, with
lower rates after CPT additions (p < 0.05; Fig. 6h).

Integrated community function

The integrated community function, including fluxes
of oxygen and nutrients, depicted in the PCO plots
(Fig. 8), showed that the Nuy,, and Nu,,,CPT systems
were significantly separated only on Day 24, in both the
dark and the light as analysed by PERMANOVA and
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PERMDISP (Table 3). The CPT effects on the Nuy,qy, sys-
tems were different temporal patterns in the light and
the dark. In the dark, there was a separation between
groups on Days 1 and 3, with a convergence of groups on
Day 9, followed once again by separation on Day 16, af-
ter which the groups re-converged and tightened up to-
gether until the end of the experiment. In the light, the
groups in the Nuy,, system were not separated on Day 1,

but showed a larger dispersion than in the Nuy, system.
From Day 3 until Day 24, Nuy;g, and Nuy,q,CPT treat-
ments were clearly separated, followed by a re-
convergence and a similar tightening of the groups as
was seen in the dark. The convergence between the
Nuyoy, and Nuyg, systems from Day 31 also showed that
the community functions of the Nuy,y, systems recovered
from the effects of the initial nutrient addition.
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DISCUSSION

Few studies have focused on the effects of low-dose,
short-term exposure to contaminants in multi-species
systems or on a community level (Dahl & Blanck 1996,
Taub 1997, Blanck 2002). The CPT additions used in
our experiment were at the nano-molar level per gram
dry sediment, i.e. similar to the lowest effect con-
centrations found in short-term laboratory micro-
cosm experiments in which CPT was added once to
homogenised and sieved sediment (Petersen et al.
2004). Despite the high natural heterogeneity and vari-
ability of the natural sediment in our mesocosm exper-
iment, effects of these low-dose CPT additions were
measurable in both the high- and low-nutrient sedi-
ments.

General patterns of response

Our results show that nutrient status indeed affected
the sensitivity of the shallow-water benthic commu-
nity, as effects of CPT were more frequently observed
in the Nuy,q, system. Main factor effects or interactions
at the level p < 0.1 were observed for 12 variables
compared with only 5 variables in the Nuy, system
(Table 2). This is similar, though not directly compara-
ble, to the increased effect of trace metals when com-
bined with nutrient enrichment, as described by Breit-
burg et al. (1999). This pattern may indicate a larger
potential of response among organisms—and commu-
nities—under higher nutrient regimes, as has also
been found by Cooke et al. (2006) when using UV as a
combined stressor. Our results also suggest that the
effects of the combination of CPT and nutrients cannot
be predicted by simply adding the effects of nutrients
and CPT, the effects of the combination thus being
non-additive. For example, the diversity of microphyto-
benthos decreased when subjected to CPT only, while
it increased with the combination of CPT and nutrient
enrichment. This agrees with what Vinebrooke (2005)
found in a meta-analysis of experiments combining 2
stressors.

There appeared to be more indirect than direct toxic
effects from CPT, but had the impact of CPT also been
measured directly after the first and second additions
of CPT, the direct effects might have been more evi-
dent. The indirect effects were probably due to the
intricate couplings between trophic levels, where
small or undetectable effects on one level may have
resulted in detectable impacts on another level. Bacte-
ria appeared more sensitive to direct CPT exposure
than did microphytobenthos. On Day 1, bacterial-
specific production was more clearly affected than was
primary production, in the Nuyg, system, and the
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Fig. 8. Integrated community function plotted as principal co-
ordinates (PCO). Coordinates were calculated from the matri-
ces including the fluxes of oxygen and nutrients (ammonium,
nitrate, phosphate and silicate) in the dark and light, respec-
tively. Dashed lines encircle the low-nutrient groups and solid
lines encircle the high-nutrient groups when they differ sig-
nificantly in the PERMANOVA. Percentage values on each
axis show the explained variance. For treatments, see Fig. 1
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Table 3. Results from a 2-way PERMANOVA and PERMDISP test, as well as pair-
wise a posteriori comparisons on the effects of CPT in the nutrient regimes for
both functional and structural variables. Significant p-values <0.05 are in bold

and p-values <0.1 in italics

of CPT in the Nuyg, system was
found for the nitrogen cycle, which
is largely driven by bacterial pro-
cesses, where ammonium fluxes

and denitrification were both sig-

A posteriori pair-wise comparisons

p (PFERMANOVA) p (PERMDISP) p (PERMANOVA) p (PERMDISP)

Niow NUgh nificantly affected
PERMANOVA PERMDISP PERMANOVA PERMDISP Y ' )

The response of functional and
Functional structural variables to CPT additions
Light in both the Nuy,,, and Nuyy, systems
Factor DxT DT DxT DxT resulted in temporal patterns differ-

F 1.02 2.46 4.57 2.36 poral patt
p 0.46 0.047 0.0001 0.05 ent from those observed in the 2 sys-
Dark tems without CPT throughout the
Factor DxT DxT DxT DxT experiment. Also, the temporal pat-
F 2.08 1.39 3.63 4.55 tern of the response often appeared
p 0.01 0.25 0.0002 0.0044 to be opposite for the Nuy, and
Structural Nuygn systems. The integrated com-
i_actor Dl 2 g Ii 2 ?:F ]?) ; ?:r ]i 2 ; munity function showed a signifi-
P 0.10 0.016 063 0.018 cant initial effect of CPT only in the

Nuy;gn system and only in the dark
(Fig. 8, Day 1). This further corro-
borates that the heterotrophic com-

Functional

Light
1 0.25 0.09 0.67
3 0.49 0.3 0.012
9 0.4 0.29 0.031
16 0.83 0.1 0.029
24 0.034 0.099 0.019
31 0.94 1.0 0.23
38 0.41 0.4 0.31

Dark
1 0.24 0.3 0.048
3 0.35 0.4 0.023
9 0.046 0.7 0.066
16 0.15 0.4 0.028
24 0.058 0.4 0.23
31 0.41 0.1 0.066
38 0.33 0.6 0.41

Structural
1 0.75 0.29 0.88
9 0.033 0.31 0.17
24 0.038 0.30 0.35
38 0.62 0.10 0.38

ponent was more affected by CPT
on Day 1 compared to the auto-

0.49 trophic component.

0.097

0.099

gé Structure

0.9

0.1 In studying intact sediments, we
could expect a complex combina-

0.7 tion of direct (toxic) and indirect

0?{‘)29 (food-web mediated) effects to occur

0.1 during the experiment. Direct ef-

0.099 fects may be difficult to discern, as

0.3 they can be masked by indirect

0.096

effects (e.g. Fleeger et al. 2003). In
fact, indirect food-web effects may

01‘500 become more significant than direct
0.'50 toxic effects of a contaminant, par-
0.10 ticularly at low toxicant concentra-

decreased proportion of cyanobacteria among primary
producers also indicated that prokaryotes were more
affected by CPT than eukaryotes. However, lack of
evidence for direct effects on microphytobenthos could
also be due to the fact that effects were first measured
4 d after the first CPT addition. The photoautotrophic
community generally appeared to possess a higher
functional redundancy than did the groups of hetero-
trophic organisms, as also indicated by the more pro-
nounced effects on dark fluxes than on light fluxes.
This could, however, have been caused by both direct
CPT effects on bacteria and indirect effects from addi-
tional labile organic matter. The most evident effect

tions (Preston 2002, Fleeger et al.
2003), as in our study.

Parts of the meiofauna community, i.e. harpacticoid
copepods and polychaete larvae, appeared to be nega-
tively affected by the combination of CPT and nutri-
ents. This was reflected in the Nuy,;;,CPT system as an
indirect top-down effect (decreased grazing pressure)
on the microalgae, which increased in both biomass
and diversity as the dominance of nematodes increased.

CPT did not seem to have any significant direct toxic
effects on the diversity of benthic microalgae. Small-
sized diatoms (<10 pm) could not be identified to spe-
cies level, and, therefore, changes within this size
group may have remained undetected. On the other
hand, this size group made up only <2 % of the algal



Larson et al.: Nutrient status and antifouling biocide 291

bio-volume. It is thought to be quite clear that the algal
composition in the treatments had started to separate
already on Day 1. Changes in the proportion of diatom
size groups were seen, with a general increase towards
larger sized diatoms in the CPT treatment. This size
change might also have lowered the probability for the
algae to be grazed and thereby changed the further
transmission through the food web mediated by the
meiofauna (Vinebrooke et al. 2004). The fact that the
proportion of cyanobacteria initially decreased sug-
gests that prokaryotes were more sensitive to CPT
than were the diatoms. The combined effects of nutri-
ents and CPT later on in the experiment were evident
as strongly stimulated growth of large sigmoid diatoms
and also a higher diversity compared to Nuyg,, which
showed a decrease in diversity. Note that the diversity
index was based on the relative number of cells and
not the algal cell bio-volume. A lower diversity of
microphytobenthos with nutrient enrichment has also
been reported in previous studies (Sundbéack & Snoeijs
1991, Underwood et al. 1998, Agatz et al. 1999). The
higher algal diversity on Day 24 in the Nuy;;, CPT treat-
ment coincided with increased chl a content of the
sediment and increased net oxygen production (Days 9
to 24), and can be interpreted as an indirect response
caused by a top-down effect mediated through de-
creased grazing by meiofauna. A tight coupling has
been found to exist between microphytobenthos and
meiofauna (Pinckney et al. 2003).

We suggest that in the Nu,,CPT system, only a
small initial elimination of sensitive algae occurred due
to lower total algal biomass. In the Nuy;,, CPT system,
the initial elimination was proportionally the same as
that in the Nuy,CPT system, but the larger supply of
nutrients and changed grazing pressure allowed the
growth of opportunistic resistant algae. The increased
microphytobenthic diversity in Nuy,;,CPT is likely to
be connected to the change in composition of meio-
fauna in the same treatment, in combination with the
growth of opportunistic algal species. While species
grazed by nematodes could be expected to have been
proportionally more grazed in this treatment, species
mainly grazed by polychaete larvae and harpacticoid
copepods had an advantage through less competition
for resources and lowered risk of grazing. Both har-
pacticoid copepods and nematodes can be highly
selective in their feeding preferences (Montagna et al.
1995, Azovsky et al. 2005), and the level of grazing can
also be influenced without measurable changes in
meiofaunal density, since toxic substances can have
sub-lethal effects on the activity of the fauna (Carman
et al. 1997). In our experiment this is also suggested by
the simultaneous increase in microphytobenthic bio-
mass, i.e. larger diatom species that were less grazed
by nematodes and grazed earlier by harpacticoid cope-

pods increased and became dominant in biomass,
though not in numbers. Concentration of chl a degra-
dation products are often used as indicators of grazing
pressure, although recently criticised by Ford & Hon-
eywill (2002). The higher ratio of chl a:phaeopigments
during the first week (Days 1 and 9) in the Nuy;;z,CPT
treatment could indicate that the grazing pressure was
lower.

Macrofaunal densities were low in the sediment we
used, especially those of species known to graze on
microalgae, such as the polychaete Nereis diversicolor,
the amphipod Corophium volutator (Smith et al. 1996)
and the bivalve Macoma baltica (Webb 1993). The
gastropod Hydrobia ulvae, which is a major grazer of
microphytobenthos (Blanchard et al. 2000), was not
present at all.

Function

We suggest that the direct toxic effects from the CPT
addition in both systems, despite their different nutri-
ent status, resulted in increased amounts of available
labile organic matter from newly dead organisms.
However, after this initial response, the 2 systems
evolved differently, since the outcome of the indirect
effects depended on the level of available organic
material and regeneration of nutrients. All 4 systems
were strongly autotrophic on a 24 h time scale
throughout the experiment (Sundback et al. 2007).
Below we present a partly hypothetical interpretation
of the functional development of the systems.

In the Nuy, system, the development after CPT
exposure resulted initially in increased community res-
piration, but no indication of increased specific bacter-
ial production was found. Increased specific bacterial
production does, however, not necessarily result in
increased protein synthesis if the bacterial degradation
is dissimilatory. It has also been shown that the oxygen
consumption in heterotrophic organisms can increase
as a stress response to toxicants (Valsecchi et al. 1955,
Odum 1985). The increased bacterial aerobic degrada-
tion in the Nu,,,CPT system is also indicated by in-
creased silicate flux from the sediment. The observed
increase in denitrification on Day 1 in Nu,,,CPT could
have been facilitated by the degradation of labile
organic matter, leading to a less oxygenated envi-
ronment at night, but also by increased substrate
availability in the CPT-amended samples. No initial
effects on the function of the algae were observed in
Nu,,wCPT, as indicated by unchanged oxygen produc-
tion. However, we suggest that the algae were directly
affected by CPT before Day 1, which is indicated by an
increased silicate outflux in both the light and the dark
and a tendency towards lower algal production on
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Day 1. The additional recycling of dead organic matter
in Nu,,wCPT could thereby have hidden effects of CPT,
since the algae in this treatment had a better supply of
nutrients compared to Nu,yy.

In the Nuy,q, system, the initial effects of CPT addi-
tion on Day 1 showed a different response compared to
Nu,,wCPT, despite the assumed same toxic effects of
CPT as in the Nuy,,, systems. The main initial effects in
the Nuy;;,CPT treatment were seen on the nitrogen
cycle. There was an increased outflux of ammonium in
the dark that resulted in a net outflux on a time scale
of 24 h (Sundbéack et al. 2007). Increased bacterial
ammonification of labile organic material and decreased
algal uptake of ammonium could explain these initial
responses of the nitrogen cycle. Furthermore, a de-
creased nitrification rate could also have caused in-
creased ammonium flux from the sediment. Nitrifica-
tion is a process with low functional redundancy
(Wolters et al. 2000), which implies that the effects
from CPT on nitrifying bacteria are easy to recognise.
Direct effects from toxic compounds, e.g. TBT, ZPT and
CPT, on nitrification have been shown to occur, result-
ing in an uncoupling of ATP production, leading to a
short-term stimulation of ammonium consumption
(Dahllof et al. 1999, Petersen et al. 2004). This short-
term stimulation of nitrification does not produce
energy and will eventually result in a reduction of the
nitrification, causing increased ammonium outflux, as
seen on Day 1 in our experiment. Because nitrifiers
also have a low growth rate (Glover 1985), the direct
toxic effects from CPT on nitrifiers occurring initially
would be traceable as decreased nitrification during
the first days of our experiment.

A combined effect on the substrate producers for the
denitrification, as well as on the denitrifying bacteria,
caused the initial effects of CPT on denitrification ob-
served in the Nuy,q, treatment. This led to a decrease in
denitrification of approximately 55 %, which is compa-
rable to results reported by Petersen et al. (2004). This
decrease in denitrification in Nuyy, was in contrast to
the initial increase observed in the Nu,,,, treatment. We
suggest that the effect of CPT on denitrification in Nu-
1owCPT was the same as in Nuy,;;,CPT, but since the
denitrification in the Nu,,, system was probably more
substrate limited, as mentioned above, the CPT effect
of increased labile organic material resulted in a seem-
ingly higher denitrification in the Nu,,,CPT. Since
there probably was lower substrate limitation in the
Nuy,g, system, the observed effects of CPT on the Nuy;g,
system reflected the actual direct toxic effects on deni-
trifiers. The level of denitrification in Nu,,,CPT was
also similar to the level of denitrification in Nuy,, CPT,
reaching a maximum rate of 10 pmol N m2h!,

Effects after Day 1 were more pronounced in the
Nuy;gn system, where significant main effects or inter-

actions (p < 0.05) were present for 8 variables and in a
total of 22 incidences compared to only 3 variables and
8 incidences in the Nu,,, system (Table 2).

The differences in indirect effects between the 2
enrichment regimes suggest that the interaction be-
tween nutrients and CPT could not be predicted
by simple additive effects or by multiplying a factor
related to the degree of enrichment. For example, the
observed stimulation of specific bacterial production
on Days 9 and 24 in Nuy,;;CPT was different from the
indirect effects seen in Nu,,CPT. During the same
period (Days 9 to 24), the chl a concentration of the
sediment and oxygen production in light, together
with the uptake of ammonium and silicate, increased
in the Nuy;;CPT system. This was more or less the
opposite pattern compared to what was found in the
Nu,;,CPT treatment. The increase of denitrification in
Nuy,,,CPT versus the decrease in Nuy,;;,CPT is another
example of the opposite pattern of response. Further-
more, the Nuy,,CPT system bore the signature of
eutrophication, in that bacterial abundance, structural
dispersion and microphytobenthos diversity showed a
similar response to that seen in the Nuy;y, system at
the beginning of the experiment when compared to
the Nuy,, system.

Assuming that the results from our mesocosm exper-
iment can be extrapolated to shallow-water bays with
boating activities—and thereby potential CPT expo-
sure—impacts in both mesotrophic and eutrophic bays
could be expected, but with a different timing of
effects or opposite patterns of response. Since the fre-
quency of CPT impacts during the productive season
ought to be higher than that in our experiment (4
nights of exposure), we can expect direct toxic impacts
and indirect effects to occur simultaneously.

The CPT-induced internal release of labile organic
material within the sediment system, together with
indirect top-down effects through impacted fauna, can
increase the biomass of opportunistic primary produc-
ers, thereby enforcing eutrophication-related symp-
toms. The lowered denitrification and community res-
piration seen in the high nutrient-level system would
further increase the accumulation of nitrogen and
organic material within the system, due to less decom-
position and removal. Such reinforcement of eutrophi-
cation increases the risk of hypoxic events, especially
when the pollution-depressed decomposition is recov-
ering. Thus, the value of the bays as nurseries and
part-time habitats for commercially important fish spe-
cies and other fauna of importance to coastal fisheries
would be decreased for a longer period, also when
surrounding conditions have become sound.

The effects found in our experiment could poten-
tially occur widely in coastal waters. In many cases the
effects would probably be even greater, since these
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areas are exposed to a more or less continuous supply
of anthropogenic nutrients. Also, our experimental
systems represented shallow-water systems that were
strongly autotrophic during the growth season. The
fact that we found more CPT effects in heterotrophic
components and functions suggests that CPT might
have even greater effects on deeper lying, less auto-
trophic sediments.
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