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ABSTRACT: Samples of sea-surface microlayer and near-surface bulkwater were collected at 5 stations
in the German Bight area of the North Sea and at Wilhelmshaven, Germany, during the Bremerhaven
Workshop in March 1990. Samples were analyzed for concentrations of heavy metals, organotin and
tributyltin (TBT) and tested for toxicity using 5 different bioassays. Results indicate that: (1) sea surface
contamination is widespread and extends at least 100 km from shore, (2) the surface microlayer con-
tains higher concentrations of metal and organometal contaminants and is more toxic to marine organ-
isms than the subsurface bulkwater, (3) echinoderm larvae, molluscan bivalve larvae and copepod tox-
icity tests all represent feasible options for offshore pollution assessment, (4) larval survival in bioassays
was inversely related to the concentrations of several contaminant metals in the microlayer, (5) glass
plate, screen and rotating drum samplers all collect samples which are similar in metal concentrations
and toxicity, but the drum offers several operational advantages for routine sampling and monitoring of
sea surface contamination, and (6) the threat of surface microlayer contamination to the recruitment of
North Sea fisheries warrants further examination.
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INTRODUCTION

The sea surface represents a highly-productive, me-
tabolically-active interface and a vital biological habi-
tat (Hardy 1982, 1991). Pelagic fish eggs float at the
surface by buoyancy due to their high lipid content
(Zaitsev 1971, Hempel & Weikert 1972, Eldridge et al.
1978, Shanks 1983). The sea surface is also an impor-
tant concentration point for both natural biogenic or-
ganic films (Baler et al. 1974) and organic and metal
contaminants (see review by Hardy 1982). The sea-
surface microlayer often contains high enrichments
(microlayer concentration/bulk water concentration) of
both natural and anthropogenic organics including
chlorinated hydrocarbons, plastic particles, petroleum-
derived hydrocarbons, and combustion-derived poly-
cyclic aromatic hydrocarbons (Hardy 1982). Concen-
trations of potentially toxic metals, orders of magnitude
greater than U.S. Environmental Protection Agency
water quahty criteria standards, were found in the
USA in the surface microlayer of Puget Sound,
Washington (Hardy et al. 1985a, 1987a), Chesapeake
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Bay (Hardy et al. 1990), Southern California (Cross et
al. 1987) and elsewhere (Hardy 1982).

Large quantities of anthropogenic pollutants enter
the North Sea by atmospheric deposition, riverine
input and ocean dumping. Atmospheric inputs of Cu,
Zn, Pb and Cd to the surface microlayer of the North
Sea are estimated to exceed by one order of magnitude
the combined input of the rivers Scheldt, Rhine and
Meuse (Dehairs et al. 1982). Fish embryos exposed to
microlayer samples from Heligoland Harbour showed
reduced hatching success and an increase in larval ab-
normalities, while those exposed to water from 20 cm
depth showed normal development (Kocan et al. 1987,
Westernhagen et al. 1987).

Despite the demonstrated importance of the sea sur-
face as both a vital biological nursery area and a con-
centration point for contaminants, spatial distributions
or temporal trends in surface contaminants, or their im-
pacts on the reproduction of valuable marine species,
remain largely unknown.

Several recent studies have linked aquatic surface
contamination with negative biological impacts (Cross
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or a combination of the following: a rotat-
ing teflon drum (sample depth 34 £ 18 um;
Hardy et al. 1988}, a glass plate (sample
depth 30 to 55 pum; Hardy et al. 1985a), or
a stainless steel or nylon screen (sample
depth 200 to 400 um; Garrett 19635). Near-
surface bulkwater samples were collected
by opening a bottle 0.5 m below the
surface.

For trace metal analyses samples were
dispensed into acid-cleaned bottles. For
toxicity tests samples were returned to the
ship and tests started within 24 h or, in the
case of the echinoderm test, samples were
frozen and returned to the laboratory for
later testing.

s Toxicity tests. We sought to evaluate
the utility of several toxicity tests that
B would not require large volumes of sam-
ple or elaborate flow-through systems, yet
might be sensitive in response, fairly
rapid (96 h or less), and in general, con-
venient to conduct on board a vessel
while at sea. With these criteria in mind,
3 general types of tests were evaluated:

HAMBURG

Fig. 1. Location of sampling stations in the North Sea

et al. 1987, Hardy et al. 1987a, b); fish eggs exposed to
contaminants exhibited reduced viability.

Our study was conducted as part of a larger inter-
disciplinary study of marine pollution in the North Sea
(Stebbing et al. 1991). The objectives were to: (1) eval-
uate and compare several different methods of micro-
layer collection, (2) define the extent of aquatic surface
microlayer contamination in the North Sea at near-
shore and offshore sites, (3) compare the utility and
sensitivity of several different toxicity bioassays for
assessing offshore surface pollution, (4) compare the
chemistry and toxicity of the microlayer to that of near-
surface bulkwater, and (5) examine possible relation-
ships between toxicity and chemistry.

METHODS

Sample collection. Samples were collected during a
cruise of the RV 'Valdivia' during March 1990 at 5 sta-
tions in the German Bight area of the North Sea (Fig. 1,
Table 1}. The outermost site was 470 km from the
mouth of the Elbe River. To avoid local contamination
from the ship, samples were collected at least 200 m
upwind from the ship using a small boat driven by an
electric motor Samples were also collected in the New
Outer Harbour of Wilhelmshaven.

Microlayer samples were collected using either one

the echinoderm larvae (Hinegardner

1967, Oshida 1977), bivalve molluscan
larvae (ASTM 1980, Chapman & Morgan 1983,
Calabrese 1984), and copepod growth or survival
(APHA 1989) tests. Microlayer or seawater samples
were collected, brought onboard the ship and dis-
pensed into replicate subsample containers. Fertilized
eggs or young larvae were added to each subsample
and incubated for 48 h. The number of larvae surviving
after 48 h or, in the case of the copepod, survival,
development and increase in length (growth) after 96 h
were recorded.

Toxicity bioassays were performed using freshly-fer-
tilized embryos of the oyster Crassostrea gigas (for test
details see Thain 1992). Replicate (2 to 5) subsamples
were incubated and the percentage of larvae reaching
the D-stage of development recorded. Bioassays were
also performed using oyster Crassostrea gigas and

Table 1 Locations, dates and conditions at sampling sites

Site Date Location Wind

(1990) Lat.N. Long.E (Beaufort)
Wilhemshaven 23 Mar  53°33" 8° 07 6-7
Stn 0 16 Mar 54° 13" 7° 5% 3-4
Stn 2 17 Mar  54°02° 8°03° 2.5-55
Stn 4 17 Mar  54-02°  7°50° 0-1
Stn 6 18 Mar 5425 6147 3-4
Stn 8 18 Mar  55°06°  5°00° 6
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clam Tapes philippinarum larvae which had been pre-
served and held in liquid nitrogen in an arrested state
(cryo-preserved) (for test details see McFadzen 1992).
Three hundred larvae per replicate were used, the
number of surviving larvae in the first 50 larvae
encountered in a subsample counted, and the percent-
age surviving after 48 h recorded.

The echinoderm bioassay was conducted using lar-
vae of the sand dollar Dendrastes excentricus. Col-
lected microlayer and bulkwater samples were frozen,
returned to the laboratory, and thawed about 6 mo
later for conducting the toxicity tests. No difference
was found between controls using fresh or frozen-and-
thawed control seawater from a relatively pristine site
near Anacortes, Washington, USA. For each sample
collected, 4 replicate subsamples were tested using ap-
proximately 50 embryos per replicate. After 48 h, the
larvae were preserved in 5 % buffered formalin and
later examined microscopically. The number of larvae
reaching the normal pluteus stage of development
were recorded and normalized as percentages com-
pared to the controls (89 % of which reached pluteus).

Freshly collected microlayer and bulkwater samples
were evaluated for toxicity using the harpacticoid
copepod Tisbe battagliai (for test details see Williams
1992). Twenty nauplii (offspring) were exposed to each
collected microlayer and bulkwater sample. Survival,
development of the nauplius to the copepodid stage
and lengths for each individual were recorded after
96 h exposure.

Chemical analyses. For organotins a 2 1 water sam-
ple was acidified with 50 ml of glacial acetic acid and
extracted with 25 ml of toluene by shaking vigorously
on a platform shaker for 15 min. The sample was trans-
ferred to a separatory funnel and the lower aqueous
layer run off. The water was further separated by cen-
trifugation and the toluene extract sealed and frozen
until analysis. Where necessary the extracts were pre-
concentrated prior fo analysis. Aliquots were treated
with 1 M sodium hydroxide and reanalyzed to deter-
mine tributyltin (Cleary 1991).

Trace metals were removed from seawater by
solvent extraction (Danielsson et al. 1982). Metal
carbamate complexes were extracted from seawater
(buffered to pH 5) with ammonium pyrrollidine dithio-
carbamate (APDC) and diethylammonium diethyldi-
thiocarbamate (DDDC) into 1,1,2-trichloro-1,2,2-tri-
fluoroethane (Freon TF) and back-extracted into 0.3 M
nitric acid prior to analysis by graphite furnace atomic
absorption spectrophotometry.

On-board facilities were not ideal for chemical ex-
traction since there were no clean working areas or
fume hoods available, but as the intention was to per-
form water chemistry and bioassays simultaneously,
these limitations were accepted.
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RESULTS
Comparison of microlayer collection methods

At Stn 4, and in Wilhelmshaven, microlayer samples
were collected with both the screen and drum sam-
plers and analyzed for 5 different metals, total organo-
tin and tributyltin yielding a total of 9 concurrent com-
parisons (Table 2). There was no significant difference
(2-sample t-test assuming independent samples with
unequal variances, t = 0.26, df = 15) in the log-trans-
formed concentrations of metals collected by the
screen or the drum. At Wilhelmshaven, 7 concurrent
samples were collected using the screen and glass
plate. No significant difference (t=0.28, df = 11) in the
log-transformed metal concentrations were found in
microlayer samples collected using these 2 techniques.

Twelve of the microlayer samples collected concur-
rently with the screen and the drum were tested by ei-
ther the oyster larvae or copepod bioassays. Although
there was no significant difference (t =-1.02, df = 5) in
toxicity between samples collected using the 2 tech-
niques, the drum samples tended to be somewhat
more toxic than the screen samples (Table 3). This may
express the fact that drum-collected samples are often
thinner, more chemically enriched, and less diluted
with underlying water than screen samples.

Since chemical concentrations in microlayer samples
did not differ significantly according to collection tech-
niques, screen, drum and plate-collected samples were
pooled for subsequent comparison and discussion
below.

Comparison of microlayer and bulkwater

With the exception of Ni, metal concentrations were
much greater in the microlayer than in near-surface
bulkwater at all stations sampled {Table 2). Mean and
maximum enrichment factors (microlayer concentra-
tion/bulkwater concentration) were: Cd > 1.7 to 2.7; Ni
09 to 1.7, Cu 4.7 to0 8.8; Pb 3.2 to 6.1; Zn 1.9 to 4.7;
organotins 8.9 to 16.5; and tributyltin 6.5 to 10.7.
Mercury concentrations in unfiltered samples at Stn 4
were 13.0 and 2.5 ng 17" for the drum-collected micro-
layer and 10 m subsurface bulkwater, respectively.

Based on pooled screen and drum data, microlayer
samples were generally more toxic (56 £ 8 % mean
survival or growth) than bulkwater samples (71 £ 6 %
mean survival or growth), although the difference was
not statistically significant. Toxicity of drum samples
alone (not pooled with screen samples) was 38 + 12 %
of controls — an even larger and significant difference
(t=-2.37, p =0.035 df = 12) compared to bulkwater
(Table 3).
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Fig. 2. Concentrations of copper in the microlayer and near-
surface bulkwater of the North Sea
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Fig. 3. Concentrations of lead in the microlayer and near-
surface bulkwater of the North Sea

Comparison of stations

In general, compared to typical nearshore values
elsewhere, metal concentrations in both the microlayer
and bulkwater tended to be very high at Stn 0, moder-
ately high at Stns 2 to 6, and near baseline levels at
Stn 8 (Table 2; Figs. 2 to 5). At Wilhelmshaven concen-
trations of Zn, organotins and tributyltin were very
high with microlayer concentrations of 20550, 77, and
50.5 ng 17}, respectively.

Microlayer and bulkwater were evaluated for toxic-
ity at 5 stations using 5 different toxicity tests (Table 3).
Toxicity in several cases was higher nearshore and de-
creased with increasing distance offshore in both the
microlayer and near-surface bulkwater. This trend
was, perhaps, most clearly shown by the copepod

Station 8
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Station 4 h
—_——
Ston 0 I

Wilheimshaven ' ’ "
0 5 10 15 %
Zinc Concentration (ng 1)
(Thousands)

[ Bukwater il Micraiayer
|

Fig. 4. Concentrations of zinc in the microlayer and near-
surface bulkwater of the North Sea
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Fig. 5. Concentrations of (a) organotin and (b) tributyltin in
the microlayer and near-surface bulkwater of the North Sea
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Percent of Control

Station 0 Station 2 Station 4 Station 6

Fig. 6. Growth of the copepod Tisbe battagliai (means + SE)
incubated in collected microlayer samples is reduced near-
shore and increases further offshore (data of Williams 1992)

8

N
=)

Percent Survival or Growth
g 3

30! T 7 T T
Station 0 Station 2 Station 4 Station 6

Fig. 7. Pooling of all microlayer and bulkwater samples tested,

using a variety of bioassays, indicates that toxicity is generally

high nearshore and decreases at stations further offshore.
Means * SE

growth tests using microlayer (Fig. 6), obtained by
pooling the results from the screen and drum sampler.

As evaluated by the echinoderm larval development
test all samples, except the bulkwater sample from
Wilhelmshaven, showed significant toxicity compared
to the control clean seawater samples (Table 3). Both
microlayer and bulkwater were very toxic nearshore
(Stns 0 & 2). Further offshore (Stn 4) microlayer re-
mained very toxic, but bulkwater was only slightly
toxic.

A pooled group of 36 tests (Table 3) indicates that
survival or growth increased from 53% (£14 %, N = 5)
of controls nearshore at Stn 0 to 84 % (4.5 %, N =7) at
Stn 6 offshore (Fig. 7). Stn 6 offshore was significantly
less toxic overall than any of the other stations (2-
sample t-test 90 % confidence interval).

In oyster larvae exposed to both screen-collected
microlayer and bulkwater samples, survival was in-
versely related to the concentration of organotin in the

g

2

Oyster Larvae Percent Survival

LY: 0949 + 75.05 , 12 « 0.865

8

il
208 10 20 30 40 50 60

Organotin (ng Sn 1)
Fig. 8. Crassostrea gigas. Survival of oyster larvae decreased
with increasing concentrations of organotin. Data includes
both microlayer and bulkwater samples (see also Thain 1992)

\‘
<

Clam Larvae Percent Survival

3]

LY 0011X +9339 R2 - 0.867 ]

— T T T T T
%o 1000 1500 2000 2500 3000 3500
Total Metals (ng ")
Fig. 9. Tapes philippinarum. Survival of clam larvae de-
creased with increasing concentrations of metals (total = Cu +
Pb + organotin). Data includes both microlayer and bulkwater
samples (see also McFadzen 1992)

samples (Fig. 8). Similarly, survival of clam larvae de-
creased with increasing concentrations of metals (total
Cu, Pb and organotin) in the collected samples (Fig. 9).
Correlation between contaminant concentrations and
toxicity does not prove cause and effect (Figs. 8 & 9).
However, our data suggest that metals, particularly the
high concentrations of organotins, could be respon-
sible for much of the observed toxicity.

DISCUSSION

Microlayer sampling techniques have been com-
pared by Hihnerfuss (1981). Our results indicate little
difference in the chemistry of samples collected with
the drum, screen or glass plate. However, the rotating
drum technique has several advantages to recommend
it for routine monitoring of sea surface contamination.
It collects a sample which is quite representative of the
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thin (20 to 60 mm) chemically-enriched surface layer
without the dilution with subsurface water inherent in
the screen technique. It is less tedious than the other
techniques since a volume of several litres, necessary
for many types of chemical analyses, can be collected
within 10 to 60 min.

Metal enrichments in the microlayer compared to
the bulkwater (Table 2) were similar to those measured
in previous studies (Dehairs et al. 1982) and generally
agree with those predicted by an atmospheric deposi-
tion sea-surface fractionation model (Hardy et al.
1985b). Measured bulkwater concentrations of other
metals generally agreed with literature values and
other workshop data (Kremlin & Hydes 1988, Stinder-
man & Degens 1989, Cofino et al. 1992), but for Zn they
were higher. This may be due to shipboard contamina-
tion. At Stn 2 Cd values were unaccountably high in
both microlayer and bulkwater. High microlayer en-
richments of organotin have been reported previously
from estuarine and nearshore sites (Hall et al. 1986,
Cleary 1991). However, we report, for the first time,
high concentrations of organotin in the microlayer of
offshore sites quite remote from coastal ship harbours.

These data suggest that a zone of toxic surface
water, with contaminant levels exceeding water qual-
ity standards, extends from the shore outward some
100 to 200 km offshore. Microlayer concentrations of
TBT and Cu exceed both the UK EQS value of 2 ng
TBT 1! and the U.S. EPA chronic water quality limit of
2.9 mg Cu 1. Stations less than 100 km from Cux-
haven at the mouth of the Elbe River (Stns 0, 2 & 4)
were generally toxic, while samples at Stn 6 about
284 km from Cuxhaven were not significantly toxic.

Does microlayer contamination pose a significant
threat to large populations of marine organisms?
Floating embryos of plaice Pleuronectes platessa, cod
Gadus morhua and whiting Merlangius merlangus,
collected from the surface of the North Sea, demon-
strated a very high incidence (5 to 26 %) of abnormal-
ities (Dethlefsen et al. 1985), possibly as a result of
exposure to surface microlayer contamination. Corro-
borative data are given by Cameron & Berg (1992).
Given the high concentrations of contaminants in the
microlayer and the probability of toxic effects, we be-
lieve present levels of microlayer contamination could
pose a threat to fisheries recruitment in the North Sea.
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