
Environmental
Science
Processes & Impacts

PAPER
Integration of co
aCawthron Institute, 98 Halifax Street East, P

E-mail: Louis.tremblay@cawthron.org.nz; T
bSchool of Biological Sciences, University of A

New Zealand

† Electronic supplementary informa
10.1039/c7em00073a

‡ Current address: King Abdullah Univers
Red Sea Research Center, Division of Bio
Engineering, Thuwal, 23955-6900, Saudi A

Cite this: Environ. Sci.: Processes
Impacts, 2017, 19, 1134

Received 13th February 2017
Accepted 5th April 2017

DOI: 10.1039/c7em00073a

rsc.li/process-impacts

1134 | Environ. Sci.: Processes Impacts,
mmunity structure data reveals
observable effects below sediment guideline
thresholds in a large estuary†

Louis A. Tremblay, *ab Dana Clark,a Jim Sinnera and Joanne I. Ellis‡a

The sustainable management of estuarine and coastal ecosystems requires robust frameworks due to the

presence of multiple physical and chemical stressors. In this study, we assessed whether ecological health

decline, based on community structure composition changes along a pollution gradient, occurred at levels

below guideline threshold values for copper, zinc and lead. Canonical analysis of principal coordinates

(CAP) was used to characterise benthic communities along a metal contamination gradient. The analysis

revealed changes in benthic community distribution at levels below the individual guideline values for

the three metals. These results suggest that field-based measures of ecological health analysed with

multivariate tools can provide additional information to single metal guideline threshold values to

monitor large systems exposed to multiple stressors.
Environmental impact

Globally, coastal environments are exposed to a range of stressors that challenge the sustainable management of receiving ecosystems. Environmental managers
oen rely on single pollutant sediment guidelines to characterise potential risk. This study measured 3 metals and characterised the benthic community
distribution across a pollution gradient in a large estuary. The analysis of the data showed that changes in benthic community distribution occurred at levels
below guideline threshold values for the metals. The results demonstrate the limitations of using sediment quality guideline thresholds based on single
contaminant to protect the health of a large estuarine system subject to multiple stressors. This suggests the need for monitoring frameworks to incorporate site-
specic data that integrate biological and chemical endpoints.
Introduction

Anthropogenic habitat modication, pollution and over-
exploitation of resources adversely affect global biodiversity and
ultimately the provision of ecosystem services.1 A multi-scale
spatial model analysis indicated that all marine ecosystems are
impacted by human inuence.2 In particular, human modica-
tion of coastal zones and the resulting stressors are causing
profound ecological changes on estuaries.3,4 There is evidence
worldwide that estuarine and coastal ecosystems have experi-
enced rapid degradation in the last 150–300 years.5 The health of
aquatic ecosystems depend on the quality of sediments that can
act both as a source and sink for contaminants.6,7
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The increasing levels of anthropogenic contaminants released
from urban and rural sources lead to complex challenges for
environmental and natural resource managers.8 To enable timely
and effective management responses, degradation needs to be
detected at an early stage. Assessing the risks of contamination to
healthy estuarine ecosystems has traditionally been conducted in
two ways, laboratory-based experiments and eld assessments.
Laboratory-based approaches offer the advantage of tight control
over environmental parameters and exposure to contaminants.
However, these studies are oen not representative of natural
conditions and are generally restricted to measures of individual
organism health; therefore, they are limited in their ability to
measure effects at the scale of population or community.9,10 Field-
based approaches allow measurements of more relevant ecolog-
ical responses, but measurement of actual exposure to particular
contaminants is more difficult and the inferences taken from
these studies can be obscured by covarying natural or environ-
mental stressors.9,10

Currently, managers rely primarily on water and sediment
chemical guidelines developed from toxicity testing databases to
assess whether contaminants pose a risk to species and ecosys-
tems.11,12 Guideline threshold values have been established for
single chemicals based on laboratory studies. These guideline
This journal is © The Royal Society of Chemistry 2017
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values represent concentrations below which there is a low
probability of biological effects, and above which there is a high
probability of effects.13 Previous ndings demonstrated changes
in benthic community composition and functioning at levels
below sediment quality guidelines.14,15

The use of a weight of evidence (WOE) approach for the
assessment of potential impacts of contaminated sediments is
recommended.16,17 In addition to ‘guideline trigger values’
based on chemical measures and ecotoxicology, revised
frameworks have been proposed that explicitly allow and
recommend the consideration of bioaccumulation and ecolog-
ical health as additional important lines of evidence. None-
theless, a recent meta-analysis of contaminants study
concluded that although the integration of ecology and eco-
toxicology has been proposed for over a decade,18 few study
formally consider the ecological effects of contamination.9

Specically, it was noted that there is a strong bias towards
laboratory studies that investigate the effects of contaminants
on individual species (85% of the total number of studies).9

The aim of this study was to assess whether ecological health
decline, based on community composition changes along
a pollution gradient, is occurring at levels below guideline
threshold values for selected metals. The approach was focused
on the metals only and did not take into consideration other
stressors or the potential nutritional implications of the
essential metals. Canonical analysis of principal coordinates
(CAP) was used to characterise benthic communities along
a gradient that integrated spatial changes in the concentrations
of three predominant metals in Tauranga Harbour, a large
estuary in New Zealand. The structure of benthic communities
is considered a sensitive and accurate indicator of environ-
mental health because it integrates the effects of multiple
stressors over time.19–21 The new Australian and New Zealand
Environment and Conservation Council (ANZECC) guidelines
specically recognised the use of multivariate tools to charac-
terise the relationships between ecological communities and
co-varying contaminants.

Material and methods
Sampling

Tauranga Harbour is a large estuary (approximately 200 km2)
located on the western edge of the Bay of Plenty on New Zea-
land's North Island (37� 400S, 176� 100E). Catchment land use
is predominantly pasture and indigenous forest with consid-
erable urbanisation in the south-east, near the city of Taur-
anga. A eld survey was undertaken in intertidal so-sediment
areas of Tauranga Harbour between December 2011 and
February 2012. Seventy-four sites of 100 m2 were selected to
represent a variety of habitats including intertidal sand ats,
shellsh beds and seagrass meadows (Fig. 1). All sites were
intertidal with relatively similar daily uctuations in depth,
temperature and salinity. The coarse grain size fraction of the
sediment was used as a proxy for wave exposure, which may
have varied across the Harbour. Initial data exploration
conrmed that this variable did not confound identication of
effects of metals on community composition.19
This journal is © The Royal Society of Chemistry 2017
Lead, copper and zinc are important urban estuarine
contaminants22,23 so were selected as the metals of interest in
this study. Other physico-chemical parameters (sediment grain-
size, organic matter, nutrients and chlorophyll-a) were also
measured for use in a preliminary analysis (details in Statistical
analyses section) to identify which additional variables were
important in explaining benthic community variation within
the Harbour.

Cores of 2 cm diameter extending 2 cm deep into the sedi-
ment were collected at each of ten randomly selected positions
at each site. The replicates were composited into a single
sample and the sediment was analysed for metals (lead, copper
and zinc), grain size, organic matter (loss on ignition), nutrients
(total nitrogen and total phosphorus) and chlorophyll-a.
Samples for metal analyses were dried at 30 �C then digested
using a combination of nitric and hydrochloric acids, with
heating to 95 �C for 30 minutes. Metals were analysed by R. J.
Hill Laboratories Ltd (Hamilton, New Zealand) using Induc-
tively Coupled Plasma Mass Spectrometry.24 Ellis et al.25

provided detailed methodology for the analysis of the other
physico-chemical endpoints.

Macrofauna were sampled by collecting cores of 13 cm
diameter extending 15 cm into the sediment from each of three
randomly selected positions at each site. Core samples were
sieved on a 0.5 mm mesh and macrofauna retained on the
sieves were preserved in a 70% ethanol solution with seawater.
Macrofauna were sorted and identied to the lowest practicable
taxonomic resolution and community composition (i.e. number
and type of taxa and their relative abundances) was used as the
response variable in the following statistical analyses.
Statistical analyses

Data were transformed in some cases to meet the test require-
ments, limit the effect of outliers, and reduce the weight of
dominant taxa. Optimal transformations were performed on
the data, if necessary preliminary analyses were conducted by
multivariate linear regression to select variables that explain the
maximum variation in the community data cloud using
Distance-based Linear Modelling (DistLM26). DistLM was ana-
lysed using square-root transformed Bray–Curtis similarities
with a backward selection procedure based on the AIC selection
criteria. Variables included in the analysis were percentage mud
(<63 mm), organic matter, total nitrogen, total phosphorus, lead,
copper, zinc and chlorophyll-a. This analysis indicated that
copper and lead were important in explaining the variation in
benthic community distribution in the Harbour.

Copper and lead were correlated with zinc so a principal
component analysis (PCA) was used to generate a single variable
that would characterise an overall gradient corresponding to
increases in the concentrations of all metals in the eld. The
PCA was performed on the basis of log-transformed metal
concentrations (copper, lead, and zinc) using the PRIMER
(version 6.1.13) computer program,27 where the PC1 axis
explained 85.5% of the variance (PC1 contamination). This axis
was subsequently used as the contaminant gradient in the
multivariate analyses.
Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141 | 1135



Fig. 1 Sediment metal concentrations (mg kg�1) for 74 sites in Tauranga Harbour, (a) copper, (b) lead, (c) zinc and (d) corresponding
contamination groupings as determined using canonical analysis of principal coordinates (CAP) relating benthic community data to a metal
contamination gradient based on copper, lead and zinc.
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DistLM was run seven times to obtain the percentage
explained (R2) by this contamination gradient. The relative
percentages explained by different components were then
determined by variance partitioning.28,29 A canonical analysis of
principal coordinates, or CAP,30,31 based on Bray–Curtis simi-
larities,32 was applied to characterise how the so sediment
macrofaunal communities of the estuary change along the
contamination gradient. All CAP analyses were performed using
specialised soware, written in FORTRAN and available as an
executable le (CAP.exe) or in PRIMER (version 6.1.13) and
PERMANOVA (version 1.0.3) with permission from M. Ander-
son, University of Auckland.

The model output was used to classify sites along the metal
contamination gradient from ‘low contaminants’ to ‘high
contaminants’ to indicate strong changes in community
composition. K-Means partitioning33 of the PC1 contamination
axis was used to identify possible groupings along the
contamination gradient (contamination groups). The optimal
number of sites occurring in each group was determined using
the Calinski–Harabasz criterion.34 It is important to note that
references to ‘low contaminants’ and ‘high contaminants’ are
relative to the sampling sites. For example, a site ranked as
having ‘high contaminants’ would have high metal concentra-
tions relative to other sites within Tauranga Harbour, but
compared to other locations, it might not be considered highly
1136 | Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141
impacted. The taxa that contributed to differences in commu-
nity composition along the contamination gradient were iden-
tied using SIMPER in PRIMER (version 6.1.12). Values were
calculated on raw data rather than transformed data, as
changes in the relative abundance of dominant taxa were
considered to be important in capturing changes in commu-
nities associated with contaminants.
Comparison with existing sediment quality guidelines

Existing sediment quality guideline values were converted to
determine their position along the contamination gradient and
facilitate comparison with multivariate benthic community
data.14 The contamination gradient (PC1 contamination) is
a linear combination of copper, zinc and lead concentrations,
so new samples can be positioned along the axes, provided the
concentrations of these metals have been measured. For prin-
cipal component analysis (PCA), the eigenvector weights
provide coefficients for a linear combination of the original
variables that will yield the principal component scores. The
following equation was used to determine the position of
existing sediment quality guidelines along the PC1 contami-
nation axis:

PC1 contamination ¼ 0.323(XCu) + 0.546(XPb) + 0.773(XZn)
This journal is © The Royal Society of Chemistry 2017
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where X equals the log concentration of that metal (copper, lead
or zinc) in the sample minus the mean log concentration of that
metal across the full set of 74 samples (mg kg�1 dry weight). The
mean log concentrations used were �0.27899 for copper,
0.72093 for lead and 2.681024 for zinc.
Results
Metal concentrations in Tauranga Harbour

Metal concentrations in the Harbour tended to be higher in
inner areas compared with outer sites (Fig. 1). The Uretara
Estuary site had the highest copper and lead concentrations (3.0
and 5.6 mg kg�1, respectively) while zinc concentrations were
highest at the outer Te Puna Estuary site (55 mg kg�1).
Community changes

Total abundance ranged from 28 to 333 organisms per core and
averaged 117. One hundred and twenty-nine taxa were found in
the Harbour with the number of taxa per site ranging from 10 to
39. Sixty-two percent of taxa were identied to species level,
another 10% were identied to genus and the remaining 28%
were identied to family or higher. The most numerically
dominant organisms were, in order of decreasing abundance,
Heteromastus liformis, Corophiidae, Prionospio aucklandica,
Phoxocephalidae, Austrovenus stutchburyi, Linucula hartvigiana,
Oligochaetes, Aonides trida and Nereidae.

Variance partitioning methods showed that metal contami-
nation alone explained 7.5% of the observed variation in
benthic communities, explaining more variation than the other
two key variables identied, percentage mud (4.8% variation
Table 1 Tauranga Harbour contamination groups and associated
mean metal concentrations (mg kg�1 � standard error)

Group n Copper Lead Zinc

1 9 <1 � 0 0.8 � 0.1 6.0 � 0.5
2 18 <1 � 0 1.4 � 0.1 9.9 � 0.3
3 18 0.7 � 0.1 2.3 � 0.1 14.6 � 0.5
4 19 1.1 � 0.1 3.3 � 0.2 21.2 � 0.6
5 10 1.8 � 0.2 4.3 � 0.3 36.4 � 3.0

Table 2 Taxa contributing most to the differences between group 1 (lea
average abundances per core and key information

Taxa Group 1 Group 5 Key infor

Increased
Corophiidae 0.1 37.3 Medium
Heteromastus liformis 2.0 24.0 Small ca
Oligochaetes 4.6 9.6 Small pr

Decreased
Prionospio aucklandica 11.5 9.9 Small sp
Phoxocephalidae 8.9 3.6 Amphipo
Anthopleura aureoradiata 10.3 2.2 Anemone
Austrovenus stutchburyi 8.9 2.0 Bivalve, s

This journal is © The Royal Society of Chemistry 2017
explained) and nutrients (PCA of total nitrogen, total phos-
phorous and chlorophyll-a, 2.7% variation explained). Data for
all variables are summarised in Table S2.† The CAP analysis
related benthic community taxa to the contamination gradient
(PC1 contamination axis) generated from the concentrations of
lead, copper and zinc at each site. A strong gradient of
community change was observed in response to metal concen-
trations in the sediment (R2 ¼ 0.71) suggesting that CAP can be
used to characterise aspects of how benthic communities
change with increasing level of those metals.

K-Means partitioning identied ve groups along the
contamination gradient (Fig. 1). Metal concentrations increased
with increasing group number (i.e. increasing metal contami-
nation; Table 1). These groups differed from one another in
community composition by more than 60%, on average. In
particular, the communities found in the least contaminated
group (group 1) were, on average, 71% dissimilar from those in
the most contaminated group (group 5; see Table 2 for taxa
contributing most to the differences between groups). Most of
the sites were assessed to be moderately impacted by metals; i.e.
the CAP placed them in group 2 (24% of sites), group 3 (24% of
sites) or group 4 (26% of sites). Group 5 sites (highest metal
contamination) tended to be situated in inner Harbour areas
while sites in groups 1 and 2 were located further out (Fig. 1).
Two univariate community measures were assessed; abundance
and species richness. No signicant differences in average
abundance were found between the ve groups. Signicant
differences (p < 0.01) in average species richness were only
found between group 5 and groups 1, 2 and 3 and between
group 2 and 4.
Comparison with other sediment quality guideline values

Metal concentrations in Tauranga Harbour were well below
existing sediment quality guideline values. The most conserva-
tive guideline values (MacDonald's threshold effects level11)
were more than double the highest recorded value for zinc, and
ve to six times the highest values for lead and copper (Table 1).
For each set of guidelines, the combined position of the three
metals values was located on the PC1 contamination axis to
compare with the ve contamination groups, which represent
st contaminated) and group 5 (most contaminated) together with their

mation

-sized burrowing amphipod, suspension or deposit feeder, freely motile
pitellid polychaete, deposit feeder, limited motility
edator/scavengers, freely mobile

ionidae polychaete, deposit feeder, freely motile
d, deposit feeders/scavengers/predators, freely motile
, suspension feeder, commonly living on Austrovenus shells
uspension feeder, freely motile

Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141 | 1137



Table 3 Existing sediment quality guidelines from various sources, along with their positions on the PC1 contamination axis. ISQGs are the
interim sediment quality guidelines. Values for metals are in mg kg�1 dry weight

Source Guideline Zn Cu Pb PC1 contamination

ANZECC12a ISQG-low 200 65 50 5.204
ANZECC12 ISQG-high 410 270 220 7.028
Long et al.35 Effects-range low (ER-L) 150 34 46.7 4.735
Long et al.35 Effect-range median (ER-M) 410 270 218 7.023
MacDonald11 Threshold effects level (TEL) 124 18.7 30.2 4.157
MacDonald11 Probable effects level (PEL) 271 108 112 6.043

a The Australian and New Zealand Environment and Conservation Council.

Fig. 2 Values for the five contamination groups derived in the present
study along the contamination gradient (PC1 contamination). PC1
contamination from the sediment quality guidelines from Table 3 are
shown along the axis.

Environmental Science: Processes & Impacts Paper
a range of sediment contaminant loadings and impacts
(Table 3; Fig. 2).

Discussion

This study used multivariate methods (CAP) to quantify
ecological health and demonstrated changes in benthic
community composition were highly correlated with three
metals in the eld. The ve contamination groups dened in
this study showed impacts at levels well below current ANZECC
and international guidelines for the three metals. Clear differ-
ences in community composition were observed between each
of the partitioned groups and the adjacent groups along the
contamination gradient. Taxa contributing the most to differ-
ences between the least and most impacted sites were Coro-
phiidae amphipods, Heteromastus liformis polychaete worms
and Oligochaetes worms (increased abundance with increased
impact) and the polychaete Prionospio aucklandica, Phox-
ocephalidae amphipods, the cockle Austrovenus stutchburyi and
the anemone Anthopleura radiata (decreased abundance with
increased impact).

Evidence from the literature generally supports the differing
sensitivities of these taxa. H. liformis and Oligochaetes were
assigned to relatively tolerant eco-groups (IV and V) by the AZTI
Marine Biotic Index36 and H. liformis abundance increased in
response to metal contamination in a study in Auckland.14
1138 | Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141
However, unlike the current study, Hewitt et al. found that
abundance of Corophiidae amphipods declined with increasing
metal contamination.14 The Corophiidae family covers a wide
range of species that may differ in terms of their function and
sensitivities to environmental factors,36 so responses to metal
contamination may vary depending on which species are
present.

We identied Austrovenus stutchburyi and Anthopleura aur-
eoradiata as sensitive to metal contamination as previously re-
ported.14 The abundance of these species was negatively
correlated with sediment copper concentrations in another eld
study.37 The anemone Anthopleura radiata is oen found
attached to cockle shells so may act as a proxy for A. stutchburyi
rather than being sensitive to contaminants itself. De Luca-
Abbott38 also showed that sediments contaminated with lead,
zinc and polycyclic aromatic hydrocarbons (PAHs) had suble-
thal effects on A. stutchburyi in the eld. A manipulative eld
experiment found declines in the abundance of P. aucklandica
in treatments spiked with copper, zinc or a mixture of copper,
zinc and lead but no change in abundances were found for A.
stutchburyi or Oligochaetes.39 As with Corophiidae amphipods,
Phoxocephalidae amphipods encompass a broad range of
genera. However, 95% of the genera for which eco-groups were
available (approximately 25%) were assigned to sensitive eco-
groups (I & II; ref. 36). The decline in Phoxocephalidae is
consistent with other studies reporting reduced abundances of
amphipods in sediments contaminated with metals.40–42

Laboratory-based bioassays have also shown the sensitivity of
amphipods to copper and zinc.43,44 However, amphipods are
a broad group with potentially differing functions and sensi-
tivities, therefore, comparison at this level may not be valid.

These results suggest that eld-based measures of ecological
health analysed with multivariate tools can provide additional
information to single metal guideline threshold values to
monitor large systems exposed to multiple stressors. This
approach provides an additional line of evidence, as recom-
mended in the revised ANZECC guidelines, which recom-
mended use of additional lines of evidence based on ‘ecological
health’ in addition to ‘trigger guideline’ values.45 The objective
of an ecological assessment in a weight of evidence (WOE)
assessment is to obtain information that can help ascertain
whether the ecology of a location has been negatively or exten-
sively impacted.17 In this study, the multivariate analysis of
chemistry and benthic community data provided additional
This journal is © The Royal Society of Chemistry 2017
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information that can be used in a WOE risk assessment process
to characterise the health of a complex environment.16

Our results demonstrated the improved ability of multivar-
iate methods to detect changes in community composition
compared with univariate measures such as taxa abundance,
richness and biotic indices, as reported previously.46,47 Simple
univariate measures do not differentiate amongst different
types of taxa, which limits their ability to detect changes in
community composition across different sites.19,48 Accordingly,
the multivariate constrained ordination method used in this
study was able to detect community shis in response to metals
whereas the univariate methods were unable to detect differ-
ences in taxa abundance across the ve contamination groups
and only detected differences between the most and least
impacted sites for species richness. The ability of univariate
measures to only differentiate between the most and least
disturbed sites, but not smaller relative differences, has been
reported elsewhere19,25 and we suggest that multivariate
methods are more appropriate for future studies that aim to
determine differences in community in response to stressors.

Our study moved beyond single stressor effects to examine
the combined effects of three important estuarine contami-
nants: lead, copper and zinc. Research has shown that syner-
gistic and antagonistic interactions are more common in nature
than simple additive interactions,49 creating uncertainty in the
prediction of contaminant effects and ecological resilience.50,51

A manipulative eld study with copper, lead and zinc showed
differences between communities subjected to mixed metal
treatments and those with individual metal treatments, sug-
gesting cumulative effects.39 The potential interactions arising
from the effects of these metals were accounted for in the
analysis by modelling the community response to all three
metals concurrently. The effects of other stressors were
excluded by conducting a constrained ordination that assessed
benthic variation only in response to the metal stressor data.

While the analyses revealed that contamination explained
a relatively low amount of total variation, the ecological signif-
icance of weak relationships is increasingly recognised.52,53 For
instance, a study in a rocky intertidal zone demonstrated that
some ‘weak’ average interaction strength may nonetheless be
important by magnifying spatiotemporal variation in commu-
nity structure.54 A similar conclusion was reached in another
New Zealand study using a similar approach to assess the health
of a major estuarine system in Auckland.14 Hewitt et al.14 also
observed strong fauna composition changes along a contami-
nant gradient of copper, lead and zinc, with communities near
the ends of the gradient exhibiting 90% dissimilarity in taxa
composition. Again, these changes to community composition
occurred below the ANZECC ISQG-low guideline levels.14 The
ability to detect ecosystem health changes at lower metal
concentrations may be a result of: (i) differences between eld
and laboratory test data, and/or (ii) differences in guidelines
based on single contaminants in relation to multiple stressors
situations.

There are limitations to the use of benthic community
changes to guide environmental management. Field-based
approaches can be resource intensive, time consuming and
This journal is © The Royal Society of Chemistry 2017
are not designed to provide early warning signals of impact or
cause and effect relationships. The results of this study are
based on correlative patterns and it is not always possible to
identify all factors like organic pollutants that could inuence
community structure. We disregarded organic pollutants aer
97% of 325 compounds (pesticides, PAHs, phenols and phtha-
lates) measured at eight of the sites were below detection limits
or at concentrations below their guideline levels.55 Further
manipulative experiments would be required to prove causality
and derive site-specic guidelines for key stressors. However,
our results show that laboratory-derived metal guidelines may
not always protect biological communities from observable
effects. This may be of particular concern in the presence of
multiple stressors in the environment (ref. 14 and 37; and this
study). We concur with O'Brien and Keough's9 recommendation
that to assess the risks of contamination on ecosystems, there is
a need for studies to ll the knowledge gaps on ecological
effects at all levels of biological organisation. Monitoring
frameworks integrating chemical and biological endpoints (e.g.
biomarkers in receptor species) along temporal and spatial
gradients are needed to identify the cause(s) (stressors)
responsible for the effects on benthic fauna.56 The bio-
monitoring framework must carefully consider the selection of
biota indicators and ecosystem-specic stressors.57 The result-
ing knowledge should be easy to interpret and meaningful to
risk assessors and managers and policy makers.58

The ordination model showed that copper, lead and zinc
were highly correlated to the observable effects on benthic
communities. This suggests ecological health declines may
occur at metal concentrations below guideline values. The
results from this study demonstrate the benets of eld-based
ecological knowledge to complement guideline values to
assess the health of large estuarine systems subjected to
multiple stressors as previously observed.59

Acknowledgements

This research was funded by a Ministry of Business, Innovation
and Employment (MBIE) grant (contract MAUX0907), led by
Massey University, with co-funding from the Bay of Plenty
Regional Council for data analysis and additional funding from
the Cawthron Institute. We greatly appreciate the help we
received from various parties while undertaking the ecological
survey: the University of Waikato, the Bay of Plenty Regional
Council, Manaaki Te Awanui, Waka Digital, and many volun-
teers. We thank Gretchen Rasch (Cawthron Institute) for
editorial comments.

References

1 R. J. Diaz, M. Solan and R. M. Valente, J. Environ. Manage.,
2004, 73, 165–181.

2 B. S. Halpern, S. Walbridge, K. A. Selkoe, C. V. Kappel,
F. Micheli, C. D'Agrosa, J. F. Bruno, K. S. Casey, C. Ebert,
H. E. Fox, R. Fujita, D. Heinemann, H. S. Lenihan,
E. M. P. Madin, M. T. Perry, E. R. Selig, M. Spalding,
R. Steneck and R. Watson, Science, 2008, 319, 948–952.
Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141 | 1139



Environmental Science: Processes & Impacts Paper
3 J. B. C. Jackson, M. X. Kirby, W. H. Berger, K. A. Bjorndal,
L. W. Botsford, B. J. Bourque, R. H. Bradbury, R. Cooke,
J. Erlandson, J. A. Estes, T. P. Hughes, S. Kidwell, C. B. Lange,
H. S. Lenihan, J. M. Pandol, C. H. Peterson, R. S. Steneck,
M. J. Tegner and R. R. Warner, Science, 2001, 293, 629–638.

4 H. W. Paerl, N. S. Hall, B. L. Peierls and K. L. Rossignol,
Estuaries Coasts, 2014, 37, 243–258.

5 H. K. Lotze, H. S. Lenihan, B. J. Bourque, R. H. Bradbury,
R. G. Cooke, M. C. Kay, S. M. Kidwell, M. X. Kirby,
C. H. Peterson and J. B. C. Jackson, Science, 2006, 312,
1806–1809.

6 H. S. Chon, D. G. Ohandja and N. Voulvoulis, Chemosphere,
2012, 88, 1250–1256.

7 A. Macken, M. Giltrap, B. Foley, E. McGovern, B. McHugh
and M. Davoren, Environ. Int., 2008, 34, 1023–1032.

8 R. van der Oost, J. Beyer and N. P. E. Vermeulen, Environ.
Toxicol. Pharmacol., 2003, 13, 57–149.

9 A. L. O'Brien and M. J. Keough, Environ. Pollut., 2014, 195,
185–191.

10 M. Mayer-Pinto, A. J. Underwood, T. Tolhurst and
R. A. Coleman, J. Exp. Mar. Biol. Ecol., 2010, 391, 1–9.

11 D. D. MacDonald, R. S. Carr, F. D. Calder, E. R. Long and
C. G. Ingersoll, Ecotoxicology, 1996, 5, 253–278.

12 ANZECC and Australian and New Zealand Environment and
Conservation Council and Agriculture and Resource
Management Council of Australia and New Zealand,
Guidelines for Water Quality Monitoring and Reporting,
Canberra, Australia, 2000.

13 R. B. Choueri, A. Cesar, D. M. S. Abessa, R. J. Torres, I. Riba,
C. D. S. Pereira, M. R. L. Nascimento, R. D. Morais,
A. A. Mozeto and T. A. DelValls, Ecotoxicology, 2010, 19,
678–696.

14 J. E. Hewitt, M. J. Anderson, C. W. Hickey, S. Kelly and
S. F. Thrush, Environ. Sci. Technol., 2009, 43, 2118–2123.

15 A. M. Lohrer, M. Townsend, I. F. Rodil, J. E. Hewitt and
S. F. Thrush, Mar. Pollut. Bull., 2012, 64, 2761–2769.

16 G. A. Burton, P. M. Chapman and E. P. Smith,Hum. Ecol. Risk
Assess., 2002, 8, 1657–1673.

17 F. Piva, F. Ciaprini, F. Onorati, M. Benedetti, D. Fattorini,
A. Ausili and F. Regoli, Chemosphere, 2011, 83, 475–485.

18 P. M. Chapman, K. T. Ho, W. R. Munns Jr, K. Solomon and
M. P. Weinstein, Mar. Pollut. Bull., 2002, 44, 271–278.

19 J. E. Hewitt, M. J. Anderson and S. F. Thrush, Ecol. Appl.,
2005, 15, 942–953.

20 D. M. Dauer, Mar. Pollut. Bull., 1993, 26, 249–257.
21 A. Borja, J. Franco and V. Perez, Mar. Pollut. Bull., 2000, 40,

1100–1114.
22 M. Karydis and D. Kitsiou,Mar. Pollut. Bull., 2013, 77, 23–36.
23 J. N. Brown and B. M. Peake, Sci. Total Environ., 2006, 359,

145–155.
24 Methods for the determination of metals in environmental

samples: EPA 200 Series, Supplement I, EPA-600/R-94/111,
Revision 2.8, May 1994, U.S. Environmental Protection
Agency, 1994.

25 J. I. Ellis, J. E. Hewitt, D. Clark, C. Taiapa, M. Patterson,
J. Sinner, D. Hardy and S. F. Thrush, J. Exp. Mar. Biol.
Ecol., 2015, 473, 176–187.
1140 | Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141
26 B. H. McArdle and M. J. Anderson, Ecology, 2001, 82, 290–
297.

27 K. R. Clark and R. N. Gorley, PRIMER-E Ltd, Plymouth, UK,
2006.

28 M. J. Anderson and N. A. Gribble, Aust. J. Ecol., 1998, 23, 158–
167.

29 D. P. Borcard, P. Legendre and P. Drapeau, Ecology, 1992, 73,
1045–1055.

30 M. J. Anderson and J. Robinson, Australian and New Zealand
Journal of Statistics, 2003, 45, 301–318.

31 M. J. Anderson and T. J. Willis, Ecology, 2003, 84, 511–525.
32 J. R. Bray and J. T. Curtis, Ecol. Monogr., 1957, 27, 325–

349.
33 J. MacQueen, in Proceedings of the 6th Berkley Symposium of

Mathematical Statistics and Probability, ed. L. M. Le Cam
and J. Neyman, University of California Press, Berkley,
1967, vol. 1, pp. 281–297.

34 T. Calinski and J. Harabasz, Comm. Stat., 1974, 3, 1–27.
35 E. R. Long, D. D. MacDonald, S. L. Smith and F. D. Calder,

Environ. Manage., 1995, 19, 81–97.
36 AZTI Marine Biotic Index – species list November 2014,

http://www.ambi.azti.es/ambi/, accessed 13 March 2017.
37 S. F. Thrush, J. E. Hewitt, C. W. Hickey and S. Kelly, J. Exp.

Mar. Biol. Ecol., 2008, 366, 160–168.
38 S. De Luca-Abbott, Mar. Pollut. Bull., 2001, 42, 817–825.
39 A. Fukunaga, M. J. Anderson, J. G. Webster-Brown and

R. B. Ford, Mar. Ecol.: Prog. Ser., 2010, 402, 123–136.
40 D. J. Morrisey, A. J. Underwood and L. Howitt, Mar. Biol.,

1996, 125, 199–213.
41 R. M. Warwick, Mar. Pollut. Bull., 2001, 42, 145–148.
42 H. S. Lenihan, C. H. Peterson, S. L. Kim, K. E. Conlan,

R. Fairey, C. McDonald, J. H. Grabowski and J. S. Oliver,
Mar. Ecol.: Prog. Ser., 2003, 261, 63–73.

43 L. Bat and D. Raffaelli, J. Exp. Mar. Biol. Ecol., 1998, 226, 217–
239.

44 I. D. Marsden and C. H. T. Wong,Mar. Freshwater Res., 2001,
52, 1007–1014.

45 S. L. Simpson, G. E. Batley and A. A. Chariton, Revision of the
ANZECC/ARMCANZ sediment quality guidelines, CSIRO Land
and Water Science Report 08/07, 2013.

46 E. C. Pielou, J. Theor. Biol., 1967, 15, 177.
47 C. E. Shannon, Bell Syst. Tech. J., 1948, 27, 623–656.
48 J. J. L. Gappa, A. Tablado and N. H. Magaldi,Mar. Ecol.: Prog.

Ser., 1990, 63, 163–175.
49 C. M. Crain, K. Kroeker and B. S. Halpern, Ecol. Lett., 2008,

11, 1304–1315.
50 D. L. Breitburg, J. G. Sanders, C. C. Gilmour, C. A. Hateld,

R. W. Osman, G. F. Riedel, S. B. Seitzinger and
K. G. Sellner, Limnol. Oceanogr., 1999, 44, 837–863.

51 P. Calow and V. E. Forbes, Environ. Sci. Technol., 2003, 37,
146A–151A.

52 S. F. Thrush, J. E. Hewitt, C. W. Hickey and S. Kelly, J. Exp.
Mar. Biol. Ecol., 2008, 366, 160–168.

53 K. S. McCann, Nature, 2000, 405, 228.
54 E. L. Berlow, Nature, 1999, 398, 330–334.
55 S. Parks, Bay of Plenty Regional Council, personal

communication.
This journal is © The Royal Society of Chemistry 2017



Paper Environmental Science: Processes & Impacts
56 S. M. Adams, Mar. Pollut. Bull., 2005, 51, 649–657.
57 J. L. Boldt, R. Martone, J. Samhouri, R. I. Perry, S. Itoh,

I. K. Chung, M. Takahashi and N. Yoshle, Oceanography,
2014, 27, 116–133.
This journal is © The Royal Society of Chemistry 2017
58 A. Borja, M. Elliott, M. C. Uyarra, J. Carstensen and M. Mea,
Frontiers in Marine Science, 2017, 4.

59 K. Turpin-Nagel and T. M. Vadas, Environ. Sci.: Processes
Impacts, 2016, 18, 956–967.
Environ. Sci.: Processes Impacts, 2017, 19, 1134–1141 | 1141


	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a

	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a

	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a
	Integration of community structure data reveals observable effects below sediment guideline thresholds in a large estuaryElectronic supplementary information (ESI) available. See DOI: 10.1039/c7em00073a


