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ABSTRACT: This paper reviews the development of marine field ecotoxicology at the TNO 
Laboratory for Applied Marine Research. The scope of research, including biological monitoring 
with mussels, mesocosm studies and ecological risk analysis, is described. Some highlights from an 
historical point of view are given, with as yet unpublished data presented as examples. 

INTRODUCTION 

In 1954, the i ndependen t  Netherlands Organizat ion for Applied Scientific Research 
(TNO) founded a laboratory for marine field studies in Den Helder. Initially, the scope of 
the TNO Laboratory of Applied Marine Research was focussed on technological materi- 
als research, but, over time, the Laboratory became more and more a marine  biological 
field station. The biological research is directed towards solving practical problems for 
governmenta l  and industrial  bodies. Most of the results are publ ished in technical  reports 
(more than 300 since 1971) rather than in scientific papers. This paper  is mean t  to 
(re)introduce the marine biological work of the Laboratory over the last three decades to 
the scientific community  of marine I~iologists. 

FROM FOULING BIOLOGY TOWARDS ECOTOXICOLOGY 

One of the l inking factors be tween  technological and biological mar ine  research 
was, and is, the technological prevent ion of biological fouling of materials in the sea. The 
Laboratory started biological studies with barnacles  and mussels, the ma in  point of 
interest  be ing  the biological mechanism of fouling in order to optimize chemical  anti- 
fouling systems (De Wolf, 1964a; De Wolf & Van Londen. 1966; De Wolf, 1964b, 1973). 
The notification of marine pollution problems gradually changed  the direction of the 
biologists towards ecotoxicologica] field studies, enhanced  by a strong recession in the 
European shipping industry and the related anti-fouling paint  industry. Biological 
research related to the chemical pollution of the North and W a d d e n  Seas was init iated in 
1964. An incidental  release of copper into Dutch coastal waters in April 1965, result ing in 
mass fish mortalities was the last straw. The step from the mechanisms of copper- 
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inhibited fouling to copper- induced toxicology is from a biological s tandpoint  a small 

one .... 

The marine biologists at TNO started their ecotoxicological research in the labora- 

tory with fouling organisms (mussels and barnacles) in the '60s, when few had even 

heard of "ecotoxicology". In 1970, the unique step towards ecotoxicological field studies 

was undertaken. 

WATER QUALITY MONITORING WITH MUSSELS 

The mussel  (l~Ftilus edulis) appeared  to be a suitable species for field studies related 

to marine pollution. Mussels exper ience  water  pollution directly, while fi l tering water  for 

their food and oxygen  supply. Contaminants  are accumula ted  in their t issues in concen- 

trations that directly reflect the average  concentrat ions in the surrounding water,  and 
thus the water  quality at a certain location. This is not restricted to persis tent  toxicants 

such as trace metals, but  is also valid for organic toxicants such as oil compounds,  due to 

the low metabol lzat ion capacity of mussels. Mussels are easy to handle,  and there is 

sufficient knowledge  of their biology to enable  a variety of toxic effects to be identified. 
After a prel iminary investigation of the metal  content  of mussels from Dutch coastal 

waters (De Wolf & Lewis, 1972), mussels were  collected along the ent ire  western-  
European coast for determinat ion of the tissue concentrat ions of mercury (Fig. 1). This 

was done at the reques t  of the Belgian mussel  consumers  association. 

In 1971 and 1972. the TNO biologists built water t ight  wooden  caissons to enclose 
replicate parts of a natural  intertidal mussel  bed  in the Wadden  Sea for exper imenta l  field 

studies on the bioaccumulat ion and related effects of mercury and copper  (De Wolf et al.. 

1972; De Kock & Kuiper, 1981). From these experiments ,  internal lethal  effect concen- 
trations of 5-9 mg Hg/kg  AFDW (Ash Free Dry Weight) and 40-50 mg Cu /kg  AFDW 

were  establ ished for mussels (unpubl. data). 

Since 1974. the bioaccumulat ion field studies with mussels have b e e n  standardized,  
following the principle of Active Biological Monitoring (ABM). In such ABM surveys 

{De Kock. 1986), se lected mussels of a certain length class are collected from a relat ively 

unpol luted s tandard stock. The organisms are divided at random into similar groups, and 
these samples are t ransplanted in cages  to selected monitor ing locations (Fig. 2). After a 

certain exposure  period (4-8 weeks) the samples of orgamsms are re-col lected and the 
bioaccumulat ion levels  of pre-se lec ted  chemicals  are determined Advan tages  of this 

ABM-techn ique  are: a great  discrimination power, standardisation, and a free choice of 

monitoring locations. In 1979-1980 TNO explored  the possibilities for a strategic 
monitoring ne twork  by transplanting caged  mussels from the then pristine Irish Atlantic 

coast, to 20 locations in Dutch coastal waters  IDe Kock. 1983; see Fig. 3). Only in 1989 did 

the Dutch governmen t  (Ri] kswaterstaat/ ask TNO to p roceed  on this ini t iat ive and to set 
up a regular  ABM network  of 16 locations (Fig. 3) a long the Dutch coast. At every  

location, mussels  are exposed three times a year, in order to de te rmine  trends of 

b ioaccumula ted  chemicals  over time. Since 1992, Rijkswaterstaat  has carried out the 
ABM-prog ramme  by itsetf. 

Homogena t e s  from all mussel  tissues collected by TNO since 1971 are kept  deep-  

frozen in a spec imen bank, for re t rospect ive studies. For example,  the decrease  of the 

PCB concentrat ions in Dutch coastal waters  was first de te rmined  in the early ~80s for 
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Fig. 1. The mercury concentration in mussels  (~tg/kg -1 WW) collected at indicated locations along 
the northwestern European coast in 1972 {after De Wolf, internal technical report, 1972) 

ABM mussels exposed at similar locations in 1974 and 1980, using specimenbank 
Samples in simultaneous analysis (Pries et al., 1984). Retrospective analysis of mussels 
collected along the Dutch coast between 1971 and 1987, with accurate analytical GC- 
methods that only became available in the late "80s, confirmed this trend {Table 1). 

Over the years, the ABM has proven to be a valuable method in several field surveys, 
with respect to the monitoring of Contaminants' distribution (e.g. Fig. 4), determination of 
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Fig. 2. Exposure of caged mussels in Active Biological Monitoring surveys. Cages were suspended in 
sea water, attached to buoys or other offshore constructions, or sunk to the seabed by means of an 

anchorstone (after van het Groenewoud, internal technical report, 1988) 

bio-concentrat ion factors in the field (e.g. Fig. 5), the mechanisms behind variations in 

bio-availabil i ty of contaminants,  and measurements  of stress indicating effect parame-  

ters. 

An example  of a bioavailabili ty study, is the field verification of the complexion of 
metals in the marine envi ronment  (Kramer, 1986a, b) during the period of algal blooms in 

Dutch coastal waters  {van Eck et al.. 1989). 
A variety of effect parameters  were  eva lua ted  by examinat ion of mussels from ABM 

surveys, especial ly with respect  to ene rgy-budge t  studies (Scope for Growth, SFG). From 

a series of field studies, it was concluded that the discrimination power  of the SFG- 
method was general ly  too low to de termine  pollution stress in the marine envi ronment  as 

a result of variations in other stress factors, except  for strong pollution gradients  corre- 

lated with other environmenta l  conditions (e.g. Scheldt  estuary) or under  similar experi-  
mental  conditions (e.g. small-scale mesocosm studies). The method failed to detect  

pollution gradients during the marine disposal of d redged  materials  or oi l-based muds, 

whereas  bioaccumulat ion data were clearly able to show pollution gradients (Scholten 
unpubl, data). 

Histopathological  screening of the tissues of ABM-mussels  has shown more promise 
as a method for the detection, identification and specification of pollution gradients  

(Bowmer et a l ,  1991, for f reshwater  mussels; unpubl,  data for mar ine  mussels). 

"Mussel  monitoring" also helped initiate the deve lopment  of an Early Warning 

System (EWS) for water  pollution. The automatic  registrat ion of the valve  m o v e m e n t  of 
mussels, by means  of an e lec t romagnet ic  field induced  by coils at both valves of a mussel,  

is based on the fact that mussels close their shells under  environmenta l  stress (Kramer et 
al., 1989). A free-standing EWS-device,  recording the behav iour  of 8 mussels~ is now 

available (Kramer & Botterweg, 1991). 



Thirty years  of mar ine  ecotoxicological  s tudies 

Noordzee 

693 

E e m s -  
Do l l and  

A 
l-J Noordzee- 

Z~ 

ill•oek v a n  H o l l a n d  

,A. ~ ~ e d e  

~ 
�9 s c h e  ..... ...... 

L." ......... ~ D 

Fig 3. The Active Biological Monitoring locations of the preliminary network (e) of TNO in 1979/80 
and the final network (~) designed for Rijkswaterstaat. since 1989 (after de Kock & Marquenie, 

technical report. 1980. and het Groenewoud & Scholten internal technical report, 1990) 

MESOCOSM STUDIES 

The initial  s tudies featur ing the enclosure of m u s s e l ~ a n k s  for heavy-meta l  research  
t r iggered  the idea  of ecotoxicological  exper imenta t ion  With organisms from the field in 
la rge-sca le  outdoor  systems, the so-cal led exper imenta l  ecosystems or mesocosms.  Meso-  
costa exper imenta t ion  allows the s tudy of effects of contaminants  on organisms or 
communit ies  over longer  periods (months/years)  under  s imula ted  (but ident ica l  and  
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Table 1. The overall PCB concentration (Z PCB-congeners 15, 28, 52, 49, 44, 70, 101, 87, 153, 138, 
180; mg/kg  AFDW) in mussels (n = 100) collected at 3 stations along the Dutch coast in 1971, 1980 
and 1987. The mussels were stored in the specimen bank  prior to analysis in 1988 (after Scholten, 

technical  report, 1988) 

1971 1980 1987 

Scheveningen (S. Holland) 3.81 2.12 0.71 
IJmuiden (M. Holland) 1.97 1.10 0.56 
Petten (N. Holland) 1.53 0.92 0.33 

con t ro l l ed )  n a t u r a l  cond i t i ons .  T h e  r e s u l t s  of t h e s e  s t ud i e s  a re  u s e d  for " f i e l d "  v a l i d a t i o n  

of l a b o r a t o r y  tox ic i ty  t es t s  (De Kock  & Kuiper l  1981; A d e m a  e t  al., 1983),  for t h e  

ve r i f i c a t i on  of ( ca l cu la t ed )  c h e m i c a l  s t a n d a r d s  a n d  no rms ,  a n d  for t he  e x p l a n a t i o n  of f ie ld  

o b s e r v a t i o n s .  

E x p e r i m e n t a l  p l a n k t o n  s y s t e m s  

T h e  first t y p e  of m e s o c o s m ,  u s e d  s ince  1974, w a s  a n  e x p e r i m e n t a l  p l a n k t o n  sys t em.  

Th i s  is a p l a s t i c  b a g  w i t h  a d e p t h  of ca  3 m fi l led w i t h  ca 1500 l i t res  of n a t u r a l  s e a w a t e r ,  

mg ULM/kg ADW 
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Fig. 4. The concentration of oil in tissues of mussels (Mytilus edulis) exposed in an  ABM-survey at 
several distances from an  offshore dri lhng platform (L-4-A) during the drilling (ABM 1), and  two 
months later [ABM 2). Note that  observable  release of oil from the sediments after disposal of oil 
polluted drill cuttings is restricted to the discharge point  (after van  het  Groenewoud.  internal  

technical  report, 1988) 
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Fig. 5. The bioaccumulation factor of metals (cadmium. zinc and copper) for mussels in the field 
situation, derived from several ABM-studies with simultaneous water  analysis (after Scholten. dak & 

Kramer, internal technical  report, 1991) 
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inc luding plankton.  The bag  is su spended  in the sea. A series of s imul taneous ly  filled 
p lankton  systems a p p e a r e d  to develop  very similarly, indica t ing  smal l  differences 
be tween  bags  (Kuiper, 1977a). In a series of 24 ecotoxicological  exper iments ,  the fate and  
effects of various contaminants  (e.g. Hg, Cd, Cu, phenols ,  dichloroani l ine and  crude oils 
combined  with dispersants)  on the p lank ton  were  observed  (Kuiper, 1977b; Kuiper, 
1981a, b; Kuiper  et al., 1983; Kuiper, 1984; Kuiper  & Hanstvei t ,  1984a, b; Scholten & 
Kuiper, 1987, and  much unpub l i shed  data). Compared  to labora tory  toxicity tests, the 
b iodegrada t ion  of organic compounds  was genera l ly  lower  in the p lank ton  systems, 
p robab ly  due to compet i t ion for nutr ients  b e t w e e n  bac ter ia  and  phy top lank ton  (Kuiper, 
1982). The effect concentrat ions were  re la t ively low compared  to l abora to ry  tests, 
p robab ly  due to the sensit ivity of copepods  (Jak, unpubl,  data). 

An impor tant  f inding was the induct ion of microa lgae  (viz. Haptophycea)-blooms, 
due to a r educed  control of algal  b iomass  by  zooplankton  as a resul t  of inhibi ted 
reproduct ion in copepods.  In an exper imen t  with a re la t ively low exposure  of the 
p lankton  systems to PCB's (resulting in PCB concentrat ions  in water  comparab l e  to those 
in the coastal  waters  of the North Sea dur ing the '70s and early '80s), the r educed  
product ion of eggs  by  Acartia c]ausi (Fig. 6) finally resul ted  in an uncont ro l led  bloom of 
Phaeocystis sp. that  did not appea r  in the unpol lu ted  control systems, desp i te  similar 
condit ions with respect  to nutrients.  

Recently, the exper imenta l  p lankton  systems were  used  to explain  shifts in zooplank-  
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Fig. 6. The density of copepod eggs in experimental plankton systems during a study on the fate and 
effect of PCBs. The actual concentrations were, respectively, 0, 0.1 and 0.5 ~tg PCB/1. The integral 
density is reduced by 25 % and 85 %, respectively, at the lower and higher polluted situation {after 

Kuiper, internal technical report, 1981} 
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ton community  structure and related efficacy of phytoplankton control (Jak, unpubl ,  data) 
and to investigate which factors control the release of dimethylsulfide, produced by 
marine plankton,  into the atmosphere, where it contributes to climatic changes  by cloud 
formation (Kwint et al., i993). 

B ioassays  w i t h  b e n t h i c  i n v e r t e b r a t e s  

Most of the persistent contaminants  (e.g. metals, organochlorines, PAHs) finally 
accumulate  in sediments.  Depending  on their bioavailability - inf luenced by mineralisa-  
tion of organic matter or changes in the redoxpotential  of sediments - these contaminants  
may cause a chronic exposure of benthic biota to toxicants. 

Mesocosm scale bioassays with benthic  biota allow for an assessment  of the 
bioavailability and  related toxicity of sed iment -bound  contaminants  under  various 
envi ronmenta l  conditions (Marquenie et al., 1983; Marquenie  1985; Marquenie  et al., 
1985a, b; Bowmer & Scholten, 1990; Jenne r  & Bowmer, 1990, 1992). In a series of 
bioassays of light to moderately polluted sediments  with benthic invertebrates from the 
Wadden  Sea area, carried out since 1983, it appeared that the lugworm (Arenicola 
marina), the Baltic tellin (Macoma balthica) and the edible cockle (Cerastoderma edule) 
are the best indicator species represent ing deposit feeding (sediment resp. sediment  
surface) and filter-feeding organisms. Seasonal variation is important in the interpreta-  
tion of lugworm bioaccumulation.  An increase of the contaminant  concentrat ion in the 
lugworm during the summer  and a sudden  decrease in September-October  (Fig. 7) is 
related to the production and spawning of gametes (viz. lipid rich eggs). The magnifica- 
tion of the contaminant  concentrat ion in eggs compared to tissues (Fig. 8) is the basis for 
in vitro-fertilization studies, with eggs obtained from lugworms that have been  exposed 
to such polluted sediments  in mesocosms or in the field (Kaag, unpubl ,  data). Similar 
reproduction studies are unde r t aken  with the other two selected test species. 

Since 1991, field and mesocosm studies have been  initiated to select appropriate 
species, representat ive of the offshore North Sea benthos,  for use in mesocosm 
experimentation.  A final selection has not yet been  made, but  the masked crab (Corystes 
casslvelaunus) has already been  identified as a suitable species for b ioaccumulat ion 
studies (e.g. Fig. 9), with potential for reproduction toxicity studies with eggs that 
magnify contaminants .  

E x p e r i m e n t a l  coas t a l  e c o s y s t e m s  

Mesocosms not only provide a tool for modern  ecotoxicological tests with individuals 
of test species unde r  realistic conditions, but  also for ecotoxicological studies on the fate 
of contaminants  and  related effects on the dynamics of populations and species inter- 
actions. In larger scale mesocosms, more-or-less complete communit ies  of organisms 
represent ing the lower trophic levels can be studied I De Kock & Kuiper, 1981). Only large 
predators have to be excluded. Such mesocosm studies provide long and integral  
measurement  series of interactive ecological parameters,  permit t ing ecosystem analysis 
with the help of statistical techniques or mathemat ical  models. 

Since 1981, experimental  tidal flats (8 replicates of 21 m 2 each/ have b e e n  used for 
oil-pollution studies (only preliminary results publ ished by Kuiper et al.. 1984), oil-spill 
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combatment  studies, and studies on the ecological impacts of marine disposal of dredged 
materials, mussel  cultivation and eutrophication. 

Within the whole realm of responses, some indicative parameters  have been  
detected. Pollution pr imar i ly  affects zooplankton dynamics, interspecific relat ions 
be tween  small benthic fauna species (viz. nematode  species; Corophium, Hydrobia) and 
reproduct ive  success of benthic  macrofauna.  

Since 1989, experimental  salt marsh systems (3 replicates of 75 m 2 each; Leendertse 
e t  al., 1992) have b e e n  used for studies on the fate of compounds (macroelements  and  
contaminants)  sediment ing in a lower-salt  marsh, in order to establish whether  salt- 
marshes can act as a s ink for those compounds  without becoming a new source. Smaller- 
scale mesocosms ha~e been  used for oil-pollution studies with salt-marsh DIant com- 
munit ies  (Scholten & Leendertse, 1991). 
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ECOLOGICAL RISK ANALYSIS 

Current  t rends in envi ronmenta l  policy are directed towards the sustainable  
development  of the marine environment ,  within the carrying capacity of mar ine  ecosys- 
tems. Answer ing the increasing n u m b e r  of questions related to the assessment  of 
ecological effects of pollution caused by human  activities can only exceptionally be based 
on the results of one particular experiment  or field survey. In most cases, various sources 
of ecotoxicological and ecological data have to be used. For this purpose, ecotoxicological 
and biological data of marine organisms are stored in the database MARITOX in order to 
permit the necessary data-analysis.  

The basic principle of ecological risk analysis is the comparison of the level of 
exposure to envi ronmenta l  disturbances with a threshold level indicat ing the sensitivity 
of biota to these disturbances. Some variants regarding a probabilistic or site-specific 
marine ecological risk analysis have been  developed by the laboratory (Turkstra et al., 
1991; Schobben et al., 1992; Schobben & Scholten, 1993). 

It should be noted that, for a realistic ecological risk analysis of contaminat ion,  
ecotoxicological data obtained from laboratory studies needs  to be adjusted for the 
ambient  field situation concerned. This adjus tment  is based on envi ronmenta l  conditions, 
exposure time, and  life-stage. Moreover, a biologically sound translation of data from test 
species to local sentinel  species is needed.  

Parallel with the assessment of the toxicity of contaminants  on the basis of chemical 
properties (QSAR), marine biological knowledge  can be used for the assessment  of the 
sensitivity of species to contaminants  on the basis of biological properties (QSSR: 
Quanti tat ive Species Susceptibility Relationships). 

FROM ECOTOXICOLOGY BACK TO ANTI-FOULING RESEARCH 

Biological research at TNO never  became free from the issue of anti-fouling. In the 
'80s several mesocosm experiments were carried out for the assessment of the release of 
biocides (viz. tributyitin) from paints and consequent  ecotoxicological effects unde r  field 
conditions (Bowmer & Ferrari, 1989). 

Nowadays, research is be ing  directed towards alternative anti-fouling compounds  
based on the natura l  anti-fouling mechanisms of marine biota. There is exper imenta l  
evidence that secondary metabolites produced by sponges can prevent  objects from 
fouhng (Willemse & Ferrari, 1993). 

CONCLUSION 

The TNO Laboratory for Apphed Marine Research has extensive experience in 
applied mar ine  biology, especially in ecotoxicological field studies. Al though most of the 
results are pubhshed  in technical  reports, it contributes to the development  of the 
fundamenta l  marine  biological science, to which it is closely related. 
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r e s e a r c h  workers ,  H e n k  van  her  G r o e n e w o u d ,  Piet Roele, Ben  Schr ieken* ,  Wi lma  Lewis*,  Gerr i t  
H o o r n s m a n ,  Mar i jke  v a n  der  Meer ,  Mar ie -C6c i l e  Schol ten,  L iesbe th  v a n  der  Vlies a n d  Rik Kwint.  
(Those  m a r k e d  wi th  * are  no longer  w o r k i n g  in the  Laboratory.)  The  Engl i sh  text  w a s  cor rec ted  by 
M~iira Bowmer .  
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