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ABSTRACT: The effects of a small spill of light marine diesel on the community structure of inverte- 
brates inhabiting Dumillaea antarctica holdfasts were examined for samples taken from sites which 
received heavy, moderate and no oiling at Macquarie Island, sub-Antarctic. Non-metr~c inultidimen- 
sional scaling (MDS) at both the species and a mixed taxonomic level separated samples collected at 
oiled sites from the controls. Pre-impact data were only available for 1 of the heavily oiled sites and 
these samples grouped with those from control sites in MDS analysis. Holdfasts from oiled sites were 
characterised by heavy sediment loads, a dominance of capitellid, cirratulid and splonid polychaetes 
and the rarity of the isopod Limnoria stephenseni. In contrast, samples from the control sites were 
dominated by peracarid crustaceans and in particular by the herbivorous isopod L. stephenseni. 
Analysis of differences In the size distribution patterns of the 4 most common species (the isopod 
L. stephenseni, the amphipods Parawaldeckia kidderi and Hyale novaezealandiae and the gastropod 
Laeviljtto~-jna caliginosa) suggests that impacts occurred across all sizes for L, stephenseni and 
P kjdderi. At the heavily oiled sites, size distribution patterns for the gastropod L. caliginosa were 
skewed towards larger individuals, suggesting a differential mortality of smaller individuals. We 
suggest that the rarity of L. stephenseni at the oiled sites may result in the accumulation of sediment 
within the internal chambers of the holdfast, producing a habitat more suitable for polychaete worms. 
The residual levels of hydrocarbons within these sediments may further restrict the polychaete species 
to opportunistic taxa which were not found at the control sites. As this study did not include pre-impact 
sampling, the interpretation of the results is partially confounded with possible, unmeasured, pre- 
existing site-specific differences in the community structure. While the availability of pre-impact data 
from 1 oiled site (from an earlier study) has strengthened interpretation with respect to possible oil 
effects, further sampling of the sites 1s needed to resolve some of these uncertainties. 
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INTRODUCTION 

The grounding of the Australian Antarctic re-supply 
vessel 'Nella Dan' at  Macquarie Island in December 
1987 has provided one of the few opportunities to 
evaluate human impact on marine comn~unities at high 
latitudes in the southern hemisphere. While the marine 
benthic communities of the Antarctic and southern 
ocean regions are well documented (for Macquarie 
Island: Kenny & Haysom 1962, Bennett 1971, Simpson 
1976a, b, 1977, 1988, Lowry et al. 1978, Lowry & 
Fenwick 1983, Lowry & Stoddart 1983), few data are 
available on the way in which these communities may 
respond to disturbances from human activities. The 
results of ecological studies at different latitudes 

suggest that recovery of communities may be slower in 
polar regions due to reproductive factors such as lim- 
ited breeding season, low fecundities and the lack of 
wide-ranging larval stages for many species (Michael 
1977). Thus high latitude communities may be particu- 
larly sensitive to pollution events such as oil spills. 

The grounding of the 'Nella Dan' resulted in the 
release of 270000 1 of oil, mostly light marine diesel, 
into the sea on the northeastern coast of Macquarie 
Island (54" 29' S, 158' 58' E). Oil was blown onshore 
for the first 26 h following the grounding, with a 
change in weather pattern blowing the oil out to sea 
thereafter (Hamilton 1988, Pople et al. 1990). Large 
mortalities of marine invertebrates were evident 
within the first few days following the oil spill, with 
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thousands of animals washed ashore along a 2 km 
stretch of coastline immediately north of the grounding 
site. 

As part of an investigation into the biological impact 
of the oil spill, intertidal surveys were conducted 1 yr 
after the oil spill (over the summer of 1988-89) to 
determine if there were differences in biotic patterns 
between areas that received oil and control locations 
(Pople et  al. 1990). Those studies were made more 
interpretable as historic data were available for some 
sites from earlier work on intertidal zonation by Kenny 
& Haysom (1962) and Simpson (1976a). The results of 
the intertidal study indicated that there were marked 
reductions in the abundance of marine invertebrates 
in the lower littoral zones at  oiled locations when 
compared to the controls (Pople et  al. 1990). More 
specifically, effects were localised to the kelp and 
lower red zones (these zones sensu Kenny & Haysom 
1962, Simpson 1976a). The upper intertidal areas 
showed llttle difference among sites, which suggested 
minimal impact in these areas. 

Durvillaea antarctica holdfasts were collected dur- 
ing the 1989 field programme, as previously published 
studies from the UK (Jones 1971, 1972, Moore 1972, 
1973a, b, 1974, Sheppard et al. 1980) and work in 
progress in New South Wales (Smith & Simpson 1992, 
1993, Smith 1993) had indicated that holdfast macro- 
faunal communities may be useful in monitoring 
anthropogenic disturbance. 

While the Durvillaea antarctica holdfast samples 
were collected a year after the oil spill, it was hypothe- 
sised that any impact that led to the removal of fauna 
from the holdfast should be detectable in the age class 
structures within populations of the common species 
even if the community composition (as total number of 
taxa and distribution of abundance among species) 
had recovered through immigration of fauna from 
unaffected sites. There are a number of features of the 
oil spill which add to the likelihood of detecting a 
substantlal impact on the kelp holdfast community. 
Firstly, the site of the grounding was immediately adja- 
cent to the sampling sites, with strong onshore winds 
transporting the slick rapidly onto the rocky shore 
(Hamilton 1988). Thus there was little or no weather- 
ing of the diesel prior to contact with the intertidal 
biota. Secondly, the oil was a light diesel fuel (light 
marine diesel) which has been shown to have greater 
biological impact than heavier oils in studies of oil 
toxicity elsewhere (Moore & Dwyer 1974, Michael 
1977, Rice et al. 1977). Thirdly, the low water tem- 
peratures at Macquarie Island are likely to lead to 
greater persistence of toxic components of the oil 
through low rates of evaporative loss of the lighter oil 
fractions. In addition, biodegradation by bacterial 
activity may be lower in colder waters (Michael 1977, 

Rice et al. 1977, Wells & Percy 1985), although specific 
studies within the sub-Antarctic have demonstrated an 
appreciable rate of 59 % (annual mean) for this process 
during in s i tu  measurements using crude oil (Delille & 
Vaillant 1988). Finally, many of the shore organisms 
inhabiting Macquarie Island have discrete breeding 
periods and many of the molluscs brood or deposit egg 
cases rather than producing wide-ranging pelagic larval 
stages (Simpson 1977, 1982a, b, Simpson & Harrington 
1985). For the holdfast fauna sampled from the control 
sites, 5 of the 6 most common taxa (which together 
account for 86% of the total fauna at these sites) are 
brooders comprising 4 peracarid crustaceans and a 
sabellid polychaete (Chone sp., which retains large 
eggs from which juveniles develop within its sandy 
tubes; authors' pers. obs.). The other is a gastropod 
mollusc, which hatches as juveniles from egg masses 
deposited on the substratum (Simpson & Harrington 
1985). For these species, the recovery of populations at 
impacted sites is likely to be dependent on migration 
from unaffected areas rather than the potentially more 
rapid process of recruitment of pelagic larvae as 
demonstrated in warmer waters (Michael 1977, Notini 
1978). 

In addition to providing information on the effects of 
the 'Nella Dan' oil spill on the invertebrate fauna 
inhabiting one of the intertidal zones at Macquarie 
Island, the study also provided the opportunity to 
present a quantitative description of the Durvillaea 
antarctica holdfast community. While the Macrocystis 
pyrifera holdfast habitat and faunal complement has 
been quantitatively described at some sublittoral sites 
at Macquarie Island in the past (Edgar 1987), pub- 
lished accounts of the D, antarctica holdfast faunal 
complement have provided no quantitative data 
(Kenny & Haysom 1962). 

METHODS 

Collection and processing. Thirty-one holdfasts were 
collected from the lower intertidal area of 5 sites within 
3 locations: the heavily oiled area - Buckles Bay and 
Garden Cove (the Oil 1 location of Pople et al. 1990); 
the moderately oiled area - Secluded Bay (Oil 2 loca- 
tion of Pople et al. 1990); and a control area - Sandy 
Bay (Control 2 of Pople et al. 1990) (Fig. 1). 

Holdfasts were collected at low tide when sea condi- 
tions were calm. After removal of the fronds, the hold- 
fast was levered from the rock with a crowbar or knife 
and placed in a plastic bag together with any material 
remaining on the underlying rocky substratum. Care 
was taken to minimise loss of sediment and other 
material during the sampling procedure. Holdfasts and 
contents were stored in 10% buffered formalin. 
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Fig. 1. Macquarie Island in the sub-Antarctic showing holdfast sampling 
sites. (a) Sites within the control location at Sandy Bay (SB), (b) sites in 
the isthmus area: BB (Buckles Bay) and GC (Garden Cove) in the most 
heavily oiled area and SEC [Secluded Bay) in the moderately oiled area. 
The site of the 'Nella Dan' grounding ( X ) ,  extent of the oil spill (dashed 

line) and most heavily oiled areas (stippling) are also shown 

Unlike many members of the Laminariales (e.g. 
Macrocystis, Ecklonia in Australian waters), the hold- 
fast of DurvilJaea antarctica (Durvillaeales) is not 
composed of intertwining hapteron branches but is 
discoid and solid. The dissection method for D. 
antarctica samples was not as simple as for studies 
using other holdfasts (where sequential removal of 
haptera provides a method of carefully extracting the 
fauna, e.g. Ecklonia radiata; Smith & Simpson 1992, 
Smith 1993) and involved cutting the holdfast into 
sections of approximately 10 mm width. Each section 
was carefully examined and further dissected if nec- 
essary to remove all the macrofauna (>l mm). Speci- 
mens were sorted to the lowest taxonomic level pos- 
sible (species for most taxa), counted and weighed 
(fresh weight). A representative collection of fauna 
has been deposited with the Australian Museum in 
Sydney. 

A number of physico-chemical measurements were 
made for each holdfast sample. Sediment content was 
measured by determining the dry weight of the mate- 
rial passing through a 1 mm sieve. Sediment samples 
were analysed for total polyaromatic hydrocarbon 
(PAH) content using UV absorption spectrophotometry 
(Henig 1979). The volume of the holdfast was also 
measured using water displacement (Smith & Simpson 
1992). 

The overall statistical model for the sam- 
pling programme was an unbalanced nested 
design with 2 sites within the area of heaviest 
oiling: Buckles Bay, n = 6, and Garden Cove, 
n = 5; 2 sites within the control treatment. 
Sandy Bay site l and Sandy Bay site 2, n = 5 
for both; and 10 replicate samples taken 
from 1 site where moderate oiling occurred. 
Secluded Bay (Fig. 1). 

Analysis of community structure. The ana- 
lytical procedure followed the protocol recom- 
mended by a number of authors in the recent 
marine ecological literature (Field et al. 1982, 
Gray et al. 1988, Clarke 1993, Warwick 1993). 
The protocol consists of the following steps: 
(1) displaying community patterns through 
non-parametric multivariate methods (ordina- 
tion and/or clustering), (2) determining if the 
benthic community at any site is displaying 
signs of stress, (3) identifying the species 
which are primarily responsible for the sample 
groupings, (4) testing the differences statisti- 
cally, and (5) correlating the patterns of spatial 
variation in the biological variables with mea- 
sures of the pollution/perturbation gradient. 

Because of differences in the size of each 
individual sample (holdfast volume), raw 
abundance data were standardised prior to 

analysis (Smith & Simpson 1993). Data were subse- 
quently root-root transformed and similarities between 
each pair of samples calculated using the Bray-Curtis 
measure (Bray & Curtis 1957). The spatial relationship 
between samples was determined using non-metric 
multidimensional scaling (MDS) analysis with the 
results displayed in a 2-dimensional plot. As a number 
of recent studies have suggested that the effects of 
pollution are detectable at higher taxonomic levels 
(Warwick 1988a, b, Smith & Simpson 1993), MDS 
analyses were also conducted for data aggregated to a 
mixed taxonomic level where each category repre- 
sents a distinct fauna1 group (i.e. at the level of class 
with the Malacostraca subdivided into component 
orders; Smith & Simpson 1993, Smith 1994). 

The community data were analysed for signs of stress 
using 3 separate methods: abundance biomass com- 
parisons (ABC) (Warwick 1986), log-normal plots 
(Gray & Pearson 1982) and the Ewens-Caswell neutral 
model (Platt & Lambshead 1985, Lambshead & Platt 
1988). Three methods were used as recent studies 
have suggested that interpretations based on more 
than 1 method may be more reliable, as each has been 
demonstrated to provide equivocal results under 
certain conditions (Dauer et al. 1993, Warwick 1993, 
Smith 1994, Warwick & Clarke 1994). Data were 
pooled across samples within a site for both the ABC 



76 Mar Ecol Prog Ser 

and log-normal methods. While this does not pose 
problems for the ABC method, the differences in the 
number of samples between sites could confound the 
interpretation of the log-normal plots. As the minimum 
number of samples available for any site was 4 (see 
'Results'), log-normal curves were constructed from 4 
randomly selected samples for sites where n > 4. 

Differences in species composition between sites 
were evaluated using both non-parametric (SIMPER, 
similarity percentages; Clarke 1993) and parametric 
methods (ANOVA). All species were included in the 
SIMPER analyses but only the common species were 
evaluated in the ANOVA (common species were 
defined as those with a proportional representation of 
4% or greater in any one sample; Field et al. 1982, 
Smith 1994, Table 1). 

Tests for the significance of differences between the 
different treatments were performed using the ran- 
domisation/permutation procedure ANOSIM (analysis 
of similarities; Clarke 1993). The relationship of the 
observed faunistic patterns to the 3 physico-chemical 
variables (sediment, PAH, holdfast volume) was ex- 
plored by superimposing the data for these variables 
on the sample data points and also by using the proce- 
dure BIO-ENV (Clarke & Ainsworth 1993). BIO-ENV is 
a method which provides a measure of correlation 
between separate ordinations of biotic and abiotic data 
and can be used to determine which abiotic variables 
best explain the structure within the biological data 
(Clarke 1993, Clarke & Ainsworth 1993). In addition, 
correlations between the dominance of the common 
species and the 3 abiotic variables were conducted in 
order to determine specific relationships for the domi- 

Table 1. List of species with a proportional representation of 4 % 
or greater in any one Durvillaea antarctica holdfast sample 

Species 

Nematodes 
Platyhelminth sp. 1 
Nemerteans 
Ol~gochaete sp 1 
Capitella 'capita tar 
Sf. Svllinae sp. 1 
Sf. Eusyllinae sp. 1 
Spirorbis aggrega ta 
Chone sp. 
Boccardia sp 
Dodecaceria sp. 
Laer.ilitfonna caliqinosa 
Kergirelenella lclteralis 
Vermectias nelladanae 
L~mnoria stephenseni 
Para waldeckia kidderi 
Hyale novaezealandiae 
Mite sp. 

Taxonomic group 

Nematode 
Platyhelminth 
Nemertean 
Oligochaete 
Polychaete 
Polychaete 
Polychaete 
Polychaete 
Polychaete 
Polychaete 
Polychaete 
Gastropod 
Gastropod 
lsopod 
Isopod 
Amphipod 
Amphipod 
Mite 

nant taxa. For these analyses, species abundance data 
were standardised and arcsine transformed and the 
abiotic variables were loglo transformed. 

Population level analyses. As one of the objectives 
of the study was to evaluate the effects of the oil spill at 
the population level through comparisons of size class 
data, the sizes of all individuals of the 4 most common, 
ubiquitous species were determined. These species 
were the gastropod mollusc Laevilittorina caliginosa, 
the amphipods Hyale novaezealandiae and Para- 
waldeckia kidderi and the isopod Limnoria stephen- 
seni. While body size determinations were straight- 
forward for L. caliginosa (the maximum distance 
from the tip of the spire to the anterior lip of the aper- 
ture), fixed specimens of peracarid crustaceans can 
show a range of flexion, from individuals that are 
straight, through to those that are completely curled, 
making the measurement of total length difficult. For l? 
kidderi, flexion was relatively uniform and so total 
body length measurements were determined for this 
species (from the rostrum to the base of the telson). 
Flexion was much less uniform for the other 2 species 
and so the length of the head (from the tip of the 
rostrum to the posterior margin of the head segment) 
was measured for each individual. Total body length 
was later extrapolated from a regression analysis of 
the relationship between head length and total body 
length, the latter determined from camera lucida 
projection for 20 specimens of each species (Fenwick 
1985). 

Age class structure was examined by plotting meas- 
ured size against cumulative frequency scaled to a per- 
centage and determining where inflexions occurred 
within the resultant curves (Cassie 1954). However, in 
all cases this method proved to rely on rather subjec- 
tive evaluation as to the position of inflexions and the 
simpler method of examining histograms of size data 
was found to be more informative. Intervals for size 
classes were set by attempting to allocate obvious 
peaks in the size frequency distribution into separate 
classes (note that these do not necessarily correspond 
to distinct age classes). Size frequency distributions 
were compared graphically between treatments and 
the difference In the mean size of individuals was 
tested using 2-way nested ANOVA and planned com- 
parisons. Pooling of mean squares was performed (site 
within location with residual) where approprlate 
(Sokal & Rohlf 1981) if the first tests for a location effect 
(location tested over site within location) were not 
significant. Contingency table testing of the distribu- 
tion of individuals among size classes was not per- 
formed due to problems of non-independence and the 
requirement to perform 'sacrificial pseudoreplication' 
(Hurlbert 1984) in order to provide a comparison across 
treatments. 
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RESULTS 

Although 31 samples were collected for this study, 
the long storage pe r~od  (from February 1989 to July 
1993) coupled with the large size of the holdfast 
samples resulted in poor preservation of some material. 
Where poor preservation was suspected, samples were 
omitted from analyses in order to minimise the effect of 
t h ~ s  potent~ally confounding factor. A total of 7 samples 
were consequently discarded, with the remaining sam- 
ples distributed as follo\vs: heavily oiled location - 
Buckles Bay, n = 4 ,  Garden Cove, n = 4; moderately 
oiled location - Secluded Bay, n = 7; control - Sandy 
Bay site 1, n = 5, Sandy Bay site 2, n = 4. 

Description of the holdfast habitat 

The holdfast of Durvillaea antarctica is formed from 
the outer layer (meristoderm) of the plant through 
tangential division. The shape is scutate to discoid and 
IS enlarged through the annual addition of new tissue 
(Chapman & Chapman 1973). Holdfasts from adjacent 
plants are often fused, resulting in large, single discs 
with diameters of up to 60 cm bearing multiple fronds 
(Chapman & Chapman 1973, Ricker 1987). A descrip- 
tion of the holdfast habitat for samples collected from 
the control sites follows. 

All samples displayed bioerosion wi th~n  the central 
sections of the holdfast whlch appeared to be associ- 
ated with the activities of the herbivorous isopod Lim- 
noria stephenseni. The central area of the holdfast 
usually comprised a large chamber from which 
numerous tunnels radiated into the surrounding tis- 
sues. In most holdfasts, a number of tunnels pene- 
trated to the exterior resulting in small openings in 
the otherwise smooth and solid dorsal surfaces. 
Smaller chambers were also located at intervals in 
some of the tunnels and these were most often associ- 
ated with aggregations of very small juvenile L. 
stephenseni (body size of approximately 2 to 4 mm) 
each of which was found in individual tunnels leading 
off from the chamber. Other species were uncommon 
within the tunnels although specimens of Para- 
waldeckia kidderi and Laevilittorina caliginosa were 
occasionally present in or adjacent to the distal end of 
the tunnel. However, this may represent an  artefact 
resulting from specimens moving deeper into the 
holdfast to avoid formalin fixation. 

Internally, there were a number of subhabitats which 
were consistent throughout all samples. In the base, 
adjacent to the rocky substratum, the holdfast was 
honeycombed and brittle with no living tissue. Most 
of the sediment present within the holdfast was con- 
tained within this layer. This subhabitat was where the 

majority of the worms (platyhelminthes, polychaetes, 
oligochaetes, nemerteans and nematodes) were found. 
The larger internal chambers were present immedi- 
ately above this dead layer although there was consid- 
erable variability in the size and number of obvious 
chambers, some holdfasts supporting 1 large gallery 
with a network of small tunnels and others with 
numerous, smaller, linked chambers. The chambers 
were the main area where the amphipods and the 
gastropod Laevilittorina caliginosa were found. Most 
fresh tunnels (tunnels were termed fresh if the internal 
walls were pale rather than having the darker colour 
characteristic of regrowth/oxidation as observed in the 
base of the holdfast; Herriott 1923) contained 1 or more 
adult specimens of L, stephenseni, and on occasions, 
aggregations of up  to 20 small juveniles in situ. 

During the dissection of the holdfasts the most obvi- 
ous difference between s ~ t e s  was the comparatively 
high sediment content within samples from the oiled 
locations. In most of these samples the inner chambers, 
which were free of sediment at the control sites, were 
full, or partially full, of dark sediment and detached 
algal material. In addition, whereas samples from 
control sites were riddled with fresh tunnels and 
chambers, very few were present in samples from 
the oiled locations (Fig. 2 ) .  

Patterns of community structure 

The results of the MDS analyses at  the species and 
mixed taxonomic levels are shown in Fig. 3A & B re- 
spectively. The analysis at the species level shows dis- 
tinct separation of the oiled sites from the controls with 
the exception of 1 data point from Sandy Bay site 1 
which groups with the samples from Buckles Bay. 
Samples from Secluded Bay show the least intra-site 
variability, forming a tight grouping towards the bot- 
tom of the plot. There is some overlap in the data points 
for samples from Buckles Bay and Garden Cove which 
group to the upper left. Stress values are moderately 
high (Kruskal's stress = 0.139) but fall within the range 
considered to provide interpretable results without re- 
sorting to a higher dimensional solution (Clarke 1993). 

The mixed level analysis (Fig. 3B) shows a similar 
pattern of sample distributions and site groupings 
except that there is no overlap between the control and 
oiled sites. Stress values for the mixed level analysis 
are  also within the acceptable range (Kruskal's stress = 

0.140) as defined by Clarke (1993). 
The determination of the statistical significance of 

differences between sites within locations and among 
locations was conducted using a 2-way nested 
ANOSIM. While a sufficient number of permutations 
was possible to generate a powerful test for the site 
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Fig 2. Cross-sections through Durvillaea antarctica holdfast samples collected 
from control a.nd oiled sltes at Macquarie Island. ( . \ l  Internal sectlon of a sample 
from Sandy Ba.) site 1 showing tunnels and chilrnbers vxcavated by Lirnnoria 
stephenseni v ith 2 large specimens in s ~ t u  (B) Internal srction of a sample from 
Secluded Bay showing the bu~ld-up of sediment and detached algal material 

in central tunnels and chambers 

considerable differences (species-R = 
0.669; mixed-R = 0.912) with a much 
higher value in the mixed analysis. The 
R statistic has a maximum value of 1.0 
when all samples within treatments are 
more similar to each other than to any 
sample from other treatments (Clarke 
1993). The results therefore suggest 
that the location effect (i.e. oil treat- 
ment) is more pronounced in analyses 
at the mixed level than in those 
conducted at the species level. 

Measurements of stress 

Each of the 3 methods conducted to 
determine whether or not there was 
evidence of stress in the holdfast com- 
munity showed differences between 
the control and oiled samples. ABC 
plots are presented in Fig. 4 for data 
pooled over replicates within each site. 
Three main conf~gurations are recog- 
nised in the interpretation of ABC 
plots: (1) unperturbed, where biomass 
lies above abundance for the full 
length of the curves; (2) moderately 
perturbed, where curves cross or are 
coincidental for some of their length; 
and (3) perturbed, where abundance 
lies above biomass over the full length 
of the curves (Warwick 1993). For the 
control sites, Sandy Bay site 1 shows 
the unperturbed configuration and 
Sandy Bay site 2 shows some overlap 
over the 2 highest ranked taxa with the 
blomass curve above the abundance 
curve for the full range of lower ranked 
species. The samples from Secluded 
Bay show the moderately perturbed 
configuration, with the curves initially 

within location term (a  random sample of 1000 permu- coincidental and abundance lying above the biomass 
tations was used), only 15 permutations were available curve subsequently. The 2 sites from the most heavily 
for the location term, resulting in a minimum prob- oiled 1.ocation (Garden Cove and Buckles Bay) show 
ab~lity of 6.67 % (i.e p = 0.067). Thus the test for a loca- considerable intra-location differences, producing the 
tion effect had relatively low power. The site within moderately perturbed and unperturbed configurations 
location effect was significant for the analysis at the respectively. Examination of the ABC plots for each 
species level (R = 0.465, p = 0.024) but not significant at individual sample from each site indicated that: (1) 
the mixed level (R = 0.462, p = 0.062), although the with the exception of 2 samples which showed some 
probability in the latter analysis only just fai.led to crossing over species ranks 1 and 2 ,  all samples from 
reach significance at the 5% level. Both the specles Sandy Bay had the unperturbed configuration, (2) all 
and mixed level analyses of the location effect re- 
turned the lowest probability possible (p  = 0.067). The 
test statistics (R) for these analyses, however, did show 

samples from both Garden Cove and Secluded Bay 
showed either the crossed or perturbed configuration, 
and (3) one of the samples from Buckles Bay showed 
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Fig. 3 MDS plots for analyses conducted at the species level and 
at a mixed taxonom~c level (at the level of class with the Mala- 
costraca subdivided into component orders) for all samples from 
each slte. (A)  Species level, Kruskal's stress = 0.139; (B) mixed 
taxonomic level, Kruskal's stress = 0.140. Symbols: 1 = Sandy 
Bay site 1 ,  2 = Sandy Bay site 2, 3 = Secluded Bay, 4 = Buckles 
Bay, 5 = Garden Cove. As the analysis was non-metnc, axis 

scales are  arbitrary and are therefore omitted 

the perturbed configuration, with the other three re- 
vealing the unperturbed pattern. 

The log-normal plots (Fig. 5) indicate that the 
samples from the control sites have a greater percent- 
age of rare species and span fewer geometric classes 
(to class 10) than samples from the oiled sites (to 
classes 11 and 12). This conforms to expectations 
for comparisons between stressed and unstressed 
communities (Gray & Pearson 1982). 

The results of the Ewens-Caswell neutral model 
analysis are summarised graphically in Fig. 6. Samples 
from the oiled locations have greater negative devia- 
tions from the diversity values expected under the null 
hypothesis of no species interactions. In addition there 

is a n  apparent gradient of the means, with the sam- 
ples from Secluded Bay showing intermediate values 
between the control sites and those receiving the 
heaviest oiling. Because some taxonon~ic pooling was 
conducted in the analysis, the data were not examined 
for the significance of their departures from neutrality 
and statistical comparisons were limited to evaluating 
the differences In the value of V between sites within 
locations and between locations (Smith & Simpson 
1992). Analysis of transformed Vstatistic data [log(V+?); 
Cochran's test p > 0.051 indicated that neither the site 
within location nor the location term in the analysis was 
significant (site within location: F = 0.50, df = 2,19, 
p > 0.05; location: F = 5.43, df = 2,2 ,  p > 0.05). 

Differences in species composition between sites 

The species primarily responsible for the differences 
between the treatments were determined using both 
SIMPER breakdowns and also 2-way nested ANOVA 
for each of the common species. 

The results of the SIMPER analysis are presented in 
Table 2. The comparisons of both moderately and 
heavily oiled locations with the controls show similar 
results. The main differences are the high dominance 
of polychaetes and low dominance of crustaceans at 
the oiled sites. Thus Limnoria stephenseni and Ver- 
mectias nelladanae were virtually absent from the 
oiled sites, which were characterised by high abun- 
dances of spionid, cirratulid, sabellid and capitellid 
polychaetes and oligochaetes. 

The ANOVA shows similar results, with significant 
differences among locations for most of the species 
which were highly ranked in the SIMPER breakdowns. 
The significant treatment effect was further explored 
using planned orthogonal comparisons: oiled locations 
versus control and heavily oiled versus moderately 
oiled (mean squares pooled where appropriate; Sokal & 

Rohlf 1981). Species showing a significant difference in 
the comparisons of the oiled samples with the controls 
are shown in Table 3. The polychaetes Capitella 'capi- 
ta ta', Boccardia sp., Dodecaceria sp. and Sf. Syllinae sp. 
1 and Oligochaete sp. 1 had significantly higher repre- 
sentation at  the oiled sites, and Platyhelminth sp. 1,  
the isopods L. stephenseni and V nelladanae and the 
siphonariid mollusc Kerguelenella lateralis, signifi- 
cantly higher representation at  the controls. 

Correlations with abiotic variables 

The results of the analysis of sediments for PAH 
residues are summarised graphically in Fig. 7. While 
the results indicate that the oiled sites contained levels 
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Fig. 4. Cumulative ABC plots for sam- 
ples pooled within a site. (-c-) Abun- 
dance, (-X-) biomass. SB1: Sandy 
Bay site 1; SB2. Sandy Bay site 2; 
GC: Garden Cove; SEC: Secluded Bay; 

BB: Buckles Bay 

g 20 
-c 10- 

l0 I 10 

Species rank 

-- 

SBl 

of PAH of up to 12 mg per 5 g of sediment, there was detected at Secluded Bay. Although the control sites 

a O-.: I .- I 
C1 

10 
m - 
3 100- 

S 90.- 

go--  

70 -- 
60 -- 
50 -- 
40 -- 
30 -- 

considerable variability within a site. The highest were located some 6 km from the site of the oil spill 
individual values were found at both Buckles Bay and (Fig. l ) ,  the sediment from these samples also con- 
Garden Cove while lower values were consistently tained traces of PAH 

Despite the very obvious differences between the 
biological composition of the holdfast samples and the 
gradient of sediment oil residues, the results of correla- - SB I 

- ++ - SB2 - SEC - BB 
- & - G C  

tion analysis between the biotic and environmental 
similarity matrices (BIO-ENV) indicated that the vol- 
ume of the holdfast, sediment content and sediment 

Geometric class -3 
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Fig. 5. Log-normal plots for species abundance data pooled 
across samples from each site (4 samples used from each site). Fig. 6. Means and standard errors for values of the Vstatistic 
SBl. Sandy Bay site 1; SB2: Sandy Bay site 2; SEC: Secluded for each site. SB1: Sandy Bay site 1; SB2: Sandy Bay site 2; 

Bay; BB: Buckles Bay; GC: Garden Cove SEC: Secluded Bay; BB: Buckles Bay; GC: Garden Cove 
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PAH residues had poor explanatory power. Low and 
non-significant regression coefficients were recorded 
for each factor separately as well as for all possible 
con~binations of the 3 factors. The largest correlation 
coefficients were recorded for sediment PAH content 
(r = 0.079) and holdfast volume (r = -0.151), all of the 
combinations of variables accounting for less variance 
than these single factors. 

Correlation analyses between the standardised, trans- 
formed species abundance data and measures of the 
abiotic variables provided some significant results 

(Table 4 ) .  Three species (Limnoria stephenseni, Ver- 
mectlas nelladanae and Platyhelminth sp.  1) had sig- 
nificant nega t~ve  correlations and 1 species (Sf. Syllinae 
sp .  1) a significant positive correlation with sediment 
PAH content. There was a larger number of species 
which showed s~gndicant associations with holdfast sedi- 
ment content, 5 species with positive correlations (Oligo- 
chaete sp. 1, Chone sp. ,  Boccardia sp. ,  Dodecaceria sp. 
and Mite sp.) and 2 specles with significant negative cor- 
relations (Hyale novaezealandiae and L. stephenseni]. 
Three of the common species showed significant associ- 

Table 2. Results of pairwise SIMPER comparisons listing species contributing the most to the differences between the 3 locations 
(heavily oiled, moderately oiled and controls) 

Moderately oiled Control % Contribution Cumulative 
Mean SD Mean SD % 

Boccardia sp. 0.11 0.12 0.00 0.00 5.77 5.77 
Lirnnoria stephenseni 0.01 0.01 0.26 0.16 5.40 11.16 
Dodecaceria sp. 0.07 0.05 0.00 0.00 5.21 16.37 
Vermectias nelladanae 0.00 0.00 0.05 0.05 4.93 21.30 
Oligochaete sp. 1 0.20 0.10 0.04 0.06 4.80 26.10 
Capitella 'capitata' 0.02 0.02 0.00 0.00 4.22 30.32 
Chone sp. 0.27 0.15 0.08 0.07 4.05 34.36 
Platyhelminth sp. l 0.00 0.00 0.02 0.01 3.73 38.10 
Nematodes 0.01 0.02 0.01 0.03 3.10 41.19 
Sf Syllinae sp. 1 0.01 0.00 0.00 0.01 3.08 44.28 
Mite sp. 0.01 0.01 0.01 0.01 3.04 47.32 
Sf. Eusyllinae sp. 1 0.03 0.03 0.01 0.01 2.93 50.25 

Heavily oiled Control %, Contribution Cumulative 
Mean SD Mean S D O/o 

Limnoria stephenseni 0.00 0.00 0.26 0.16 7 75 7.75 
Sf. Syllinae sp. 1 0.06 0.05 0.00 0.01 5 24 12.99 
Vermect~as nelladanae 0.00 0.00 0.05 0.05 4.67 17.66 
Laevilittorina caliginosa 0.09 0.10 0.23 0.15 4 37 22.03 
Capitella 'capita ta' 0.03 0.04 0.00 0.00 4.32 26.35 
Platyhelminth sp. 1 0.00 0.00 0.02 0.01 4.03 30.38 
Boccardia sp. 0.02 0.03 0.00 0.00 3 72 34.10 
Chone sp. 0.24 0.17 0.08 0.07 3.65 37.75 
Hyale novaezealandiae 0.10 0.13 0.13 0.06 3.65 41.40 
Spirorbis aggregata 0.05 0.05 0.02 0.03 3.23 44.63 
Oligochaete sp. 1 0.08 0.15 0.04 0.06 3 07 47.70 
Kerguelenella lateralis 0.01 0.01 0.02 0.03 2.92 50.62 

Heavily oiled Moderately oiled % Contribution Cumulative 
Mean SD Mean SD "/o 

Mite sp. 0.00 0.00 0.01 0.01 4.93 4.93 
Sf. Eusyllinae sp. 1 0.00 0.01 0.03 0.03 4.74 9.67 
Parawaldeckia kidderi 0.27 0.29 0.05 0.04 4.41 14.08 
Oligochaete sp. 1 0.08 0.15 0.20 0.10 4.16 18.24 
Laevilittorina caliginosa 0.09 0.10 0.10 0.08 3.93 22.17 
Dodecaceria sp. 0.01 0.02 0.07 0.05 3.70 25.86 
Hyale novaezealandiae 0.10 0.13 0.03 0.02 3.49 29.35 
Sf. Syllinae sp. 1 0.06 0.05 0.01 0.00 3.30 32.65 
Boccardia sp. 0.02 0.03 0.11 0.12 3.11 35.76 
Capitella 'capitata' 0.03 0.04 0.02 0.02 3.02 38.78 
Cirratulus sp. 0.00 0.00 0.00 0.00 2.90 4 1.68 
Munna sp 0.00 0.00 0.00 0.00 2.81 44.49 
Spirorb~s aggrega fa 0.05 0.05 0.05 0.11 2.80 47.29 
Llmnoria stephenseni 0.00 0.00 0.01 0.01 2.69 49.98 
Chone sp. 0.24 0.17 0.27 0.15 2.54 52.51 
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Table 3. Species showing a significant location effect in the Table 4. List of species showing significant correlat~ons with 
planned ANOVA comparison of oiled locations vs control the 3 abiotic variables evaluated. There are 22 df for the 

location correlations with holdfast volume and sediment content but 
only 15 df for PAH residue due to the pooling of some samples 

for PAH evaluations 
F Sig. 

Platyhelminth sp. 1" 39.66 
CapiteIla 'capitata'" 4 1.02 
Boccardia sp." 132.03 . m  

Dodecaceria sp.' 29.53 
Kerguelenella lateralis" 34.19 
Vermectias nelladanaen 49.73 
Limnoria stephenseni4 99.65 . . 
Oligochaete sp. 7.56 
Sf. Syllinae sp. l b  9.21 . . 
" df = 1,2;  df = 1,2 1 (tests using the pooled mean square) 
' p  5 0.05; "p 5 0.001 

Sediment PAH content 
Platyhelminth sp. 1 
Sf. Syllinae sp. 1 
Vermectias nelladanae 
Limnoria stephenseni 

Sediment per 100 m1 holdfast 
Oligochaete sp. 1 
Chone sp 
Boccardia sp. 
Dodecaceria sp. 
Limnona stephenseni 
Hyale novaezealandiae 
Mite sp. 

ations with holdfast volume, L. stephenseni with a 
negative correlation and Sf. Sylhnae sp. 1 and Capitella 
'capitata' with positive correlations. The interpretation of 

Holdfast volume 
Limnona stephenseni 
Sf. Sylllnae sp. 1 
CawiteUa 'cawitata' 

high levels of residual PAH. This is reflected in the cor- 

the results of these analyses however is confounded by 
the fact that samples with high sediment content were 

relation coefficient between holdfast sediment content munity structure from any site prior to the oiling in 

'p  < 0.05, " p < 0.01, "' p < 0.001 

and PAH residue, which just fails to reach significance 1987. Recently, however, data have been provlded for 

generally found at the oiled sites and consequently had 

at the 5% level (r = 0.429, df = 15) 5 holdfasts collected from Buckles Bay in October 1983 
(G. Edgar unpubl. data). These data were therefore 
incorporated into the analysis of biotic differences 

Interpretation with respect to pre-impact data between sites in order to reduce the confounding 
resulting from the lack of pre- and post-impact data 

At the time holdfasts were collected for this study, 
the authors were unaware of any data on holdfast com- 

SBI SB2 SEC BB GC Fig. 8. MDS plot for data aggregated to a mixed taxonomic 
level, including data from samples collected at Buckles Bay 
in 1983. Kruskal's stress = 0.159. Symbols: 1 = Sandy Bay 
site 1; 2 = Sandy Bay site 2; 3 = Secluded Bay; 4 = Buckles 
Bay; 5 = Garden Cove; 6 = Buckles Bay 1983. As the 
analysis was non-metric, axis scales are arbitrary and are 

therefore ornltted 

Fig. 7. Means and standard errors of measurements of aro- 
matic hydrocarbon content for holdfast sediment samples 
from each site. Sediment samples were pooled across samples 
within Sandy Bay sites 1 and 2 to give 1 reading only for these 
sites. SBI.  Sandy Bay site 1 ;  SB2- Sandy Bay site 2; SEC: 

Secluded Bay; BB Buckles Bay, GC: Garden Cove 
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Fig. 9. Size distributions for populations of the 4 most common species occurring in the Durvillaea antarctica holdfast. SB1: 
Sandy Bay site 1; SB2: Sandy Bay site 2; SEC: Secluded Bay; BB: Buckles Bay; GC: Garden Cove 

from all sites In interpreting possible oil effects. 
Because a number of species in the pre-impact data for 
Buckles Bay were not identified to species level and 
identification codes do not correspond to those used in 
the present study, MDS analysis was conducted at the 
mixed taxonomic level only. The results (Fig. 8) show 
that the pre-impact samples from Buckles Bay group to 
the right of the MDS plot, overlapping with those from 
the control site, Sandy Bay 2. The important ANOSIM 
results are that there is a highly significant difference 
between pre- and post-impact samples from Buckles 
Bay (p  = 0.008) and no significant difference between 
samples from Sandy Bay 2 and pre-impact data from 
Buckles Bay (p = 0.333). The results of SIMPER break- 
downs further indicate that the significant differences 
between the 2 sets of samples from Buckles Bay are 
primarily attributable to substantial increases in the 
proportions of polychaetes (from a 1983 mean of 4 %  

of the total abundance to a mean of 4 3 %  in 1989), 
oligochaetes (0 % to 2 %) and amphipods (21 % to 42 %) 
and a decrease in the proportion of gastropods (62% 
to 9%).  Differences in the proportions of these taxa 
account for 50% of the differences between the 2 sets 
of samples. 

Differences at the population level 

Histograms of the size distribution for each of the 4 
common species are shown in Fig. 9. In the ANOVA 
testing differences in mean size, the location effect was 
tested over the pooled site within location and residual 
error terms for Laevilittorina caliginosa and Parawal- 
deckia kidderi but this was not appropriate for either 
Hyale novaezealandiae or Limnoria stephenseni (Sokal 
& Rohlf 1981). 
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Laevilittorina caliginosa 

Size distribution data (Fig. 9) for the control sites 
were very similar, with the population distribution 
skewed to smaller individuals. Although the smaller 
size cla.sses were present at all sites, both the moder- 
ately oiled and heavily oiled sites showed a higher 
dominance of medium to larger sized animals. This 
was particularly evident for samples from the 2 heavily 
oiled sites (Buckles Bay and Garden Cove). 

There were no significant differences between the 
mean sizes of Laevilittorina caliginosa between sites 
within locations (F=  1.55, df = 2,16). The location effect 
was significant (F = 11.66, df = 2,18, p < 0.01) and 
planned comparisons of oiled locations versus con- 
trols and moderately oiled versus heavily oiled loca- 
tions both revealed significant differences (F = 8.04, 
df = 1,18, p < 0.05 and F = 9.42, df = 1,18, p < 0.01 
respectively). 

Limnoria stephenseni 

Head size was found to be a good predictor of total 
body length for Limnoria stephenseni, the relationship 
being described by the following formula: Total body 
length (mm) = 13 X Head size (mm) - 2.5 (r = 0.97, 
df = 18, p < 0.001). 

Comparisons of the size class frequency between sites 
indcated considerable differences between the different 
levels of oiling (Fig. 9). Samples from the heavily oiled 
sites mainly comprised larger animals with no indi- 
viduals in the smaller size classes. In contrast, the 2 con- 
trol sites, which had similar size distribution curves, were 
dominated by smaller individuals. The samples from 
Secluded Bay contained the full range of sizes and were 
dominated by medium sized individuals. There were no 
significant differences in the mean size of individuals be- 
tween sites within locations (F = 1.97, df = 2,16) or for 
the location term (F= 9.50, df = 2,2). However, planned 
comparisons revealed a significant difference for the 
comparison of all oiled sites with the controls (F= 3.7.94, 
df = 1,2,  p < 0.05). Comparisons between the moder- 
ately oiled and heavily oiled sites were not significant 
(F= 2.38, df = 1,2). 

Para waldeckia kidder1 

Size distribution patterns were markedly different 
for the control and oiled sites for Parawaldeckia kid- 
der~  (Fig. 9). While control sites were dominated by 
small and medium sized ind.ividuals, all oiled sites 
showed an  overwhelming dominance of individuals in 
the smallest size class (96% for samples from Garden 

Cove). In addition, the largest individuals were consis- 
tently recorded in samples from all oiled sites. 

There were no significant differences in mean sizes 
between sites within locations (F= 0.77, df = 2,16) or in 
the planned comparison between the moderately oiled 
and heavily oiled locations (F = 0.09, df = 1,18). The 
location term was significant (F = 4.94, df = 2,18, p < 
0.05) as was the planned comparison between oiled 
locations and the controls (F= 9.42, df = 1,18, p < 0.01). 

Hyale novaezealandiae 

Head size was found to be a good predictor of total 
body length for Hyale novaezealandiae, the relation- 
ship being described by the following formula: Total 
body length (mm) = 14.2 X Head size (mm) - 1.27 
(r = 0.99, df = 18, p < 0.001). 

Most sites showed a dominance of medium sized 
individuals in the size distribution histograms (Fig. 9) 
with similar distributions for the control sites and 
Secluded Bay. The difference between the distribu- 
tions for the sites within the heavily oiled location 
(Buckles Bay with a distribution skewed towards 
larger and Garden Cove towards smaller individuals) 
would appear to be the primary reason for the signifi- 
cant site within location effect in the statistical analysis 
(F = 7.16, df = 2,16, p < 0.01). All the other terms in the 
ANOVA were not significant. 

DISCUSSION 

Previous descriptions of the Durvillaea antarctica 
holdfast environment have noted that the majority of 
macrofaunal species are resident within the holdfast 
either in the area between the base of the holdfast and 
the rocky substratum or in chambers excavated by 
activities of herbivorous invertebrate species (Herriott 
1923, Oliver 1923, Kenny & Haysom 1962, Cancino & 
Santelices 1981). These descriptions have generally 
made the assumption that the herbivores on which the 
other fauna are dependent for space provision are 
primarily molluscan. The present study suggests that 
the activities of the herbivorous isopod Limnoria 
stephenseni are of much greater importance in the 
Macquarie Island holdfast habitat. In addition, the 
structure of the habitat, ranging from a series of small, 
often interlinked chambers to 1 larger chamber, would 
appear to be more heterogeneous than for the same 
species of kelp in central Chile where Cancino & San- 
telices (1981) recorded only single, large chambers in 
D. antarctica holdfast samples. All major tunnels and 
chambers examined within the samples from the con- 
trol sites in Sandy Bay were associated with the activi- 
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ties of L. stephenseni, with the longer and wider tun- 
nels attributable to larger adult specimens and smaller 
chambers often associated with aggregations of small, 
recently recruited juveniles. 

The results of the evaluation of differences in spatial 
pattern for the Durvillaea antarctica holdfast cornrnu- 
nity suggest that the 'Nella Dan' oil spill has had a con- 
siderable effect on the faunal complement. However, 
prior to discussing these more fully it should be noted 
that the present study did not include pre-impact 
measurements from all sites and therefore the results 
need to be cautiously interpreted. The inferences 
drawn from the results are aided by the availability of 
data collected from Buckles Bay in 1983 and also by 
the 1988-89 study design which incorporated 2 control 
sites. Despite these concerns, the differences in com- 
munity structure demonstrated between the different 
treatments are highly suggestive of an oil effect and 
the types and magnitudes of differences are consistent 
with other published accounts of oil spills on benthic 
faunal communities. 

The major impact appears to have been on the 
population of Limnoria stephenseni with very few indi- 
viduals recorded from the samples taken within the 
oiled locations (representing 0.3 % of the total number 
of individuals). In contrast, this species was numeri- 
cally dominant in samples from the control sites 
(accounting for 27 % of the total number of individuals) 
and third most dominant in pre-impact samples from 
Buckles Bay (although representing only 2.3 % of the 
total number of individuals; G. Edgar unpubl, data). 
The size distribution data for L. stephenseni further 
suggest that mortality occurred across the full range of 
animal sizes. Individuals that were found in samples 
from the oiled sites during this study were generally 
large and were found burrowing into the holdfast from 
the dorsal surface. In contrast, most tunnels in samples 
from the control sites did not penetrate the dorsal 
surface of the holdfast, primarily radiating from in- 
ternal chambers. This may indicate that the few 
L. stephenseni collected from the oiled sites have 
migrated from areas that were unaffected by the oil 
spill. 

There is evidence that Limnoria stephenseni has had 
an historical presence in the holdfasts sampled from 
the oiled sites, as most have internal chambers and 
tunnels consistent with the activities of these herbi- 
vorous isopods (Fig. 2 ) .  However, with the exception of 
a few fresh tunnels leading from the external dorsal 
surface of some holdfast samples, the internal cham- 
bers and tunnels were lined with a hard, dark layer 
(possibly representing a protective growth; Herriott 
1923). Tunnels of this kind seldom contained indi- 
viduals of L, stephenseni in control samples, with 
specimens primarily present in freshly excavated areas 

in which there was no darker lining. No fresh tunnels 
were observed in the internal areas of any of the 
samples from the oiled sites. Another species which 
was also much less common at the oiled sites was the 
small isopod Vermectias nelladanae, which was pre- 
sent in moderate abundance at the control sites. Only 2 
individuals of this species were found at the oiled sites, 
both occurring in 1 sample from Garden Cove. How- 
ever, this species was also absent from Buckles Bay 
samples in 1983. 

There was no significant difference in the propor- 
tions of the other species of peracand crustaceans 
among treatments despite the documented suscepti- 
bility of this faunal group to oil pollution. Indeed the 
results within the peracands contrast markedly with 
studies on the toxicity of oil in the Arctic region which 
suggested that isopods were more tolerant than 
amphipods (Wells & Percy 1985). However, while there 
were no differences in the proportions of Parawal- 
deckia kidderi between locations, the evaluation of 
size distribution patterns indicated a major difference 
between all oiled sites and the controls. These differ- 
ences suggest that medium sized individuals are 
under-represented at  the oiled sites, with small indi- 
viduals dominating. A tentative explanation is that 
there was a high illortality of P kidderi following the 
oiling. Subsequent migration of larger adults (the 
largest specimens were consistently recorded from the 
oiled sites) and a recent, very large recruitment of 
juveniles has resulted in similar densities to the control 
sites but with markedly different patterns of size distri- 
bution. As both pre-impact data on size distributions 
and details of the life history of this species are not 
available, this explanation remains speculative. 

Samples from the oiled sites contained a number of 
species which were not recorded from the controls or 
from pre-impact samples from Buckles Bay. These 
were the opportunistic polychaete Capitella 'capitata' 
and species of cirratulids and terebellids. In addition, 
there were a number of polychaete species that, 
although present occasionally and in low abundance at  
the control sites, were abundant in samples from the 
oiled sites. This applied in particular to the spionid 
Boccardia sp. The presence of high abundances of 
representatives of these farmlies in samples from the 
oiled sites is consistent with observations made during 
investigations into the effects of oiling elsewhere 
(Conan 1982, Berge 1990, Bonsdorff et al. 1990). The 
presence of C. 'capitata' is of particular note as this 
species has been identified as being resistant to hydro- 
carbons and one of the main indicators of oil pollution 
(Michael 1977, Scott-Carr & Reish 1977, Gray 1981, 
Gray et al. 1990, Pocklington & Wells 1992). Similar 
findings have recently been reported from Antarctic 
waters where C, capitata antarctica dominated soft 
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sediments in areas of highest hydrocarbon pollution 
adjacent to McMurdo Station, but was absent from 
unpolluted reference sites (Lenihan et al. 1990). 

The dominant molluscan species Laevilittorina cali- 
ginosa displayed no apparent differences in patterns of 
dominance among treatments. This is consistent with 
studies of this family in lower latitudes which have 
demonstrated considerable tolerance to oiling in the 
majority of cases (Stirling 1977, Nelson 1982) although 
heavy oiling during the 'Amoco Cadiz' oil spill did 
result in substantial losses (50 to 99%) of Littorina on 
the French coast (Chasse 1978). An examination of the 
size distribution data, however, suggests that there are 
some consistent differences between locations. While 
the size distribution patterns are similar for the controls 
and Secluded Bay, the heavily oiled sites supported 
fewer smaller individuals and a greater proportion of 
larger individuals. This is particularly apparent for 
samples collected at Garden Cove (Fig. 9). This ob- 
servation possibly suggests a differential mortality of 
small animals during the oiling. 

The results also suggest that the oiling had an impact 
on populations of another mollusc, the siphonariid 
Kerguelenella lateralis. This species was present in 
low abundance and the comparisons between oiled 
and control sites indicated significantly lower abun- 
dances at the oiled sites. Pople et al. (1990) indicated 
that this species was absent from the collection of 
beached fauna made immediately following the oil 
spill despite high densities in the Bare and Upper Red 
zones. This may be due to the predominance of this 
species on the upper shore, outside the range of the 
main impact of the oiling (Pople et al. 1990). The pre- 
sent results suggest that K. lateralis may be sensitive to 
the effects of oil where exposure is more direct. 

Each of the 3 methods used to assess the community 
for evidence of stress revealed a difference between 
the different sites. The Ewens/Caswell neutral model 
analysis indicated that the control sites, although 
returning negative values of V, had diversity values 
closer to the expectation under the null hypothesis of 
no species interactions than all sites from the oiled 
locations. There was an apparent gradient of mean V 
values at the other sites, with the most negative values 
from Buckles Bay and Garden Cove within the heavily 
oiled location. Negative values of V imply excessive 
dominance within the community (Warwick 1993), 
which is a feature of perturbed habitats (Pearson & 
Rosenberg 1978). However, the few studies that have 
used this method have indicated considerable varia- 
tion in the results, making the interpretation of the 
trends difficult (Warwick 1993). For example, in a 
study of the effect of an outfall of domestic effluent on 
kelp holdfast fauna, Smith & Simpson (1992) found that 
while control and impacted sites had negative values 

of V, the perturbed sites had less negative values than 
the controls. The interpretation offered for this obser- 
vation was that species interactions were reduced by 
the provision of organic material which could be used 
as a food source and that competitive interactions 
resulted in the greater negative deviations recorded 
from the controls. Thus, in comparison to the values 
recorded from respective control sites, the deviations 
recorded at impacted sites by Smith & Simpson (1992) 
and the present study are in opposite directions. A 
possible explanation for this difference is that the types 
of pollutants investigated and the duration of the envi- 
ronmental stress are different in each case. The pre- 
sent study investigated a pulse stress which can be 
expected to have a primarily toxic impact on the biota. 
In contrast, Smith & Simpson (1992) investigated a 
press stress involving organic enrichment at  concen- 
trations which would be unlikely to have a large toxic 
effect. Although the results of the neutral model analy- 
sis provide an additional method by which stress can 
be evaluated in benthic communities, problems with 
the interpretation of the results are likely to persist 
until an empirical framework of expected behaviour 
under differing types of stress can be erected. This can 
only be done with more extensive application of the 
method to a range of environmental studies. 

The log-normal plots indicate that the 3 oiled sites 
are more stressed than the controls, as the curves for 
samples from Secluded Bay, Buckles Bay and Garden 
Cove span more geometric classes and have lower 
percentages of rare species (Class 1) than the 2 control 
sites (Gray & Pearson 1982). In this analysis, samples 
from Buckles Bay appear intermediate in their levels of 
stress, with higher contributions of rare species and a 
lower span of classes than the samples from Garden 
Cove and Secluded Bay. This trend is also apparent 
for the ABC curves, which demonstrate the perturbed 
configuration for samples from Garden Cove and 
Secluded Bay but an unperturbed configuration at 
Buckles Bay. 

These results suggest that samples from Buckles Bay 
were less stressed despite the fact that this was the site 
of the grounding and the area first impacted by the 
oil slick. The results of the MDS analyses at both the 
species and mixed taxonomic level, however, do not 
echo this apparent intermediacy, with data points for 
Buckles Bay lying adjacent to those for Garden Cove 
and Secluded Bay (Fig. 3A, B). 

Comparisons between this study of holdfast fauna 
and the intertidal studies on the effects of the same oil 
spill are hampered by the fact that although some of the 
species investigated by Pople et al. (1990) were present 
within the holdfast, the primary indicator of the oil im- 
pact (the limpet Nacella macquariensis) was not found 
in any holdfast sample. The onIy other species common 
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to both studies were the chitons Hemiarthrum setulo- 
sum and Plaxiphora aurata and the asteroid Anasterias 
directa. Both P aurata and A. directa were rare within 
the holdfast habitat (with a total of 1 and 5 ind~viduals 
respectively), precluding an  evaluation of their patterns 
of distribution among sites. H. setulosum was also un- 
common in the holdfast habitat and patchily distributed 
among samples from all sites. 

The studies by Pople et al. (1990) indicated that biota 
on the lower intertidal areas of the moderately oiled 
location had densities intermediate between the con- 
trols and the heavily oiled sites. This distinction is not 
as apparent in the present study, with the faunal com- 
plement of all oiled sites showing similarities. Perhaps 
the most important link between the 2 oiled locations 
in this context is the comparative rarity of Limnoria 
stephenseni, the species upon which the rest of the 
faunal complement are  primarily dependent for the 
provision of space within the holdfast habitat. We 
further hypothesise that in the absence of this species, 
the lack of activity within the central area of the hold- 
fast may facilitate the accumulation of sediment and 
other debris which would otherwise have been resus- 
pended, reworked and eliminated from the internal 
chambers. The accretion of sediment in itself is suffi- 
cient to cause a change in the community structure to 
one dominated by fauna dependent on sediment for 
either food or as a subhabitat within the holdfast. 
Indeed, this may be an important secondary cause of 
differences between sites, as samples collected from 
Buckles Bay prior to the oil spill showed no signs of 
sediment accretion (G. Edgar pers, comm.). This sug- 
gests both a primary and secondary effect of the oil 
spill on the holdfast community involving at  least 2 of 
the suite of effects of oil on benthic communities nomi- 
nated by Moore & Dwyer (1974): (1) direct toxicity and 
(2) longer-term modification of the habitat. In addition 
the presence of hydrocarbon residues within the sedi- 
ment may limit the fauna to opportunistic species with 
tolerance to these persistent oil fractions. 

While the results of this study have demonstrated 
considerable differences between oiled and unoiled 
sites at both the community and population level, there 
are a number of alternative hypotheses that remain 
untested. This is primarily due  to the lack of pre- 
impact data from all sites. Further sampling of the 
study sites is planned in order to provide additional 
data on spatial differences between sites and the long- 
term recovery of the holdfast macrofaunal community. 
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