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ABSTRACT: As part of the ICES/IOC Bremerhaven Workshop, the macrofauna near a former drilling 
site for gas in the southern North Sea was investigated. Three years prior to the present investigation 
oil-contaminated drill cuttings had been discharged a t  the locality. Shortly after this operation had 
stopped, a macrofauna survey was carried out which showed effects at the drilling site and revealed a 
gradient of increase in specles abundances and richness in the residual current direction from the dis- 
charge point. During the present study 9 stations along the same transect were sampled, u p  to a dis- 
tance of l5  000 m from the drilling site. In order to assess whether the initial gradient still existed, sev- 
eral univariate and multivariate methods were applied to the data set. Univariate methods showed 
decreasing trends in species number, biomass and total abundance within 1000 m (Stn E) of the drill- 
lng site. The abundances of some deep-burrowing specles ivere low, particularly near the drilling slte. 
However, d~fferences between the stations were in many cases not highly significant. Cluster analysls 
and ordination with DECORANA and Multidimensional Scaling produced station patterns which point 
to a dependence between distance from the discharge site and the composition of the macrofauna. ABC 
curves of the stations did not show any major changes along the transect. Photographic evidence that 
conditions in the upper sediment layer improved after 1988 is discussed together with the results of the 
meiofauna and b~oassay work. 

INTRODUCTION 

During the Bremerhaven Workshop, an attempt was 
made to discover effects of discharges of oil-contami- 
nated drill cuttings on the macofauna community. 
These discharges ceased 3 yr previously. An earlier 
analysis of the same community shortly after the dis- 
charge had taken place revealed clear-cut effects on 
both species abundances as well as the number of spe- 
cies (Daan et al. 1990). An extensive literature provides 
evidence that changes in macrofauna community 
structure can be used as an indicator for biological 
effects of contaminants and oil-pollution in particular 
(Gray et al. 1990). In their contribution to the 
GEEP/IOC Oslo Workshop, Gray et al. (1988) gave 
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examples of univariate community measures and of 
species-dependent (multivariate) methods which are 
currently used in conjunction with pollution effects 
studies. Multivariate analyses appear to be an espe- 
cially sensitive tool for detecting changes in the struc- 
ture of the fauna1 community (Warwick & Clarke 
1991). 

STUDY SITE AND METHODS 

Area of investigation. The investigation took place 
in March 1990 near a former drilling site (Stn A) north 
of Texel in the Dutch Sector of the North Sea (Daan et 
al. 1992). Water depth was about 42 m at all sampling 
stations. The surface sediment was uniform and could 
be characterized as muddy sand (Butler pers. comm.). 
In May 1987 an exploration drilling for gas had been 
carried out at the location, during which oil-based 
muds (OBM's) were used and discharged. After the ex- 
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ploration the rig was removed and not replaced by a 
production platform. For the purpose of the present 
study, the abandoned drilling site was located and 
marked with a buoy by a ship of the North Sea 
Directorate (Rijkswaterstaat, Netherlands). 

Sampling and sample treatment. On a transect par- 
allel to the residual current direction (060°) 8 stations 
were sampled at distances of 0, 125, 250, 500, 1000, 
2000 & 5000 m designated A, B, C, D, E, F & G respec- 
tively, with a reference Stn R at 15 000 m from the drill- 
ing site. D~stances were measured with radar. At each 
station 6 samples were taken with a 0.07 m2 box corer 
equipped with a circular corer to improve penetration 
and a valve on top of the core tube to prevent resus- 
pension of the sediment during retrieval of the sample. 

The samples were washed over a 1 mm sieve (round 
holes), and the residue was preserved in a buffered so- 
lution of 4 % formalin. Three replicates were worked 
up at the NlOZ (Texel, Netheriancis) and 3 at the AWI 
(Bremerhaven, Germany). In the laboratory the sam- 
ples were washed a second time (0.5 mm sieve), to re- 
move the remaining sediment, and stained with Rose- 
Bengai. A rndgnifying lens ( 2 x )  was used during 
sorting. Animals were identified to species level, 
counted, and the total wet weight of each species was 
determined. The lengths of selected species were also 
measured. 

Prior to sorting, the samples were subjected to a 
'quick sorting' method in Bremerhaven, i.e. an in- 
spection by eye for about 10 min. During this time the 
specimens of larger species were counted and docu- 
mented separately; small polychaetes and other 'diffi- 
cult' organisms, however, were counted as groups. 

Community analysis. Because of the wide variety of 
methods applicable to species-by-samples data, as for 
instance demonstrated in the reports on the GEEP/IOC 
Oslo Workshop, we made a necessary selection of 
methods on the basis of the earlier study by Daan et al. 
(1990) at  the same locality, and recent papers by Gray 
et al. (1988, 1990) and Warwick & Clarke (1991) on 
comparable pollution gradients. 

Community descriptors: For each sample Hill's di- 
versity numbers No, N, and N2 (Hill 1973, see Soetaert 
& Heip 1990) were calculated. Evenness was in accor- 
dance with Hlll's notation defined as N, /No  and N2/N,.  
Abundance-Biomass Comparison (ABC) curves were 
constructed for each station in accordance with War- 
wick (1986) and Warwick et al. (1987), who argued that 
the relative posit~on of the ranked curves provides an 
indication for pollution-induced stress (disturbance). In 
an undisturbed community the biomass curve is ex- 
pected to lie above the abundance curve whereas 
under highly disturbed conditions the biomass curve 
lies beneath the abundance curve. In moderately dis- 
turbed cases the 2 curves are close together. 

Statistics: For univariate measures, such as species 
number, abundance, diversity and evenness, notched 
box and whisker plots (McGill et al. 1978) were drawn 
which allow a multiple comparison between the me- 
dian values of these measures on the transect. Trends 
in these variables along the transect were depicted by 
means of 'distance weighted least squares regression' 
curves (McLain 1971). 

In their analysis of earlier data from the locality, 
Daan et al. (1990) used the ranked abundances of spe- 
cies in an ANOVA to test for differences between sta- 
tions. Because of the smaller sample size in our study 
and consequently more zero values, we used the total 
abundance of each species at a station in a Friedman 2- 
way analysis of variance. In addition to the ANOVA on 
ranked abundances, Daan et al. applied logit regres- 
sion to detect gradients in the frequency of occurrence 
of species. The model in this case assumes an S-shaped 
incredse vl iile expecied frequency W-ith increasing 
distance from the discharge site (see ter Braak & 
Looman 1990). As Daan et al. (1990), we performed 
logit regression only on a subset of those species, 
which  we:^ present in more than 20 % of the samples. 

Multivariate techniques that were applied to the 
species-abundance/biomass matrix comprise cluster 
analysis, DEtrended CORrespondence ANAlysis 
(DECORANA; Hill 1979) and Multi-Dimensional 
Scaling (MDS; Kruskal & Wish 1978). Where possible, 
data from each laboratory were analysed separately in 
order to minimize the potential effect due to sorting by 
the different laboratories. In cases where replicate 
data from one or both laboratories were combined into 
a single estimate for a station, a geometric mean was 
calculated, which is equivalent to the median in a log- 
normal distribution. For cluster analysis 2 types of 
similarity indices were used; the Bray-Curtis index 
(percentage dissimilarity; Bray & Curtis 1957) and the 
Jaccard index (presence/absence of species; Jaccard 
1912). Stations were clustered with the 'unweighted 
pair group method' (UPGMA; Romesburg 1984). The 
DECORANA ordination was an adapted version by ter 
Braak, which allows an adjustment for covariables (e.g. 
laboratory effects; see Ter Braak 1987). All the other 
statistical calculations and as well as the graphs were 
made with SYSTAT 5.0 (SYSTAT Inc., Evanston, USA).  

RESULTS 

Diversity and biomass 

Fig. l a  to g shows that the number of species, total 
abundance, diversity (No, N, and NZ) and biomass all 
decrease sharply when approaching the former dis- 
charge site from Stn F. The 2 diversity indices also drop 
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at  the other end of the transect, but less markedly. The 
2 measures of evenness show a slight tendency to de- 
crease at increasing distance from the discharge site. A 
more formal test of differences between stations with 
respect to the parameters in Fig. 1 is provided by the 
box and whisker plots of the values in Fig. 2a to g. 
Although there is much overlap between comparison 
intervals belonging to successive stations, some signif- 
icant differences can still be found between stations in 

a0 Diversity N 1 

N individuals I l .  Diversity N2 

No (N Species) 
40. D Evenness N I  IN0 

20 

C f 
0 5d00 - 1 C O M  ' ' ;m O00 NXY) loo00 law 
A F G  R  'O[- 

00 L 9 
W l r n  

A F G  R 

Fig. 1 Trends in community parameters along the transect. 
(a)  Biomass (g wet wt m-'); (b) total number of individuals per 
sample; (c) number of species per sample (Hill's number No), 
(d) Hill's diversity number N, (eH '  with H' being the Shannon 
Wiener index); (e) Hill's diversity number N2 (reciprocal of 
Simpson's index); (f)  evenness defined as  N,INo; (g) evenness 
defined as  N2/N,. Curves are fitted according to McLain 

(1971) 

the first (Stns A to E) and second part (Stns E to R )  of 
the transect. This is for example the case with biomass, 
total abundance and number of species. Significant 
differences with respect to the diversity measures N, 
and N2 are  less numerous. Diversity at  Stn F is signifi- 
cantly higher than at  the 2 stations at the extreme ends 
of the transect (A  & R) .  

The ABC curves for the separate stations are de- 
picted in Fig. 3. There are no marked differences in the 
relative positions of the curves between the stations, 
the biomass curves in all cases being above the abun- 
dance curves ('undisturbed'). 
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Fig. 2. Box-whisker plots of community parameters shown in 
Fig. 1 (see legend). The levels where the box attains its full 

width mark the limits of the comparison interval 
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Table 1. Results of Friedman 2-way analysis of variance. Only 

m species occurring in more than 20 % of the samples were 
used. Centre column: abundances of AWI and NIOZ, number .- m of species = 118. Right column: pooled abundances (sum of 

m 
AWI and NIOZ), number of species = 59. ' ' p < 0.01 

Sum of ranks Sum of ranks 
Statbn A (h) 

1 10 1w l 10 lrn 
(m from discharge) 

Rank (log) Rank (log) 
.Abundance * Biomass 

Fig 3.  Abundance-biomass curves for the stations 

Community analysis 

A Friedman 2-way analysis of variance was applied 
to the pooled abundances of the laboratories (i.e. sum 
of AWI and NIOZ abundances) and to the AWI and 
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Test statistic 

NiOZ d'oundances entered as separate replicates. me 
summed ranks of the stations are shown in Table 1. In 
both cases there is a distinct increase in the sum of 
ranks from the first stations onwards, until maximum 
values are reached at Stn F. At Stns G 8: R the ranks are 
again lower than at Stn F, but still well above the inner 
stations. The test confirmed significant differences 
between the stations (p < 0.01). 

The results of the cluster analyses with the geometric 
mean abundances per station (all data pooled) are de- 
picted in Figs. 4 & 5. Although the classification of the 
stations differs depending on the similarity index used, 
some consistencies can be noted. In both dendrograms 
a cluster can be distinguished composed of the 3 outer- 
most stations (F, G & R) .  Stn A together with some 
neighbouring stations also shows a more or less separ- 
ate position in both results. The dendrogram based on 
the Bray-Curtis index (Fig. 5) shows the greatest corre- 
spondence with the geographical distribution of the 
stations and the presumed pollution gradient. 

Station 

Fig. 4.  Dendrogram result- 
ing from cluster analysis of 
abundance (overall geo- 
metric means). Similarity is 
based on Jaccard's index 
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S t a t i o n  

Fig. 5. Dendrogram resulting from cluster analysis of abundance (overall geometric means). Similarity is based on the Bray-Curtis 
index 
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c. Geornetnc means 

Fig. 6. Multi-dimensional scaling diagrams for samples ana- 
lysed at 2 laboratories. (a) Replicates of AWI (3 per station); 
(b)  replicates of NIOZ; (c) geometric means of NIOZ (N) and 

AWI (A). Numbers 1 to 8 correspond to Stns A to G and R 

The separate MDS-ordinations of the replicates of 
each laboratory (Fig. 6a, b) show that, despite a certain 
amount of mixing between replicates belonging to 
distant stations, there is a tendency for the samples to 
be arranged according to their rank distance. Ordina- 
tion of the (geometric) means of both laboratories (Fig. 
6c) reveals 2 unidimensional gradients, but the gra- 
dients are shifted relatively to each other. This config- 
uration suggests the presence of a laboratory effect. A 
DECORANA ordination of the same set of means, 
whereby the laboratories were used a s  covariables (N 
for NIOZ and A for AWI), removed part of this effect 
(Fig. 7 ) .  The stations are again arranged in order of 
their distances from the discharge site, but the 2 means 
are now closer together, notably those belonging to the 
more distant stations. 

AXIS 1 

Fig. 7.  DECORANA ordination of NIOZ and Awl  means. 
Laboratories (N = NIOZ; A = AWI) were used as covariables 
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Single species 

Table 2 lists the species which occurred with signifi- 
cantly reduced frequencies near the discharge site in 
1988 (Daan et al. 1990). The right hand section sum- 
marizes the results of logit regression with the 1990 
data. For a number of species there is still a significant 
S-shaped gradient detectable. In some species the ini- 
tial gradient has either disappeared (Amphiura filifor- 
mis, Diastylis bradyi) or has become less or non-signif- 
icant (e.g. Lumbrineris latreilli). For one species not 
mentioned by Daan et al. (1990), the sipunculid Golfin- 
gia elongata, a significant gradient was found in 1990. 

8 

4 

2 0 0  
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latericeus 1 

0- 5x0 1 m  1 m  

A F G  R 

It is likely that species which occur with a reduced 
frequency near the discharge site tend to have an, on 
average, lower abundance in the corresponding part of 
the transect (logit regression). On the other hand, in 
the absence of a gradient in frequency of occurrence, a 
species could still display a gradient in abundance. 
Fig. 8 shows abundance trends of some selected spe- 
cies from Table 2. The often suggestive trends in Fig. 8 
are in most species not supported by formally consis- 
tent and significant differences between (median) 
abundances as indicated by the box and whisker plots 
in Fig. 9. Even for species with conspicuous zero occur- 
rences near the discharge site, like the burrowing ech- 

Chaeropterus 
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r i g .  8.  Abundance trends of selected species with a significant gradient in density away from the discharge site in either June  
1988 or in March 1990 or In both surveys (see Table 2) Curves are fitted according to McLain (1971) 
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inoid Echinocardium cordatum and the deep-burrow- 
ing polychaete Notonlastus latericeus, the box and 
whisker plots do not show highly significant differ- 
ences. Among the very few species showing straight- 
forward or weaker trends in density are the deep- 
burrowing shrimp Callianassa subterranea and the 
sipunculid Golfingia elongata. 

Of 3 selected species, Amphiura filiformis, Mysella 
bidentata and Corbula gibba, length-frequency distri- 
butions were plotted to see whether the disturbed sites 
were inhabited by relatively young populations. It was 
found that in all 3 species the position of the main 
modal size class is not markedly different along the 

transect. However, in A. filiformis an increased propor- 
tion of older individuals (>5  mm) was found at Stn R 
(Fig. 10). 

Quick-sorting method 

The 'quick-sorting method' revealed a slight in- 
crease in the number of identifiable species with in- 
creasing distance from the pollution source, being 6 in 
the range from Stns A to C and rising to 10 at Stn R 
(Table 3). For some large, conspicuous species like 
Echinocardium cordatum it was possible to give an in- 

8 

Montacuta ferruginosa 
. . . . , .  

Callianassa 
subturanea 

Harpinia antennaria :M " {\2~:2<@;ocp;ocpv+ i 
Mysella bidentata Notomastus 

16 
latericeus I I 

* ~ ' ' a a " ' ' ~  

Corbula gibba Diastylis bradyi 

Nucula turgida I Lumbrineris latreilli I Cylindra cylindracea 

I 

A B C D E F G R  A B C D E F G R  A  B C D E F G R  A B C D E F G R  

Fig. 9. Box-whisker plots of the abundances of the same set of species dealt with in Fig. 8 
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Amphiura fil iformis 

disc 0 (mm) disc 0 ( m m )  

Fig. 10. Size-frequency distributions of the ophiuold 
Amphiura filiformis at the 8 stations along the transect 

dication of their abundances. Especially for species 
such as Amphiura filiformis, which can attain substan- 
tial density, variations along the transect (1.e. Stn R) 
can be detected. 

DISCUSSION 

During the ICES/IOC Bremerhaven Workshop a 
comparison was made of biological methods to detect 
the effects of pollution. The choice of the present for- 
mer discharge site of oil-based drilling muds offered 
several advantages. Firstly, the initial pollution gradi- 

ent and effects were already defined (Daan et al. 
1992), which enabled us to delimit the sampling effort 
to one transect in the residual current direction. 
Secondly, the site was located in a rather uniform envi- 
ronment with respect to depth and sediment composi- 
tion. A disadvantage might have been the time that 
had passed between the discharge and our sampling. 
It could be assumed that in the meantime the majority 
of the fauna had recovered from the adverse effects of 
the discharge, and that the initial, strong gradients had 
weakened. On the other hand, this situation presented 
a test of the sensitivity of our methods. 

Summarizing the results, we can, nevertheless, say 
that there was still a gradient in the macrofauna com- 
munity structure similar to that found shortly after the 
discharge had taken place (Daan et al. 1990). This con- 
clusion is based mainly on the multivariate analyses 
which all produced a clear differentiation between the 
stativns rledr ihe f o r ~ n e ~  discharge site and those h- 
thest away. Univariate measures, i.e. species numbers, 
abundance and biomass, showed equivocal trends, 
with depressed values near Stn A but differences 
along the transect either not very explicit, or more 
often not significant at high levels, as shown by the 

Table 2.  Species showing a significant density gradient (logit 
regression). Slgn of the gradient (+/-) and significance level 
(%) are indicated. +: Increasing densit~es o f f  the location; -: 
decreasing densities o f f  location. ns: not significant (critical 

level = 5 %); =: not present in sufficient numbers 

Species 1988 survey 1990 survey 

Sign Signf. Sign Signf. 
level level 

Harmothoe longisetis + 0.5 - ns 
Anailides groenlandica - 5 - - 
Glycinde nordmanni + 5 - - 
L urn bnneris la treilli + 5 + ns 
Lumbrineris fragilis + 1 - ns 
Spiophanes bombyx + 0.1 - - 
Chaetopterus variopedatus + 0.5 + 5 
Chaetozone setosa + 0.5 + ns 
Notomastus latericeus + 0.1 + 5 
Heteromastus filiform~s + 0 1  - - 
Owenia fus~forrnis i- 5 + 5 
Nucula turgida + 0.1 + 5 
Montacuta ferruginosa + 0.1 + 5 
Mysella bidenta ta + 1 + 0.1 
Abra alba + 5 - - 
Cingula nitida + 5 - - 
Cylichna cylindracea + 5 + ns 
Callianassa subterranea + 0.1 + 1 
Diastylis bradyi t 5 - ns 
Harpinia antennana t 0.1 + 5 
Amphiura filiformis t 0.1 ns 
Echinocardium cordatum + 5 + 0.1 
Golfingia elongata - - + 0.1 
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box-whisker plots. In some cases this insignificance 
may be explained by the increased variance resulting 
from the laboratory effect. Inspection of the data sets 
showed that the small (1 to 2 mm), but sometimes 
abundant, bivalves Mysella bidentata and Corbula 
gibba were found in lower densities by one laboratory. 
The box-whisker plots of these species and of density- 
dependent measures such as total abundance, diver- 
sity and evenness may have been negatively influ- 
enced by this laboratory effect. 

On the other hand, the decrease of the diversities 
and the abundances of different species at Stn R, 
15 000 m away from the drilling site, might not be due 
to the contamination gradient, but e.g. to a sediment 
gradient or large-scale variations in dispersion. Unfor- 
tunately grain size analyses were performed only up to 
Stn G; and Stn R was not studied in 1988. 

The laboratory effect probably also affected the out- 
come of the MDS ordination ot the 2 data sets (Fig. 6c). 
An analysis of the species contributions to the Bray- 
Curtis dissimilarity between replicate means, i.e. AWI 
and NIOZ means of the same station, showed that 
notably in the case of the first 3 Stns (A, B & C), the 
bivalves (Mysella bidentata and Corbula gibba) ac- 
counted for a large part of the total dissimilarity. 
Removing these 2 species produced a MDS ordination 
with replicate means of the first 3 stations lying close 
together. However, more important with respect to the 
existence of a gradient was the fact that the separate 
sets of means showed similar patterns, demonstrated 
also by DECORANA. 

In contrast with the multivariate methods, the ABC 
curves did not yield any indication for a gradient in the 
level of disturbance. According to Warwick et al. 
(1987) the configuration of the ABC curves in Fig. 3 im- 
plies that all stations form part of an undisturbed com- 
munity. The position of the biomass curves in the 
present study is explained by the biomass dominance 
of a few large species like Chaetopterus variopedatus. 
Given the small weights and even numerical distribu- 
tion of the other species near the discharge site, a few 
specimens of such large species are  sufficient to keep 
the biomass curve above the abundance curve. The 
ABC method does not seem to be an appropriate 
method for detecting the subtle gradients investigated 
here (see also Kroncke & Rachor 1992). 

The 'quick-sorting' method was carried out in order 
to demonstrate that time-consuming and laborious 
sorting is not always necessary to assess whether a site 
is still disturbed or not. A prerequisite for the applica- 
tion of this method is that one has knowledge of a wide 
spectrum of specles, especially species that are sensi- 
tive to the type of disturbance in question, and that 
these species can be easily identified on board. An ex- 
ample is Echinocardium cordatum, which Daan et al. 

(1990) showed to be very sensitive to oil contamina- 
tion. As the densities of these large and conspicuous 

species in samples of the size that we used are gener- 
ally low, they do not permit sound statistical analysis. 
However, by quickly sorting a greater number of sam- 
ples at the expense of the post-cruise sorting, one can 
effectively and quickly establish whether a site is still 
affected. 

In general, the phenomena we found have often 
been reported with regard to macrofauna investiga- 
tions around oil rigs, where OBM's have been dis- 
charged (Addy et al. 1984. Davies et al. 1984, Kingston 
1987, 1990, Daan et al. 1990). Mair et al. (1987) found a 
reduction of species richness within a distance of 500 
to 1000 m (Stns D to E) and up to 3000 m (Gray et al. 
1990) of a drilling site related to high concentrations of 
hydrocarbons. The sediment in their study, muddy 
sand as  in our case, stdl contained 73 % of the initial 
concentration 9 mo after ihe aniling operation had 
stopped. The levels of hydrocarbons in surface sedi- 
ment samples along our transect in March 1990 were 
rather uniform and showed no increase close to the 
drilling site (Cofino et al. 1992). A comparison between 
photographs of the sediment taken by Daan et al. 
(1990) shortly after the drilling operation and in-situ 
sediment profiles taken by Rumohr & Schomann (1992) 
with a REMOTS camera during the present study 
point to an improvement of conditions. The sediment 
cores taken by Daan et al. (1990) near the drilling 
site (50 m) had a clear (oil-)polluted surface layer. The 
REMOTS photographs of the sediment profile showed 
that the whole transect was covered with a layer of 
light-coloured muddy sand. Traces of presumably pol- 
luted sediment in the form of dark-coloured patches 
were only found in the deeper layers near the dis- 
charge site. At more distant stations the deeper layers 
always had a uniformly grey colour. Thus the REMOTS 
pictures show that the polluted surface sediment was 
replaced or covered with fresh sediment in the period 
after 1988 and especially during the very heavy storms 
in the winter of 1990. This new layer probably allowed 
species such as Mysella bidentata and Montacuta 
ferruginosa, which were absent at the time of Daan's 
study, to settle near the discharge site. Even passive 
immigration by transportation together with the trans- 
posed sediments has to be considered. This holds true 
also for the meiofauna, the results of which did not 
show a significant trend along the former pollution 
gradient (Gee e t  al. 1992). The likewise not very con- 
clusive results of the sediment bioassay work may also 
be explained by the translocations and changes of the 
surface sediments tested. 

Raised densities of opportunistic species, as men- 
tioned by Daan, close to the gas rig, which are typical 
for active drilling sites (Kingston 1990), were not found 
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in our study. Therefore, our results together with the 
chemical and meiofauna data indicate that the area 
with its fauna is recovering from the pollution by the 
former oil-based drilling mud discharges. 

Altogether, our investigation showed that structural 
parameters of the macrofauna community can be used 
as indicators for a former point source pollution, even 
in such cases of ongoing recovery. 

A complete set of benthic community data for the workshop is 
available from M. Carr, Plymouth Marine Laboratory, UK 
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