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ABSTRACT: Single-species toxicity studies have been criticised for their inability to test for the effects
of pollution on interacting species in field conditions. Pollution may have indirect effects on organisms
due to changes in the abundance of competitors, predators or species that act as habitat. In marine
hard substrate assemblages, pollution from the heavy metal copper causes predictable changes in the
composition of sessile organisms in field conditions. The effects on mobile invertebrates associated
with these habitats, however, are unknown. We tested the effects of copper on the entire assemblage
of mobile and sessile invertebrates that colonise fouling plates, and demonstrated strong changes in
the composition of mobile taxa due to the presence of copper. Manipulative field experiments parti-
tioned the direct effects of water-borne copper from possible indirect effects mediated through
changes to their habitat. Sessile assemblages were selectively gardened in the absence of copper to
create habitats typical of polluted and unpolluted habitats, and then exposed to copper. The assem-
blages of mobile invertebrates varied between manipulated habitats, indicating that copper can indi-
rectly affect mobile fauna via habitat change. The mechanisms of these effects were then examined
with artificial habitats that mimicked the physical structure of polluted and unpolluted habitats. The
composition of the mobile fauna was again dependent on habitat. In both experiments, there were
interactions between the effect of habitat and the presence of copper, demonstrating the need for
multi-species, field experiments to fully identify the effects of pollutants in natural conditions.
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INTRODUCTION

Understanding the effects of pollution in marine
systems is integral to the ongoing management and
conservation of marine waterways. The impacts of
pollution on marine assemblages have traditionally
been assessed and predicted from studies with single
species under laboratory conditions (ANZECC &
ARMCANZ 2000). This approach has been criticised
for its inability to predict the effects of toxicants on
entire communities in field conditions (Kimball &
Levin 1985, Luoma 1996). The laboratory environment
fails to simulate the chemical and biological complexi-
ties of toxicants and their interaction with the organ-
isms in the receiving environment (Lewis & Cave
1982, Kimball & Levin 1985, Johnston & Keough 2002,
Schiff et al. 2003). These shortcomings have high-
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lighted the need for manipulative field experiments to
explore the potential of toxicants to affect entire com-
munities.

Limited field studies have identified both positive
and negative effects of toxicants on particular species
(e.g. Rygg 1985, Johnston & Keough 2003). Negative
effects of pollutants can be explained by direct toxicity;
however, positive responses are more difficult to com-
prehend. While a positive response may indicate that a
species has directly benefited from pollution (e.g. if a
pollutant, such as sewage effluent, is also a source of
food), this is considered unlikely for highly toxic sub-
stances. It is more probable that positive responses to
pollutants arise from complex indirect effects mediated
through associated species (Rygg 1985). Changes in
the abundance of a focal species may result from
changes in the abundance of that species’ predators,
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competitors or those species used as habitat. Such indi-
rect effects are well documented in the marine envi-
ronment and are acknowledged as an important influ-
ence on marine community structure (Menge 1995).
Despite their likely importance, there are few studies
that have explicitly tested for possible indirect effects
of toxicants in any natural ecosystem (see Johnston &
Keough 2003 for an exception).

Most sessile marine organisms provide food and/or
habitat for a diverse and abundant assemblage of small
mobile invertebrates (e.g. seagrass, Jernakoff et al.
1996; macroalgae, Poore et al. 2000; sessile inverte-
brates, Bradshaw et al. 2003). With changes to the
composition and physical structure of such biogenic
habitats in the presence of pollution, it is highly likely
that pollution can influence mobile invertebrates both
directly (via water-borne contaminants) and indirectly
through changes to their habitat. Indirect effects are
likely as both biological (e.g. species identity, Poore et
al. 2000; provision of food, Holloway & Keough 2002)
and physical (e.g. habitat complexity, Almany 2004)
characteristics of sessile assemblages can strongly
affect the abundance and composition of associated
mobile invertebrates.

In hard substrate assemblages, manipulative field
experiments have found that pollution by the heavy
metal copper has both direct and indirect effects on
sessile marine invertebrates (Johnston & Keough 2002,
2003). In the presence of copper, the density of solitary
ascidians dramatically decreases, while the abundance
of serpulid polychaetes greatly increases. The increase
in serpulids in the presence of copper was an in-
direct effect of the pollutant, mediated through compe-
tition for space (Johnston & Keough 2002, 2003). Given
that these sessile invertebrates are also habitat for
a diverse array of small, mobile invertebrates, the
demonstrated effects of copper on sessile assemblages
may have further consequences for the ecology of the
entire assemblage.

Despite the likelihood of pollution affecting mobile
invertebrates indirectly (via changes to the habitat), no
field experiments have examined both direct and indi-
rect effects of a toxicant on an entire assemblage of
mobile invertebrates. To address this shortcoming, we
aim to test the relative importance of direct and indi-
rect effects of copper pollution on the mobile inverte-
brates associated with hard-substrate sessile assem-
blages. We asked 3 specific questions: (1) Are natural
assemblages of mobile invertebrates affected by cop-
per pollution? (2) Are any changes in the assemblage
of mobile invertebrates in the presence of copper
caused by the toxicant directly, or indirectly by
changes in the associated sessile fauna? (3) Are any
indirect effects on the mobile fauna due to changes in
the physical structure of the habitat alone?

MATERIALS AND METHODS

Study site and organisms. The 2 study sites used for
these experiments were Kurnell Pier in Botany Bay
(34°00"15" S, 151°12'42" E) and Chowder Bay in Port
Jackson (33°50'23" S, 151°15'10" E), both in the Syd-
ney region, Australia. Heavy metal concentrations in
the water and sediments are negligible at both sites
(Birch 1997, Piola & Johnston 2006). In temperate re-
gions on the east coast of Australia, hard-substrate
fouling organisms typically consist of species of en-
crusting and arborescent bryozoans, sponges, colonial
and solitary ascidians, filamentous and foliose algae,
barnacles and tube-dwelling polychaetes (Glasby
1997). These organisms readily settle on artificial sub-
strates (e.g. perspex plates). The mobile invertebrates
associated with these sessile organisms include gam-
marid and caprellid amphipods, isopods, mobile poly-
chaetes, gastropods and harpacticoid copepods (see
‘Results’).

Eifects of copper on entire hard substrate assem-
blages. A contrast of the assemblages that formed in
the presence of copper-based antifouling paint with
those in the absence of copper was used to test the
effects of copper on the abundance and composition of
both sessile and mobile fauna simultaneously. Interna-
tional Micron Extra® copper-based antifouling paint
was used as the reference toxicant in this and subse-
quent experiments, and is recognised as a relevant and
effective field-based dosing system (Webb & Keough
2002, Piola & Johnston 2006).

Sixteen black perspex settlement plates (11 x 11 cm)
were used as the replicate habitat units on which
organisms were allowed to settle. Prior to use, all set-
tlement plates were acid washed in 5 % nitric acid for a
minimum time of 48 h and then rinsed with freshwater
(APHA 1995). A 2.5 cm wide border of International
Interprotect® epoxy primer was painted around the
outside of all plates, leaving 6 x 6 cm of unpainted sub-
strate in the centre of the plate for settlement. Eight
plates were dosed with copper by painting 2 coats of
copper antifouling paint over the primer, while 8 con-
trol plates received no antifouling paint. To prevent
cross-contamination between the copper and control
treatments, plates were individually bolted inside 2 1
plastic containers. Each replicate was then bolted onto
the underside of two 60 x 60 cm PVC backing plates.
The copper treatments and controls were randomly
dispersed among and within the 2 backing plates.
All fasteners were made of marine-grade stainless
steel to minimize the potential effects of metal pollu-
tion from corrosion.

The plates were suspended horizontally at a depth
of approximately 3 m below the low water mark
at Kurnell Pier, and remained submerged for 4 mo.
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The painted borders of copper paint and control primer
were wiped with scourers every few weeks to remove
developing biofilms and to ensure the continued re-
lease of copper ions. After 4 mo, the plates were col-
lected using SCUBA. To minimise disturbance to the
mobile fauna, one diver held the backing panel steady
while a second diver carefully sealed a lid onto each
21 container. The plates were therefore completely en-
closed before being carefully extracted from the water
and brought back to the lab. All organisms associated
with the plates were preserved with 5 % formaldehyde.

Samples were rinsed and passed through a 300 pm
sieve to retain mobile invertebrates. Using a dissecting
light microscope, all individuals were identified and
counted within the following taxonomic groups: gam-
marid amphipods, caprellid amphipods, isopods, poly-
chaetes, copepods, gastropods and ostracods. Once
counted, samples were transferred to 70 % ethanol for
long-term storage. The abundance of sessile organisms
on the plates was recorded as percentage cover for
colonial ascidians and bryozoans, and as counts per
plate for barnacles, serpulid worms and solitary ascidi-
ans. Barnacles were counted in 2 size classes; small
(<4 mm) and large (>4 mm) due to very large number
of recently recruited barnacles that did not take up a
substantial amount of settlement space.

The difference in composition of mobile taxa be-
tween the copper and control treatments was visualised
using an MDS ordination, and analysed using permuta-
tional multivariate analysis of variance (PERMANOVA;
Anderson 2001, available at www.stat.auckland.ac.nz/
~mja). Separate analyses were conducted with the ses-
sile organisms to confirm predicted changes in habitat.
The abundances of the most commonly collected taxa
were contrasted between copper and control treat-
ments with t-tests.

Experimental manipulation of sessile assemblages.
The effects of copper on mobile invertebrates (see '‘Re-
sults') could arise from direct effects of the water-borne
copper or indirect effects mediated through changes to
the sessile assemblages. To separate these direct and
indirect effects of copper, we contrasted the effect of
copper on mobile invertebrates that colonised the fol-
lowing 3 habitat treatments: (1) assemblages manipu-
lated to resemble those found at polluted sites (2)
assemblages manipulated to resemble those found at
unpolluted sites, and (3) unmanipulated assemblages.

Thirty-six settlement plates (6 x 6 cm) were suspended
horizontally under Kurnell Pier for 4 mo. During this
time, habitat manipulations were made by selectively
gardening organisms approximately every 2 wk to
achieve a serpulid-dominated habitat (to simulate a pol-
luted habitat), or an ascidian-dominated habitat (to sim-
ulate an unpolluted environment). There were 12 plates
in each manipulated treatment, and 12 as an unmani-

pulated control. All habitat manipulations were done in
the absence of copper. After 4 mo, when the sessile as-
semblages had established and there were clear differ-
ences between the habitat treatments, copper antifoul-
ing paint was added to half the plates within each habitat
treatment. Individual plates were bolted onto a larger (11
x 11 cm) plate, which was prepared as either a copper
treatment using anti-fouling paint or as a control using
epoxy primer (as described above). To prevent cross-
contamination, each replicate was placed inside a 2 1
plastic container and bolted onto one of 3 backing pan-
els. Plates were maintained in a pool of local seawater to
prevent desiccation during this procedure prior to their
resubmergence. There were 6 replicate plates in each
combination of the copper and habitat treatments. Treat-
ments were randomly interspersed on backing plates.

After 5 d, the plates were collected and the mobile
and sessile invertebrates counted using the procedures
as described above; 5 d was found to be sufficient time
for the colonisation of mobile invertebrates without
changes in the cover of sessile organisms due to the
presence of copper (see ‘Results: Experimental manip-
ulation of sessile assemblages’). The differences in the
composition of mobile and sessile invertebrate taxa
between the treatments were visualized by MDS ordi-
nation plots and analysed by a 2-factor PERMANOVA
with copper and gardening treatments as fixed factors.
The abundance of the most commonly collected mobile
and sessile taxa were contrasted among treatments
using 2-factor ANOVA.

Effects of copper in artificial habitats. Indirect ef-
fects of copper on the mobile fauna, mediated through
changes to the sessile assemblages, could arise due to
changes in the species composition of the sessile
organisms, or simply changes to the physical structure
of the habitat. To isolate whether the physical structure
of habitat alone affects mobile fauna, we used artificial
assemblages to mimic the physical structure of those
assemblages found in polluted and unpolluted sites.
The copper treatment was applied to each type of
artificial habitat in a factorial design.

Artificial habitats that mimicked the serpulid-domi-
nated habitats occurring at a polluted site were created
by cutting up plastic into serpulid-sized fragments
approximately (0.3 x 2 x 0.1 cm), while ascidian-domi-
nated habitats mimicking unpolluted sites were cre-
ated with life-size plastic grapes and a few serpulid
fragments. The habitat structure was consistent among
replicates within each mimic treatment. Sixteen mimic
habitats for each treatment were constructed on 6 X
6 cm perspex plates. The plates were each bolted onto
11 x 11 cm plates, half treated with copper paint and
half with epoxy primer as a control. There were 8 repli-
cates for each combination of the habitat and copper
treatments. Each plate was then placed inside 2 1 con-
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tainers and deployed as described above. The panels
were submerged in approximately 3 m of water from
the shark net at Chowder Bay. This site enabled plates
to be suspended vertically against a substrate contain-
ing a well-established assemblage of mobile and ses-
sile invertebrates. Such placement is thought to medi-
ate the rapid recruitment of mobile invertebrates
(Glasby & Connell 2001). Pilot studies had shown rela-
tively few mobile invertebrates colonising the artificial
habitats at Kurnell Pier over short time scales.

After 2 wk, the plates were collected and the mobile
invertebrates were counted using the procedures as
described above. The duration of the experiment was
longer than the 5 d exposure above as pilot studies had
shown that a 5 d period was insufficient to attract large
numbers of invertebrates to the artificial habitats. The
differences in the composition of mobile taxa between
the treatments were visualized by MDS ordination
plots and analysed by a 2-factor PERMANOVA with
copper and habitat as fixed factors. The abundances of
the most commonly collected mobile taxa were con-
trasted among treatments using 2-factor ANOVA with
copper and habitat as fixed factors.

Statistical analyses. Multivariate analyses were per-
formed using PERMANOVA (Anderson 2001). The
Bray-Curtis dissimilarity measure was used as the dis-
tance metric with 9999 permutations for the probability
tests. Data for sessile organisms were standardised to
equal abundance per sample as some variables were
counts and others percentage cover. MDS ordination
plots were created using Bray-Curtis similarities and
the software Primer (Clarke & Warwick 1994). Univari-
ate t-tests and ANOVA were performed using SYSTAT
10 (SPSS, 2000). Data were assessed for normality and
homogeneity of variance using frequency histograms
of residuals, and plots of residuals versus means,
respectively. When required, arcsine (square-root),
log, or square-root transformations were applied.

RESULTS

Effects of copper on entire hard substrate
assemblages

Contamination of hard substrate assemblages by cop-
per caused the predicted changes in the composition of
sessile (habitat forming) organisms (Fig. 1a, PERMA-
NOVA, F=5.25,df=1,14, p < 0.001). Copper increased
the number of serpulids (t=2.34, df = 14, p = 0.035) and
small barnacles (t=2.69, df = 14, p =0.018), and reduced
the cover of bryozoans (f=1.19, df = 14, p =0.005, arcsine
transformed data) and the number of large barnacles
(t=4.14,df =14, p=0.001). On the copper-treated plates,
the counts of solitary ascidians and cover of colonial

(a) sessile invertebrates

Copper
treatment

O control
® copper

(b) mobile invertebrates

[ 4 o °
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Fig. 1. MDS ordination contrasting invertebrate assemblages
in the presence and absence of copper. Ordination of (a) ses-
sile fauna based on counts per plate or percentage cover of
all major taxonomic groups recorded, with data standardised
to equal abundance per plate (stress = 0.03); ordination of (b)
mobile fauna based on counts per plate of major taxonomic
groups (stress = 0.05). Both conducted with the Bray-Curtis
similarity index

ascidians decreased in comparison to the control plates
but these differences were not significant (t< 1.18, df =
14, p > 0.1). Overall recruitment of sessile invertebrates
was reduced in the presence of copper, with a greater
area of the settlement plates bare (40 % vs. 3% in con-
trols, t=4.18, df = 14, p < 0.001).

The composition of the mobile invertebrate assem-
blage associated with the sessile invertebrates varied
between the copper and control treatments (Fig. 1b,
PERMANOVA, F = 10.15, df = 1,14, p < 0.001). Gam-
marid amphipods were the most abundant mobile
invertebrates, with almost half as many on the copper
plates compared to the control plates (Fig. 2a, t = 3.70,
df = 14, p = 0.002). The abundance of mobile poly-
chaete worms was also greatly reduced by the pres-
ence of copper (Fig. 2b, t = 3.41, df = 14, p = 0.004). In
contrast, caprellid amphipods were more abundant on
the copper treated plates than on the control plates
(Fig. 2¢, t = 3.12, df = 14, p = 0.008). There were no
treatment effects on the abundance of copepods and
gastropods (Fig. 2d,e, t< 1.55, df = 14, p > 0.15).

Experimental manipulation of sessile assemblages

The selective removal of sessile organisms success-
fully created 2 distinct habitats in addition to the un-
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Fig. 2. Effect of copper on abundance of mobile invertebrates

inhabiting sessile assemblages. Data are mean counts per

plate (£SE) of: (a) gammarid amphipods, (b) polychaetes,

(c) caprellid amphipods, (d) copepods and (e) gastropods
(n = 8 per treatment)

manipulated control (Fig. 3a, Table 1, all levels of the
habitat treatment differed in pairwise tests following
PERMANOVA). The manipulations resulted in an
abundance of serpulids in the serpulid-dominated

Table 1. Two-factor PERMANOVA contrasting the composition of (a) sessile inver-
tebrates and (b) mobile invertebrates among habitat treatments in the presence or
absence of copper (n = 6 per combination of treatments). Analysis of sessile fauna
based on counts per plate or percentage cover of all major taxonomic groups
recorded, with data standardised to equal abundance per plate. Analysis of mo-
bile fauna based on counts per plate of major taxonomic groups with data square-
root transformed and using the Bray-Curtis dissimilarity index. *Significant result
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Fig. 3. MDS ordination contrasting invertebrate assemblages in
the presence and absence of copper across 3 habitat treat-
ments; (1) ascidian dominated, (2) serpulid dominated, and (3)
unmanipulated. Ordination of (a) sessile fauna based on counts
per plate or percentage cover of all sessile major taxonomic
groups recorded with data standardized to equal abundances
per plate (stress = 0.07); ordination of (b) mobile fauna based
on counts per plate of major taxonomic groups (stress = 0.08).
Both ordinations conducted with Bray-Curtis similarity index

habitat approximately 5 times that of the controls (F =
28.56, df = 1,30, p < 0.001). The habitat manipulation
did not successfully increase the abundance of colonial
ascidians in the ascidian-dominated habitat (F = 2.86,
df = 1,30, p = 0.91). Solitary ascidians recruited in very
low numbers and were not analysed. The 2 manipu-
lated habitats had lower abundance of large barnacles
(habitat treatment, F=45.25, df = 1,30, p < 0.001) and
a higher cover of bare space (F=12.06, df = 1,30, p <
0.001) relative to the unmanipulated controls. The
abundance of small barnacles and the percentage
cover of bryozoans did not differ among the habitat
treatments (F< 3.63, df = 1,30, p > 0.06). The 5 d expo-
sure to copper at the end of this experi-
ment caused no changes to the abun-
dance of any sessile taxa (copper
treatment, F< 0.32, df = 1,30, p > 0.58
for all tests). There were no significant
interactions between the habitat and
copper treatments with the exception
of serpulids (F = 14.52, df = 1,28, p <

0.001). Tukey's post-hoc tests on the
abundance of serpulids confirmed that
short-term exposure to copper did not

(p <0.05)
Source df (a) Sessile invertebrates (b) Mobile invertebrates
MS F P MS F P
Copper 1 1009.53 0.77 0.61 174274 597 <0.001*
Habitat 2 8622.42 6.55 <0.001* 112043 3.84 <0.001*
Copper x Habitat 2 885.47 0.67 0.79 1473.73 5.05 <0.001*
Error 30 1316.30 291.89

affect their abundance in any of the
3 habitats, and that they were signifi-
cantly more abundant in the serpulid-
dominated than the ascidian-dominated
habitat.
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The composition of the mobile invertebrate assem-
blage was strongly dependent on both habitat and the
presence of copper, with the 2 factors interacting to
determine assemblage structure (Fig. 3b, Table 1, all
levels of the habitat treatment differed in pairwise tests
following PERMANOVA) and the abundance of indi-
vidual taxa (gammarid and caprellid amphipods, cope-
pods, Fig. 4). Gammarid amphipods were the most
abundant mobile invertebrates, with abundances
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Fig. 4. Effect of copper on the abundance of mobile inverte-
brates across 3 habitat treatments; (1) ascidian dominated, (2)
serpulid dominated, and (3) unmanipulated. Data are mean
counts per plate (+SE) of: (a) gammarid amphipods, (b) caprel-
lid amphipods, (c) copepods and (d) polychaetes (n = 6 per
treatment). For taxa displaying significant interaction between
habitat and copper treatment, bars sharing the same letter do
not differ significantly in Tukey's post-hoc tests

reduced in the presence of copper in the natural and
ascidian-dominated habitats, but not the serpulid-
dominated habitat (Fig. 4a, Table 2a). In contrast, the
abundance of caprellid amphipods was significantly
higher in the presence of copper in the natural assem-
blage, and unaffected by copper in the 2 gardened
assemblages (Fig. 4b, Table 2b). Copper reduced the
abundances of copepods in the natural assemblage
and had no effect in the 2 gardened assemblages
(Fig. 4c, Table 2c). Neither habitat nor copper affected
the abundance of mobile polychaete worms (Fig. 4d,
Table 2d).

Effects of copper in artificial habitats

The artificial habitats were colonized by an abundant
assemblage of mobile invertebrates. The composition of
this assemblage was again strongly dependent on both
habitat and the presence of copper. These factors, how-
ever, did not interact to determine assemblage structure
(Fig. 5, Table 3). Gammarid amphipods were again the
most abundant taxon, with lower abundance in the pres-
ence of copper (reduced by approximately 60 %) and on
the artificial serpulid habitat (Fig. 6a, Table 4a). The
abundance of isopods was similarly affected by copper,

A
A = u] Artificial Copper

A a habitat treatment
A th a control copper
A n W —
,MéV O gO ascidian| A v

v n serpulid| 0O n
[
[ [

Fig. 5. MDS ordination contrasting mobile invertebrate assem-
blages in the presence and absence of copper in 2 artificial
habitats. Habitats mimic either an ascidian-dominated habitat
or a serpulid-dominated habitat. Ordination based on counts
per plate of major taxonomic groups and conducted with Bray-
Curtis similarity index (stress = 0.09) (n = 8 per treatment)

Table 2. Two-factor ANOVA contrasting abundance of (a) gammarid amphipods, (b) caprellid amphipods, (c) copepods, and
(d) polychaetes among habitat treatments in the presence and absence of copper (n = 6 per combination of treatments). Data
for (a), (b) and (d) were log transformed *Significant result (p < 0.05)

Source df (a) Gammarid amphipods (b) Caprellid amphipods (c) Copepods (d) Polychaetes

MS F p MS F p MS F p MS F p
Copper 1 3.73 24.44 <0.001* 0.01 0.02 0.89 46.69 14.37 <0.001* 0.60 1.88 0.17
Habitat 2 034 221 0.13 3.03 590 0.01* 16.58 5.10 0.01* 128 4.05 0.05
Copper x Habitat 2 0.77 5.01 0.01* 4.79  9.32 <0.001* 82.69 2544 <0.001* 0.53 167 021
Error 30 0.15 0.51 3.25 0.32
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but there were no differences between the 2 habitats
(Fig. 6b, Table 4b). The copper and habitat treatments
interacted to determine the abundance of copepods,
with the 2 habitats only differing in the absence of

Table 3. Two-factor PERMANOVA contrasting composition of
mobile invertebrates between artificial habitat treatments in
the presence and absence of copper (n = 8 per combination of
treatments). Analysis based on counts per plate of major taxo-
nomic groups with data square-root transformed and using the
Bray-Curtis dissimilarity index. *Significant result (p < 0.05)

copper (Fig. 6¢, Table 4c). Gastropods and polychaetes
were unaffected by copper, and both were more abun-
dant on the mimic ascidian habitat than on the mimic
serpulid habitat (Fig.6d,e, Table 4d,e).

DISCUSSION
Eifects of pollutants on mobile invertebrates

This study is the first to reveal that pollution from
water-borne copper alters the mobile invertebrate ass-

Source df MS F p emblages as§0c1at§d with .hard substrates. Although
many ecotoxicological studies have demonstrated that
Copper 1 2771.02 17.83  <0.001* pollutants can affect mobile invertebrates, these studies
Habitat _ 1 113589 731 <0.001" have generally been confined to soft sediments (e.g.
gror%?er x Habitat é fggg; 1.709 015 Stark 1998, Trannum et al. 2004) or single-species labo-
' ratory studies (e.g. Schratzberger et al. 2002). The
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not differ significantly in Tukey's post-hoc tests

Table 4. Two-factor ANOVA contrasting abundance of (a) gammarid amphipods, (b) copepods, (c) isopods, (d) gastropods and
(e) polychaetes between artificial habitat treatments in the presence and absence of copper (n = 8 per combination of treatments).
Data for (a) were log transformed. *Significant result (p < 0.05)

Source df (a) Gammarid amphipods (b) Isopods (c) Copepods (d) Gastropods (e) Polychaetes
MS F P MS F P MS F P MS F P MS F P

Copper 1 7.92 53.91<0.001* 162 25.45<0.001* 892.53 63.21<0.001* 3.78 2.11 0.16 8.00 3.16 0.09

Habitat 1 7.24 49.28<0.001* 12.5 1.96 0.17 371.28 26.29<0.001* 140.28 78.36<0.001* 24.50 9.66 0.004*

Copper x 1 0.06 041 0.53 6.13 0.96 0.34 205.03 14.52<0.001* 0.78 0.44 0.51 2.00 079 038

Habitat

Error 28 0.15 6.37 14.12 1.79 2.536
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marine assemblage investigated in this field study is
characteristic of temperate, hard-substrate, shaded com-
munities dominated by ascidians, bryozoans, barnacles
and serpulids (Glasby & Connell 2001). The associated
mobile assemblage was dominated by gammarid amphi-
pods, with harpacticoid copepods, caprellid amphipods,
gastropods and mobile polychaetes present in lower
abundances. Complex interactions between the sessile
and mobile communities greatly influenced the effect of
pollution on the entire assemblage.

Ecotoxicological field studies on marine sessile com-
munities have found that pollution dramatically alters
community composition (e.g. Johnston & Keough 2002,
2003). In our study, the composition of the sessile marine
assemblages was similarly affected by water-borne cop-
per. Clean habitats were dominated by colonial ascidi-
ans and large barnacles, while polluted habitats were
dominated by serpulids and small barnacles. This is re-
markably consistent with the effect of copper pulses at a
site in Port Philip Bay, Victoria, Australia (Johnston &
Keough 2002). The compositional change in sessile
fauna alters the structural complexity of the habitat with
more uncolonised space present in polluted habitats.

In addition to changing the composition of sessile as-
semblages, exposure to copper dramatically altered the
abundance of associated mobile invertebrates. Some
mobile invertebrates were disadvantaged by copper pol-
lution (gammarid amphipods and mobile polychaetes),
some were advantaged by copper pollution (caprellid
amphipods) while others showed no effect of copper pol-
lution (gastropods). The range of effects of copper on dif-
ferent groups of mobile fauna cannot be explained by a
single mechanism. Negative effects may be due to direct
toxicity, or behavioural avoidance of contaminated sites
(Wiklund et al. 2006). Many studies on single species
have demonstrated the toxicity of copper to marine in-
vertebrates, including amphipods (e.g. Reish 1993),
copepods (e.g. Hall et al. 1997) and polychaetes (e.g.
Rees 1983). While the concentration of copper ions re-
leased from the antifouling paint was not measured in
this study, past analyses using a similar dosing technique
found copper concentrations ranging between 7 and
120 pg It (Webb & Keough 2002). The large range of val-
ues was due to variations in site and season, yet even the
lowest values are high enough to cause chronic toxicity
to a number of taxa, and acute toxicity to some extremely
sensitive species (Hall & Anderson 1999). Behavioural
avoidance of plates dosed with copper is also likely, with
many studies showing that the epifauna associated with
sessile marine organisms is highly mobile (e.g. Martin-
Smith 1994, Poore 2004), Such mobility will allow
animals to depart contaminated sites, or select against
such sites when colonising new habitats. Differences
among taxa in the direct responses to copper may relate
to differential mobility, and/or sensitivity.

While caprellid amphipods are highly mobile (Mar-
tin-Smith 1994), and potentially able to avoid contami-
nated substrates, their abundance increased in the
presence of copper. The positive response of caprellid
amphipods indicates an indirect effect of copper and at
least some tolerance to this metal. Tolerance to copper
is achieved through various detoxification and excre-
tory processes and has been observed in many marine
invertebrates in the past, including crustaceans (Cor-
reia et al. 2002, Marsden & Rainbow 2004). We know of
no ecotoxicological studies involving copper and cap-
rellid amphipods. The response of some caprellid spe-
cies to tributyltin has been studied, with their ability to
degrade TBT suggested to be lower than that of gam-
marid amphipods (Ohji et al. 2002, 2005). Even if the
caprellids studied here were tolerant of copper, it is
unlikely that such a highly-toxic substance would
directly benefit these species (Rygg 1985). Positive
effects of toxic pollutants are far more likely to arise
due to complex indirect effects.

Copper could indirectly affect mobile invertebrates
through changes to the associations among mobile spe-
cies, and via changes to the habitat. Negative correla-
tions between the abundance of caprellid and gammarid
amphipods in both the presence and absence of copper
in the natural assemblages suggest interspecific compe-
tition between these taxa. Such associations between
mobile fauna are poorly understood. While marine epi-
faunal assemblages can be food-limited in both algal
(Edgar & Aoki 1993) and seagrass (Edgar 1990) systems,
and thus may compete for food, there is as yet no strong
evidence of competition between associated mobile
invertebrates (Gunnill 1984, Poore et al. 2000).

Eifects of pollution mediated through changes in
habitat

Biogenic habitats influence their associated mobile
fauna both physically and biologically (Kelahar 2002),
so any change in their composition or structure due to
pollution is likely to influence the array of associated
mobile organisms. The gardening and artificial habitat
manipulations partitioned the effects of water-borne
copper pollution from the indirect effects of habitat
change. The gardening manipulation successfully cre-
ated 2 distinct habitats. The gardened polluted habitat
successfully mimicked copper polluted assemblages as
it was dominated by serpulids (Johnston & Keough
2000, 2002). Serpulids are good colonisers but poor
competitors (Kay & Keough 1981), so freeing up bare
space often initiates a positive response from these
organisms. The gardened unpolluted habitat was also
dominated by similar species to those that naturally
occur on shaded unpolluted hard-substrata (e.g. colo-
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nial and solitary ascidians; Johnston & Keough 2000,
2002).

Distinct assemblages of mobile invertebrates be-
tween the 2 gardened habitats revealed for the first
time that copper pollution indirectly affects mobile
fauna, with the indirect effects mediated through
changes in habitat composition. Gammarid amphipods
responded negatively to copper exposure directly as
well as indirectly through pollution-induced habitat
change. Such marked negative effects of pollution
could have wide implications, as gammarids are highly
abundant in most marine habitats in temperate Aus-
tralia (e.g. algal beds and sponge beds, Poore et al.
2000) and are an important food source for many fish.
Caprellid amphipods again displayed a positive re-
sponse to the toxicant, with no evidence of an indirect
effect mediated through habitat. Further work is re-
quired to explain the generally positive response of
caprellids to this highly toxic substance. Species-level
discrimination of such samples would aid in identifying
tolerant species and contribute to a further under-
standing of community level responses to toxicants.

While the gardened habitats were made up of sessile
species that are found in polluted and unpolluted sites,
the gardening manipulation was unable to separate
the physical and biological influence of habitats on
their associated mobile invertebrates. The use of artifi-
cial habitats allowed a test of the importance of the
physical structure of these habitats alone on the associ-
ated mobile invertebrates. While artificial habitats are
only representative of their natural counterparts, they
have been widely used to test hypotheses about the
distribution of mobile invertebrates (e.g. Dean 1981,
Edgar 1991, Kelahar 2002), due to their ease in provid-
ing replicate substrates of known physical structure
(Glasby & Connell 2001). This is the first time that arti-
ficial habitats have been specifically designed to mimic
polluted and unpolluted habitats. This habitat manipu-
lation again demonstrated that the changes to habitat
as expected from exposure to copper will strongly
affect the associated mobile fauna. In this case, these
indirect effects of pollution are clearly mediated
through the physical structure of the habitat alone
rather than its biological composition. Most taxa (gam-
marid amphipods, isopods, gastropods and poly-
chaetes) were more abundant on the physical structure
associated with unpolluted habitats. These results are
consistent with many that demonstrate increased
invertebrate abundance in habitats of greater struc-
tural complexity (e.g. Connolly 1997, Almany 2004).

In contrast to these taxa, copepods were most abun-
dant in the artificial polluted habitat, but only in the
absence of copper. The interactive effects of copper
and habitat in determining animal abundance in this
and the previous experiment highlight the complex

effects of pollution on sessile marine communities. The
effects of copper on gammarid and caprellid amphi-
pods in the gardening experiment, and on copepods in
both manipulative experiments, were dependent on
habitat types. Differences in the responses of taxa
across experiments also indicate that toxicant effects
are not easily predicted in field conditions.

CONCLUSIONS

Copper-based antifouling paint dramatically altered
the abundance and composition of hard-substrate foul-
ing assemblages characteristic of ports and harbours in
temperate regions. These assemblages are commonly
exposed to antifouling paints through shipping traffic
and following the banning of tributyltin, the use of cop-
per-based antifouling paints is set to increase (IMO
2001). The direct and indirect effects of copper demon-
strated in this study can potentially be observed in a
large proportion of ports and harbours in temperate
regions of the world. This has broad implications, as
mobile invertebrates are a significant component of
local biodiversity and an important source of food for
many species of fish.

The prevalence of interactions between a toxicant
and its receiving habitat emphasises the complexities
of natural systems and highlights the need for manipu-
lative field ecotoxicological studies to clarify the actual
effects of pollution on natural marine systems. Without
field studies, indirect effects of pollutants can be nei-
ther detected nor understood (DeAngelis 1996, John-
ston & Keough 2003). The complex effects of copper on
hard-substrate assemblages and their associated
mobile invertebrates, as detailed in this study, suggest
that there will be indirect effects of disturbances such
as pollution in other habitats where mobile fauna are
associated with biogenic habitats. There is a diverse
array of mobile fauna associated with a host of bio-
genic habitats including macroalgae (e.g. Poore et al.
2000), seagrass beds (e.g. Edgar 1992) and mussel
beds (Chapman et al. 2005). The protection of this
component of marine biodiversity requires an under-
standing of both the direct impacts of pollution and the
indirect effects resulting from changes to the biogenic
habitats on which they depend.

Acknowledgements. We thank B. Cumbo, C. Barclay,
K. Monro, N. Hill, R. Piola, D. Roberts, K. Dafforn and K. Stu-
art for assistance in the field, and K. Monro and I. Suthers for
comments that have improved this manuscript. We are grate-
ful to L. Hughes for her assistance in the development of arti-
ficial assemblages, and to K. Gotham for providing access to
Caltex Pier. This research was supported by Australian
Research Council Discovery Projects DP0556372 to A.G.B.P.
and DP0452495 to E.L.J.



204 Mar Ecol Prog Ser 326: 195-205, 2006

LITERATURE CITED

Almany GR (2004) Does increased habitat complexity reduce
predation and competition in coral reef fish assemblages?
Oikos 106:275-284

Anderson MJ (2001) A new method for non-parametric multi-
variate analysis of variance. Aust Ecol 26:32-46

ANZECC (Australian and New Zealand Environment and
Conservation Council), ARMCANZ (Agriculture and
Resource Management Council of Australia and New
Zealand) (2000) Australian and New Zealand guidelines
for fresh and marine water quality, Vol II. Aquatic ecosys-
tems rationale and background information. Australian
and New Zealand Environment and Conservation Council,
Canberra

APHA (American Public Health Association) (2005) Stan-
dard methods for the examination of water and waste-
water, 21st edn. American Public Health Association,
Washington, DC

Birch GF (1997) Sediment-bound metallic contaminants in
Sydney's estuaries and adjacent offshore, Australia.
Estuar Coast Shelf Sci 42:31-44

Bradshaw C, Collins P, Brand AR (2003) To what extent does
upright sessile epifauna affect benthic biodiversity and
community composition? Mar Biol 143:783-791

Chapman MG, People J, Blockley D (2005) Intertidal assem-
blages associated with natural Corralina turf and invasive
mussel beds. Biodivers Conserv 14:1761-1776

Clarke KR, Warwick RM (1994) Change in marine communi-
ties: an approach to statistical analysis and interpretation.
Plymouth Marine Laboratory, Plymouth

Connolly RM (1997) Differences in composition of small,
motile invertebrate assemblages from seagrass and un-
vegetated habitats in a southern Australian estuary.
Hydrobiologia 346:137-148

Correia AD, Livingstone DR, Costa MH (2002) Effects of
water-borne copper on metallothionein and lipid peroxi-
dation in the marine amphipod Gammarus locusta. Mar
Environ Res 54:357-360

Dean TA (1981) Structural aspects of sessile invertebrates as
organising forces in an estuarine fouling community.
J Exp Mar Biol Ecol 53:163-180

DeAngelis DL (1996) Indirect effects: concepts and
approaches from ecological theory. In: Baird DJ, Maltby L,
Greig-Smith PW, Douben PET (eds) Ecotoxicology: eco-
logical dimensions. Chapman & Hall, London, p 25-41

Edgar GJ (1990) Population regulation, population dynamics
and competition amongst mobile epifauna associated with
seagrass. J Exp Mar Biol Ecol 144:205-234

Edgar GJ (1991) Distribution patterns of mobile epifauna
associated with rope fibre habitats within the Bathurst
Harbour estuary, southwestern Tasmania. Estuar Coast
Shelf Sci 33:589-604

Edgar GJ (1992) Patterns of colonization of mobile epifauna in
a Western Australian seagrass bed. J Exp Mar Biol Ecol 157:
225-246

Edgar GJ, Aoki M (1993) Resource limitation and fish preda-
tion: their importance to mobile epifauna associated with
Japanese Sargassum. Oecologia 95:122-133

Glasby TM (1997) Analysing data from post-impact studies
using asymmetric analysis of variance; a case study of
epibiota on marinas. Aust J Ecol 22:448-459

Glasby TM, Connell SD (2001) Orientation and position of
substrata have large effects on epibiotic assemblages. Mar
Ecol Prog Ser 214:127-135

Gunnill FC (1984) Differing distributions of potentially com-
peting amphipods, copepods and gastropods among spec-

imens of the intertidal alga Pelvetia fastigata. Mar Biol 82:
277-291

Hall LW, Anderson RD (1999) A deterministic ecological risk
assessment for copper in European saltwater environ-
ments. Mar Poll Bull 38:207-218

Hall L, Anderson RD, Killanbrent JV, Lewes L, Traexler K
(1997) Acute and chronic toxicity of copper to the estuar-
ine copepod Eurytemora affinis: Influence of organic com-
plexation and speciation. Chemosphere 35:1567-1597

Holloway MG, Keough MJ (2002) An introduced polychaete
affects recruitment and larval abundance of sessile inver-
tebrates. Ecol Appl 12:1803-1823

IMO (International Maritime Organisation) (2001) Inter-
national conference on the control of harmful anti-fouling
systems for ships, adoption of the final act of the confer-
ence and any instruments, recommendations and resolu-
tions resulting from the work of the conference. Inter-
national Maritime Organisation, IMO Headquarters,
London

Jernakoff P, Brearley A, Nielsen J (1996) Factors affecting
grazer-epiphyte interactions in temperate seagrass mead-
ows. Oceanogr Mar Biol Annu Rev 34:109-162

Johnston EL, Keough MJ (2000) Field assessment of the effects
of timing and frequency of copper pulses on settlement of
sessile marine invertebrates. Mar Biol 137:1017-1029

Johnston EL, Keough MJ (2002) Direct and indirect effects of
repeated pollution events on marine hard substrate
assemblages. Ecol Appl 12:1212-1228

Johnston EL, Keough MJ (2003) Competition modifies the
response of organisms to toxic disturbance. Mar Ecol Prog
Ser 251:15-26

Kay AM, Keough MJ (1981) Occupation of patches in the
epifaunal communities on pier pilings and the bivalve
Pinna bicolor at Edithburg, South Australia. Oecologia 48:
123-130

Kelaher BP (2002) Influence of physical characteristics of
coralline turf on associated macrofaunal assemblages.
Mar Ecol Prog Ser 232:141-148

Kimball KD, Levin SA (1985) Limitations of laboratory bioas-
says: the need for more ecosystem level testing. Bio-
science 35:165-171

Lewis AG, Cave WR (1982) The biological importance of cop-
per in oceans and estuaries. Oceanogr Mar Biol Annu Rev
20:471-495

Luoma SN (1996) The developing framework of marine eco-
toxicology: pollutants as a variable in marine ecosystems?
J Exp Mar Biol Ecol 200:29-55

Marsden ID, Rainbow PS (2004) Does the accumulation of
trace metals in crustaceans affect their ecology — the
amphipod example? J Exp Mar Biol Ecol 300:373-408

Martin-Smith KM (1994) Short-term dynamics of tropical
macroalgal epifauna: patterns and processes in recoloni-
sation of Sargassum fissifolium. Mar Ecol Prog Ser 110:
177-185

Menge BA (1995) Indirect effects in marine rocky intertidal
interaction webs: patterns and importance. Ecol Monogr 65:
21-74

Ohji M, Takeuchi I, Takahashi S, Tanabe S, Miyazaki N
(2002) Differences in the acute toxicities of tributyltin
between the Caprellidae and the Gammaridea (Crus-
tacea: Amphipoda). Mar Pollut Bull 44:16-24

Ohji M, Arai T, Miyazaki N (2005) Acute toxicity of tributyltin
to the Caprellidae (Crustacea: Amphipoda). Mar Environ
Res 59:197-201

Piola RF, Johnston EL (2006) Differential tolerance to metals
among populations of the introduced bryozoan Bugula
neritina. Mar Biol 148:997-1010



Perrett et al.: Effects of copper exposure on mobile invertebrates 205

Poore AGB (2004) Spatial associations among algae affect host
use in a herbivorous marine amphipod. Oecologia 140:
104-112

Poore AGB, Watson MJ, de Nys R, Lowry JK, Steinberg PD
(2000) Patterns of host use in alga- and sponge-associated
amphipods. Mar Ecol Prog Ser 208:183-196

Rees HL (1983) Pollution investigations on the northeast coast
of England: community structure, growth and production
of benthic macrofauna. Mar Environ Res 9:61-110

Reish DJ (1993) Effects of metals and organic compounds on
survival and bioaccumulation in two species of marine
gammaridean amphipod, together with a summary of toxi-
cological re-search on this group. J Nat Hist 27:781-794

Rygg B (1985) Distribution of species along pollution induced
diversity gradients in benthic communities in Norwegian
Fjords. Mar Pollut Bull 16:469-474

Schiff K, Bay S, Diehl D (2003) Stormwater toxicity in Chollas
Creek and San Diego Bay, California. Environ Monit

Editorial responsibility: Howard Browman (Associate Editor-
in-Chief), Storebg, Norway

Assess 81:119-132

Schratzberger M, Wall CM, Reynolds J, Reed J, Waldock MJ
(2002) Effects of paint derived tributylin on the structure of
estuarine nematode assemblages in experimental micro-
cosms. J Exp Mar Biol Ecol 272:217-235

Stark JS (1998) Effects of copper on macrobenthic assem-
blages in soft sediments: a laboratory experimental study.
Ecotoxicology 7:161-173

Trannum HC, Olsgard F, Skeib JM, Indrehusc J, Overa S,
Eriksend J (2004) Effects of copper, cadmium and contam-
inated harbour sediments on recolonisation of soft-bottom
communities. J Exp Mar Biol Ecol 310:87-114

Webb JA, Keough MJ (2002) Quantification of copper doses
to settlement plates in the field using diffusive gradients in
thin films. Sci Total Environ 298:207-217

Wiklund AK, Borjesson T, Wiklund SJ (2006) Avoidance re-
sponse of sediment living amphipods to zinc pyrithione as
a measure of sediment toxicity. Mar Pollut Bull 52:96-99

Submitted: March 23, 2006; Accepted: June 12, 2006
Proofs received from author(s): October 31, 2006



