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ABSTRACT: The infauna of intertidal and subtidal marine sediments at 18 sites near a large lead-zinc 
smelter In Spencer Gulf, South Australia, was sampled twice about 6 mo apart. The sampled habltats 
were bare intertidal mudflats, intertidal seagrass [Zostera sp.) beds, subtidal seagrass (Posidonia spp.) 
beds, and unvegetated sedlments at 5 to 10 m depth. The Infauna consisted of 372 identifiable taxa, 
malnly polychaetes, molluscs and crustaceans. The number of taxa at each site and time showed no 
s~mple relationship with the concentrations of trace metals In sediments, habitat type or time of sam- 
pling. However, the patterns of distribution, analysed uslng frequencies of occurrence of taxa derlved 
from mult~variate classification and ordination techniques, were related to the sediment concentrations 
of As, Cu, Mn, Pb, Sb and Zn. The extremely high concentrations of these trace elements (probably 
mainly Pb and Zn) appeared to affect both the abundances and distribution of many infaunal species. 
The multivariate techniques could detect which species were affected in the most metal-polluted sites 
(the intertidal sites). However, in the less-polluted subtidal sites, patterns in species composition were 
detected but only a few individual species could be unambiguously correlated to the presence of the 
metals. The polluted intertidal sediments, which had some of the highest metal concentrations ever 
recorded in marine sediments (Pb up to 5270 pg g-' and Zn up to 16700 pg g-'), supported 42 taxa. The 
polychaetes Heteromastus filiformis, Capitella 'capitata' and Glycera americana, and the crustacean 
Tanais dulongii were very abundant in these sites; they apparently can selectively exploit the metal- 
contaminated conditions. C. 'capitata'and 7 dulongii were found almost exclusively in these sites. In 
contrast. 15 spccicb of polychaetes, 5 crustaceans and 4 molluscs found elsewhere in the study area. 
representing 26, 20, and 17"% of these intertidal taxa respectively, were not found in the metal-polluted 
sites. No tdxonomic select~vity in the effects of the metals was detected amongst the 3 major groups- 
polychaetes, molluscs dnd crustaceans. Future studies may, therefore, be able to sample indicator spe- 
cies from only one of these major groups to determine the spatial extent of ecological effects or to mon- 
itor metal effects in this area. 
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INTRODUCTION 

Cadmium, lead and zinc have a range of toxic effects 
on marine fauna, most of which were discovered by 
cxper:rr.e-!a! !cvi~i!v I tactinn -------2 in --- the !sh~rs tnry  and  i.n 

the field (Langston 1990) This information is used for 

environmental management, particularly to predict 
the ecological effects on the marine environment of 
metals released by existing and proposed coastal 
developments such as smelters and mines. Indeed, 
~nvironmcntal quality criteria such as water quality 
guidelines (ANZECC 1992) are typically based on pre- 
cepts derived from testing for acute toxicity, particu- 
larly the short-term and direct effects. 

0 Inter-Research 1996 
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However, in.formation on acute toxicity is not neces- 
sanly useful for predicting the effects of trace metals 
on fauna that live in sediments (Somerfield et al. 1994) 
In most marine systems, and particularly shallow 
coastal systems with tight benthic-pelagic co'upling, 
trace metals are likely to have a complex mixture of 
direct and indirect effects, including effects propa- 
gated through the food web and sublethal effects on 
reproduction or recruitment. Laboratory studies cannot 
fully reveal such effects, and only very detailed field 
studies can reveal the long-term indirect effects. How- 
ever, even these cannot prove causality, because most 
are surveys and not experiments. They lack the normal 
hypothesis-testing frameworks (replicated impact 
sites, true control sites, etc.) ,  and instead infer causality 
by correlating observations of stress and response. 
Correlation may not be a robust basis for environmen- 
tal management if it is based on one species alone, or 
at one locality. It is likely to be more useful if thc corre- 
lations are based on many species, particularly on spe- 
cies from a variety of taxa and feeding categories, and 
on samples from different times and different spatial 
scales. Studies that have used this approach found 
detailed patterns of association between polluted sedi- 
ments and the abundances of benthic fauna (Ward & 
Young 1982, Gray et  al. 1990, Somerfield et al. 1994). 
These patterns were detected by multivariate pattern 
analysis of abundance data from assemblages of many 
species with different natural histories and feeding 
types. 

Typically, surveys of benthic infauna, at  practical 
levels of sampling intensity, find that few species are 
present in sufficient numbers to allow use of inferential 
statistics for testing hypotheses about abundances or 
spatial distributions (e.g.  see Hutchings & Jacoby 
1994). The analysis of data sets using the abundances 
of the majority of species is highly desirable to demon- 
strate robust associations between faunal patterns and 
env~ronmental attributes such as metals, sediment par- 
ticle-size, depth and vegetation type. However, for 
most data sets this is only achievable with multivariate 
statistical techniques that are free from restrictive 
assumptions about underlying distributions, but can 
reveal general patterns about the species distributions. 
Species with high abundances may be susceptible to 
parametric statistical analysis, but the information con- 
tained in the distribution patterns of the species with 
lower abundances may also be important. For exam- 
ple, to assess the effects of pollutants on the biodiver- 
sity of shallow, species-rich manne waters, species of 
low or medium abundances must be included because 
they may be more responsive to the most subtle effects 
of pollution (Gray et al. 1990). 

The concentrations of copper in sediments have 
been inferred to be causally related to the species com- 

position of infauna in Norwegian fjords (Rygg 1985a). 
Effects on infaunal species con~position were detected 
at sediment concentrations ranging from 5 to 10 times 
above presumed background concentrations. Despite 
uncertainty about the definition of background con- 
centrations (Luoma 1990, Ward & Correll 1992) corre- 
lations can provide strong evidence to infer causality in 
appropriately designed and analysed field studies 
sampling a variety of faunal taxa. 

The world's largest lead-zinc smelter is at Port Pirie. 
South Australia, on the shores of Upper Spencer Gulf 
I t  has operated continuously since 1889 producing 
mainly lead, zinc, sulfuric acid, silver, gold, cadmium, 
copper and antimonial alloys. The regional distribution 
of metals in the gulf sediments indicates that the 
smelter is the only major source of metals in the region 
(Tiller et al. 1989). The only other potential sources of 
metals are runoff from the agricultural and grazing 
hinterland, and occasional shipping activilies. The 
smelter is effectively an isolated large point source for 
metals. Previous studies near Port Pirie have examined 
the distribution of trace metals in sediments (Ward & 
Young 1981), the distribution of fish and crustaceans in 
seagrass beds related to the concentrations of metals in 
the sediments (Ward & Young 1982), the partitioning of 
metals amongst sediment components (Ward et al. 
1984), the distribution of the metals amongst the flora 
and fauna (Ward et al. 1986) and the species composi- 
tion of the infauna [Hutch.ings et al. 1993). 

In this study we examine the distribution of the 
infauna in a variety of shallow marine habitats near the 
smelter and investigate correlations between the con- 
centrations of trace elements In the sediments and dis- 
tribution patterns of the fauna. We describe the assem- 
blages and the species that appear to be affected by 
the metal-polluted sediments and suggest species that 
could be used as biological response indicators (sensu 
Ward & Jacoby 1992) for future survey and monitoring 
programs. 

METHODS AND MATERIALS 

The study area in Upper Spencer Gulf, South Aus- 
tralia (33" 19'S, 138" E) has been described by Ward & 
Young (1981), Ward et al. (1984) and. Hutchings et al. 
(1993). In brief, Spencer Gulf is a large (300 km long) 
generally shallow oligotrophic gulf with no rivers flow- 
ing into i t  (Fig. I ) .  The waters of the gulf are progres- 
sively more saline reaching more than 60 g kg-' at the 
head. In the study area salinities typically exceed 40 g 
kg-' for most of the year, and water temperatures typi- 
cally range between a winter minimum of about 10°C 
and a summer maximum of about 28°C. The shores of 
the gulf are fringed by mangroves (Avicennia marina). 
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There are extensive intertidal mudflats 
that result from the interaction of the 
generally flat topography in the region 
with the 3 m tidal range in the study 
area. The subtidal areas are dominated 
by seagrass (Posidonia spp.) beds, 
which in places grow down to about 
10 m depth. The sediments of deeper 
waters are mainly coarse carbonate SPENCER GULF 

sands, with finer sediments found only 
in the intertidal areas and the man- 
grove-lined fringes. 

Samples of the infauna were col- 
lected from the main intertidal and 
subtidal habitats (other than the man- 
groves) in winter 1979 and summer 
1980. The sampling design is described 
in Hutchings et al. (1993). Briefly, the 
infauna was sampled with 22 cm diam. 
diver-held corers to a sediment depth 
of about 15 cm, and retained on 2 mm 
mesh stainless steel sieves. Generally 9 
replicates, separated by about 2 to 5 m, 
were collected at each site. Sites 
within each habitat were on a known 
gradient of sediment metal concentra- 
tions~ transects about km Fig. 1. The study area near the Port Pirie lead smelter, upper Spencer Gulf. 
apart (Fig. 1). The habitat types, from South Australia, showing the sites ( I  to 6) sampled on each of 3 transects (A to 
highest to lowest elevation, were bare C) for infauna 

intertidal mud (Sites l) ,  intertidal sea- 
grass (Zostera mucronata) (Sites 2 ) ,  
shallow subtidal seagrass (Posidonia australis) (Sites 3), Species richness. The species richness (total number 
deep subtidal seagrass (Posidonia sinuosa) (Sites 4 ) ,  of species per sample) in the san~ples was assessed by 
and 2 depths of unvegetated sediments (Sites 5 and 6).  ANOVA, with transect and habitat as fixed factors and 
The data set thus consisted of the infauna from 9 repli- time as random. One sample was missing and this was 
cates at each of 6 sites on 3 transects sampled in winter estimated to be the mean of the other 8 samples at this 
1979 and summer 1980. site and time, and the total degrees of freedom were 

The data were analysed by analysis of variance adjusted from 288 to 287 to compensate for the missing 
(ANOVA) and multivariate pattern analysis. The pat- sample. The raw data were square-root transformed 
terns of distribution in the assemblages were first deter- but remained heteroscedastic, by Cochran's test, so the 
mined by classification procedures. As this technique outcome of the ANOVA was interpreted cautiously. 
does not identify the species whose distributions are The data set from subtidal sites was examined in the 
correlated to sediment trace metal concentrations, the same manner. 
data were also analysed by ordination. Species could Species composition. Classification: The multivari- 
then be identified by correlating their abundances to ate statistical package PATN was used to explore the 
the main fauna1 gradients in the data, which were cor- patterns in the species-site data (Belbin 1990). Raw 
related to the metal concentrations in the sediments. abundance data were used for the species and sites 

For the analysis the dataset was first reduced by were classified using the Bray-Curtis dissimilarity 
excluding all species that were represented by only measure to generate a matrix of dissimilarities (Faith et 
1 or 2 individuals as they would be too rare to 'be likely al. 1987). Flexible UPGMA, an agglomerative hierar- 
to contribute significant information. This left a dataset chical fusion program (Belbin 1990), was used to clas- 
of 233 species. One replicate sample was lost in labo- sify the sites and const:ruct groups of sites to explore 
ratory processing, and another sample contained only habitat differences. Initially, the sites were classified 
the rare species and was therefore excluded. This left a on the basis of individual replicate samples. The result- 
total of 322 samples in the analysis. ing dendrogram showed a very strong coherence 
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amongst replicate samples at a site at the 18-group 
level. The sites were then reclassified after pooling 
replicates for each site at  a time (reducing the 322 sam- 
ples to 36 samples). The 36-sample dendrogram was 
very similar to the 322-sample dendrogram at the 6- 
group level, again supporting a close coherence of 
replicates from each site at a time. Further analysis 
was carried out only on the 36 site-based samples with 
pooled replicates. 

The main feature of the data was the large differ- 
ences between intertidal and subtidal sites. Few spe- 
cies were common in both intertidal and subtidal habi- 
tats (Hutchings et al. 1993). To explore patterns in the 
subtidal sites, these data were reclassified using the 
same techniques. 

Species that could be used to distinguish between 
the groups of sites produced by the classifications were 
identified by inspection of a 2-way table of species 
abundances in each group, and tabulated to display 
site differences. The 2-way table used the Bray-Curtis 
classified site groups (to the 6-group level) and a clas- 
sification of the species into 15 groups that used the 
Two Step association measure, an adaptation of the 
Bray Curtis measure (Belbin 1990). The complete 2- 
way table is available from the first author. 
Ordination: To examine the likely gradients in spe- 

cies composition, the 36-sample dissimilarity matrix 
was ordinated by SSH, a nonmetric semi-strong 
monotonic multidimensional scaling program in PATN 
commonly used for ecological data (Belbin 1991). 

To identify environmental correlates of the infaunal 
distributions the 3 vectors from the ordinations were 
correlated to the untransformed values of sediment 

data ['X total organic carbon (TOC), clay, silt, sand] 
taken previously from the same sites (Ward & Young 
1982). Missing values (data below the level of analytical 
detection) were set at half the level of detection. A 
dummy variable, 'habitat', with a range of 1 (shallow- 
est) to 6 (deepest), was erected as a surrogate of habitat 
type because the deep unvegetated sites were not of 
similar depth. Species most strongly associated with the 
3 ordination dimensions were determined by correla- 
tion of raw species abundances to vector scores. Sig- 
nificance values of all correlation coefficients (r) were 
determined by Fisher's r to z transformation In the soft- 
ware package Statview (@ Abacus Concepts Inc.). 

RESULTS 

Species richness 

The infauna in the study area consisted of 12396 
individuals belonging to 372 taxa (Hutchings et al. 
1993). In the reduced dataset analysed here, the total 
number of taxa was 233, spread broadly across the 
sites sampled. The analysis of the species nchness in 
the samples from all sites identified a 3-way interaction 
between habitats, times and transects and several 
lower-order effects (Table 1). Therefore, although sam- 
ples from transects, habitats and times of sampling 
contained different numbers of species, these differ- 
ences varied in a complex manner that could not be 
related directly to the effects of metals. The same was 
true for the species richness in samples from the sub- 
tidal sites alone (Table 1). 

Table 1 ANOVA of species nchness (\/total no. of species per sample) for taxa with total abundance > 2  in samples from (a) all 
sites and (b) subtidal sites 

Source df Mean square F-value p-value Error term 

(a) All sites 
Transect 2 11.201 35.342 0.0275 Transect X Time 
Habitat 5 48.016 4.349 0.0663 Habitat X Time 
Time 1 1.569 3.228 0.0728 Residual 
Transect X Habitat 10 2.051 1.376 0.3117 Transect X Habitat v Time 
Transect X Time 2 0.3 17 0.652 0 5203 Residual 
Habitat X Tlme 5 11.042 22.720 0.0001 Residual 
Transect X Hab~tat  X Time 10 1.491 3.068 0.0010 Residual 
Residual 287 0.486 

(b) Subtidal sites 
Transect 2 4.353 Transect X Time 
Habitat 3 12.813 Habitat X Time 
Time 1 0.641 Residual 
Transect X Habitat 6 1.436 Transect X Habitat X Time 
Transect X Time 2 0.080 Residual 
Habitat X Time 3 18.137 Residual 
Transect X Habitat X Time 6 1.910 Residual 
Residual 191 0.577 

- 
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-- 

Table 2. Frequencies of species discriminating best between 
Site A1 and Sites B1 and C1 (intertidal bare habitat) in the 
classification. Abundances in each frequency class: (-) 0, 
(1) 1-162. (2) 163-323, (3) 324-484. (4) 485-645, (5) 646-806; 

S :  data for summer; W: data for winter 

Tason 

Capjtella 'capita ta ' 
Tanais dulongii 
Ncanthes vaalii 
C'eratonereis sp. 1 
Ncphtys gra vien 
~Varphysa sp. 2 

Site A1 
(s,w) 

Site B1 
(s , \v)  

Site C l  
(SrW) 

p .  

- - 
- - 
- - 
1.2 
1.1 
- - 

Species composition: classification of all sites 

Based on the data set of 233 species, the classifica- 
tion of all sites showed that habitat type was a dorni- 
nant feature of the distribution pattern of the infauna 
(Figs. 2 & 3) .  The classification at the 6-group level 
revealed a structure similar to that imposed by the 
habitat stratification in the sampling design. Four 
groups contained all the intertidal sites, and 2 others 
contained all the subtidal sites. 

I I I I I I 1 v v v I 
g r o u p s  

Fig. 2.  Dendrogram resulting from the classification of sites 
based on species composition of the Infauna at all sites. 
S: summer; W: winter; Transects A to C; Sites 1 to 6. See Fig. 1 

for location of sites and transects 

The other pattern emerging from the classification of 
all sites was the influence of the metal contamination. 
The highly contaminated intertidal sites (A1 and A2) 

formed 2 groups that were clearly sep- 
arated from the groups containing the 
other intertidal sites on Transects B 
(Sites B1  and B2) and C (Sites C1 and 
C2). The obvious patterns of species 
abundances included species pres- 
ence (or absence) in the highly metal 
contaminated Site A1 and absence (or 
presence) in the less contaminated 
Sites B1 and C1 (Table 2). Similarly, a 
number of species were either present 
or absent from the contaminated 
Zostera site (A2) and present or absent 
from the less contaminated sites B2 
and C2 (Table 3). 

Intertidal sites 

A total of 105 taxa was recorded 
from th.e intertidal sites. Of these, 42 
were found at the highly contami- 
nated sites A1 and A2 (Table 4 ) ,  
including 4 -the polychaetes Hetero- 
mastus filiforrnis, Capitella 'capitata' 
and Glycera americana, and the crus- 
tacean Tanais dulongii-that had 

Flg 3 The 6 s ~ t e  groups produced from the classification of all sites shown on very high frequencies at  these 2 sites. 
the map of the study area C. 'capitata' and T. dulongii were 
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Taxon Site A2 Site B2 Site C2 
(sow) (s,w) 

Glycera americana 1,1 - - - - 
Capitella 'capitata ' 1, 4 - - - - 
Tanais dulongii 1,5 - - - - 
Heteromastus filiformis 1,1 - - - - 
Marrobrachium intermedium -,- 1 .- 1 ,- 
Aquilaspio multipinnula - - 1,1 1,1 
Polycirrus tesselatus - - 1 ,- 1 ,- 
Corninella eburnea - - 1 ,- 1 ,- 
Euidotea bakeri - - 1 ,- 1 ,- 
Nephtys gra v ie~i  1,- 1,1 1 , l  
Platynereis sp. - - 1 .- 1,- 
Diplocirrus sp. - - 1.1 1 ,- 
Sabellid sp. l - - 1.1 1 ,- 
Pjsta violacea - - 2,2 1 , l  
Zeacumantus diemenensis 1 ,- 1, 1 1, l 
Ascidiidae sp. 1 - - 1,1 1 ,- 
Neanthes bassi - - -, 1 1,- 
Sipunculan worms - - 1,- 1 ,- 
Pista a ustralis - - 1.1 1 ,- 
Cymadusa sp. -- 1,- 1 ,- 
Augeneria verdis -- 1,1 1 , l  
Scoloplos simplex 1 ,- 1, 1 1 , l  
M'allucina assjmills -- 1,1 1 , l  
Brachynotus sp~nosus -- 1,1 1 ,- 
Ka telysia rhytiphora - - 1,- -. 1 

- 

found almost exclusively in these highly contaminated 
sites (Tables 2 & 3) .  Conversely, 4 polychaetes (Nean- 
thes vaalii, Ceratonereis sp. 1, Nephtys gravien, 
Marphysa sp. 2) that were broadly distributed else- 
where in the intertidal sites were absent from Site A1 
(Tables 2, 3 & 4). 

In the Zostera habitat (Sites A2, B2 and C2) 18 taxa 
occurred at both B2 and C2 but not at A2 (Table 3),  the 
heavily contaminated site. A further 3 species were 
found mainly at B2 and C2, but rarely at  A2 (Table 3). 
These 21 taxa consisted of 11 polychaetes, 4 crus- 
taceans, 4 molluscs, 1 ascidian, and sipunculan worms. 

Considered together, the intertidal bare and Zostera 
sites in the study area contained a total of 57 species of 
polychaetes, 20 crustaceans and 23 molluscs. Of these, 
15 species (26%) of polychaetes. 5 [20%) of crustaceans 
and 4 (17 %) of molluscs did not occur in the metal-con- 
taminated bare (Site A l )  or Zostera (Site A2) sites. 

Table 3.  Frequencies of species discriminating best between Table 4 .  Species found at the metal-polluted sites A1 and A2 

Subtidal sites 

S ~ t e  A2 and Sites B2 and C2 (Zostera habitat) In the dassifica- 
tion. Abundances in each frequency class: (-) 0, (1) 1-162, 
(2) 163-323, (3) 324-484, (4) 485-645, (5) 646-806; S: data for 

summer; W: data for winter 

The remaining major habitat differences detected in 
the classification were the differences in the composi- 

tion of species between the Posidonia habitats (Sites 3 
and 4 on all transects) and the deep unvegetated habi- 
tats (Sites 5 and 6 on all transects). The pattern of spe- 
cies and site classifications in the 2-way table indicated 
that 80 species contributed to these: 45 species 
occurred mainly in the Posidonia and 35 species in the 
deep unvegetated habitats. 

All 3 major taxonomic groups contributed to the dif- 
ferences between these 2 habitat types: 29 species of 
molluscs, 22 of crustaceans and 25 of polychaetes. Ten 
of the molluscs, 19 of the crustaceans and 14 of the 
polychaetes were found in the Posidonia sites but not in 
the deep unvegetated sites. Conversely, 19 of the mol- 
luscs, 3 relatively rare [fewer thdn 5 sites and times) 
crustaceans and 11 polychaetes were found In the deep 
unvegetated sites but not in the Posidonia sites. 

PO1ychaetes 
Clycera amencana 
Eteone sp. nov. 
Podarke angustifrons 
Cera tonereis mira bilis 
Trichobranchus sp. 
Neanthes sp .  1 
?Scyphoproctus sp. 1 
Nereis bifida 
Leitoscoloplos normalls 
Capitella 'capitata' 
Ceratonercis sp. 1 
Nephtys gra:.ieri 
Ceratonereis aequisetis 
Heteromastus filiformis 
Eumida sp. 
Glycinde sp. 1 
Phyllodoce sp. A 
Armandia intermedia 
Schistomeringos loveni 
hdediomastus 

a ustraliensis 
Cirriformia sp. 1 
Cirriformia sp. 2 
Caulleriella sp. 3 
Caulleriella sp. 4 
Notomastus sp. 1 
Barantolla sp. 
Scoloplos simplex 
Hydro~des sp 1 I 

Species composition: classification of subtidal sites 

Molluscs 
Oyster spat 
Tellina deltoidaljs 
Laternula creccina 
Zeacumantus 

diemenensis 
Cava tidens perplexa 
Tellina mariae 

Crustaceans 
hpe l j s ca  toora 
Tanais dulongi~ 
Hyale sp. 
Platynympha 

Iongicaudata 
Cymodoce sp. 2 

Fish 
Favonigob~ us lateralis 
Gymnapistes 

111drmoratus 

Echlnoderrn 
Leptosynapta dolabrifera 

- 

The classification of samples from only the subtida.1 
sites showed that, at the 3-group level, the species 
composition at the seagrass sites (Sites 3 and 4) on all 3 
transects was clearly different from that at the deep 
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Fig. 4. Dendrogram resulting from the classification o f  sam- 
ples from subtidal sites. S: sulnrner; W winter; Transects A to 
C; Sites 3 to 6 See Fig .  1 for locatlon of  sites and transects 

Table 5.  Frequencies o f  species discriminating best between 
Site A3 and Sites B3 and C3 (Posidonia australis) in the classi- 
fication. Abundances in each frequency class: (-) 0, (1) 1-162, 
(2)  163-323, (3) 324-484, (4) 485-645, (5) 646-806; S: data for 

summer; W :  data for winter 

Taxon Site A3 
(S,W) 

Harniothoe sp. 1 1,1 
Neanthes kerguclensis 1 , l  
CJycera amencana 1 , l  
Leitoscoloplos normalis 1 , l  
Cirriformia sp. 1 1,1 
Cirriformia sp. 2 1 , l  
Diplocirrus sp. 1,1 
Leptosynapta dolabrifera 1.1 
C e r a t o n e r ~ ~ s  n~lrabllis - - 
Onuphid sp. l - - 
Eunice sp. 4 - - 
Arabella sp. 1 - - 
Malacoceros sp. 1 - - 
Petaloproctus sp. - - 
Lysilla pacifica - - 
Polyclrr~is tesselatus - -  
Lanassa exelysls - - 
Pista acistraljs - p 

Eupolymnia koorangi - -  
Tricliobranchus sp. - -  
Stenochiton longicymba - V -  

Apseudes a us/ralis - -  
Protolembos drummondae -.- 
?Parelasmopus sp. - - 
Amphiura parviscutata -,- 

Site B3 
(s ,w)  

Site C3 
(s.w) 

-. 

- -  

- - 

- 
- - 
- - 
- 

-. 1 
- - 

1 , l  
1 ,1  
1 , l  
-. 1 
1 , l  
1 , l  
1.1 
1 .1  
1 , l  
1 , l  
1.1 
1 , l  
1.1 
1.1 
1 , l  
1 ,1  
1 ,1  

Table 6 Frequencies o f  species discrlmlnat~ng best between 
Site A4 and Sites B4 and C4 (Posidonia sinuosa) in the classi- 
ficatlon.Abundances in each frequency class: (-) 0 ,  (1) 1-162, 
(2) 163-323. (3) 324-484. (4)  485-645, (5) 646-806; S :  data for 

summer; W: data for winter 

Taxon Site A4 
( s , w )  

Harmothoc sp. 1 1 , l  
Phyllodoce sp. A 1,1 
Nereis bifida 1.1 
Neanthes kerguelens~s 1.1 
Scoloplos sirnplex 1.1 
Leitoscoloplos normalls 1 , l  
Caullenella sp. 4 1,1 
Diploc~rrus sp. 1 , l  
Wallucina assimilis 1 , l  
Ca vatidens perplexa 1 , l  
Tellina deltoidalis 1 , l  
Cymodoce sp. 2 
Ainphjura parviscutata 
Lysidlce sp. 1 
Phylo sp 1 
Scolelepls sp. 2 
Polycirrus tesselalus 
Lanassa exclysis 
Pista a ustralis 
Pista violacea 
Neoleprea sp. 
Eupolymriia koorangl 
Euchone \/aria bills 
Micrastrea rutidoloma 
Stenochiton longicymba 
Stenochiton c f .  pilsbra 
Ischyroceridae sp. 1 
Haliophasma sp. 1 
Scollorhapsis sp. ?nov. 

Site B4 
( S . W )  

Site C4 
( s ,w)  

Site 6 on Transects A and B were distinct from those on 
Transect C (Fig. 4). At lower levels, the classification 
also distinguished between the seagrass s ~ t e s  on the 
most contaminated transect and those on the other 
transects. These patterns were best shown by 19 taxa 
of polychaetes, 3 species of crustaceans, 2 of echino- 
derms and 1 mollusc in the Posidonia australis habitat 
(Table 5 ) ,  and by 18 species of polychaetes, 6 of mol- 
luscs, 3 of crustaceans and 2 of echinoderms in the P 
sinuosa habitat (Table 6) .  

Although 172 taxa occurred in the deep unvegetated 
habitat in the study area (Hutchings et  al. 19931, only 8 
taxa were mainly responsible for the difference in clas- 
sification between Sites A6 and B6 and Site C6: 6 poly- 
chaetes, 1 mollusc and sipunculan worms (Table 7). 

Species composition: ordination of all sites 
unvegetated sites (Sites 5 and 6),  reflecting the struc- 
tural differences between these 2 habitat types. In The ordination of the data from samples at all sites 
addition, samples from both winter and summer at showed, as did the classification, that the sites were 
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Table 7 Frequencies of species best discriminating between 
Site C6 and Sites A6 and B6 (deep unvegetated habitat) in the 
classification. Abundances in each frequency class: (-) 0, 
(1) 1-162, (2) 163-323, (3) 324-484, (4) 485-645, (5) 646-806; 

S :  data for summer; W: data for winter 

Taxon Slte Ab S ~ t e  B6 Site C6 
(S,XV) (srwl (S,W) 

Glycera amerlcana 1 ,- 1 , l  - - 
Diploclrrus sp - -  - - -, 1 
Cerdtonere~s sp 1 l ,  l 1,- - - 
S~punculan worms 1 , l  1 , l  - - 
Streblosoma sp - -  p - 1,1  
Ampharet~d sp 1 - -  p - 1,1 
Sc all bregma lnflatum - -  - L  1 , 1  
Scaeoleda verconls - - - 1 , l  

Table 8. Correlation coefficients (r) between environmental 
parameters (from Ward & Young 1982) and scores on the 3 
ordination vectors in samples from all sites In summer and 
winter (Irl> 0.7 and p < 0.001). -indicates lrl< 0.7 and p > 0.001 

Para- Vector 1 Vector 2 Vector 3 
meter Summer Winter Summer Winter Summer Winter 

As - -0.71 - - - 
CU -0.83 -0.84 - 

Mn -0.86 -0.87 - 

Pb -0.83 -0.86 - - 

Zn -0.83 -0.86 - - 

TOC - - - 0.75 - 
Depth - - -0.84 -0.74 
Habitat - -0.84 -0.76 

substantially separated by habitat type (Fig. 5). For 
example, subtidal sites on Transect C clustered cen- 
trally on the ordination, clearly separated from the 
intertidal Transect C sites. 

Ordination also clearly separated the metal-contam- 
inated intertidal sites on Transect A from the intertidal 
sites on Transects B and C, which was consistent with 
the pattern detected by the classification. 

For samples from all sites in both winter and sum- 
mer the scores on Vectors 1 and 3 correlated best to 
the measured environmental parameters. In both 
summer and winter samples the scores from Vector 1 
correlated well with concentrations of Cu, Mn, Pb and 
Zn in the sediments (all with r > -0.8) (Table 8), and 
the scores from Vector 3 correlated strongly with 
depth and habitat type. The scores from Vector 2 did 
not correl.ate in ei.ther winter or summer with any of 
the measured environmental parameters (Table 8). 
This confirmed that the ordination had identified and 
separated the 2 main environmental gradients (metal 
contamination and habitat type). The samples from 
summer and winter were similar in ordination space, 
relative to the other main patterns, and so temporal 
change was 1.ikely to be a minor factor in this data set 
compared to metal contamination and depth or habi- 
tat type. 

To identify the species most responsible for the gra- 
dients evident in the ordination, untransformed abun- 
dances of all species were tested for correlations with 
the 3 vector scores (Table 9). Seven species correlated 
with Vector 1 (3 polychaetes, 2 molluscs, and 2 crus- 
taceans) and 5 species (3 polychaetes, 1 mollusc and 
1 crustacean) correlated with Vector 3. These correla- 
tions suggest that these 11 species (2 species were 
significantly correlated to both vectors) were most 
obviously associated with the 2 main environmental 
gradients identified at all sites in the study area. Five of 
these species from the Zostera sites (Platynereis sp., 
Scoloplos simplex, Pista violacea, Zeacumantus dieme- 
nensis and Brachynotus spinosus) were identified by 

both classification and ordination as associ- 
ated with the major gradient in metal pollu- 
tion in the sediments (Tables 3 & 7). In addi- 
tion, 3 species of polychaetes correlated to 
Vector 2 although this vector was not related 
to any of the measured sediment or habitat 
factors. 

Species composition: ordination of subtidal 
sites 

Fig. 5. Scatterplot of the scores for Vectors 1 and 3 from the ordination of 
the species composition dssimilarity matr~x for all sites S: summer, 

W: winter; Transects A to C; Sites 1 to 6 Stress = 0 135 

The ordin.a.tion of samples from the subti- 
dal sites showed that the fauna of the sites on 
Transect A h.ad a consistently different com- 
position from the fau.na of sites on Transects 
B and C,  and that th.e fauna of seagrass sites 
was different from that of unvegetated sites 
(Fig. 6 ) .  
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Table 9 Correlation (r) of specles frequencies to vector scores 
from the ordination of samples from all sites and times (p  < 

0 01) n :  total abundance of all species in each sample 

Species Frequency 

Vector 1 
Zeacumantus diemenensis 6 
Platynereis sp. 5 
Brachynotus spinosus 9 
Apseudes australis 10 
Scoloplos simplex 19 
P~sta vjolacea 16 
Tellina mariae 25 

Vector 2 
Ceratonereis sp. 1 26 
Neph tys gra vieri 30 
Cirriforn~ia sp. 1 14 
n 3 6 

Vector 3 
Laternula creccina 7 
Apseudes australls 10 
Pista violacea 16 
Cirrjformia sp. 1 14 
Sabellid sp. 3 5 
n 36 

The scores on Vector 2 were correlated best with the 
measured environmental parameters in both summer 
and winter (Table 10). The environmental correlates 
were: concentrations of Cu, Mn, Sb, Pb and TOC in the 
sediments, and depth and habitat type. The concentra- 
tions of clay and the habitat type were also strongly 
correlated to scores on Vector 3. This suggested that 
the pattern of species composition in the subtidal sites 
detected by Vector 2 was related to the presence of 
the metals in the sediments. Three species of poly- 
chaetes were best associated with the Vector 2 pattern 
(Table 11). Of these, Caullenella sp. 3 and Caulleriella 
sp. 4 occurred most often In the metal-contaminated 
seagrass sites. A further 5 species (Apseudes australis, 

Table 10. Correlation coefficients (r) between environmental 
parameters (from Ward &Young 1982) and scores on the 3 or- 
dination vectors in samples from subtidal sites in summer and 
Lvlnter (lrl > 0.7 and p < 0.001) -indicates Ir < 0.7 and p > 0.001 

Para- Vector 1 Vector 2 Vector 3 
meter Summer Winter Summer Winter Summer Winter 

CU - - 0.76 - - - 
Mn - - - 0.74 - - 
P b - - 0.73 - - 
Sb - 0 73 0.77 - - - 
Clay - - - - - 0.76 
TOC - -0.70 0.74 - - - 
Depth - - -0.87 - - - 
Habitat - - -0.79 - 0.85 0.80 

SC(> 

WC6 
S 8 0  SAS 

WBO SB5 WAI, 

SCS WBS 

WC5 S A h  WAS 

WC' SCJWCJ n t g j  S6.i  W A ~  
SC I 

W 0 3  SA4 

S B I  
W A 3  

S A 3  

Fig. 6. Scatterplot of the scores for Vectors 2 and 3 from the 
ordination of the specles composition dissimilarity matrix for 
subtidal sites. S: summer; W wlnter; Transects A to C, Sites 1 

to 6 Stress = 0.187 

Table l l .  Correlation (r) of species frequencies to vector scores 
from the ordination of samples from subtidal sites (p  < 0.01) 

Species Frequency 

Vector 1 
Euchone varia bills 
Austromyt~lus 

penetjctus verco 
Musculus cf ulmus 

Vector 2 
Caulleriella sp. 3 
Notomastus sp. 1 
Caullenella sp. 4 

Vector 3 
Nephtys gra vieri 
Med~omastus australiensis 
Nematonereis unicornis 
Eumida sp. 

Cirriformia sp. 1,  Leptosynapta dolabrifer-a, Apseudes 
sp. 1, and Eunice sp.  3) were weakly correlated (0.01 < 
p < 0.05) to Vector 2. 

DISCUSSION 

The sediments of the intertidal and shallow subtidal 
areas near the lead smelter are heavily contaminated 
with metals, mainly Cd, Pb and Zn (Ward & Young 
1982, Table 12). Their concentrations are  more than a n  
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Table 12 Concentrations (pg g-') of trace elements In sediments likely to have 
biological effects (from Long & Morgan 1990) compared wlth the concentrations 
In sediments at the polluted sites In the study area (from Ward & Young 1982). 

ER - M: Effects Range minus Median 

Metal S~te  A1 S ~ t e  A2 Site A3 Site A4 Long & Morgan 
(Bare) (Zostera) (P. australis) (P. sinuosa) (19901, ER - M 

order of magnitude higher than those thought to be 
responsible for biological impacts elsewhere (Long & 
Morgan 1990), and are amongst the highest recorded 
for these metals in marine sediments (Ward et al. 1984, 
Langstorl 1990). Despite this, 42 species of iniauna 
were found living in the heavily contaminated inter- 
tidal bare and Zostera sites nearest the smelter. 

Of these species, 4 were very abundant in both sum- 
mer and winter at these 2 sltes and appeared able to 
exploit the metal-contaminated conditions. They were 
the polychaetes Heteromastus filiformis, Capitella 
'capitata' and Glycera amencana, and the crustacean 
Tanais dulongii. C. 'capitata' and T. dulongii occurred 
almost exclusively in these heavily contaminated sites 
(mean densities of 322 and 413 ind. m-2 respectively) 
so the populations at these sites are probably self-sus- 
taining. They must therefore be able to tolerate the 
very high concentrations of metals and exploit the 
available resources of food and space. 

Although the remaining species recorded at the con- 
taminated sites were probably all adults, they might 
have recruited from populations outside the highly 
polluted area. They were also found at the other sites, 
and since many are likely to have planktonic larval 
phases, the populations in the polluted sites may not be 
self-sustaining in the sense that they are capable of 
self-maintenance in the long term. 

Conversely, of the 105 species that were common in 
the intertidal sites of the study area, 24 appeared to be 
senslt~ve to the effects of the metals, as they were sel- 
dom found at the heavily contaminated sites. These 15 
polychaetes, 5 crustaceans and 4 molluscs represented 
26, 20 and 17 % respectively of the intertidal taxa con- 
sidered in this data set. 

The flora and fauna of this study area are exposed to 
high concentrations of the metals. Although the con- 
centrations of metals in the infauna of the study area 
have not been studied, previous studies have exam- 
ined the concentrations of metals in 23 specles of 
larger fauna (fish, crustaceans, molluscs and an ascid- 
ian) and in 3 species of seagrass (Ward et al. 1986). 

Most species living closest to the 
smelter contained high concentrations 
of Cd, Pb and Zn, and sediments are 
the most likely source. Although the 
processes responsible for remobilising 
the metals from the sediments are 
unknown, EDTA leaching was capa- 
ble of extracting 40 to 50% of the total 
Cd, Pb and Zn from the less contami- 
nated sedlments, but 80 to 90% of the 
Pb and Zn and 25 % of the Cd from the 
most contaminated sediments (Tiller 
et al. 1989). This indicates that the 
metals in the sediments are probably 

readily bio-available to all the flora and fauna living in 
the study area, including the infauna. 

Our results suggest that there are many metal-sensi- 
tive species (17 to 26% of all species) in all 3 major 
taxonomic groups (polychaetes, molluscs and crus- 
taceans), and that the metals do not preferentially 
affect any one of these groups. In contrast, a study of 
the Fa1 estuary (UK) found that metals affected 
meiobenthic nematodes but not benthic copepods 
(Somerfield et al. 1994). This difference may be related 
to the degree of pollution, w h ~ c h  is lower in the Fa1 
than in our Port Pirie study area. Rygg (198513) found 
that echinoderms were sensitive to metals in Norwe- 
gian fjords. However, although we recorded 20 species 
of echinoderms widely distributed across the study 
area, thelr abundances did not correlate with the met- 
als gradient so they apparently were not particularly 
sensitive to the metals. 

It is likely that sensitive indicator species to monitor 
the effects of metals could be selected from either the 
polychaetes, molluscs or crustaceans. The apparent 
lack of differential sensitivity to metals amongst these 
groups may be related to the diversity of feeding types 
in each, and to the wide distnbution and availability of 
the metals within each habitat type. Although metal 
concentrations in the sediments are used here as the 
explanatory parameters, they are also high in the water 
and seston near these polluted sites (Ward et  al. 1984). 

The polluted Zostera site had a considerably differ- 
ent infauna species composition from the unpolluted 
Zostera sites, but the composition and distribution of 
the seagrass appeared normal (Ward et al. 1984). This 
indicates that the infauna is apparently much more 
sensitive to the metals than is Zostera itself. Similarly, 
in the Posidonia meadows in this study area, the motile 
fauna also appears to be more sensitive to the effects of 
metals than the seagrass itself (Ward & Young 1982, 
Ward 1987). 

The tanald crustacean Tanais dulongii was the most 
abundant animal recorded in this survey, but it oc- 
curred only in the contaminated intertidal sites. It is 
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thought to have been introduced to Australian waters 
(from the ballast waters of visiting ships; Hutchings et  
al. 1993) and so may be a very robust species well 
adapted to contaminated conditions. Neither the eco- 
logical impacts of introduced tanaid crustaceans on in- 
digenous species nor the metal-mobilising role of such 
robust species that exploit polluted areas is known. 
However, the presence of the highly abundant T du-  
longii is likely to increase, not decrease, the availabil- 
ity of metals to higher trophic level consumers such as 
fish, which may prove to be another significant impact 
of species that are introduced by ships' ballast waters. 

The polychaetes Capjtella 'capitata' and Heterornas- 
tus filiformis are  opportunistic species capable of 
exploiting sewage-contaminated conditions (Grassle & 
Grassle 1976, Roper et al. 1989). Both are widely dis- 
tributed in many marine and estuarine habitats in Aus- 
tralia. Our study area has no obvious nearby sources 
for nutrients and does not appear to be  nutrient- 
enriched: the seagrass distribution seems typical for 
the region (Ward et al. 1984), and no unusual algal 
growths were observed durlng sampling. However, 
organic carbon levels in the intertidal Zostera sites are 
high (1.9 to 5.6%; Ward & Young 1981), indicating that 
these sites have naturally enriched sediments. The 
high abundances of C. 'capitata' and H. fjliforn7is at  
these sites indicates that they can exploit enriched con- 
ditions that are also highly polluted with metals. 

Laboratory studies suggest that the effects of sedi- 
ment metals on Capitella capitata are related to the 
sulfide-binding capacity in the sediments (Casas & 

Crecelius 1994). Although the concentrations of Zn in 
the sediments of our study area approach toxic levels 
for C. capitata (Casas & Crecelius 1994), populations of 
C. 'capitata'appear to be self-sustaining. It is unlikely 
that their resistance is related to the sulfide levels in 
the sediments because, although most of the metals in 
the sediments are in forms closely associated with sul- 
fide (Ward e t  al. 1984), the sulfide binding process 
would probably not selectively protect only some spe- 
cies of the infauna. As the sulfide forms of the metals 
are readily extracted from the sediments by weak acid 
(Ward et al. 19841, the metals may be mobilised in the 
long term through direct ingestion of sediment parti- 
cles by scavengers and filter-feeders. The sulfide bind- 
ing of the metals may therefore protect the infauna in 
the short term (and protect it from acute toxicity), but i t  

is unlikely to provide long-term protection of the fauna 
from the effects of metals. The resistance we have seen 
here in C. 'capitata' and other polychaete species is 
more likely to be related to species-specific factors 
than to chemical factors such as sulfide-binding pro- 
cesses in the sediments. 

In the subtidal seagrass sites, although the metals 
appeared to have clear effects on the infauna assem- 

blage (Fig 6),  few species could be identified as hav- 
ing a pattern of distribution correlated to the gradient 
in metals. Two species of Caulleriella had increased 
frequencies (so were apparently advantaged by the 
metal-contaminated conditions), while 2 species of the 
crustacean genus Apseudes had very low abundances 
in the polluted Posidonia australis site (so were appar- 
ently disadvantaged). The concentrations of Cd, Pb 
and Zn at the polluted P. australis site are above the 
levels suggested as likely to have biological effects, 
and Zn is even higher in the P. sinuosa site (Table 12; 
Long & Morgan 1990). However, detection of the 
effects of the metals in the subtidal seagrass sites is 
confounded by the gradient in sediment TOC, which 
also correlates with the faunal pattern. To separate 
them, an intensive faunal sampling program with finer 
resolution of the metal gradient would be necessary. 

The species composition of the infauna in the sum- 
mer and winter could not be separated by the analysis. 
Any differences were apparently smaller than the dif- 
ferences in species composition detected amongst 
habitat types and  amongst metal-contaminated sites. 
However, the lack of a detected difference may have 
been because the 2 mm mesh used in the sampling 
would not have effectively sampled juveniles and new 
recruits. 

The analysis of the total number of species did not 
identify any consistent interpretable links between 
habitats, transects and times The number of species of 
infauna is not, therefore, a sensitive parameter for 
studying the effects of the metals in this study area, or 
assessing the effects of improved management prac- 
tices such as reducing effluent concentrations or metal 
loads. As with other simple species indices (Gray et al. 
1990), there may be no apparent effect until the con- 
centrations of metals far exceed those measured in 
even the most polluted marine systems. 

For future studies examining the recovery of the 
infauna in response to reduced metal, input from the 
smelter (and the natural burial of older sediments), the 
7 species best correlated to Vector 1 in the ordination 
of all samples (Table 9) would be the most suitable 
indicator species. The correlations of other species, 
such as  the capitellids and the cirratullds, a re  con- 
founded by the influences of high TOC concentrations 
in the sediments. Also, there are few data from other 
studies that could support a model that used shrinking 
populations of these species to document the recovery 
of sites from metal pollution. It is more likely that 
reducing the toxicity would permit the sensitive spe- 
cies to recolonise the presently affected areas. 

The proposed indicator species (Table g ) ,  which are 
all less abundant in the metal-contaminated sites, 
occur naturally in a variety of subtidal and intertidal 
seagrass sites, and in sufficient numbers to enable a 
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cost-effective and statistically powerful sampling pro- 
gram to be designed. The 3 polychaetes, 2 molluscs 
and 2 crustaceans have different modes of feeding and 
different natural histories. They could be used to mon- 
itor the recovery of thls area if the concentrations of the 
metals in the sediments are  reduced, and measuring 
these species would probably be the most effective 
strategy to document recovery of the polluted sites. 

Future studies in this area should examine the extent 
to which populations at  the polluted sites sampled in 
this study are stabIe and self-sustaining. Whilst the 
polluted sites have a significant (and surprisingly high) 
diversity and abundance of infauna, the extent to 
which this is maintamed by recruitment from parent 
populations in unpolluted areas is not known. Studies 
of Capitella species suggest they can quickly 
recolonise suitable substrates after pulse disturbance 
without recruiting from distant populations (Tsutsumi 
1990), but there a re  few data on whether infaunai spe- 
cies can maintain their abundance when disturbances 
are  continuous, such as those of sediment metals. If the 
species living in the polluted sediments are largely 
self-sustaining and not dependent on recruits from less 
(or non-) polluted areas, it will be important to deter- 
mine the extent to which the populations of fauna liv- 
ing in these sediments are genetically adapted to high- 
metal conditions. If  such populations have adapted 
over the more than a century of pollution near Port 
Pirie, the relevance of laboratory-derived models for 
predicting ecological effects of metals in this area,  and 
possibly others, is questionable. 

The degree to which our conclusions about the eco- 
logical effects of the metals can be extrapolated to 
other sites depends on the similarity of the sites; the 
physical transport of water and sediments, the chemi- 
cal and physical properties of the sediment itself, and 
the life histories of the fauna concerned are all likely to 
influence the response of infauna assemblages to 
metal pollution. Unless the properties of these sites are  
similar, the ecological effects of the concentrations of 
metals in the sediment may not be  the same. For exam- 
ple, in a more enclosed bay, where the tidal and wind- 
driven currents are slower, fauna might not recruit 
from distant parent populations, so the effects of met- 
als would be considerably more severe than was 
observed near the Port Pirie lead smelter 
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