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Contaminants in marine ecosystems: developing an integrated 
indicator framework using biological-effect techniques

John E. Thain, A. Dick V ethaak , a n d  Ketil Hylland

Thain, J. E., V ethaak, A. D., an d  Hylland, K. 2008. C o n tam in an ts  in m arine ecosystem s: developing an in teg ra ted  ind icato r fram ew ork using 
biological-effect techn iques. -  ICES Journal o f M arine Science, 65: 1 5 0 8 -1 5 1 4 .

In p u t o f  c o n ta m in a n ts  is an  im p o r ta n t  p ressu re  in m o s t  u rb a n iz e d  co asta l areas, b u t  e s tab lish in g  a p p ro p r ia te  in d ic a to rs  o f  th e ir  p re ­

se n ce  a n d  effec ts has been  challeng ing . Such  in d ic a to rs  w ou ld , a t  th e  very least, have to  in te g ra te  ch em ica l a n d  biological d a ta . O n e  

difficu lty  has arisen  b ecau se  th e  m e a s u re m e n ts  p ro v id e  in fo rm a tio n  o n  d iffe re n t levels o f  biological o rg an iza tio n  (g en e  level u p  to  

co m m u n ity ) , a lth o u g h  it  is n o t  o b v io u s  h o w  th is  in fo rm a tio n  co u ld  be  c o n c e p tu a lly  linked. In a d d itio n , th e re  a re  c o m p lic a tin g  

facto rs , su c h  as th e  d iffering  eco log ical re lev an ce  o f  m e a su re m e n ts , n a tu ra l varia tio n , c o n fo u n d in g  facto rs , a n d  k n o w led g e  o f  back ­

g ro u n d  level o r  re sp o n ses  fo r e a c h  m e th o d . T h e  ch a llen g e  o f  h o w  t o  ta k e  th e se  issues fo rw ard s  is d iscu ssed  in ligh t o f  c u r re n t  sc ien tific  

th in k in g  a n d  o f  m e e tin g  in te rn a tio n a l ob lig a tio n s. First, an  in te g ra te d  a p p ro a c h  m u s t  be  d e v e lo p e d  to  using  b io log ica l-e ffec t t e c h ­

n iq u e s  w ith  ch em ica l m e a su re m e n ts , a n d  se co n d , a s se ssm e n t to o ls  a re  req u ired . P rop o sa ls  fo r b o th  o f  th e s e  have  b een  in itia te d  by 

ICES a n d  O SPAR w o rk in g  g ro u p s  a n d  w o rk sh o p s . C o n c o m ita n tly , s te p s  have b een  ta k e n  t o  d ev e lo p  in te g ra te d  a s se ssm e n t to o ls  o n  

a  n a tio n a l basis. T h ese  sh o w  p ro m ise  b u t  h ig h lig h t th e  d ifficu lties o f  using  b io log ica l-e ffec t m e a su re s  as in d ic a to rs  o f  eco sy stem  h ea lth .
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Introduction
Over the  past decade, an  increasing nu m b er o f  techniques to 
m easure the  biological effects (e.g. bioassays, biom arkers, and 
disease) o f  con tam inan ts has been inco rpora ted  in to  national 
and  in ternational m o n ito ring  activities, including the JA M P/ 
CEM P (Joint Assessm ent M onito ring  P ro g ram m e/C o -o rd in a ted  
E nvironm ental M onito ring  Program m e) o f  the  O s lo -P aris  
C om m ission (OSPAR). In  relation  to  hazardous substances, the 
JA M P/C EM P m o nito ring  activities are carried o u t to  m easure 
and  m o n ito r the  quality  o f  the  m arine  env ironm ent and  to 
assess progress tow ards realizing OSPAR objectives, viz.:

(i) W hat are the  concentra tions in  the m arine  env ironm ent and 
the  effects o f  the  substances on  the  list o f  chem icals o f  con­
cern  (hazardous substances) identified by  OSPAR? Are they 
at, o r approaching, background  levels for naturally  occurring  
substances and  close to  zero for m an-m ade substances?

(ii) Are any problem s em erging related to  the presence o f  hazar­
dous substances in  the m arine  environm ent? In  particular, are 
any un in ten d ed /u n accep tab le  biological responses being 
caused by  exposure to  hazardous substances?

OSPAR and  the  Helsinki C om m ission  (HELCOM ) have agreed 
o n  an  ecosystem  approach to  m anaging the  m arine  environm ent, 
w hich tries to understand  and assess the  in teractions between, and 
the im pact of, h u m an  activities o n  bio ta, so th a t appropria te

m easures can be  taken. This developm ent requires an  in tegrated 
approach  using suitable indicators o f  m arine  ecosystem health.

M any strategies and  approaches have been advocated to  assess 
ecosystem health  in  the recent scientific literature (EEA, 2001; 
IOC, 2002; Jorgensen et al., 2005). Biological-effect m ethods are 
im p o rtan t elem ents in  environm ental m o n ito ring  program m es, 
because they  can indicate links betw een con tam inan ts and  ecologi­
cal responses. Biological-effect m o n ito ring  can thus be used to 
indicate the  presence o f  substances, o r  com binations o f  substances, 
th a t had n o t been identified previously as being o f  concern, bu t 
also to  identify  regions o f  decreased environm ental quality  or 
reduced ecosystem health. In  this context, environm ental quality  
could  be regarded as com paring  som eth ing  (i.e. a m easurem ent, 
value, o r score) against o r relative to  a standard  (e.g. background 
o r reference value), whereas ecosystem health  w ould  involve som e 
m easure o f  “w ell-being”. However, usually, aligning the  science 
w ith the aspirations o f  those dem anding  this type o f  “p ro d u c t/ 
o u tp u t” is n o t always straightforw ard o r indeed easily obtainable. 
A ny assessm ent o f  ecosystem health  assum es th a t the  basic requ ire­
m ents for the assessm ent are in  place: data  are available, assess­
m en t tools are available, and  the com ponents w ith in  the 
ecosystem are interrelated. In  m ost instances, however, the lin ­
kages betw een different com ponents o f  the ecosystem are no t 
well understood  o r have a t best been  poorly  addressed by 
science. This is no  less so in  developing indicators o f  m arine 
ecosystem health. Some good datasets m ay exist in  certain
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m arine science disciplines, b u t in  general, there  are a nu m b er o f 
shortcom ings: lim ited  availability o f  techniques and  data; lim ited 
geographic coverage and  few tem poral datasets; and  often  where 
datasets do  exist, m echanistic links betw een com ponents o f  the 
ecosystem are poorly  understood  o r recognized; and there are 
few criteria  available for assessing data. In  the context o f  biological 
effects, these are certainly im p o rtan t issues and  need to  be 
addressed.

W e describe an  approach currently  being pursued  by the ICES 
W orking G roup o n  Biological Effects o f  C ontam inants (WGBEC; 
ICES, 2006) and  the w orkshop o n  In tegrated  M onitoring  o f 
C ontam inants and  their Effects in  Coastal and  O pen-Sea Areas 
(W KIM O N; ICES, 2007c) to  integrate chem ical and biological 
effects in  a com m on  fram ew ork that assesses the  pressures from  
contam inan ts, using relevant ecosystem com ponents, i.e. sedi­
m ent, water, and  biota.

What are biological effects?
A biological effect m ay be defined as the  response o f  an  organism , 
a population , o r a co m m unity  to  changes in  its environm ent, 
m an-m ade or natural. The usefulness o f  any biological-effect 
m eth o d  will obviously depend on  how  well it is able to  separate 
an thropogenic  stressors from  the influence o f  variability in 
na tu ra l processes. The o u tp u t should  be  a m easure o f  the well­
being or health  o f  som e ecosystem com ponent. V ital aspects 
determ in ing  health  relate to  questions such as: are organism s, 
populations, o r  com m unities viable; can they reproduce; do  in d i­
viduals o r populations fulfil their poten tial for grow th un d er 
relevant natu ral ecosystem conditions; do  they  behave norm ally, 
and  are they physiologically com petent? The penultim ate  two 
processes are m ore subtle and  m ay be m easures o f  the  hom eostatic  
response o f  an  organism , b u t can in  som e instances be a m easure 
o f  detrim ental genetic, biochem ical, o r physiological changes that 
m ay be predictive o f  higher-level effects. The m ost widely used 
biological-effect tools are m easures o f  the  b iochem ical a n d /o r  
physiological state o f  selected organism s, such as m ussels o r fish.

These techniques have m ost com m only  been used to identify 
the  effects o f  con tam inants, w hether at p o in t discharges, o f 
diffuse inputs, after accidental spills, o r du ring  field m on ito ring  
to  assess the  health  status o f  m arine  habitats. It is necessary to 
establish cause-and-effect relationships betw een the  presence o f 
con tam inan ts and biological-effect responses for the  m ethods to 
be useful tools for in form ing  m anagem ent and d irecting env iron­
m ental policy. A good exam ple here w ould  be tribu ty ltin  
(T B T)-induced im posex in  dogwhelk. O nce po p u latio n  effects 
th a t could  be directly related to concentrations o f  organotins in 
the  m arine  env ironm ent had  been observed (Gibbs and Bryan, 
1996), m anagem ent actions were taken to  reduce TBT em issions 
and  in troduce  in te rnational policies th rough  the  EU and 
In terna tiona l M aritim e O rganisation  (IM O ), w hich has resulted 
in  a decrease in  the prevalence and  severity o f  im posex 
(B irchenough et ah, 2002). The link  betw een a specific con tam i­
nan t and  a biological-effects response is no t always so clear-cut, 
however, because m any  biological effects are n o t specific to  in d i­
vidual con tam inants and  will therefore provide m ore a m easure 
o f  general malaise. M ore th an  100 000 know n m an-m ade chem i­
cals are released in to  the  env ironm ent in  one way o r the  other. 
Because chem ical analytical techniques will only be available for 
a fraction o f  all those chemicals, and because o f  the  high cost o f 
chem ical analyses and the  presence o f  con tam inan ts as m ixtures, 
it is essential to  use biological-effect techniques th a t can provide

m easures o f  the  health  o f  ecosystem  com ponents. Such techniques 
need to encom pass the  synergistic and antagonistic  effects o f  co n ­
tam in an t m ixtures w hen used in  a field setting.

Current status and developments
W GBEC (ICES, 2007a) has reviewed the status o f  biological-effect 
techniques regularly and recom m ended in  its reports those tech­
niques for fish and invertebrates that are in  the  research phase, 
look prom ising, and require developm ent and analytical-quality 
control, o r are available for use and take-up in  national and 
in ternational m onito ring  program m es. Some o f  the recom m ended 
m ethods have been included in  OSPAR guidelines for 
contam inant-specific o r general m onito ring  (JAMP, 1998a, b) 
and have, after a process o f  quality  assurance, been included 
in  CEMP. The updated  list (Table 1) includes inform ation  o n  the 
current position  o f  each technique relative to  these guidelines.

In  the  past, OSPAR has focused o n  the  tasks o f  detecting and 
m o n ito ring  specific con tam inants, o r  classes o f  contam inants, 
th a t were know n to  cause problem s [e.g. organotins, polycyclic 
arom atic hydrocarbons (PAHs), and  selected m etals]. A lthough 
it is possible to design a p rogram m e th a t specifically addresses 
the  effects o f  individual contam inants, as has been the  aim  o f 
JAMP (1998b), observed effects will rarely be caused by one 
agent only. M ethods th a t relate directly to  specific con tam inants 
(e.g. fish bile m etabolites o f  PAHs to  PAH exposure, o r im posex 
to  TBT exposure) are exceptions ra ther th an  the rule. Examples 
to  the  con tra ry  are response m arkers to  PA H-exposure, m ost o f 
w hich will also be  affected by o th er p lanar contam inants, 
such as non- and  m ono-orthopo lych lo rinated  biphenyls (PCBs) 
and  dioxins (d ibenzofurans and  dibeno-p-dioxins). It is therefore 
im p o rtan t to integrate chem ical and  biological m ethods in 
env ironm en ta l-con tam inan t m onito ring , and biological-effect 
m ethods should  n o t be used in  isolation b u t as pa rt o f  a suite.

Biological-effect techniques range from  responses m easured  at 
the  subcellular level (e.g. m etallo th ionein  and  DNA adducts) to 
w hole-organism  responses (e.g. scope for grow th and  disease 
occurrence). It rem ains difficult, however, to  attach  a scoring 
value to  m ost o f  those m easurem ents as reflecting the  well-being 
o f  an  individual o r population , let alone to  m ake statem ents 
ab o u t ecosystem  health. Clearly, responses a t tissue o r organ 
level are m ore im p o rtan t to  the health  o f  an  indiv idual th an  are 
subcellular responses. Nevertheless, i f  low er-order responses can 
be linked to  h igher-order effects, predictive capability  will increase. 
Relating lower-level effects to  ecosystem health  rem ains a chal­
lenge. As the level o f  biological com plexity  increases, so to o  does 
the  ecological relevance o f  any co n tam in an t effect, b u t this in 
tu rn  is m irro red  by  decreasing responsiveness, detectability, and 
m echanistic understanding.

A further confounding  issue is natural variability, such as 
caused by genetic differences, adaptability  to  different habitats, 
o r fluctuations in  food availability, tem perature, salinity, and 
w ater quality  param eters. Even m ore im p o rtan t in  this respect is 
th a t the  m easures o f  higher-level effects ten d  to  have a high 
inheren t na tura l variability (Table 2). To address this issue, 
considerable effort has gone in to  standardizing  m easurem ent 
and  assessm ent techniques and  in to  designing sam pling p ro ­
gram m es th a t follow prescribed guidelines. Standardization  
requires several steps. First, the  technique itself m ust be scientifi­
cally sound, well tried, and  therefore well cited in  the  scientific 
literature. Second, the  procedure  m u st allow standard ization  and 
knowledge o f  confidence and  detection  lim its using reference
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Table 1. OSPAR sta tu s o f  biological-effect tech n iq u es for 
invertebrates an d  fish (JAMP).

Method In
JAMP

CEMP
category

Rec. by 
WCBEC

QC

Mussels

W hole sedim ent bloassays Yes II Yes B

Sedim ent pore water 
bloassays

Yes II Yes B

Sedim ent seawater 
elutriates

Yes II - -

W ater bloassays Yes II Yes B

In vivo bloassays No - Yes B (some)

In vitro bloassays No - Yes -

Lysosomal stability No - Yes B-a

M ultidrug resistance 
(MXR/MDR)

No - Yes -

Scope for growth No - Yes B-a

AChE No - Yes -

M etallothloneln (MT) No - Yes B-a

Hlstopathology No - Yes -

Im posex/lntersex In 
gastropods

Yes I (M) Yes Q

Benthlc com m unity 
analysis

Yes - Yes B

Fish

AChE In muscle No - Yes -

Lysosomal stability Yes II Yes B-a

Externally visible diseases Yes I (V) Yes B

Reproductive success 
(eelpout)

Yes II Yes B-a

M etallothloneln Yes II Yes B-a

ALA-D Yes II Yes B-a

Oxidative stress Yes II - -

CYP1A-EROD Yes II Yes Yes

DNA-adducts Yes II Yes B-a

PAH m etabolites Yes II Yes Q
Liver neoplasia/ 
hyperplasia

Yes I (V) Yes B

Liver nodules Yes I (V) Yes B

Liver pathology Yes I (V) Yes B

Vitellogenin In cod No - Yes Yes

Vitellogenin In flounder No - Yes -

Intersex In male flounder No - Yes B-a

CEMP category : II, m e th o d  su ita b le  fo r m a rin e  m o n ito r in g  purposes;
I, method suitable and analytical-quality control (AQC) is available;
M , m a n d a to ry  m e th o d  in place, w ith  A Q C  a n d  a ssessm en t crite ria  
es tab lished . Q uality  con tro l: V, vo lu n ta ry  m e th o d  in place, w ith  A Q C b u t  
c o n d u c te d  voluntarily . R ec o m m e n d a tio n s  fo r inclusion  by WGBEC (ICES, 
2007a) a n d  in fo rm atio n  on  ex istence  o f  q u a lity  co n tro l [QC: B, Biological 
Effects Q ua lity  A ssurance  in M o n ito rin g  P rog ram m es (w w w .bequa lm .org); 
B-a, available on lin e  a t  h ttp ://w w w .b e q u a lm .o rg  Q , Q uality  A ssurance  o f  
In fo rm ation  fo r M arin e  E nv ironm enta l M o n ito rin g  in Europe, available 
on lin e  a t  h ttp ://w w w .q u as im e m e .o rg ],

m aterials. T hird, the reproducibility  o f  analyses perform ed by 
independent researchers and  laboratories m ust be know n (as 
pa rt o f  the quality  assurance program m e). Fourth, and  arguably 
m ost im p ortan t, can the m easured response, taking in to  account

Table 2. Q ualitative scoring (L, low; M, m edium ; H, high) of 
ecological relevance (Rel), level o f natu ral variability (Var, including 
th e  influence o f con found ing  factors), an d  specificity (Spec), and  
ease o f  s tandard iza tion  o f techn iq u es (Stand: D, difficult; E, easy), in 
relation to  level o f  organization.

Level o f  organization Rel Var Spec Stand

Population /  com m unity H H L D

Individual (bloassays) L/M L L E

Subcellular health (blomarkers) L/M L/M M /H E

natural variability, be un iquely  related to the  presence o f 
contam inants?

For som e biological-effect m easurem ents, variability can be 
reduced by correcting for confounding  factors and  by standard iz­
ing procedures. The inclusion  o f  m ethods in to  national JAMP 
activities has provided insight in to  these im provem ents. 
C onfounding factors addressed and  their so lu tion  include:

(i) Reproductive status. Because the  stage o f  gametogenesis 
m ay affect the  response considerably (e.g. for EROD, 
7-ethoxyresorufin-O -deethylase activity, and lysosom al stab­
ility), organism s should  be sam pled w hen gam etogenesis is 
latent o r has lim ited effect o n  the  response (Eggens et al., 
1995).

(ii) Sex. Because differences in  the response m ay be orders o f 
m agnitude different betw een males and females, particularly  
in  relation  to  their reproductive state, this factor needs to  be 
included for m any  techniques (Förlin  and  H aux, 1990).

(iii) Size or age. Because in ternal organs, such as the  liver, vary in 
size relative to  reproductive state and food availability 
(Vethaak and Joi, 1996), concentrations o f  som e con tam i­
nants m ay b u ild -up  over tim e; and  because size can affect 
biological effects (R uus et al., 2003), size and  age o f 
sam pled organism s have to  be standardized  to  ensure 
like-for-like com parison  o f  data.

(iv) Origin. Because different races o r subpopulations m ay be 
present at the sam e location at different tim es o f  the year, 
care should  be taken th a t m easurem ents refer to  a group 
w ith the  sam e genetic orig in  (wherever possible).

These factors are im p o rtan t for ensuring  data  quality  from  any 
m o n ito ring  survey, b u t becom e even m ore im p o rtan t for in te r­
preting  year-to-year in fo rm ation  from  one location  as well as 
spatial in fo rm ation  across wide geographical areas. Ideally, w hen 
m ultip le  biological-effect m ethods are used, they should  be 
applied to  the  sam e organism  whenever possible (e.g. EROD, 
D N A -adducts, and histopathological biom arkers, all from  the 
sam e liver; Feist et al., 2004). Such standard ization  w ould 
give confidence in  understand ing  apparen t cause-and-effect 
relationships and  w ould  also provide a good exam ple o f  how  
biological-effect responses could  be integrated.

A strategy for integration
Developing an  ind icator o f  ecosystem health  using m easures o f  
biological effects is a great challenge. As the level o f  biological 
com plexity  increases, so too  does the  level o f  ecological relevance 
o f  any co n tam inan t effect. Conversely, this increase is m irro red  by 
a decrease in  im m ediate responsiveness, detectability, and 
m echanistic understand ing . The challenges are therefore to
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Table 3. Prelim inary assessm ent criteria for th re e  levels o f response (background, elevated, high =  cause for concern ) in relation to  
biological effects [LOD, lim it o f  de tec tion ; from  WKIMON (ICES, 2007c)].

Biological effect Qualifying com m ents Background Elevated High

VTG In plasma ( p g m D 1) Cod LOD to  2 - -

Flounder LOD to  2 - -
Reproduction In eelpout (m ean frequency In %) Malformed larvae 0 - 1 > 1 - 2 > 2

Late dead larvae 0 - 2 > 2 - 3 > 3

G row th /retarded  larvae 0 - 4 > 2 - 6 > 6

EROD (pm ol m ln-1 m g-1  protein) Cod < 80 - -

Dab < 40 - -
Flounder < 10 - -

DNA-adducts (nmol adducts per mol DNA) Dab <7.9 - -
Haddock <6.8 - -

Salthe <7.9 - -

Bloassays (% mortality) Sedim ent Corophium 0 -3 0 > 3 0  to  < 1 0 0 100

Sedim ent Arenicola 0 -1 0 > 1 0  to  < 1 0 0 100

W ater bivalve embryo 0 -2 0 > 2 0  to  < 1 0 0 100

W ater copepod 0 -1 0 > 1 0  to  < 1 0 0 100

W ater echlnoderm 0 -1 0 > 1 0  to  < 1 0 0 100

Lysosomal stability (mln) Cytochemlcal > 2 0 < 20  to  > 1 0 < 1 0

N e u tra l r e d  r e te n t io n  > 1 2 0  < 1 2 0  t o  > 5 0  < 5 0

develop (i) an  integrated  approach to  using the  biological-effects 
m easures, and (ii) tools for assessing the  data in  such a way that 
the  con trib u tio n  o f  each m easure to  the  health  o f  the  system can 
be determ ined, b o th  by  itself and  as pa rt o f  the  overall effect. 
This conceptual task is m ade m ore difficult because the  data 
available for con tam inants and ecological effects only provide 
in fo rm ation  for som e com ponents o f  the ecosystem, and 
because uncertain ties exist abou t how  this in fo rm ation  should 
be conceptually  linked. C on tam inan t concentra tions and 
biological-effect data  m ostly  provide in fo rm ation  at a relatively 
low  level o f  m olecular o r organism ic integration , i.e. at the  sub- 
lethal o r individual level.

Over the  past 2 years, som e progress on  how  to  m eet these 
challenges has been  m ade th rough  the  w ork o f  W GBEC and 
W K IM O N  (i) by  starting  to  develop assessm ent criteria, and  (ii) 
by  developing a strategy for integrative sam pling and  assessment.

Developing assessment criteria
The developm ent o f  assessm ent criteria was addressed by W GBEC 
(ICES, 2006, 2007a) and  fu rther considered by W K IM O N  (ICES, 
2007c). W GBEC (ICES, 2006) d istinguished betw een 
biological-effect m ethods for w hich it w ould be appropria te  to 
establish a global background  level, and  hence the ability to 
derive a general assessm ent c riterion  (deviation  from  norm al) 
and  m ethods for w hich there w ould  be a need for a reference 
location  w ith w hich to  com pare populations a t affected locations. 
The latter category included m ethods th a t were th ough t difficult to 
con tro l for external, n o n -co n tam in an t factors (e.g. sex, tem pera­
ture, etc.). However, the present view is th a t it m ay be possible 
to  derive global values for all m ethods if  a lim ited nu m b er o f 
do m in an t external factors can be contro lled  for (ICES, 2007c). 
H epatic  cytochrom e P4501A activity (m easured b y  EROD) is 
one exam ple for w hich tem perature  a n d /o r  gonad developm ent 
corrections m ay in  fact be sufficient. Response levels above 
background  for EROD, bile m etabolites, D N A -adducts, and

VTG have yet to  be determ ined. Prelim inary  values are currently  
available for som e m ethods (Table 3), b u t this list still has to be 
expanded and  im proved.

A second criterion  should  distinguish betw een m oderate  and 
strong effects. Proposals have been m ade for effects o n  rep roduc­
tio n  in  eelpout (Table 3). The ICES W orking G roup on  Diseases 
and  Pathology o f  M arine O rganism s (W G D PM O ) has developed 
a fish disease index (FDI), w hich includes an  assessm ent o f  exter­
nally visible lesions and  parasites, m acroscopic liver neoplasm s, 
and  h istopathological liver lesions (ICES, 2007b). In  general, 
however, m ore w ork  rem ains to  be done to  validate the  assessment 
criteria  developed so far and  to  establish elevated response levels, 
as well as those that are a cause for concern.

Developing an integrated approach
W GBEC (ICES, 2006) m ade a pre lim inary  proposal, endorsed by 
W K IM O N  (ICES, 2007c), for com bining m ethods in  a p ro ­
gram m e o f  in tegrated chem ical- and  biological-effect m on ito ring  
th a t contains three  ecosystem com ponents: water, sedim ent, 
and  b io ta  (restricted so far to  fish, bivalves, and  gastropods; 
Figure 1). A lthough this is an  obvious sim plification in  term s o f 
ecosystem assessment, the design rests on  existing knowledge, 
and  the  m ethodology available could  easily be extended i f  m ore 
in fo rm ation  becom es available. C om pared w ith the curren t 
CEM P m ethodology, the  assessm ent o f  con tam inan ts in  w ater 
has been rem oved from  a c o st-b en e fit perspective, because o f 
the  high variability in  water sam ple analysis and  the  associated 
large nu m b er o f  analyses required. A nother discussion has arisen 
ab o u t b en th ic-com m unity  analyses, standard  com ponents in 
m any  national m o n ito ring  program m es. In  the past, com m unity  
analyses (term ed “benthic ecology” in  Figure 1) have been seen 
as n o t providing sufficient in fo rm ation  abou t co n tam inan t 
effects to  m erit their inclusion. O n  the  o th er hand, such analyses 
w ould  provide in fo rm ation  abou t o ther environm ental processes,
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Figure 1. Overview  of m ain c o m p o n en ts  p roposed  for an in teg ra ted  m o n ito ring  p rogram m e for effects o f con tam in an ts . Solid-lined boxes, 
prioritized core com ponen ts ; bold text, c o m p o n en ts  in CEMP; broken-lined  boxes, add itional op tional c o m p o n en ts  proposed.

such as eu troph ica tion  and hypersedim entation , th a t m ay  interact 
w ith con tam inants in  their environm ental im pacts.

Assessm ent criteria for effects on  gastropods (in tersex / 
im posex) have been described extensively (JAMP, 1998b; ICES, 
2007c), leaving biological effects on  fish and m ussels as the  m ost 
com plex issues to  deal w ith in  the fram ework. The proposal for 
fish has taken account o f  m ethods already in  CEMP b u t has 
suggested deletions and additions in  line w ith curren t scientific 
understand ing  (Figure 2a). C o st-b en efit considerations have 
also been taken in to  account. PAH should  n o t be m easured in  
fish tissues because m ost PAHs are efficiently m etabolized, so 
m easuring m etabolites in  bile is preferred. A lthough a CEMP 
m ethod, reproductive success in  eelpout is n o t suggested as 
a standard  co m ponen t because o f  its lim ited d istribu tion . The 
presence o f  liver nodules (diam eter > 2  m m ) is viewed as an  
im precise category, the  relevant com ponents o f  w hich are included 
in  liver neoplasm s. M etallo th ionein  (a m etal-b ind ing  pro tein ) has 
been a com ponen t in  b o th  UK and  N orw egian m o n ito ring  p ro ­
gram m es, b u t m easurem ents do n o t appear to be easily in terpreted  
for toxic m etal stress for the  two species (Atlantic cod, dab) for 
w hich the m eth o d  has been applied. At relevant exposure levels, 
m etallo th ionein  appears to  reflect the status o f  Cu and  Z n  in  
the liver, at least in  cod. A lthough found  to  be useful in  the 
N orw egian JAMP, 8-am inolevulinic acid dehydratase (ALA-D) 
has n o t been used by o ther countries and is therefore no t 
recom m ended  for inclusion  in  a core program m e. D N A -adduct 
fo rm ation  is currently  in  CEMP and  has been retained as a 
proposed  m ethod, a lthough  analyses are expensive. Im p o rtan t 
reasons for inclusion include the  possibility to develop highly 
specific assessm ent criteria and  its relevance in  in terpreting  
effects a t the  tissue level (neoplasia). Two m ethods no t in  CEMP 
have been suggested for inclusion in  the  core program m e: 
plasm a vitellogenin and  acetyl Cholinesterase in h ib ition  (AChE) 
in  muscle. Plasm a vitellogenin can be used to  assess im pacts o f 
environm ental estrogens and has been widely tested in  a range 
o f  m arine  species.

Mussels are im p o rtan t m o n ito ring  species, n o t least because o f  
their ecological im portance and wide geographical d istribu tion  
(basically the  entire  range o f  N o rth  A tlantic, Baltic, and 
M editerranean coastal areas). A range o f  techniques for blue 
m ussels have been recom m ended  by  W GBEC, b u t there are also

o th er prom ising m ethods o n  the  list th a t are viewed as appropria te  
for integrated  chem ical- and  biological-effect m onito ring , the  core 
m ethods suggested being scope for growth, histopathology, lyso­
som al stability, AChE inh ib ition , and  m icronucleus fo rm ation  in 
hem atocytes (Figure 2b).

There are processes un d er way to  establish assessment criteria 
for the  biological-effect m ethods. A range o f  strategies has been 
proposed  for the in tegration  o f  results, including m ultivariate 
approaches and graphical represen tation  o f  a range o f  com ponents 
(C hoi et al., 2005). O bvious criteria will be transparency, rep ro d u ­
cibility, and appropria te  w eighting o f  individual com ponents 
tow ards a final indicator.

Developing a framework for indicators of health
Some attem pts to  develop a fram ew ork for indicators o f  health 
have been trialled. In  the UK, a strategy has been proposed 
know n as the  Fullm onti (Fully In tegrated M onitoring  Strategy; 
Deffa, 2007). Three m ain  com ponents (chem istry, ben th ic  com ­
m unity, and fish) were assessed separately for each o f  a range o f 
locations along the  UK coasts to p roduce “traffic-light”-type in d i­
cators (good, m oderately  im pacted, and strongly im pacted). Each 
ind icator was in  tu rn  com puted  from  a range o f  w eighted subcom ­
ponents, the  w eighting being based on  expert judgem ent. For b io ­
logical effects, the  w eighting was based o n  the  perceived ecological 
relevance o f  the  response m easured so that, for exam ple, a rep ro ­
ductive o r disease response w ould have a greater weighting th an  a 
general b iom arker response, such as enzym e induction . For com ­
m u n ity  assemblages, indices such as the S h an n o n -W ien er, AZTI 
m arine  bio tic  index, and infaunal trophic  index had  a greater 
w eighting th an  species num ber. For chem istry, a greater w eighting 
was given to  persistent and b ioaccum ulating  com pounds. 
A ttem pts to  com bine the three indicators in to  a single indicator 
were unfru itfu l because so m uch  useful in fo rm ation  is watered 
dow n or is even lost. A n im p o rtan t benefit o f  the Fullm onti 
approach  is that partial datasets can be used (e.g. sites at w hich 
only a restricted set o f  biological effects o r con tam inan ts have 
been m easured). A lthough m ore com prehensive expert systems 
could  be devised, the Fullm onti approach  shows prom ise.

D ifferent strategies to  develop a holistic assessm ent have been 
chosen in  o ther European countries. In  Norway, biological-effect 
techniques have been im plem ented  in  the  national JAMP, so

D
ow

nloaded 
from 

http://icesjm
s.oxfordjournals.org 

by 
on 

M
ay 

4, 2010

http://icesjms.oxfordjournals.org


Integrated contam inant effect assessment 1513

(a)

tissue chem istiy w hole organism tissue response subcellu lar

C d , H g, Pb
Cu, Z n

organochlorines

BFRs

fluorinated
com pounds

condition index, 
LSI, GSI

reproductive
success

liver
h istopatho logy

liver m icroscopic 
neoplasm s

ex te rna] diseases

PAH  m etabo lites

E R O D /C Y P IA

vitellogenin

Ivsosom al stab ility

DNA adduc ts

A ChE

J Cornel assay
i . . . . . . . . .
r „ „ „ „ „ „ „ „ „ „ „
[ m e ta llo th ione in

r ,
ï A LA -D  !

(b)

tissue çhçm istry w hole organism tissue response subcellular
response response

C d , Hg, PI)
Cu, Zn

PCBs

PA H s

o rg an o tin s

scope for grow th

condition index,

grow th

stress on stress

histopathology lysosom al stab ility

m icronucleus
form ation

AChE

Comet assay

BFRs

fluorinated
com pounds

m etallothionein

M XR

Figure 2. Overview  o f biological-effect m e th o d s  to  be included in an in teg ra ted  m o n ito ring  p rog ram m e [m odified from  WGBEC (ICES, 2006) 
a n d  WIKIMON (ICES, 2007c)] for (a) se lected  fish species an d  (b) blue mussel. Legends as in Figure 1, excep t broken-line boxes w ith regular 
tex t refers to  reco m m en d ed  m ethods, an d  italicized tex t to  prom ising m eth o d s (WGBEC; ICES 2007a).

th a t b o th  co n tam inan t concentra tions and  effect param eters (bio­
m arkers) were m easured in  the  sam e individuals. The aim  was to 
im prove the  in te rp reta tion  o f  b o th  effects and  to  accum ulate 
add itional in fo rm ation  o n  physiological param eters (liver 
som atic index, size, age, and gender), as well as tem perature  
(Ruus et al., 2003). A lthough som e links could  be established 
betw een co n tam inan t concen tra tion  in  tissue and  effects, the 
results highlighted som e o ther issues: (i) species differences were 
the  rule ra ther th an  the  exception (sam pling included A tlantic

cod, flounder, and  dab); (ii) inclusion o f  physiological param eters 
was essential; (iii) generally, no  direct relationship should  be 
expected betw een effects and accum ulating con tam inants (e.g. 
PCBs); and  (iv) there were strong site-dependent factors that 
could  n o t be identified (Ruus et al., 2003). Nevertheless, the 
data  d id  provide an  overall p ictu re  o f  how  and  w hether o r n o t co n ­
tam inan ts affected fish at the  sites. A sim ilar approach  has been in 
operation  in  Sweden since the 1980s (H ansson et al., 2006). Briefly, 
a range o f  physiological and  biochem ical param eters has been
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m easured alongside con tam inan ts and  population-level assess­
m ents for perch  in  the Baltic and (less extensively) eelpout in  
the Skagerrak. Because o f  the  long tim e-series and knowledge o f 
baseline levels for con tam inants, it has been possible to  p in p o in t 
specific po llu tion  events, as well as assessing long-term  changes 
in  these fish populations. In  the  D utch  national JAMP, fish-disease 
m o n ito ring  w ith dab and  flounder has been in tegrated w ith 
residue-con tam inant m easurem ents (including exposure b io ­
m arkers such as b iliary PAH m etabolites) and  con tam inan ts in  
sedim ent, and supporting  biological and  hydrographical data 
(Bovenlander and Langenberg, 2006). The in tegrated approach 
allowed evaluation o f  one facet o f  coastal and  estuarine ecosystem 
health, b u t at the  sam e tim e dem onstrates that m igration  patterns 
p lay a  critical role in  explaining the d istribu tion  o f  chronic  diseases 
such as liver neoplasm s in  flatfish (Vethaak et al., 2008).

The resources involved for contracting  parties in  im plem enting 
a core m o n ito ring  program m e as proposed  will be substantial. 
A lthough it is envisaged th a t the criteria  and  assessm ent protocols 
required  will be established soon and  be pa rt o f  an  O SPA R -JA M P 
guideline o n  in tegrated m onito ring , the  guideline should  prefer­
ably be  tried  o u t in, and  if  necessary adjusted based on, a d em o n ­
stra tion  program m e before its im plem en tation  by  contracting  
parties.

Further work
A lthough im p o rtan t steps have been taken to  develop a process 
for integrated  chem ical- and  biological-effect m onito ring , the 
following is needed to  finalize the work:

(i) final agreem ent o n  com ponents to  be included;

(ii) finalize assessm ent criteria  for the  m ethods to be included;

(iii) final agreem ent on  strategy and m eth o d  to  com bine results at 
the  ecosystem level;

(iv) validation  o f  assessm ent criteria;

(v) validation  o f  the  fram ew ork th rough  a set o f  case studies 
and  a field validation  activity (currently  un d er way).
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