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Abstract: Ecotoxicology assesses the fate of contaminants in the environment 
and contaminant effects on constituents of the biosphere. With respect 
to effects assessment, current ecotoxicology uses mainly reductionistic 
approaches. For concluding from the reductionistic approach to the effects 
of toxicant exposure in a multifactorial world, ecotoxicology relies on 
extrapolations: (i) from suborganism and organism effect levels, as determined 
in laboratory tests, to ecological levels, (ii) from few laboratory test species 
to the broad range of  species and their interactions in the ecosystem and 
(iii) from the analysis of  the effects of  single toxicants under standardized 
laboratory settings to the toxicant response under real world conditions, 
where biota are exposed to combinations of  chemical, biological and 
physical stressors. The challenge to ecotoxicology is to identify strategies 
and approaches for reducing uncertainty and ignorance being inherent to 
such extrapolations. This chapter discusses possibilities to improve ecotoxi-
cological risk assessment by integrating mechanistic and ecological informa-
tion, and it highlights the urgent need to develop concepts and models for 
predicting interactions between multiple stressors.
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Introduction

Ecotoxicology is the science of contaminants in the biosphere and their 
effects on constituents of the biosphere (Newman, 1998). This scientific field 
draws from many disciplines, for instance, from chemistry for analysing and 
predicting fate and transport of chemicals in the environment, from toxicology 
for studying mechanisms of adverse effects of chemicals in organisms, or 
from ecology for assessing ecological consequences of chemical pollution. 
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Whereas the scope of ecotoxicology is well defined on the side of environmental 
chemistry, some inconsistency exists on the toxicological side. Contrary to 
toxicology which is concerned with effects of chemicals at the level of the 
individual organism and its constituent parts, ecotoxicology in principal 
aims to assess toxic impact at the ecological rather than the individual level. 
In practice, however, ecological assessment is often lacking (Forbes and 
Forbes, 1994), instead classical toxicological studies predominate so that eco-
toxicology seems to differ from human toxicology mainly by using a broader 
array of target species. The bias of ecotoxicology towards toxicological 
rather than ecological studies is not an intended one, but reflects practical, 
methodological as well as conceptual limitations.

Ecotoxicology is a relatively new scientific discipline (Jorgensen, 1998). 
During the 1950s and 1960s, public awareness was increasing that anthro-
pogenic substances released into the environment may not just dilute and 
virtually disappear, but that they could accumulate in biota and man, and 
may lead to adverse effects. Epidemics such as, e.g. the Minamata disease in 
Japan – caused by food web-enrichment of organic mercury – pinpointed 
to the possible problems arising from environmental pollution. In 1962, 
Rachel Carson published the book “Silent Spring” drawing attention to the 
consequences of pesticide accumulation in wildlife. Ecotoxicology as a term 
was coined, according to Truhaut (1977), in June 1969 during a meeting of 
a committee of the International Council of Scientific Unions. The first 
textbook on ecotoxicology was then published in 1977 (Ramade, 1977), still 
paying much attention to human health, but subsequent textbooks increas-
ingly focused on genuine ecotoxicological issues such as, e.g. species differ-
ences in sensitivity, ecological determinants of residues, community toxicity, 
or ecotoxicology as a “hierarchical science” (e.g. Moriarty, 1983; Forbes 
and Forbes, 1994; Walker et al., 1996; Newman, 1998). From the beginning, 
ecotoxicology was strongly driven by managerial and legislative needs. Thus, 
much emphasis was given to technological goals such as the development of 
standardized toxicity tests. How well regulatory testing programmes fulfilling 
the legislative needs do protect ecosystems from long-term, insidious decline 
has always been debated. It is difficult to judge upon how many pollutant-
related environmental problems have been avoided due to the application of 
regulatory testing programmes; however, there exist a number of examples 
where conventional ecotoxicological approaches failed to prevent or predict 
the environmental problems. One such example is endocrine disruption 
(Sumpter and Johnson, 2006). To improve the ability of retrospective as well 
as predictive assessment of pollutant impact on the biosphere, ecotoxicology 
is confronted with a number of challenges, some of which will be addressed 
shortly in the present communication.
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Current Approaches in Ecotoxicological Risk Assessment

A comprehensive review of ecotoxicological risk assessment is beyond the 
scope of this chapter, instead only a short introduction into certain principles 
and technologies as they are currently used will be given. Ecotoxicological 
risk assessment aims to estimate levels of contaminants in environmental 
compartments, to evaluate effects of pollutants at various levels of bio-
logical complexity, and to relate environmental exposure to environmental 
effects (Newman, 1998; Ahlers and Diderich, 1998; Calow and Forbes, 2003; 
Bradbury et al., 2004). It can be either retrospective (“from effect to pollutant”) 
or prospective (“from pollutant to effect”; Eggen and Suter, 2007).

The retrospective approach builds on monitoring of existing chemical 
exposure, bioaccumulation and adverse effects in wildlife. Monitoring can 
start with observing exposure or bioaccumulation, and then trying to relate 
this to biological or ecological change, or it can start from the observation 
of adverse changes in wildlife, and then trying to trace this back to chemicals 
as cause. A number of factors obscure exposure effect-relationships in field 
studies, for instance, bioavailability on the exposure side, or the impact 
of multiple stressors on the effect side. Thus, unequivocal demonstration of 
cause effect-relations is difficult in field studies. Instead, usually a weight-of-
evidence approach has to be taken (Rolland, 2000; Burkhardt-Holm and 
Scheurer, 2007). The demonstration of causative relationships is supported by 
the existence of temporal or spatial parallelism between exposure and effects 
(Downes et al., 2002) as well as by a sound epidemiological design of moni-
toring studies, although the latter aspect is often neglected in ecotoxicology. 
A number of technologies help to reveal exposure effect-relationships in 
retrospective studies, such as bioassay-directed fractionation and biomarkers 
(Brack, 2003; Segner, 2003). Bioassay-directed fractionation is a procedure 
combining chemical fractionation and analysis with bioassays in order to 
identify those chemicals within a complex environmental sample which are 
responsible for a measured biological activity of the sample (Brack, 2003). An 
example of this methodology is provided by study of Desbrow et al. (1998) 
on identification of the chemical nature of the estrogen-active substances in 
effluents of wastewater treatment plants in UK. Biomarkers are sub-organismic 
parameters being responsive to chemicals and thus can be used either as 
indicators of exposure to or effects of chemical substances (Peakall, 1994; 
Van der Ost, 2003). Well-known examples of biomarkers include cytochrome 
P4501A, which is induced by chemicals activating the arylhydrocarbon 
receptor, for instance dioxins, or vitellogenin, which responds to chemicals 
activating estrogen receptors. The concept of biomarkers has attracted much 
attention in ecotoxicology, and indeed biomarkers are valuable as indicators 
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of exposure, as early warning signals of long-term or delayed toxicity, or as 
“signposts” for toxic modes of action, however, they are usually not predictive of 
adverse effects at higher levels of biological organization (Forbes et al., 2006; 
Hutchinson et al., 2006).

Predictive ecotoxicological risk assessment aims to estimate environmental 
concentrations of chemicals, to evaluate the toxic hazard and ecological 
effects arising from these substances, and the likelihood of adverse effects to 
occur in exposed biota (Newman, 1998; Calow and Forbes, 2003; Bradbury 
et al., 2004). Key elements in the predictive approach are the “predicted envi-
ronmental concentration” (PEC) and the “predicted no effect concentration” 
(PNEC). A PEC can be estimated from actually measured concentrations in the 
environment or from mathematical modelling; a PNEC can be derived, for 
instance, from concentration-response determinations in single species toxicity 
tests in the laboratory (Ahlers and Diderich, 1998). For risk characterization, 
the PEC is compared to the PNEC in order to estimate the probability of 
adverse effects to occur. Relevant effects may range from the suborganism 
level over population and communities to the landscape scale, and they 
may vary with the broad range of potential target species in an ecosystem. 
The advantage of the described approach is that it is straightforward and 
manageable; its disadvantage is that it appears to be at least sometimes too 
simplistic thereby missing environmentally relevant aspects of exposure and 
effect, which arise from the complexity of biological and ecological systems. 
Shortcomings exist particularly on the effects side. PNEC values are largely 
based on testing of single substances in acute or (sub)chronic laboratory tests, 
using a few selected “model” species, and using either suborganism or organ-
ism-level endpoints. It is easy to demonstrate toxic effects on suborganism 
and organism-level endpoints of individuals of single species in the labora-
tory, but we have insufficient understanding of how to extrapolate from the 
analysed effect level in the laboratory test to ecological levels (effect propaga-
tion), how to extrapolate from few laboratory test species to the broad range 
of other species being present in the ecosystem (interspecies effect extrapola-
tion), and how to estimate from the analysis of the effects of single toxicants 
under standardized laboratory settings to the toxicant response of organ-
isms under multifactorial real world conditions, where biota are exposed to 
combinations of chemicals and non-chemical stressors (multiple stressor 
extrapolation). It is evident that such extrapolations in ecotoxicological risk 
assessment bear important uncertainties; however, an additional problem 
arises from ignorance, i.e. our inability to take unknown processes and vari-
ables into account (Hoffman-Riem and Wynne, 2002). For instance, egg shell 
thinning as a consequence of DDT accumulation was overlooked as long as 
it was unknown that this is a target of DDT action. For practical as well as for 
principal reasons, ecotoxicological testing will never be able and does not aim 
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for fully reflecting environmental complexity but will always have to rely on 
reductionistic approaches. The problem is not the reductionism but that we 
need to learn more on how stressors and effects are interrelated – across and 
between species, across levels of biological organization, across time scales 
– and which processes and parameters are of key importance in determining 
the effects of toxicant exposure in a multifactorial environment.

Challenges in Ecotoxicological Effects Assessment

Given the limitations as discussed earlier, ecotoxicological effects assessment 
is confronted with a number of challenges:

• While during the early days of ecotoxicology, environmental pollution 
was often characterized by high levels of contaminants, acute spills, or 
dominance of high volume industrial chemicals, the situation has changed 
nowadays (Eggen et al., 2004). Enhanced regulatory practices and techni-
cal measures such as improved water treatment technologies or replacing 
persistent by more degradable substances successfully reduced overall 
environmental contamination in industrialized countries. In this situation, 
risks arising from low dose, chronic exposures are coming into focus. This 
includes questions on the importance of combined effects of chemicals at 
low concentrations or on combined effects of chemicals and other stressors 
such as altered habitat morphology or climate change. Further, although 
concentrations of “classical” toxicants are decreasing, at the same time, 
new contaminants are emerging such as pharmaceuticals and personal 
care products, which often show specific modes of toxic action not reliably 
detectable by the existing testing concepts and methodologies. The chal-
lenge is to clarify whether existing ecotoxicological concepts and tools are 
sufficient or how they have to be enhanced to be able to assess hazard and 
risks arising from the actual situation of environmental contamination.

• For many, if  not the majority of existing chemicals, the available ecotoxi-
cological information is rather limited. Even for high production volume 
chemicals, often not more than acute lethality data are available. At the 
same time, new regulations such as REACH in Europe are demanding 
more information on ecotoxicological properties of existing substances. 
It is a challenge to ecotoxicology to generate the required data but not 
by simply increasing the number of tests as this is confronted with many 
technical, economical and ethical problems, but by developing integrated 
testing strategies (Bradbury et al., 2004), which are taking advantage of 
mechanistic and ecological knowledge. Such a knowledge-based testing 
scheme would enable targeted testing for better chemical prioritization 
and hazard identification.
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• Existing methodologies and concepts of ecotoxicology, despite the prefix 
“eco-”, still reflect more toxicology than ecology. Although the emphasis 
on toxicology may be understandable from the historical development 
and pressing regulatory needs (see earlier), doubt remains that this 
approach might be too simplistic to inform ecological risk assessment 
(Calow and Forbes, 2003). The challenge is to improve this situation and 
to find concepts and tools that on the one hand are manageable and prac-
tical but on the other hand move ecotoxicological risk assessment closer 
to ecology.

The following discussion cannot provide the solution to the open questions 
and problems, rather it tries to point out directions to be taken in the development 
of new concepts and tools for ecotoxicology.

GOING MECHANISTIC

To date, ecotoxicological testing has been rather phenomenological. 
However, ecotoxicology has to be more than describing that effects occur, 
but it needs explanatory principles (Newman, 1998). Understanding of 
how toxic effects occur is important in extrapolation, classification, and 
diagnosis of  effects (Eggen et al., 2004; Miracle and Ankley, 2005; Segner, 
2006) and it will reduce the risk to overlook or ignore possible adverse 
outcome of  chemical exposure (Hoffmann-Riem and Wynne, 2002), as it 
has been the case, for instance, with endocrine disruption (Segner, 2006; 
Sumpter and Johnson, 2006). Standard ecotoxicological testing relies on 
apical endpoints which, due to their integrative nature, lend limited insight 
into causative processes. Thus, to achieve more knowledge on modes of 
toxic action or toxic mechanisms, additional endpoints have to be consid-
ered. Often, molecular and cellular parameters are used for this purpose. 
However, changing the level of  biological analysis does not necessarily 
mean to move from the description of  the effect to the understanding of 
the underlying mechanism. Actually, the so-called mechanistic research in 
ecotoxicology often has been descriptive again (Moore, 2002). The same 
comment applies for the use of  specific technologies: it is not the use of 
a particular technique but it is the study design and interpretation what 
makes the difference. For instance, during recent years much emphasis has 
been given to the promises of  genomic methodologies in predictive, mecha-
nism-based ecotoxicology, but as put by Miracle et al. (2003) with respect 
to the use of  these techniques: “If  a well thought-out approach is neglected 
during experimental design and data interpretation, then we are simply left 
with standard toxicology in Technicolor”.
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There are a number of areas of ecotoxicological effects assessment where 
knowledge on modes of toxic action is helpful:

• Knowledge on modes of action helps in understanding time and concentra-
tion response-relationships (questions of thresholds, hormesis, U-shaped 
curves of endocrine disrupting compounds, relation between acute and 
chronic toxicity, concentration-dependent transitions in mode of action, 
etc.). For instance, the information that a chemical acts through the estrogen 
receptor pathway explains why this substance induces irreversible (organi-
zational) effects in developing organisms while it induces transient 
(activational) effects in adults (Segner et al., 2006). Mechanistic knowledge 
identifies the processes being affected by the chemical and from this knowl-
edge the risk for chronic effects may be inferred, e.g. the development of cancer 
as a consequence of mutagenic activity of a compound (Eggen et al., 2004).

• Knowing the mode of action by which a chemical substance induces 
adverse effects helps in extrapolation, both across species and across bio-
logical levels. Molecular or cellular processes are often more conserved 
than processes at higher levels of biological organisation, what facilitates 
interspecies extrapolation (Segner and Braunbeck, 1998; Miracle and 
Ankley, 2005; Hutchinson et al., 2006). For instance, an estrogen receptor 
ligand in man will be also an estrogen receptor ligand in a fish, however, 
the physiological consequences of the receptor activation differs between 
man and fish. Further, if  we know that a toxicant impacts a specific bio-
logical process, we may understand why certain species are more sensitive 
than others, and which species are at particular risk.

• Knowing modes of action assists in the assessment and prediction of 
mixture effects (Escher and Hermens, 2002; Eggen et al., 2004). For instance, 
knowing that a set of chemicals act through the same receptor pathway is 
important to predict that a mixture of these compounds will behave in an 
additive way (Silva et al., 2002). This knowledge forms also the basis of 
the concept of toxic equivalency factors (Safe, 1990). Vice versa, knowing 
molecular targets of a toxicant helps to identify biological functions at risk 
and helps to understand why one and the same substance may lead to 
multiple effects. For instance, estrogen receptors do not only function in 
reproductive processes, but are involved in a variety of functions (see later).

• Information on modes of action assists in prioritizing, classification 
and testing of chemicals. Such knowledge provides input for computa-
tional methods and structure activity relationships (Schüürmann, 1998). 
Knowing which processes in the organisms are affected by a substance 
helps in designing targeted, knowledge-based testing strategies for the 
substance of concern (Eggen et al., 2004; Hutchinson et al., 2006; Segner, 
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2006), and this would reduce uncertainty in risk assessment and guard 
against surprises, as they happened, for instance, in the case of endocrine 
disruptors (Calow and Forbes, 2003; Segner, 2006).

• Finally, an important spin-off  from mechanism-oriented work is the 
development of diagnostic tools (Eggen and Segner, 2003). Bioassays 
and biomarkers have been found to be most valuable in assessing envi-
ronmental contamination. Currently, only a limited set of tools is availa-
ble, being indicative for rather few stressors or modes of action, but novel 
technologies such as genomics and proteomics may generate a broader 
suite of diagnostic tools.

GOING ECOLOGICAL

Ecotoxicologists succeeded in demonstrating pollutant effects at all levels 
of biological organisation, from molecules to ecosystems; however, they are 
uncertain how effects at the different levels relate to each other (Newman, 
1998). A similar problem is the question of interspecies extrapolation of 
toxicity data. The principal dilemma of ecotoxicological effects assessment is 
that we have to make simplifying assumptions and we have to use reduction-
istic approaches but we do not know if  we use the right simplifications and 
we do not know the rules and conditions for translating the outcome of the 
simplified approaches to the systems to be protected. To say it with the words 
of Barnthouse et al. (1987): “There is an enormous disparity between the 
types of data available for assessment and the type of responses of ultimate 
interest. The toxicological data usually have been obtained from short-term 
toxicity tests performed using standard protocols and test species. In contrast, 
the effects of concern to ecologists performing assessments are those of 
long-term exposures on the persistence, abundance and/or production of 
populations”. Although this statement has been formulated almost 20 years 
ago, substantial progress has not been achieved since then. Since for practical 
reasons, it will be not possible to abandon reductionistic approaches, the 
question is if  these concepts and methods are indeed too simplistic to inform 
ecological risk assessment or how we could improve them to be more effective 
(Calow and Forbes, 2003).

Usually ecotoxicologists follow a bottom-up approach, i.e. investigating 
toxic effects at the suborganism and/or organism-level and then extrapolating to 
the levels of populations and communities. The reason behind this approach 
is that, although the changes at the population/community/ecosystem levels 
of biological organization are the ultimate concern, they are considered to 
be too complex and too far removed from the causative events to be useful in 
diagnosis and prediction of toxic effects of chemicals. Instead, the idea is that 
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toxic effects can be measured at the lower levels of biological organization and 
that these effects are prognostic for higher level consequences. In almost each 
review and textbook of ecotoxicology, a figure of the biological hierarchy is 
shown, with toxic effects propagating from the molecular through cellular 
and organism levels to populations or communities. What is neglected in 
this thinking is that there exists no linear effect propagation but at each level 
of the biological hierarchy, new properties emerge which are not predictable 
from the properties of the level below but which influence the outcome of 
the toxic impact (Fig. 1). For instance, a toxic cellular effect is not necessarily 
leading to a toxic response of the organism due to the existence of compen-
satory mechanisms at the supracellular level (Segner and Braunbeck, 1998). 
Exactly for this reason, the use of biomarkers to predict ecological effects is 
questionable (see earlier). Similarly, ecotoxicological test methodology puts 
emphasis on metrics such as survival, growth and reproduction since these 
changes in individual fitness are considered to be “ecologically relevant” and 
to influence directly the status of the population. However, translation of 
phenotypic variations in life history traits of individuals into demographic 
changes of the population depends much on the life history strategy of a 
particular species (Winemiller et al., 1992; Kooijman, 1998). A 50% loss of 
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Fig. 1. The propagation of toxic effects along the levels of the biological hierarchy does not 
follow a linear, deterministic fashion, but the outcome of toxic exposure at a particular level 
of the hierarchy results on the one hand of integrating toxic and compensatory/protective 
mechanisms at the lower hierarchical levels and on the other hand it results on properties and 
processes newly emerging at the hierarchical level of concern.
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fertility may have completely different demographic consequences for two 
species with contrasting life histories, e.g. an opportunistic and a periodic species 
(Gleason and Nacci, 2001). Laboratory tests often determine toxic effects for 
the most sensitive life stage, assuming that an adverse effect on this stage will 
be critical for population status. However, the most sensitive life stage might be 
not the most crucial factor for maintaining a viable population, since in many 
species, there is an overproduction of individuals at this stage what easily could 
compensate for the toxicant-induced losses (Newman, 2001).

This short discussion may already illustrate that inferring higher level 
effects from qualities of lower levels is problematic (Underwood and 
Peterson, 1988; Newman, 1998). What is needed to improve predictions 
across biological levels is to go beyond a linear thinking and to develop a 
better understanding of the processes and mechanisms how the different 
levels relate to each other. One possibility to overcome the limitations of 
current approaches is the use of appropriate modelling (Hutchinson et al., 
2006). Models have been suggested for deriving adverse organism responses 
from cellular responses (Moore, 2002), but particularly also for predicting 
population responses from responses of individuals. For this it is important 
not to rely on “black box” modelling but to use physiological and ecological 
information. One possibility would be to combine toxicity data from labo-
ratory tests with life history from natural populations to model population 
responses of the species of concern (Boxall et al., 2002). Kooijman (1998) pointed 
to the value of structured population modelling, in which individuals are not 
treated as identical copies, but accounts for the fact that individuals dif-
fer in many aspects from each other (age, size, sex, energy reserves, genetics, 
etc.). Modelling can be also valuable to identify which individual changes 
take a decisive influence on population viability (Grist et al., 2003; Gurney, 
2006). Such knowledge could target toxicological testing towards the critical 
life history traits in order to quantify the sensitivity of population dynamics 
to changes in these vital traits (Calow and Forbes, 2003). While current test-
ing in ecotoxicology relies on a fixed, pre-selected set of endpoints, a more 
ecological-oriented approach would select test endpoints on the basis of the 
analysis of the life history strategy of the species of concern. In this way, 
ecological knowledge could inform toxicological testing – an approach that 
to date has been surprisingly rarely used in ecotoxicology. Knowledge-based 
testing utilizing ecological information might be mutually complementary 
with knowledge-based testing utilizing mechanistic information (see earlier).

While the previous discussion addressed the problem of  extrapolation 
across biological levels, another problem in informing on ecological risk 
from conventional single species laboratory tests is the extrapolation of 
toxic effects across species. When environmental contamination takes 
place, usually communities are exposed which comprise a large number 
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of  species differing in physiology, ecology and toxicant sensitivity. In 
principal, to protect an ecosystem against adverse effects of  toxic sub-
stances, it would be necessary to test all the different species occurring 
in the ecosystem for their sensitivity towards the substance of  concern. 
For practical reasons, however, toxicity testing is usually done only with 
a limited number of  species, and the results from these species are then 
extrapolated to predict the response of  other species and of  the whole 
community. The limitations in this approach are evident. Regulatory 
risk assessment tries to overcome this limitations by the use of  numeri-
cal “safety factors”, i.e. data from standard toxicity tests are divided 
by fixed extrapolation factors in order to account for the uncertainties 
in the extrapolation from simplified laboratory tests to environmental 
reality and to derive a threshold value (PNEC) below which adverse 
ecological effects are defined to be unlikely (Ahlers and Diderich, 1998; 
Calow and Forbes, 2003). However, it is clear that safety factors suffer 
from serious limitations and represent rather a formal than a scientifi-
cally based approach. An alternative approach to extrapolate from single 
species toxicity tests to communities is the concept of  species sensitivity 
distribution (SSD) (Posthuma et al., 2002). The basic assumption in the 
SSD concept is that the sensitivities of  a set of  species can be described 
by some kind of  statistical distribution. The available ecotoxicological 
data on different species are seen as a subsample from this distribution 
and are used to calculate a concentration which is considered to be safe 
for most species. Thus, this concept supports prediction of  toxic effects 
for multiple species assemblages, and it has the potential to incorporate 
spatial information as well as information on mixture effects (Posthuma 
and de Zwart, 2005).

Finally, methodologies have been developed to directly test species inter-
actions instead of extrapolating from single species data. One such method 
attempting to assess ecological complexity is toxicity testing in laboratory 
microcosms or outdoor mesocosms (Cairns and Cherry, 1993; Newman, 
1998). These systems which harbour multiple species assemblage have more 
ecological realism than do single species laboratory tests and still possess more 
tractability than do field studies. Micro- and mesocosms harbour multiple spe-
cies assemblages and therefore are able to perform community impact assess-
ments in relation to toxic exposure. The extent to which such systems represent 
natural systems remains a subject of debate, however (Williams et al., 2002). 
Another methodology for using communities in toxicity assessment is pollu-
tion-induced community tolerance (PICT) which was introduced by Blanck 
et al. (1988) as a tool in predictive and retrospective risk assessment. It is based 
on the assumption that sensitive species within a community will be replaced 
by more tolerant species after exposure to a toxicant, increasing the tolerance 



50 H. SEGNER

of the whole community. Experimentally, PICT can be measured by structural 
and functional parameters such as species number or photosynthetic activity 
(Schmitt-Janssen and Altenburger, 2005).

GOING MULTIPLE

In their environment, organisms are exposed to multiple chemicals and mul-
tiple stressors (a stressor is defined here as any factor that extends homeo-
static or protective processes beyond the limits of the normal physiological 
or ecological range leading to reduced fitness: Sibly and Calow, 1989; Moore, 
2002). The questions to ecotoxicologists are how toxic impact is modulated 
in the presence of mixtures or in combination with other stressors, and 
how the risk resulting from the interaction between chemical, physical and 
biological stressors can be assessed and predicted. Exposure to one stressor 
may change the response and sensitivity of the biological system to a second 
stressor. Such modulations could be of particular relevance under conditions 
of chronic, low-dose exposure, when chemical impact alone may provoke 
only subtle changes but it may be enhanced by interaction with other stres-
sors. However, it has to be kept in mind that biological systems have evolved 
under conditions of fluctuating environments and multiple impacts. Thus, 
species have developed adaptive systems which enable ecological success 
in the presence of stressors, but these adaptive systems may differ in their 
capacities towards specific stressors, what further complicates assessment of 
combined effects. Overall, to better account for the multifactorial scenario 
to which organisms, populations and communities are exposed to in their 
environment, it is necessary to consider the various stressors in an inte-
grated way instead of considering each stressor in isolation. Consequently, 
van Straalen (2003) suggested that ecotoxicology should become part of a 
broader scaled stress ecology.

Empirically, stressor interactions have been shown in many studies. For 
instance, season and temperature can overlay chemical induction of exposure 
biomarkers (Mackay and Lazier, 1993; Behrens and Segner, 2005), the 
nutritional status of  exposed organisms can modify their sensitivity towards 
toxicants (Lanno et al., 1989; Braunbeck and Segner, 1992), or toxicant 
exposure can increase the susceptibility to degenerative and/or infectious 
diseases (Bayne et al., 1985; Odum, 1985; Heugens et al., 2001; Newman, 2001; 
Kiesecker, 2002). The infectious disease triad (Odum, 1985; Newman, 2001) 
summarizes such interactions in that it presents the likelihood of  disease 
as a function of the balance between host, disease agent, and environmen-
tal factors. Pollutants, as part of  the environmental milieu in which the 
host and the pathogen interact, can change the balance between host and 
pathogen, for instance, by altering the immunological competence of  the 
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host and thereby rendering the host more susceptible to the pathogen, or, 
alternatively, by reducing survival of  the infective stage of  the pathogen 
in the environment. Vice versa, pathogens can alter response of  the host 
to toxicants in that the diseased organism may be more sensitive to toxic 
impact than the healthy organism (Carlson et al., 2002; Köllner et al., 2002). 
Again, however, one must not neglect the capability of  the host for adaptive 
strategies. For instance, Burki et al. (2007) showed that when rainbow trout 
was exposed simultaneously to a parasite and an environmental estrogen, 
the response of  the fish was dominated by the parasite, while the estrogenic 
response was largely suppressed.

The multiple stressor issue has different facets in retrospective and in 
predictive risk assessment. In retrospective studies, a major problem is to 
disentangle the impact of  toxicants from the influence of  other factors 
including natural environmental change. If  an adverse change is observed, 
this may directly result from toxicant action, it may result from factors other 
than toxic chemicals, or it may result from the combined action of several 
factors. Epidemiological and weight-of-evidence methodologies are essential 
to sort out the role of toxicants in complex exposure scenarios (Rolland, 2000; 
Burkhardt-Holm et al., 2005; Burkhardt-Holm and Scheurer, 2007). For 
predictive studies, principal concepts or models are needed as it is not realistic 
to use empirical testing for the infinite number of possible combinations. In 
mixtures of chemicals, the interactions may lead to amplification (synergism), 
reduction (antagonism) or additivity of the stand-alone effects of the individual 
compounds. Several models have been found useful under laboratory settings 
to predict the combined effects of chemicals in a mixture (e.g. Könnemann, 
1981; Hermens et al., 1984; McCarthy et al., 1992; Silva et al., 2002; 
Altenburger et al., 2003; Monosson, 2005). How complex the assessment of 
the combined effect of a chemical mixture containing substances with different 
modes of action can be has been illustrated by Altenburger et al. (2004). The 
extrapolation from single species laboratory tests on mixture toxicity to the 
in situ risk of chemical mixtures for an assemblage of species adds further 
complexity, and requires development of new methodologies (De Zwart and 
Posthuma, 2005). An additional challenge is to develop concepts and models 
for predicting interactions between chemical and physical or biological stressors. 
As indicated above, it is known empirically that physical and biological entities 
can modulate chemical toxicity and vice versa, however, few attempts have 
been made to date to quantitatively analyse and to predict such interactions 
(Folt et al., 1999; Koppe et al., 2006).

Finally, when talking on “going multiple”, we should not only focus on 
exposure of organisms to multiple stressors, but we need also to consider that 
one and the same toxicant may induce multiple biological responses. This 
includes not only the fact that toxicants show a transition in mode of action 
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with exposure duration and concentration (Slikker et al., 2004; Schäfers 
et al., 2007), but it points also to the fact that a chemical can interact with 
multiple targets in a biological system, what may result in unexpected toxic 
effects. For instance, studies on estrogen-active substances focused primarily 
on their effect on sexual and reproductive parameters; however, estrogens 
have a series of functions beyond the reproductive system. Studies during 
recent years have revealed that, for instance, estrogen-active environmental 
substances can interfere with the arylhydrocarbon receptor pathway (Navas 
and Segner, 2001; Cheshenko et al., 2007), the growth hormone/insulin-
like growth factor system (Berishvili et al., 2006; Filby et al., 2006), with 
the immune system (Segner et al., 2006) or with the neurosensory system 
(Kallivretaki et al., 2007) and thereby are able to disrupt a broad array of 
target systems.

Acknowledgements

The author gratefully acknowledges the financial support by the EU projects 
EDEN (Endocrine Disrupters: Exploring Novel Endpoints, Exposure, Low 
Dose and Mixture Effects in Humans, Aquatic Wildlife and Laboratory 
Animals) and MODELKEY (Models for Assessing and Forecasting the 
Impact of  Environmental Key Pollutants on Marine and Freshwater 
Ecosystems and Biodiversity).

References

Ahlers J, Diderich R. 1998. Legislative perspective in ecological risk assessment. In: 
Schüürmann G, Markert B (eds). Ecotoxicology – ecological fundamentals, chemical 
exposure and biological effects. John Wiley & Sons/Spektrum Akademischer Verlag, 
New York/Heidelberg. pp. 841–868.

Altenburger R, Nendza M, Schüürmann G. 2003. Miture toxicity and its modeling by quan-
titative structure activity relationships. Environ Toxicol Chem 22:1900–1915.

Altenburger R, Walter H, Grote M. 2004. What contributes to the combined effect of a complex 
mixture? Environ Sci technol 38:6353–6362.

Bayne BL, Brown DW, Burns K, Dixon DR, Ivanovici A, Livingstone DR, Lowe DM, Moore 
MN, Stebbing ARD, Widdows J. 1985. The effects of stress and pollution on aquatic animals. 
Praeger, New York. 384 pp.

Barnthouse LW, Suter II GW, Rosen AE, Beauchamp JJ. 1987. Estimating responses of fish 
populations to toxic contaminants. Environ Toxicol Chem 6:811–824.

Behrens A, Segner H. 2005. Cytochrome P4501A induction in brown trout exposed 
to small streams of  an urbanised area: results of  a five-year-study. Environ Poll 
136:231–242.

Berishvili G, D’Cotta H, Baroiller JF, Segner H, Reinecke M. 2006. Differential expression of 
IGF-I mRNA and peptide in the male and female gonad during early development of a 
bony fish, the tilapia Oreochromis niloticus. Gen Comp Endocrinol 146:204–210.

Blanck H, Wängberg SH, Molander S. 1988. Pollution-induced community tolerance. A 
new ecotoxicological tool. In: Cairns JJ, Pratt JR (eds). Functional testing of aquatic 



 ECOTOXICOLOGY – HOW TO ASSESS THE IMPACT OF TOXICANTS 53

biota for estimating hazards of chemicals. American Society for Testing and Materials, 
Philadelphia, PA, USA, pp. 219–230.

Boxall AB, Brown CD, Barrett KL, 2002. Highertier laboratory methods for assessing the 
aquatic toxicity of pesticides. Pest Manag Sci 58:637–648.

Brack W. 2003. Effect-directed analysis: a promising tool for the identification of organic 
toxicants in complex mixtures. Anal Bioanal Chem 377:397–407.

Bradbury SP, Feijtel TCJ, van Leeuweb NC. 2004. Meeting the scientific needs of ecological 
risk assessment in a regulatory context. Environ Sci Technol 38:463A–470A.

Braunbeck T, Segner H. 1992. Pre-exposure temperature acclimation and diet as modifying 
factors for the tolerance of golden ide (Leuciscus idus melanotus) to short-term exposure 
to 4-chloroaniline. Ecotoxicol Environ Safety 24:72–94.

Brown AR, Riddle AM, Cunningham NL, Kedwards TJ, Shillabeer N, Hutchninson TH. 
2003. Predicting the effects of endocrine disrupting chemicals on fish populations. Human 
Ecol Risk Assess 9:761–788.

Burkhardt-Holm P, Scheurer K. 2007. Application of a weight-of-evidence approach to assess 
the decline of brown trout (Salmo trutta) in Swiss rivers. Aquatic Sciences, 69:51–70.

Burkhardt-Holm P, Giger W, Güttinger H, Ochsenbein U, Peter A, Scheurer K, Segner H, Staub E, 
Suter MJF. 2005. Where have all the fish gone? Environ Sci Technol 39:441A–447A.

Burki R, Krasnov A, Bettge K, Antikainen M, Burkhardt-Holm P, Wahli T, Segner H. 2007. 
Combined effects of 17beta-estradiol and the parasite Tetaracapsuloides bryosalmonae on 
rainbow trout. submitted.

Cairns J, Cherry DS. 1993. Fresh water multi-species test systems. In: Calow P (ed). Handbook 
of Ecotoxicology. Blackwell Scientific, Oxford, UK, pp. 101–118.

Calow P, Forbes VE. 2003. Does ecotoxicology inform ecological risk assessment? Environ 
Sci Technol 37:146A–151A.

Carlson EA, Li Y, Zelikoff JT. 2002. Exposure of Japanese medaka (Oryzias latipes) to 
benzo(a)pyrene suppresses immune function and host resistance against bacterial chal-
lenge. Aquat Toxicol 56:289–301.

Carson R. 1962. Silent spring. Houghton-Mifflin Co. Boston, USA.
Cheshenko K, Brion F, Le Page Y, Hinfray N, Pakdel F, Kah O, Segner H, Eggen RIL. 2007. 

Expression of zebrafish aromatase cyp19a and cyp19b genes in response to the ligands of 
estrogen receptor and aryl hydrocarbon receptor. Toxicol Sci, 96:255–267.

Desbrow C, Routledge EJ, Brighty G, Sumpter JP, Waldock M. 1998. Identification of estro-
genic chemicals in STW effluent. 1. Chemical fractionation and in vitro biological screen-
ing. Environ Sci Technol 32:1549–1558.

De Zwart D, Posthuma L. 2005. Complex mixture toxicity for single and multiple species: 
proposed methodologies. Environ Toxicol Chem 24:2665–2672.

Downes BJ, Barmuta LA, Fairweather PG, Keough MJ, Faith DP, Lake PS, Mapstone BD, 
Quinn GP. 2002. Monitoring ecological impacts. Concepts and practice in flowing waters. 
Cambridge University Press, Cambridge, UK.

Eggen RIL, Segner H. 2003. The potential of mechanism-based bioanalytical tools in ecotoxi-
cological exposure and effect assessment. Anal Bioanal Chem 377:386–396.

Eggen RIL, Suter MJF. 2007. Analytical chemistry and ecotoxicology – tasks, needs and 
trends. J Toxicol Environ Health, 70:724–726.

Eggen RIL, Behra R, Burkhardt-Holm P, Escher BI, Schweigert N. 2004. Challenges in eco-
toxicology. Environ Sci Technol. 38:58A–64A.

Escher BI, Hermens JLM. 2002. Modes of action in ecotoxicology: their role in body burdens, 
species sensitivity, QSARs and mixture effects. Environ Sci Technol 36:4201–4217.

Filby AL, Thorpe KL, Tyler CR. 2006. Multiple molecular effect pathways of an environmen-
tal oestrogen in fish. J Molec Endocrinol 37:121–134.

Folt CL, Chen CY, Moore MV, Burnaford J. 1999. Synergism and antagonism among multi-
ple stressors. Limnol Oceanogr 44:864–877.

Forbes VE, Forbes TL. 1994. Ecotoxicology in theory and practice. Chapman & Hall, 
London, UK.



54 H. SEGNER

Forbes VE, Palmquist A, Bach L. 2006. The use and misuse of biomarkers in ecotoxicology. 
Environ Toxicol Chem 25:272–280.

Gleason TR, Nacci DE. 2001. Risks of endocrine-disrupting compounds to wildlife: 
extrapolating from effects on individuals to population response Hum Ecol Risk Assess 
7:1027–1042.

Grist EPM, Wells MC, Whitehouse P, Brighty G, Crane M. 2003. Estimating the effects of 
17alpha-ethynylestradiol on populations of fathead minnow: are conventional toxicologi-
cal endpoints adequate? Environ Sci Technol 27:1609–1616.

Gurney WSC. 2006. Modeling the demographic impact of endocrine disruptors. Environ 
Health Persp 114(suppl 1):122–126.

Hermens J, Canton H, Steyger N, Wegman R. 1984. Joint toxicity of a mixture of 14 chemi-
cals on mortality and reproduction of Daphnia magna. Aquat Toxicol 5:315–322.

Heugens EHW, Hendriks AJ, Dekker T, van Straalen NM, Admiraal W. 2001. A review of 
the effects of multiple stressors on aquatic organisms and analysis of uncertainty factors 
for use in risk assessment. Crit Rev Toxicol 31:247–284.

Hoffmann-Riem H, Wynne B. 2002. In risk assessment, one has to admit ignorance. Nature 
416:223.

Hutchinson TH, Ankley GT, Segner H, Tyler CR. 2006. Screening and testing for endocrine 
disruption in fish – biomarkers as signposts, not traffic lights, in risk assessment. Environ 
Health Persp 114(suppl 1):106–114.

Jorgensen SE. 1998. Ecotoxicological research – historical development and perspectives. 
In: Schüürmann G, Markert B (eds). Ecotoxicology – ecological fundamentals, chemical 
exposure and biological effects. John Wiley & Sons/Spektrum Akademischer Verlag,, 
New York/Heidelberg. pp. 3–15.

Kallivretaki E, Eggen RIL, Neuhauss SCF, Segner H. 2007. Knockdown of cyp19a1 aro-
matase gene decreases neuromast number in the lateral line organ of zebrafish embryos. 
submitted.

Kiesecker JM. 2002. Synergism between trematode infection and pesticide exposure: a link to 
amphibian limb deformities in nature? Proc Natl Acad Sci USA 99:9900–9904.

Köllner B, Wasserrab B, Kotterba G, Fischer U. 2002. Evaluation of immune functions of 
rainbow trout (Oncorhynchus mykiss) – how can environmental influences be detected? 
Toxicol Lett 131:83–95.

Könnemann WH. 1981. Fish toxicity tests with mixtures of more than two chemicals, a pro-
posal for a quantitative approach and experimental results. Toxicology 19:229–238.

Kooijman SALM. 1998. Process-oriented descriptions of toxic effects. In: Schüürmann G, 
Markert B (eds). Ecotoxicology – ecological fundamentals, chemical exposure and biologi-
cal effects. John Wiley & Sons/Spektrum Akademischer Verlag,, New York/Heidelberg. 
pp. 483–520.

Koppe JG, Bartonova A, Bolte G, et al. 2006. Exposure to multiple environmental agents and 
their effects. Acta Paed 95 suppl 453:106–113.

Lanno RP, Hickie BE, Dixon DG. 1989. Feeding and nutritional considerations in aquatic 
toxicology. Hydrobiologia 188/189:525–531.

Mackay ME, Lazier CB. 1993. Estrogen responsiveness of vitellogenin gene expression 
in rainbow trout (Oncorhynchus mykiss) kept at different temperatures. Gen Comp 
Endocrinol 89:255–266.

McCarthy LS, Ozburn GW, Smith AD, Dixon DG. 1992. Toxicokinetic modelling of mixtures 
of organic chemicals. Environ Toxicol Chem 11:1037–1047.

Miracle AL, Ankley GT. 2005. Ecotoxicogenomics: linkages between exposure and effects in 
assessing risks of aquatic contaminants to fish. Reprod Toxicol 19:321–326.

Miracle AL, Toth GP, Lattier DL. 2003. The path from molecular indicators of exposure to 
describing dynamic biological systems in an aquatic organisms: microarrays and fathead 
minnow. Ecotoxicology 12:457–462.

Monosson E. 2005. Chemical mixtures: considering the evolution of toxicology and chemical 
assessment. Environ Health Persp 113:383–390.



 ECOTOXICOLOGY – HOW TO ASSESS THE IMPACT OF TOXICANTS 55

Moore MN. 2002. Biocomplexity: the post-genome challenge in ecotoxicology. Aquat Toxicol 
59:1–15.

Moriarty F. 1983. Ecotoxicology. The study of  pollutants in ecosystems. Academic Press, 
New York, USA.

Navas JM, Segner H. 2001. Estrogen-mediated suppression of cytochrome P4501A (CYP1A) 
expression in rainbow trout hepatocytes: role of estrogen receptor. Chemico-Biological 
Interactions 138:285–298.

Newman MC. 1998. Fundamentals of ecotoxicology. Sleeping Bear/Ann Arbor Press, 
Chelsea, USA.

Newman MC. 2001. Population ecotoxicology. John Wiley & Sons, New York.
Odum EP. 1985. Trends expected in stressed ecosystems. BioScience 35:419–422.
Peakall DB. 1994. Biomarkers. The way forward in environmental assessment. Toxicol 

Ecotoxicol News 1:55–60.
Posthuma L, de Zwart D. 2005. Predicted effects of toxicant mixtures are confirmed by 

changes in fish species assemblages in Ohio, USA, rivers. Environ Toxicol Chem 25:1095–
1105.

Posthuma L, Traas TP, Suter II GW (eds). 2002. Species Sensitivity Distributions in 
Ecotoxicology. Lewis Publishers, Boca Raton, FL, USA.

Ramade F. 1977. Ecotoxicologie. Masson, Paris, France.
Rolland, RM. 2000. Ecoepidemiology of the effects of pollution on reproduction and survival 

of early life stages in teleosts. Fish and Fisheries 1:41–72.
Schäfers C, Teigeler M, Wenzel A, Maack G, Fenske M, Segner H. 2007. Concentration- and 

time-dependent effects of the synthetic estrogen, 17alpha-ethynylestradiol, on reproduc-
tive capabilities of zebrafish, Danio rerio. J Toxicol Environ Health 70:768–779.

Schmitt-Janssen M, Altenburger R. 2005. Predicting and observing responses of algal com-
munities to photosystem II-herbicide exposure using pollution – induced community 
tolerance and species sensitivity distributions. Environ Toxicol Chem 24:304–312.

Schüürmann G. 1998. Ecotoxic modes of action of chemical substances. In: Schüürmann G, 
Markert B (eds). Ecotoxicology – ecological fundamentals, chemical exposure and biologi-
cal effects. John Wiley & Sons/Spektrum Akademischer Verlag, New York/Heidelberg. pp. 
665–749.

Safe S. 1990. Polychlorinated biphenyls (PCBs), dibenzo-p-dioxins (PCDDs), dibenzofurans 
(PCDFs) and related compounds: environmental and mechanistic considerations which 
support the development of toxic equivalency factors (TEFs). Crit Rev Toxicol 21:51–88.

Segner H. 2003. The need for integrated programs to monitor endocrine active compounds. 
Pure Appl Chem 75:2435–2444.

Segner H. 2006. Comment on “Lessons from endocrine disruption and their application to 
other issues concerning trace organics in the aquatic environment”. Environ Sci Technol 
40:1084–1085.

Segner H, Braunbeck T. 1988. Cellular response profile to chemical stress. In: Schüürmann G, 
Markert B (eds). Ecotoxicology – ecological fundamentals, chemical exposure and biologi-
cal effects. John Wiley & Sons/Spektrum Akademischer Verlag, New York/Heidelberg. pp. 
521–569.

Segner H, Eppler E, Reinecke M. 2006. The impact of environmental hormonally active 
substances on the endocrine and immune systems of fish. In: Reinecke M, Zaccone G, 
Kapoor BG (eds). Fish Endocrinology. Science Publishers, Enfield (NH). pp. 809–865.

Segner H, Chesne C, Cravedi JP, Fauconneau B, Houlihan D, LeGac F, Loir M, Mothersill C, 
Pärt P, Valotaire Y. 2001. Cellular approaches for diagnostic effects assessment in ecotoxi-
cology: introductory remarks to an EU-funded project. Aquat Toxicol 53:153–158.

Sibly RM, Calow P. 1989. A life cycle theory of responses to stress. Biol J Linnean Soc 
37:101–116.

Silva E, Rajapakse N, Kortenkamp A. 2002. Something from “nothing” – eight weak estro-
genic chemicals combined at concentrations below NOEC produce significant mixture 
effects. Environ Sci Technol 15:1751–1756.



56 H. SEGNER

Slikker W, Andersen ME, Bogdanffy MS, Bus JS, Cohen SD, Conolly RB, David RM, Doerre 
NG, Dorman DC, Gaylor DW, Hattin D, Rogers JM, Setzer WR, Swenberg JA, Wallace K. 
2004. Dose-dependent transitions in mechanisms of toxicity. Toxicol Appl Pharmacol 
201:203–225.

Sumpter JP, Johnson AP. 2006. Lessons from endocrine disruption and their applications to 
other issues concerning trace organics in the aquatic environment. Environ Sci Technol. 
39:4321–4332.

Truhaut R. 1977. Ecotoxicology: objectives, principles and perspectives. Ecotoxicol Environ 
Safety 1:151–173.

Underwood AJ, Peterson CH. 1988. Towards an ecological framework for investigating 
pollution. Mar Ecol Progr Ser 46:227–234.

Van der Ost R. 2003. Fish bioaccumulation and biomarkers in environmental risk assessment: 
a review. Environ Toxicol Pharmacol 13:57–149.

van Straalen NM. 2003. Ecotoxicology becomes stress ecology. Environ Sci Technol 37:324A–
330A.

Walker CH, Hopkin SP, Sibly RM, Peakall DB. 1996. Principles of ecotoxicology. Taylor & 
Francis, London, UK.

Williams P, Whitfield M, Biggs J, Fox G, Nicoelt P, Shillabeer N, Sheratt T, Heneghan P, 
Jepson P, Maund S. 2002. How realistic are outdoor microcosms ? A comparison of the 
biota of microcosms and natural ponds. Environ Toxicol Chem 21:143–150.

Winemiller, KO, Rose, KA. 1992. Patterns of life-history diversification in North American 
fishes: implications for population regulation. Can. J. Fish. Aquat. Sci. 49:2196–2218.




