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E
cotoxicology was first developed in the

1970s by toxicologists with an interest in

the environment (1). Consequently, the

basic principles of the science were those

of toxicology: experimental testing, analysis of

dose–effect relationships, and estimation of ef-

fect concentrations, such as the exposure con-

centration at which 50% effect is observed

within a certain period (EC50). The “testing-

based” approach of ecotoxicology greatly ben-

efited environmental regulation by offering a

solid basis for deriving maximum acceptable

chemical concentrations. Handbooks docu-

ment the various tests that have been devel-

oped (2–4), but the role of ecotoxicology

extends beyond simple data collection.

Because the major environmental pollutants,

at least in Europe and North America, are com-

ing under the control of regulatory authorities

and are declining, this part of ecotoxicology is

now more or less completed. There is still work

to do, because monitoring polluted sites, eval-

uating new chemical substances, and devel-

oping abatement scenarios will require a

considerable effort; however, these efforts are

not expected to call for major scientific inno-

vation and discovery. Consequently, ecotoxi-

cology has come to a transition phase and the

field should assume a new role, which I believe

is to assimilate with the part of ecology com-

monly denoted as “stress ecology”. In this

paper, I outline the transition and analyze the

scientific basis of the new science.
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Historically speaking
Before this transition is described, it is useful to look
at the developments over the past three decades (see
also “Three decades of ecotox texts” below). As eco-
toxicology developed into a mature discipline in the
1980s and 1990s, profound changes also took place
within ecology and the field became more diverse,
for two reasons. First, molecular ecology appeared,
which applied techniques from molecular biology to
solve problems of population structure and adapta-
tion (22); and second, systems ecology was intro-
duced, which studies the behavior of complete
ecosystems, including their interaction with the abi-
otic environment (23). Consequently, it became im-
possible for an ecologist to cover the complete
spectrum, from molecules to systems, from the mi-
crolevel to the macrolevel.

The call for more “eco” in ecotoxicology did not
specify what branch of ecology would be needed to
illuminate ecotoxicology (24–28). Kareiva et al. argued
that ecology itself had only recently begun to provide
the necessary tools that could be useful for predicting
toxic effects (29). These authors believed that stage–
structure demographic modeling, community theo-
ry, and spatial analysis were three fields in which ecol-
ogy and ecotoxicology could meet. Similarly, Løkke

and I identified three areas in ecology of relevance to
ecotoxicology, namely molecular population analysis,
life-history theory (including reaction norms), and
community analysis using food webs (30).

Thus, in the 1990s, many attempts were made to in-
tegrate ecological issues into ecotoxicology, but with-
out removing the strength of the “testing approach”
using single species, communities, or microcosms. The
ecological arguments helped to strengthen the science
but had little impact on regulation. For example, envi-
ronmental standards for toxicants continue to be based
on total, rather than bioavailable, concentrations; food-
web analysis has never made its way into regulation,
and life-cycle toxicity tests are rarely used for standards.
Only a few “successes” arose from the drive for more
ecology into ecotoxicology, such as the acceptance of
multispecies tests (community, enclosure, field) as valid
regulatory instruments and the use of functional end-
points (primary production, decomposition) in addition
to survival, growth, and reproduction of single species.

How will this situation change in the future? First,
the “testing” part of ecotoxicology will become less
important, because, as argued by Slooff, regulatory
authorities will need less traditional data (31). Second,
it is my belief that the ecological part of ecotoxicolo-
gy will evolve into the subdiscipline of stress ecology

The content of textbooks is a good indicator of how a
science develops. A scientific discipline can be said to
truly exist when university students learn from a com-
mon knowledge base. Such a base will promote
understanding between practitioners of the discipline,
remove confusion about terminology, and create a
common awareness of the goals and the methodology.

Ramade published the first textbook on ecotoxicol-
ogy, Écotoxicologie, in French in 1977, and the book
was translated into English only 10 years later (5, 6).
This book still bears the traces of environmental toxi-
cology and pays a lot of attention to human health
effects. The ecological aspects of the book focused
mainly on food-chain transfer and the biomass pyra-
mid of ecological communities. One can see a similar
preoccupation with biomass pyramids in a more
recent textbook on environmental toxicology (7).
Butler laid out a number of important features of the
new science of ecotoxicology, but this book was not
intended for students (8).

Moriarty’s Ecotoxicology. The Study of Pollutants in
Ecosystems was the second important textbook of
ecotoxicology and played a key role for a decade or so
(9). Moriarty balanced the ecological aspects better
than Ramade and did not rely as heavily on issues of
human health. He paid attention to questions such as
species differences in sensitivity to pesticides, ecolog-
ical determinants of residues, industrial melanism, and
prediction methods. Because the fundamental ecology
in the first half of the book was badly integrated with
the environmental chemistry and toxicology in the
later chapters, one could argue in retrospect that it

was a textbook of ecology and toxicology rather than
ecotoxicology.

In the 1980s, several edited volumes that were not
textbooks made important contributions to reinforcing
the scientific basis of the field, such as those by
Sheehan et al. (10), Cairns (11, 12), and Levin et al. (13).
These books increasingly integrated ecological issues
into ecotoxicology. The main avenues included commu-
nity ecology, leading to the idea of community toxicity
testing, pond studies, and experimental fields; and sys-
tems ecology, leading to the development of ecological
indicators, which were later crystallized into the con-
cept of “ecosystem health” (14).

Ecological modeling—as a means to integrate toxi-
cological effects into an ecological framework—was
another issue that arose in the 1980s with Levin et al.’s
book. A coherent modeling framework for ecotoxicolo-
gy, based on physiological principles, was developed
by Kooijman (15).

By the beginning of the 1990s, the scientific basis
for a true integration of ecology and ecotoxicology
was laid out, and textbooks provided a more or less
complete overview (16–19). Although the coverage of
ecology in these books varied, in general, real ecologi-
cal issues—such as population analysis using life-
history information, recovery processes, resistance
and adaptation, competition and predation, structure
and function, and engineering species—got sufficient
attention. Other edited volumes specifically addressed
the integration of ecology and ecotoxicology (20). The
most comprehensive textbook available to date, by
Newman, first appeared in 1998 (21).

Three decades of ecotox texts
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and become a true part of ecology. To illustrate this
scenario, it is useful to have a closer look at the sci-
ence of ecology.

The predictive power of ecology
What guidelines may be derived from ecology to sup-
port the analysis of toxic effects in ecosystems? What
general laws can ecology offer for a solid assessment
of pollution? Non-ecologists often reply that ecology
lacks the predictive power of physics and chemistry.
Consequently, ecotoxicology can hardly profit from
ecology. The argument often invoked is that ecolog-
ical systems are very “complex” and contain so many
interacting parts that, like the weather, behavior of the
system as a whole is extremely sensitive to initial con-
ditions and subtle changes in driving factors and
therefore is hardly predictable. Egler put it this way:
“Nature is not only more complex than we think. It is
more complex than we can think” (32).

The issue of predictive capacity of ecology and the
existence of ecological “laws” have been the subject
of some interesting debates in the recent ecological
literature (33–37). Lawton started the discussion by
asking whether ecology has any general laws at all
(33). The answer to such a question critically depends
on what is meant by the word “law”. Given a dictio-
nary definition of “widely observable tendency”,
Lawton concluded that ecology indeed has few laws,
although there are numerous patterns and “rules of
thumb”. The reason is that many ecological phe-
nomena are contingent on the organisms involved
and on their environment. Likewise, ecological ex-
periments and observations often have no wider va-
lidity than the time, place, and conditions under
which they occurred. All too often, the outcome of an
experiment is different from earlier experiments but
is not in conflict with them because the conditions
may have changed. This irreproducibility of ecologi-
cal science, coupled with ecologists’ typical dislike
for standardization or simpler experimental setups,
makes consistent progress very difficult.

Yet, based on an extensive review of the literature,
Lawton concluded that contingency and irrepro-
ducibility do not hold equally for all areas of ecology
(33). In particular, he believes that repeatable pat-
terns and rules are likely found at population-level
(and below) and at the very large scales of complete
ecosystems, while “the middle ground is a mess”
(Figure 1). The underlying reason is that in simple
systems (individuals and, to a certain extent, popu-
lations), contingencies are manageable and can be
controlled by the experimenter; at the other end, in
the realm of macroecology (systems ecology), the
multitude of interactions average out and the gener-

al pattern emerges above the complexity. In the same
spirit, Ghilarov expressed great doubt about the ex-
istence of ecological laws and argued that ecology is
a collection of methodologies rather than a predictive
science (35). Hengeveld and Walter took a similar view
and argued that the only lawlike processes that op-
erate in ecology derive from the constraints posed by
physical and chemical laws (38).

Turchin, on the other hand, demonstrated that
ecology does have lawlike propositions and can be
considered a predictive science (37). When Turchin
analyzed population ecology, he pointed out three
long-standing foundational principles. First, accord-
ing to the principle of exponential growth, as long as
the environment experienced by the members of a
population remains constant, all populations will
change exponentially. Second, the principle of self-
limitation says that for every population, the relative
rate of increase decreases with density above some
threshold. Third, on the basis of the principle of troph-
ic oscillation, a pure consumer–resource system will
inevitably exhibit unstable oscillations of density.

Turchin also argued that these principles can be
considered true laws, comparable to the laws of
physics, because they can be tested against observa-
tions and are not trivial (37). For example, if the prin-
ciple of spontaneous generation were true, the first
principle would not hold because populations would
grow linearly, not exponentially. Weber holds a simi-
lar view and argued that the principle of competitive
exclusion (where species cannot coexist if they use the
same scarce resource) is a true ecological law because
it is generally valid and testable, and it explains com-
munity structure (39).

Another interesting observation is that “complexi-
ty” in ecology may derive directly from the question
asked (37). Ecologists tend to ask very complicated
questions; unlike physicists, they do not simplify their
object of study and analyze an idealized part of reali-
ty. So, the rule that irreproducibility tends to decrease
with increasing scale (see Figure 1) may also arise be-

FIGURE 1

Ecosystems are unpredictable
The qualitative graph demonstrates changes in unpredictability—defined
as the absence of laws or the degree of contingency on initial conditions—
in ecological systems as a function of hierarchical level of study (32 ).

Individuals        Populations        Communities        Ecosystems

Level of study

Un
pr

ed
ic

ta
bi

lit
y

Unlike physicists, ecologists

do not simplify their ob-

jects of study and analyze

an idealized part of reality.



328 A ■ ENVIRONMENTAL SCIENCE & TECHNOLOGY / SEPTEMBER 1, 2003

cause macroecologists tend to ask simpler questions
(“What is the rate of nitrification?”) than community
ecologists (“How many species should a community
have?”). If the complexity is really in the question rather
than the object, then this view has wide implications,
refuting, for example, Egler’s assertion that “ecosys-
tems are more complex than we can imagine” (32).

Determining the predictive power of ecology is
very relevant for ecotoxicology. If the trend in Figure
1 is taken seriously, integration between ecology and
ecotoxicology appears most profitable at the popu-
lation level and below. Indeed, population ecotoxi-
cology has become a well-developed field in which
quantitative prediction, theory, and modeling have
obtained a firm place (40–48).

Is stress ecology the future of ecotoxicology?
Toxic agents are clear examples of agents that stress
biological systems. If ecotoxicologists are to find a
place in ecology, they must be among those who study
other stress factors, such as extremes in temperature,
humidity, acidity, osmotic value, and nutrition. In fact,
toxicants often interact with “natural” stress factors,
especially when organisms are brought to the bound-
aries of their ecological amplitude—which is the range
of environmental conditions over which an organism
can survive and reproduce—and the effects of toxi-
cants become more severe (49).

However, since its introduction into ecology, the
appropriate definition of stress has been hotly debat-
ed (50). Ecologists now generally agree that a distinc-
tion should be made among a stressor (external factor),
stress (an internal state brought about by a stressor),
and stress response (a cascade of internal changes
triggered by stress). Although the concept of stress can
be defined at various levels of ecological integration
(51), it is most commonly studied in the context of in-
dividual organisms (52), whereas stress responses are
studied on the cellular and biochemical levels (53).

The concept of stress is not absolute and can only
be defined with reference to the normal range of eco-
logical function; that is, the ecological amplitude or
ecological niche of the species. What is an extremely
stressful condition for one organism, such as lack of air,
is quite normal for another organism, such as fish.
Incorporating this idea into a definition means that stress
is a condition evoked in an organism by one or more
environmental factors that bring the organism near
or over the edges of its ecological niche. In addition,
stress is usually transient, involves specific physio-
logical responses, and is accompanied by the induc-
tion of mechanisms that counteract its consequences.

Figure 2 schematically illustrates this niche-based
definition of stress. A situation of stress arises when
some environmental factor changes and an organism
finds itself outside its ecological niche. This will hold
for that specific organism but maybe not for others. By
definition, the organism cannot grow and reproduce
outside its niche, but it may survive temporarily.

The stress can be relieved by moving back to the
niche (by using behavioral mechanisms or suppress-
ing the stressor) or changing the boundaries of the
niche (by genetic adaptation). The first option must
be accompanied by temporary physiological adapta-
tion, which allows survival until the stressor is gone.
The two options may be likened to the proverbial
dilemma of Mohammed going to the mountain or
the mountain moving. Calow made a similar obser-
vation when he distinguished between the proximate
and ultimate responses to stress (54).

The concept of niche must be specified further, be-
cause it is often not a property of a whole species and
may vary between populations of a single species. In
the latter case, a species with a wide ecological am-
plitude (a euryoecious species) may consist of sever-
al local populations, each with a narrow amplitude
(stenoecious populations). Consequently, what one
population experiences as stress is considered normal
by another.

Physiologists have pointed out that a suite of dif-
ferent physiological indicators (e.g., heartbeat, blood
glucose, oxygen consumption) jointly provide a bet-
ter measure of the physiological state of an organism
than a single variable (55, 56). Physiological state (also
called physiotype) may therefore be considered a mul-
tivariate property of an individual. Consequently,
stress can be defined in terms of a deviation from the
state in a multidimensional space.

Figure 3 depicts the multidimensional concept of
stress. Stress is considered here in terms of two state
variables, but the idea is easily generalized to more
dimensions. Because the state of an organism will

FIGURE 2

Ecological niche and stress
The green-shaded area represents the ecological niche of
a species. Stress arises when an environmental factor
increases from point 1 to 2 such that the species is forced
out of its ecological niche (red line). Various stress response
reactions provide temporary survival under stress, and a
return to the niche (blue line). If the borders of the niche are
extended through adaptation, what was once stress is not
stress any more (green line).
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fluctuate over time without obvious adverse conse-
quences, a particular range of operation should be
considered “normal”. Kersting defined the 95% con-
fidence space of undisturbed states as the normal op-
erating range (NOR) of the system (57, 58). Stress
occurs if the combination of state variables falls out-
side the NOR. This multidimensional concept of stress
can also be applied at the level of communities or
even ecosystems, in which the abundances of indi-
vidual species can be considered as state variables. To
quantify the rate of stress, Kersting introduced a quan-
tity called normalized ecosystem strain, which is the
relative distance between the state of a system and
the border of the NOR (57, 58). Long-term monitor-
ing of Daphnia and Chlorella populations in a closed
microcosm inspired this concept.

In addition, the concept of recovery is defined as
the return to the NOR. On the individual level, strong
homeostatic mechanisms and built-in “set points”
often make it easy to establish when recovery has oc-
curred. In communities or ecosystems, recovery is a
more elusive concept. Domsch et al. have solved the
problem by defining, for bacterial communities in
soil, the range of inhibition by “natural stressors” from
which recovery is always observed (59). Consequently,
if a stressor has an inhibitory effect outside this range,
recovery is not to be expected. Complications will
arise if a system does not return to the NOR after a
perturbation but continues to operate in another cor-
ner of the state space. This could imply that the sys-
tem has more than one stable state, a situation that
could lead to catastrophic shifts upon disturbance
(60). In the case of toxicants, the NOR of a commu-
nity may change due to pollution-induced commu-
nity tolerance (PICT); stress is then relieved in a way
analogous to genetic adaptation on the population
level. In PICT, the average resistance of a communi-
ty to a stress factor increases as sensitive species be-
come less dominant or disappear (61).

Ecotoxicogenomics as the future
The application of multivariate statistics in ecotoxi-
cology has been slowly growing since the 1980s.
Reynoldson et al. used a multivariate (ordination)
approach for describing the biological state of a ben-
thic community (62). Landis et al. argued that multi-
variate statistics could be a basis for ecological risk
assessment (63). Van den Brink and Ter Braak devel-
oped an approach (principal response curve analy-
sis) that allows the effect of toxicants on a biological
community to be expressed in terms of a single mul-
tivariate effect measure (64). Luoma et al. pointed out
various strategies for separating environmental vari-
ability from stressor effects (65).

I have argued that new possibilities for the use of
multivariate statistics in ecology lie ahead if ecotox-
icologists follow the lines of bioinformatics (66). In
a bioinformatics approach to ecological systems, the
high degree of internal complexity is accepted as an
inherent property, and consequently the state of the
system must be analyzed in terms of possibly sever-
al thousand measurable variables. Using many defin-
ing variables greatly increases accuracy of the NOR
(66). This possibility is now coming within experi-

mental reach through the genomics revolution. In
the near future, it is expected that microarrays that
capture the “metagenome” of an ecosystem will be-
come available (67 ). Such microarrays may contain,
for example, DNA sequences from 5000 bacterial
genes that are typical for a certain type of soil. By
using the array, the expression pattern of a soil (up-
and down-regulation of genes) may be established by
competitive hybridization of complementary DNAs
(68). Through repeated application on healthy soils,
the NOR may be defined and stress may then be rec-
ognized as a deviation from the typical gene expres-
sion profile. Given the enormous number of targets
analyzed simultaneously by a microarray, such an
approach will allow an extreme degree of respon-
siveness and susceptibility.

Thus, the merger between ecotoxicology and ecol-
ogy may give rise to a new science at the crossroads
of ecology, genomics, and bioinformatics. A new
discipline called ecotoxicogenomics is expected to
catalyze the transition of ecotoxicology into stress
ecology (69).

Acknowledgments
I acknowledge Joop Hermens at Utrecht University
(The Netherlands) for encouraging me to write this
article. I am grateful to my colleagues, Kees van Gestel
and Herman Eijsackers, and two anonymous review-
ers for constructive comments on an earlier version

FIGURE 3

Multivariate stress in a community
Stress may be defined graphically with multiple
variables. This system example is characterized by
two state variables, such as the abundances of two
species in a community. All combinations of states in
the absence of stress are designated as the normal
operating range (NOR) (51). Once the NOR is defined
(green region), stress is recognized by changing the
state from 1 to 2 (red line), which is followed by a return
to the NOR (blue line) or by expanding the NOR to
encompass the new state (green line).
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