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INTRODUCTION

Aquatic ecosystems are often exposed to multiple
anthropogenic stressors simultaneously (Halpern et al.
2007). Heavy metals entering estuaries through urban
runoff are of environmental concern (Laws et al. 1994,
ARC 2004), and under estuarine conditions, suspended
sediments transporting these pollutants coagulate and
tend to rapidly settle, becoming incorporated into sed-
iments (ARC 2004). Heavy metals have the potential to
cause individual-level effects, such as DNA base mod-
ification (Avery et al. 1996), developmental abnormali-

ties (Lavolpe et al. 2004), depression in post-exposure
feeding (Moreira et al. 2006), avoidance behaviour
(Roper & Hickey 1994, Bat & Raffaelli 1998), and mor-
tality (Bat & Raffaelli 1998, Gale et al. 2006). Such indi-
vidual-level effects, in turn, can affect these systems as
a whole at population or community levels by chang-
ing recruitment, abundances, species richness, diver-
sity and community composition (Lande 1977, Rygg
1985, Watzin & Roscigno 1997, Warwick 2001). Con-
cerns regarding the cumulative or interactive effects of
multiple stressors on aquatic ecosystems were raised a
decade ago (Breitburg et al. 1999), and the effects of
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heavy metals have also been examined in combina-
tions with other environmental stressors such as salin-
ity, temperature and other toxicants (Heugens et al.
2002, Millward et al. 2004).

Estuarine infaunal organisms inhabiting soft sedi-
ments play an important role in the food chain, obtain-
ing carbon energy from detritus or suspended organic
matter in the water column and passing it to higher
trophic levels (Wilson 2002). Therefore, changes in the
infaunal community are likely to result in changes to
the ecological functions of estuarine habitats as a
whole. Hence, examining potential effects of metal
contaminants on estuarine infaunal communities is
vital in the assessment of anthropogenic impacts on
coastal ecosystems. Field experiments have shown that
increased copper concentrations in estuarine sedi-
ments negatively impact the abundances of various
infaunal taxa (Morrisey et al. 1996, Lenihan et al. 2003,
Trannum et al. 2004). Simultaneous effects of a mixture
of multiple heavy metals have also been experimen-
tally examined in the field or in a microcosm (Millward
et al. 2004, Lu & Wu 2007). These experiments, how-
ever, were not designed to distinguish effects of indi-
vidual metals from the effects of a mixture of multiple
metals (but see Lindegarth & Underwood 2002).

The primary sediment contaminants of concern in
the region of Auckland, New Zealand, include the
heavy metals copper (Cu), lead (Pb) and zinc (Zn)
(ARC 2004). Concentrations of these metals in the sed-
iments tend to be positively correlated with one
another (Hewitt et al. 2009), and Cu and Zn concentra-
tions in estuarine sediments are predicted to increase
over time across the Auckland region (Green et al.
2004a,b). In the present study we describe a manipula-
tive field experiment done in the Orewa estuary of the
Auckland region to assess the potential effects of Cu,
Pb and Zn on estuarine communities. The experiment

focused on measuring the recolonisation of defaunated
metal-spiked sediment by infaunal organisms over a
period of 20 d.

The main purpose of the experiment was to investi-
gate the potential effects of the 3 primary sediment
contaminants of concern (Cu, Pb and Zn), individually
and in a mixture, on Auckland’s estuarine communities
in the future. Thus, target metal concentrations in the
experiment were set as high as would be realistic for
Auckland estuaries given predictions of potential
inputs expected over the next 100 yr (Green et al.
2004a,b). It was hypothesised that sediments spiked
with heavy metals (Cu, Pb or Zn) would have lower
abundances of colonists and, therefore, would have
different faunal assemblages compared to those with-
out additional metals. It was also hypothesised that
sediments spiked simultaneously with multiple metals
would result in an even greater overall reduction in the
abundances of colonists and, therefore, would differ in
community structure from those spiked with either a
single metal or sediments with no additional metals.

MATERIALS AND METHODS

Study site and experimental design. Orewa estuary
(Fig. 1) is located ~30 km north of Auckland city and is a
small to medium sized estuary with an area of 1.28 km2

below mean high water spring tide level and a catch-
ment area of 17.5 km2. The estuary is almost completely
flushed with each tide and contains extensive intertidal
areas separated by channels at low tide. A square 50 ×
50 m study area (36° 35’ 45” S, 174° 40’ 51” E) within an
expansive mudflat at low tide was set up approximately
2 km upstream of the mouth of the estuary.

A colonisation experiment was done within the study
area using defaunated, metal-spiked sediments. Sedi-
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Fig. 1. New Zealand, the Auckland region,
Orewa estuary and the study area (~30 km 

north of Auckland city)
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ments were collected from the surface aerobic layer
(<20 mm in depth) at the mudflat, sieved through a
500 µm mesh and spiked with metals to specific target
concentrations in the laboratory, following the method
of Lu et al. (2008). Briefly, sediments and seawater
were poured into large barrels. The solid nitrate salts
(Cu(NO3)2 · 3H2O, Pb(NO3)2 and/or Zn(NO3)2 · 6H2O)
were dissolved in deionised water and then added to
the mixture of sediments and seawater. The barrels
were placed on rotating wheels, and the contents were
continously mixed for 36 h. The initial spiking concen-
trations for Cu and Zn were 110 µg g–1 and 500 µg g–1,
respectively. These concentrations were expected to
decrease over the experimental period and to reach
target concentrations of approximately 90 µg g–1 and
400 µg g–1, respectively. Although these concentra-
tions are higher than those currently found in Auck-
land estuaries, they are realistic with regard to increas-
ing levels of Cu and Zn expected with further
urbanisation in the future (Green et al. 2004a,b). The
target Pb concentrations were set at close to the high-
est levels that have been recorded in Auckland estuar-
ies, with 85 µg g–1 as the initial concentration and 70 µg
g–1 as the ending target (Kelly 2007).
There is currently some uncertainty in
predictions of Pb concentrations over
time as the main source of Pb in
stormwater runoff is from residues of
historic paint and petrol, and these
contributions are expected to diminish
with time (Timperley et al. 2005). Lead
is, however, still present on road sur-
faces, and there may be some contri-
bution from vehicle tires (Kennedy
2003). Therefore, Pb concentrations
may or may not increase over time.

The metal-spiked sediments were
poured into polyvinylchloride (PVC)
moulds (300 mm in diameter, 30 mm in
depth) to create sediment discs 25 to
30 mm thick and were frozen at –20°C
for a maximum of 2 wk. On 5 August
2008 (Day 0) these discs were taken
out of the models and laid out within
the study area by replacing existing
surface sediments with the prepared
discs. A small piece of PVC (20 ×
20 mm) was placed underneath each
sediment disc to determine relative
changes in the thickness of the sedi-
ment discs in the course of the study.
There were 6 different treatments in
the experiment: unmanipulated (no
replacement of the surface sediment),
a manipulated control (surface sedi-

ments that were removed, defaunated and replaced
but had no additional metals), Cu treatment (sediments
spiked to a target Cu concentration of 110 to 90 µg g–1),
Pb treatment (85 to 70 µg g–1), Zn treatment (500 to
400 µg g–1) and mixed treatment (sediments spiked
with all 3 metals at their respective target concen-
trations). The placement of the sediment discs at the
site was based on a randomised block design with 16
blocks (Fig. 2). Each block contained the 6 treatments
placed in a randomised array of 2 × 3 sampling sites,
3 m apart from one another. Sediment discs in different
blocks were at least 6 m apart.

Infaunal sampling. Sediment cores (200 mm in
diameter, 50 mm in depth) from 8 of the 16 blocks (n =
48) were taken inside each sediment disc on 15 August
(Day 10) and from the remaining 8 blocks (n = 48) on 25
August (Day 20). The blocks sampled at a given point
in time were chosen in a way that avoided sampling
any adjacent blocks on the same day (Fig. 2). Sediment
cores were extracted and sieved through 500 µm mesh
at the site. Material retained on sieves from each sam-
ple was brought back to the laboratory and preserved
in 10% formalin for a minimum of 48 h. Organisms
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Fig. 2. Field experimental design containing 16 blocks: 8 (grey outline) were
sampled on Day 10, and (black outline) on Day 20. * = discs assigned for the
monitoring of chlorophyll a and porewater metal concentrations. Treatment: U =
unmanipulated, C = control, Cu = copper, Pb = lead, Zn = zinc, M = mixed metal
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were sorted from this material, preserved in 70% iso-
propanol, identified to the lowest practical taxonomic
level and counted. All organisms identified and
counted were assumed to be alive at the time of sam-
pling. Although separating living from non-living
organisms would have been desirable in order to
quantify explicitly any potential post-colonisation mor-
tality (e.g. see ‘Discussion’), this was not strictly possi-
ble, as organisms were necessarily killed by fixation
with formalin as part of the sampling procedure.

Environmental variables. Before the experiment
began, levels of contaminants and total organic matter
(TOM) in the unmanipulated and spiked sediments
were assessed. For spiked sediments, 3 replicate sam-
ples of sediment were taken from each treatment prior
to freezing sediment discs. For the unmanipulated
treatment, 3 sediment cores (20 mm in diameter,
20 mm in depth) were randomly taken from the study
area on Day 0 prior to the introduction of the sediment
discs. Sediments were dried in an oven at 60°C for
24 h. Metal concentrations in the sediment samples
were determined by flame atomic absorption spec-
troscopy (FAAS) following digestion of 0.5 g of the total
sediment fraction in aqua regia (HCl:HNO3 = 3:1)
using high-purity HCl and HNO3 (Chen & Ma 2001).
The remaining samples were used to measure TOM by
combusting the dried sediment at 500°C for 4 h (Byers
et al. 1978). TOM (%) was calculated by the weight
loss after combustion. At the time of infaunal sampling
on Days 10 and 20 each, sediment cores were taken
adjacent to the sediment cores extracted for infaunal
sampling to measure the sediment concentrations of
metals and TOM associated with each disc. Metal con-
centrations and TOM were determined as described
above.

From each treatment 3 discs were also assigned for
temporal monitoring of chlorophyll a (chl a) levels and
concentrations of metals in the porewater. These discs
were randomly chosen from the blocks scheduled for
infaunal sampling on Day 20. For chl a analysis, these
sediment samples (20 mm in diameter, 2 mm in depth)
were taken on Day 1, 5, 12 and 20 using a syringe. The
amount of chl a was determined by the spectrophoto-
metric method according to Parsons et al. (1984) fol-
lowing extraction of chl a in 90% acetone for 24 h at
4°C in the dark. To measure metal concentrations in
the porewater, peepers (uncontrolled dialyser sampler,
37 µm mesh) were inserted into the selected sediment
discs to collect porewater samples from the aerobic
sediment layer (Adams et al. 2003). These samples
were collected over 3 different periods: from Day 1 to
5, Day 5 to 12 and Day 12 to 20. Porewater samples
were filtered with a 0.45 µm membrane and acidified
with high-purity HNO3. Porewater analysis was first
attempted using graphite-furnace atomic absorption

spectroscopy (GFAAS) as metal concentrations in
porewater are generally relatively low. However, due
to interference by components found in seawater, sam-
ples were analysed using FAAS instead. Detection lim-
its of Cu, Pb and Zn were 0.1, 0.5, and 0.1 mg l–1,
respectively. Porewater concentrations of Pb were too
low to be measured by FAAS, so samples of the Pb and
mixed treatments were analysed by Hill Laboratories
(Hamilton, New Zealand) using inductively coupled
plasma-mass spectrometry (ICP-MS). Detection limit
of Pb using ICP-MS was 0.001 mg l–1. The effects of
chl a and porewater sampling on infauna were consid-
ered negligible (1) because these sampling procedures
avoided the centre of the sediment discs where infau-
nal samples were taken, and (2) because the area dis-
turbed by the sampling was relatively small in compar-
ison to the size of sediment discs.

Relative changes in sediment bed height (i.e. erosion
or accretion) were determined by measuring sediment
thickness, above the PVC pieces placed underneath
sediment discs, every 5 d. Temperature and precipita-
tion were also monitored throughout the experiment
for potential weather anomalies that could affect runoff
and experimental results. A temperature recorder
(HOBO® Temperature/Light Pendant Data Logger)
was attached to a plastic peg vertically inserted at the
upstream, southern corner of the study area to record
sediment surface temperature every 30 min during the
experimental period. Rainfall data in Orewa estuary
were obtained from the Auckland Regional Council’s
Geographic Information & Mapping service (http://
maps.arc.govt.nz/website/maps/map_hydrotel.htm).

Statistical analyses. Analyses of infaunal assem-
blages were done using the software package PRIMER
6 (Clarke & Gorley 2006) with the PERMANOVA+
add-on (Anderson et al. 2008). The experimental
design consisted of 3 factors: Day (fixed with 2 levels:
Day 10 and Day 20), Treatment (fixed with 6 levels:
unmanipulated, control, Cu, Pb, Zn and mixed) and
Block (random with 8 levels, nested in Day). Individual
variables were analysed according to the full 3-factor
design using permutational analysis of variance (PER-
MANOVA; Anderson 2001, McArdle & Anderson
2001) based on Euclidean distances, with 4999 permu-
tations of residuals under a reduced model. PER-
MANOVA pairwise comparisons followed the overall
partitioning when significant differences were de-
tected among the treatments. Although each pairwise
test is exact, the PERMANOVA pairwise comparisons
do not control formally for multiple tests, so they
should be interpreted with some caution in this
respect. The individual variables analysed in this way
were: the total abundance of all taxa (N), species rich-
ness (S), Simpson’s index of species evenness (1 – λ),
and the abundances of several of the numerically dom-
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inant taxa. Abundance data were log transformed (y’ =
ln(y + 1)) prior to the analyses to avoid high skewness
and heterogeneity.

The structure of infaunal assemblages as a whole
was examined using the modified Gower dissimilarity
measure (Anderson et al. 2006) with logarithm base 5.
Thus, a 5-fold change in abundance was weighted
equally with a change in species composition (from
0 to 1). (The range of maximum abundance was be-
tween 20 and 115 per sample for most of the numeri-
cally dominant taxa in this experiment). Non-metric
multi-dimensional scaling (MDS) ordinations were
done in order to visualise relationships among samples
in terms of community structure. Differences in faunal
assemblages among the 6 treatments were then exam-
ined by PERMANOVA on the basis of the full 3-way
experimental design using 4999 permutations of resid-
uals under a reduced model, followed by PER-
MANOVA pair-wise comparisons if significant differ-
ences were detected among the treatments.

Sediment sieving prior to spiking and freezing of
sediment discs could affect the total organic content
and the benthic diatom populations in the sediments,
respectively. Chl a concentrations and TOM were
therefore measured to test whether sediment discs
had comparable environmental conditions. Chl a con-
centrations on Day 20 were first log transformed to
(y’ = ln(y)) and then analysed using univariate one-
way analysis of variance (ANOVA). Variation in TOM
(%) among treatments was tested separately at 3 time-
points of sampling: Day 0, Day 10 and Day 20. As for
other univariate variables, analyses were done using
PERMANOVA with 4999 permutations of raw data,
based on Euclidean distances.

RESULTS

Environmental variables

Concentrations of Cu in sediment were elevated to
target levels in the Cu and mixed metal treatments, but
decreased from the initial target concentration of
around 110 µg g–1 on Day 10 to below the ending
target concentration of 90 µg g–1 on Day 20 (Fig. 3a).
Concentrations of Pb in the Pb and mixed metal treat-
ments showed similar trends, being elevated to around
85 µg g–1 on Day 10, but decreased to average concen-
trations of 60 µg g–1 on Day 20 (Fig. 3b). Concen-
trations of Zn, however, did not reach the initial target
concentration of 500 µg g–1; spiking only elevated
them to around 400 µg g–1, and the concentrations de-
creased during the experiment to, on average, 290 µg
g–1 in the Zn treatment and 220 µg g–1 in the mixed
treatment (Fig. 3c).

Concentrations of Cu in porewater were relatively
stable during the experiment: around 0.3 mg l–1 in the
Cu treatment and between 0.15 mg l–1 and 0.5 mg l–1 in
the mixed metal treatment (Fig. 4a). Porewater con-
centrations of Cu in other treatments were mostly
below 0.1 mg l–1, the detection limit of FAAS. Porewa-
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ter concentrations of Zn in the treatments spiked with
Zn were initially high but decreased by Day 12 to
approximately 7 mg l–1 and stabilised (Fig. 4b). Pore-
water Zn concentrations in other treatments were
mostly below the detection limit of 0.1 mg l–1. Pore-
water concentrations of Pb in the Pb and mixed metal
treatments were mostly below 0.001 mg l–1, the detec-
tion limit of ICP-MS, except for 2 samples in the mixed
treatment. These samples had Pb concentrations
of 0.0022 mg l–1 (Days 5 to 12) and 0.0027 mg l–1

(Days 12 to 20).
Sediment chl a concentrations were mostly higher,

on average, in the unmanipulated treatment compared
to all the other treatments. Chl a concentrations on
Day 20 were, however, not significantly (α = 0.05) dif-
ferent among treatments (F5,12 = 1.36, p = 0.306). There
was initially no significant difference in TOM levels
among treatments (F5,12 = 1.02, p = 0.459). TOM levels
were, however, significantly different among treat-
ments on Day 10 (F5,42 = 15.24, p = 0.0002) and Day 20
(F5,42 = 5.08, p = 0.0022). TOM in sediments taken from

the unmanipulated treatment was significantly (p <
0.01) higher than those taken from all other treatments
on Day 10 and from those taken from the Cu, Zn or
mixed metal treatments on Day 20. There were no sig-
nificant differences in TOM levels among the control,
Cu, Pb, Zn and mixed metal treatments. Monitoring of
sediment disc thickness showed that the site experi-
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enced some overall erosion; the average change in bed
height ranged from 0 to –5 mm (erosion) during the
experiment. Changes in the thickness of the sediment
discs were, on average, –3.5 mm (SD = 2.2) for those
sampled on Day 10 and –0.65 mm (SD = 4.2) for those
sampled on Day 20.

Sediment surface temperature at the study area
mostly fluctuated daily between 5°C and 25°C. The
maximum and minimum temperatures were 25.7°C
and 2.3°C, respectively, and these values were both
recorded on Day 5. The greatest amount of rainfall
recorded with a 24 h period was 33.8 mm on Day 19.

Infauna

In total, 31 taxa were identified from the 48 sediment
cores collected on Day 10 and 27 taxa from the 48 cores
collected on Day 20. The numerically dominant taxa in
this study were, in order of decreasing abundance,
Scoloplos cylindrifer, oligochaetes, Prionospio sp.,
Capitella spp., Ceratonereis sp., polydorids, Paracal-
liope sp., Austrovenus stutchburyi, Macomona liliana,
and Pectinaria australis. These 10 taxa accounted for
~90% of the total abundance of all infaunal organisms.
The mean log-transformed total abundance of infauna
differed significantly among treatments (Table 1). The
control and Pb treatments had significantly greater
abundances of organisms than the Cu, Zn or mixed

metal treatments, on average, but significantly fewer
than the unmanipulated treatment (Fig. 5a). There was
also an overall increase in the total abundance of
infauna from Day 10 to Day 20 (Table 1). Similarly,
there were statistically significant effects of treatments
on species richness (Table 1). The unmanipulated, con-
trol and Pb treatments had a significantly greater aver-
age number of taxa than the Cu, Zn or mixed metal
treatments (Fig. 5b). Simpson’s index of species even-
ness also differed significantly among treatments
(Table 1). Evenness was, on average, greater in the
unmanipulated treatment than in the Zn or mixed
treatments, and was also greater in the Pb treatment
than in the mixed treatment (Fig. 5c).

Significant treatment effects were also detected for
individual taxa, with the exception of the amphipod
Paracalliope sp. (Table 1). Average log abundances of
oligochaetes and Austrovenus stutchburyi were both
significantly higher in the unmanipulated treatment
than in all other treatments, suggesting an effect of the
surface sediment manipulation; however, no signifi-
cant differences were found among the control, Cu,
Pb, Zn and mixed metal treatments (Fig. 6b,h). The
mean log abundances of Scoloplos cylindrifer, Priono-
spio sp., Capitella sp., Macomona liliana and Pecti-
naria australis were significantly higher in the control
treatment than in the Cu, Zn or mixed metal treat-
ments (Fig. 6). Ceratonereis sp. had significantly lower
average abundances in the Cu and mixed metal treat-
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Day Treatment Block (Day) Day × Treatment Treatment
F1,14 p F5, 70 p F14, 70 p F5, 70 p Pairwise test

Univariate
Total log abundance 6.31 0.027 96.54 0.0002 1.52 0.133 1.70 0.154 U Pb C Zn Cu M
Species richness 0.01 0.967 29.15 0.0002 1.14 0.330 0.15 0.983 U Pb C Zn Cu M
Simpson’s index 0.03 0.865 3.08 0.0110 1.24 0.250 1.43 0.225 U Pb C Cu Zn M
S. cylindrifer 3.40 0.082 94.29 0.0002 2.40 0.007 1.67 0.156 U C Pb Cu Zn M
Oligochaetes 1.50 0.247 13.20 0.0002 0.13 0.125 1.52 0.194 U C Pb Zn Cu M
Prionospio sp. 2.54 0.130 42.72 0.0002 1.76 0.062 1.18 0.328 U Pb C M Cu Zn
Capitella spp. 8.39 0.010 36.29 0.0002 1.22 0.279 1.52 0.188 C U Pb Cu Zn M
Ceratonereis sp. 0.76 0.394 30.04 0.0002 1.44 0.159 0.20 0.960 U Pb C Zn Cu M
Polydorids 9.43 0.010 28.40 0.0002 1.19 0.299 1.27 0.289 U C Pb Cu M Zn
Paracalliope sp. 0.33 0.578 0.96 0.4510 3.91 0.0004 0.91 0.485
A. stutchburyi 16.92 0.002 32.55 0.0002 2.10 0.024 0.35 0.888 U Zn Pb C Cu M
M. liliana 0.87 0.378 47.37 0.0002 1.53 0.130 0.43 0.824 U C Pb Zn Cu M
P. australis 0.05 0.819 14.13 0.0002 1.07 0.395 2.02 0.084 U C Pb M Zn Cu

Multivariate
Modified Gower 2.22 0.007 13.00 0.0002 1.64 0.0002 1.20 0.098

Table 1. PERMANOVA for univariate and multivariate analyses and results of pairwise tests. Univariate analyses were for the
total log abundance, species richness, Simpson’s index and numerically dominant taxa, and multivariate analysis was done based
on the modified Gower dissimilarity measure (log base 5) calculated on infaunal abundances on Day 10 and Day 20. Significant
p-values are printed in bold (p < 0.05). Treatments underlined together did not show significant (α = 0.01) difference in pairwise
tests (Treatment: U = unmanipulated, C = control, Cu = copper, Pb = lead, Zn = zinc, M = mixed metal). Results of pairwise tests

for the multivariate analysis are shown in Table 2
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ments compared to the control (Fig. 6e), and polydorids
had significantly lower average abundances in the Zn
and mixed treatment compared to the control (Fig. 6f).
None of the dominant taxa showed significant differ-
ences in their average abundances between the con-
trol and Pb treatments. S. cylindrifer, Capitella spp.
and Ceratonereis sp. also showed significant differ-
ences in their average abundances in the mixed metal
treatment versus the Cu or Zn treatments: mean log
abundances of S. cylindrifer and Capitella spp. were
significantly lower in the mixed treatment compared to
the Cu treatment, and mean log abundance of Cera-
tonereis sp. was significantly lower in the mixed treat-
ment compared to the Zn treatment.

Overall increases in abundance from Day 10 to
Day 20 were found in Capitella spp., polydorids and
Austrovenus stutchburyi (Table 1). Significant vari-
ation among blocks was also detected for Scoloplos
cylindrifer, Paracalliope sp. and A. stutchburyi
(Table 1), indicating high spatial variability in their dis-
tributions at scales of tens of meters.

There were significant (α = 0.05) differences in the
structure of infaunal assemblages between Day 10
and Day 20, among blocks and among treatments
(Table 1). Assemblages in the unmanipulated treat-
ment differed from all other treatments (Table 2).
Assemblages in the control and Pb treatments did not
differ significantly from one another, but were signifi-
cantly different from those in the Cu, Zn or mixed
metal treatments (Table 2). Importantly, there was
also a significant difference between assemblages in
the mixed metal treatments and assemblages from
any of the treatments spiked with only a single metal
alone, whether it was Cu, Zn or Pb. These results
were supported by patterns seen in the MDS plots
(Fig. 7): assemblages from the mixed metal treatment
(with all 3 metals, on the left of the diagram) were
most dissimilar from those in the unmanipulated

treatment (on the right). In between these, assem-
blages from the Cu and Zn treatments were inter-
spersed with one another, placed close to the mixed
treatment. Assemblages from the control and Pb
treatments were also well interspersed with one

another, placed in-between the un-
manipulated treatment and the Cu
and Zn treatments. The overall pat-
tern in the MDS was a clear gradient
in effect from unmanipulated treat-
ments on the right, to assemblages
experiencing sediment manipulation
or those spiked with Pb, followed by
assemblages in sediments spiked by
either Cu or Zn alone, and finally
assemblages which experienced ele-
vated levels of all 3 heavy metals (the
mixed metal treatment) on the far
left. Although the pattern of differ-
ence between the mixed treatment
and either the Cu or Zn treatments is
somewhat less clear for Day 20 than
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Unmanipulated Control Cu Pb Zn

Control t14 = 2.74
p = 0.0002

Cu t14 = 5.37 t14 = 3.62
p = 0.0002 p = 0.0002

Pb t14 = 2.92 t14 = 0.98 t14 = 3.20
p = 0.0002 p = 0.473 p = 0.0002

Zn t14 = 5.06 t14 = 3.37 t14 = 1.32 t14 = 3.32
p = 0.0002 p = 0.0002 p = 0.061 p = 0.0002

Mixed t14 = 6.04 t14 = 4.23 t14 = 1.51 t14 = 4.24 t14 = 1.89
metal p = 0.0002 p = 0.0002 p = 0.014 p = 0.0002 p = 0.0012

Table 2. PERMANOVA pairwise tests (α = 0.01) based on the modified Gower
dissimilarity measure (log base 5), calculated on infaunal abundances on Day 10

and Day 20. Treatment: Cu = copper, Pb = lead, Zn = zinc

Unmanipulated 
Control
Cu
Pb
Zn
Mixed 

Stress: 0.15
 

b

Stress: 0.15
 a

Fig. 7. MDS plots based on the modified Gower dissimilarity
measure (log base 5) calculated from infaunal abundances for 

31 taxa (a) on Day 10 and (b) on Day 20
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for Day 10 in the reduced-space (2-dimensional) MDS
ordination (Fig. 7), the PERMANOVA test results,
which used the full resemblance matrix of informa-
tion, demonstrated clear and consistent differences
between the mixed treatment and either the Cu or Zn
treatments (Tables 1 & 2).

DISCUSSION

Total infaunal abundance and species richness were
significantly reduced by the Cu, Zn and mixed metal
treatments. Several of the numerically dominant
organisms reflected this pattern. Direct negative
effects of Cu and Zn on polychaetes, crustaceans and
bivalves have also been found in laboratory bioassays
(Bat & Raffaelli 1998, King et al. 2004). For example,
Bat & Raffaelli (1998) showed that sediment Cu and Zn
concentrations of 100 µg g–1 each caused 100% mortal-
ity of the amphipod Corophium volutator, and 90 µg
g–1 of Cu and 100 µg g–1 of Zn caused 100% mortality
of the polychaete Arenicola marina. Some previous
manipulative field experiments have also shown that
Cu in sediments can significantly reduce abundances
of various taxa (Morrisey et al. 1996, Lenihan et al.
2003, Trannum et al. 2004).

The bioavailability of sediment-associated metals is
controlled by the metal binding strength to the sedi-
ment, and metals bound to sediments may not be toxic
to organisms (Chapman & Long 1983). Lead generally
has high affinity for suspended particulate matter
(Webster-Brown 2005), and binds strongly to iron and
manganese oxyhydroxides, which are the dominant
metal-binding phases in aerobic sediments (Gadde &
Laitinen 1974, Benjamin & Leckie 1981b). The strong
binding of Pb to the sediments was also evident from
the extremely low Pb concentrations in porewater
(mostly <0.001 mg l–1) measured in this experiment.
Concentrations of Cu and Zn in porewater in spiked
sediments were, on the contrary, elevated to levels
comparable to those reported from estuaries in the UK
that had been affected by mining activities (Bryan et
al. 1987, Bryan & Langston 1992). Borgmann and Nor-
wood (1999) examined bioavailability of Pb to the
amphipod Hyalella azteca and showed that dissolved
Pb, rather than Pb associated with sediments, almost
entirely explained the bioavailability and toxicity of
Pb. The lack of any apparent effects of Pb on recolo-
nisation of estuarine infauna, therefore, may be
explained by low bioavailability of this metal to
organisms.

The experimental target concentration of Pb (85 µg
g–1) might be considered as relatively low by interna-
tional standards (Long et al. 1995, ANZECC 2000).
However, this concentration falls within the range of

the sediment quality guidelines of Long et al. (1995),
which list sediment Pb concentrations of 46.7 µg g–1

and 218 µg g–1 as the effects range-low (ERL) and the
effects range-median (ERM), respectively. Similarly,
the target Cu concentration of 110 µg g–1 in the present
experiment was also higher than the ERL (34 µg g–1)
but lower than the ERM (270 µg g–1) for Cu (Long et al.
1995). Josefson et al. (2008) suggested a threshold Pb
concentration of ~200 µg g–1 for deterioration of faunal
communities to occur in the field. However, the sedi-
ments in that study were also contaminated with Zn, so
the contribution of Pb to the observed effects could not
be separated and identified unambiguously. The tar-
get and ending concentrations of Pb in the present
experiment were comparable to Pb concentrations in
some of the most highly contaminated estuaries of the
Auckland region (Kelly 2007). Our results suggest that
Pb alone will be unlikely to cause important changes in
estuarine faunal communities in this region if current
Pb levels are maintained. Increases in concentrations
of Pb, however, may cause acute adverse effects on
estuarine fauna as indicated by other studies. Potential
long-term or sublethal effects of Pb and other metals
also remain to be examined.

Different organisms had different sensitivities to
heavy metals. Three taxa that apparently were not
affected by Cu, Pb or Zn in this experiment were the
amphipod Paracalliope sp., the bivalve Austrovenus
stutchburyi and oligochaetes. The insensitivity of
Paracalliope sp. to heavy metals contradicts findings
from other studies reporting reduced abundances of
amphipods in sediments contaminated with heavy
metals in the field (Morrisey et al. 1996, Warwick 2001,
Lenihan et al. 2003). Laboratory bioassays have also
shown sensitivity of amphipods to Cu and Zn (Bat &
Raffaelli 1998, Marsden & Wong 2001). These labora-
tory bioassays, however, suggested that the LC50 val-
ues (concentration responsible for 50% mortality)
could vary greatly between species and for different
metals. It is therefore possible that Paracalliope sp.
simply has a higher tolerance to heavy metals. Another
possible explanation is that this amphipod does not
experience full metal toxicity as the species is patchily
distributed in the field and highly mobile.

Austrovenus stutchburyi are filter-feeding, venerid
bivalves commonly found in estuaries in New Zealand,
and it is perhaps surprising that no deleterious effects
of metals on their colonisation were detected in this
experiment. Potential effects of certain environmental
stressors on this species (such as organic chemicals
and sedimentation) have been examined (Hickey et al.
1995, Norkko et al. 2006), but the potential direct
effects of heavy metals have not been previously tested
in field-based manipulative studies. Thrush et al.
(2008) demonstrated a negative correlation between
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abundances of A. stutchburyi and Cu concentrations in
Auckland estuaries and harbours. De Luca-Abbott
(2001) showed that sediments contaminated with Cu,
Pb, Zn and polycyclic aromatic hydrocarbons had sub-
lethal effects on A. stutchburyi in the field. These stud-
ies, however, did not manipulate concentrations of
heavy metals directly, so direct causality cannot be
inferred. Nevertheless, potential sublethal or long-
term effects should be considered and investigated for
this species, based on this prior work.

In contrast, the deposit-feeding tellinid bivalve
Macomona liliana did show sensitivity to Cu and Zn in
this experiment. The different responses to the Cu, Zn
and mixed metal treatments for M. liliana versus Aus-
trovenus stutchburyi may have been due to differences
in their feeding behaviour. Bioaccumulation of sedi-
ment-associated organic contaminants has been found
to be higher in M. liliana than in A. stutchburyi, prob-
ably because the filter-feeding A. stutchburyi is
unlikely to directly ingest highly contaminated surface
sediments, unlike the deposit-feeding M. liliana
(Wilcock et al. 1993, Hickey et al. 1995). Juvenile M.
liliana can also actively disperse using bedload and
water column transport (Lundquist et al. 2004), and
will crawl away from sediments with Cu concentra-
tions of 10 µg g–1 or Zn concentrations of 40 µg g–1

(Roper et al. 1995). Such behaviour indicates the
potential ability of this species to actively avoid metal
contaminants.

Annelid worms have been shown to be relatively tol-
erant to heavy metals in the laboratory and in the field.
The polychaetes Australonereis ehlersi and Nephtys
australiensis did not show lethal effects with sediment-
bound Cu at 1300 µg g–1 or Zn over 3000 µg g–1 in lab-
oratory bioassays (King et al. 2004). Polychaetes have
been found in high abundances in sediments contami-
nated with heavy metals in the field (Lande 1977, Rygg
1985). The relative tolerance of annelids to heavy met-
als described in other studies is only supported by the
insensitivity of oligochaetes to Cu, Pb and Zn observed
in the present experiment; the numerically dominant
polychaetes studied here were, in contrast, all sensitive
to the Cu and Zn treatments. Rygg (1985) found that
the metal-tolerant species in Norwegian fjords were
mostly carnivorous polychaetes, suggesting that feed-
ing behaviour might play a role in determining the
sensitivity of organisms to metals. Carnivorous poly-
chaetes might be less affected by sediment metals than
deposit-feeders because they would not ingest sedi-
ment-associated metals directly.

Capitellids have been found in high abundances in
areas contaminated with heavy metals (Lande 1977)
and identified as highly tolerant to Cu (Rygg 1985).
Such findings from previous studies contradict the
apparent sensitivity of Capitella spp. found in the pre-

sent experiment. Capitellids (especially Capitella spe-
cies) are known as r-selected, highly opportunistic
polychaetes that quickly colonise polluted habitats
(Borja et al. 2000), but their increased abundances
have been found mostly in association with organic
enrichment (Tsutsumi 1987, Blanchard & Feder 2003,
Lee et al. 2006), even with elevated sediment Cu con-
centrations of 500 µg g–1 (Lenihan et al. 2003). Thus,
the sensitivity of capitellids to heavy metals may be
affected by the amount of organics in sediments, and
potential interactions between heavy metal contami-
nants and organics in their effects on these organisms
need to be examined.

Multivariate analyses revealed that faunal assem-
blages in the mixed metal treatment were different
from those in either the Cu or Zn treatments, suggest-
ing possible cumulative (e.g. additive) effects of multi-
ple metals. Such differences were not clearly
observed, however, in any univariate analysis of indi-
vidual taxa. For example, the significantly lower aver-
age log abundance of Scoloplos cylindrifer in the
mixed versus the Cu treatment may have been caused
by combined effects of Cu and Zn or because the
mixed treatment was simply dominated by the effect of
Zn alone (see Fig. 7a). While combined effects of met-
als may not be clear at the population (individual spe-
cies) level, in the present study differences in the
responses of individual taxa to different metals were
reflected at the community-level with the help of mul-
tivariate analyses, which distinguished mixed metal
treatments from the others. For example, the poly-
chaete Ceratonereis sp. was insensitive to the Zn treat-
ment but negatively responded to the Cu and mixed
treatments. The polydorid polychaetes, on the other
hand, were insensitive to the Cu treatment but nega-
tively responded to the Zn and mixed treatments. This
differential sensitivity led to community-level effects
caused by the simultaneous presence of several differ-
ent heavy metals.

Because of the fairly short experimental period of
20 d, recolonisation in this experiment is more likely to
be explained by the migration of organisms to the
sediment discs, rather than by recruitment. Similar
experiments examining recolonisation of contami-
nated sediments have used much longer experimental
periods (up to 14 mo), potentially allowing organisms
to colonise sediments through recruitment as well as
migration (Trannum et al. 2004, Lu & Wu 2007). A pilot
study in Orewa showed, however, that the sediments
spiked with heavy metals were subject to continuous
decreases in metal concentrations, so deploying a
longer experimental period would not have been feasi-
ble here. For this reason, inferences are restricted to
short-term effects of heavy metals on colonisation only.
The reduced abundances of infauna in metal-spiked
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treatments might be explained either by post-migra-
tion mortality or avoidance behaviour. For example,
the bivalve Macomona liliana has been shown to be
capable of avoiding sediment contaminated with Cu
(Roper & Hickey 1994, Roper et al. 1995). In contrast,
the shells of dead Macomona were frequently ob-
served on the surface of sediment discs spiked with Cu
and Zn during this experiment, suggesting that migra-
tion was followed by mortality. Empty Macomona
shells were also found, however, on sediment surfaces
outside sediment discs, so these shells might simply
have been transported to the site from surrounding
areas by water movement. This experiment could not
distinguish the potential underlying processes driving
observed effects (e.g. recruitment, migration followed
by mortality or avoidance behaviour). Such mecha-
nisms would need to be examined by subsequent stud-
ies to elucidate how contaminants in sediments might
ultimately affect population dynamics for individual
species across larger spatial scales.

The potential contribution of Pb to the effects of
mixed treatments also remains somewhat unclear:
While the Pb treatment alone did not have any
detectable effects on the recolonisation of estuarine
fauna, the presence of Pb might have affected the
bioavailability of Cu and Zn in the mixed treatment
(Gadde & Laitinen 1974, Benjamin & Leckie 1981a).
Multiple stressors can interact in additive, multiplica-
tive or comparative (the effect of stressors in combina-
tion equals the effect of a single, dominant stressor)
fashions, and antagonisms or synergisms may also
occur (Folt et al. 1999). Crain et al. (2008) have shown
that interactions among 3 stressors tended to be syner-
gistic, suggesting that synergistic interactions of multi-
ple stressors might commonly occur in nature.
Although strong indication of synergism was not found
in the present experiment, it is important to further
investigate the potential simultaneous effects these 3
metals as concentrations of Cu, Pb and Zn do tend to
correlate with one another in Auckland estuaries.

CONCLUSIONS

Our field experiment showed that increased
amounts of Cu and Zn in estuarine intertidal sediments
significantly reduced the colonisation of infaunal
organisms. Although the current levels of Pb in the
sediments of Auckland’s estuaries are unlikely to
cause adverse effects on estuarine fauna, its potential
contribution to simultaneous effects in the presence of
Cu and Zn, as well as sublethal and chronic effects,
still needs to be investigated. Nevertheless, the fact
that both Cu and Zn generally have negative effects
and the fact that different taxa have differential sensi-

tivities to these 2 metals demonstrate that their com-
bined effects in contaminated sediments will have
important impacts on estuarine community structure
as a whole.
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