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In the past 10 years, many thousands of research papers
covering the many different aspects of endocrine
disruption in the environment have been published. What
has been learned from all this research? We have tried
to reduce this very large volume of research into a relatively
small number of “lessons”. Hence, this paper is not a
typical review, but instead it summarizes our personal
opinions on what we consider are the major messages to
have come from all this research. We realize that what
has been a lesson to us may have been obvious from the
outset to someone more knowledgeable on that particular
aspect of the burgeoning field of endocrine disruption. In
addition, it is inevitable that others will consider that we
have “missed” some lessons that they would have expected
to find included in our list. If so, we encourage them to
submit them as responses to our paper. Our own lessons
range widely, from the design and interpretation of data
from fieldwork studies, through some key messages to come
out of the very many laboratory studies that have been
conducted, to issues around the sources and fates in the
environment of endocrine-disrupting chemicals, and
finally to the key role of sewage treatment in controlling
the concentrations of these chemicals in the aquatic
environment. Having (hopefully) learned our lessons, we
have then applied them to the difficult issue of how best to
approach future concerns about the potential impacts of
other new and emerging contaminants (e.g., pharmaceuticals)
on wildlife.

Introduction

Endocrine disruption has become a major issue in envi-
ronmental science research and policy. There has been an
explosion in the number of papers published on this issue
(1), which shows no sign of abating. Very significant amounts
of money have been spent in the past 10 years on the issue
of endocrine disruption. As the results of this (and future)
research begin to influence regulation and policy, more will
undoubtedly be spent (for one view on the wisdom of this,
seeref2). Depending on one’s perspective, there are anumber
of ways of summarizing the plethora of information on
endocrine disruption. From a strictly scientific perspective,
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one approach is to review all the available information, with
the objective of distilling the essence, whether it be endocrine
disruption in humans (see, e.g., ref 3) or wildlife (see, e.g.,
ref4). Another approach, albeit one rarely taken, is to critically
assess the available information, with the aim of ascertaining
what proportion of that information advanced knowledge
significantly, and to what degree. Both are essentially
backward-looking approaches (based on hindsight), and
contrast with what we are attempting to do in this paper,
which is to look forward, and see if future environmental
issues concerned with chemicals (of which there will probably
be many) can benefit from the research conducted in the
field of endocrine disruption.

To try and achieve this goal, we have chosen to present
the key messages to come out of the research on endocrine
disruption as a series of “lessons”. Our focus is wildlife, not
humans, and hence our lessons are derived from what has
been learned during the past 10 years from the research
conducted on endocrine disruption in wildlife. Nevertheless,
some of the lessons are equally relevant to new and emerging
issues concerned with the impact of chemicals on human
health. Further, as the majority of research on endocrine
disruption in wildlife has concerned aquatic organisms (e.g.,
mollusks, fish, and alligators), our lessons are derived
primarily from research focused on the aquatic environment
per se, or on the organisms that live within it. However, almost
all our lessons apply equally to terrestrial wildlife.

We realize that trying to draw lessons from research,
especially other people’s research, is fraught with difficulties.
No authors are unbiased, and hence, our choices will not be
considered by some (perhaps many) as representative and
objective. Some of the things we feel were learned (our
lessons) may have been obvious to others many years ago.
We have different backgrounds (one author is a fish biologist
turned ecotoxicologist, the other a hydrologist), which has
helped provide breadth, but even collectively our knowledge
and understanding of some aspects of endocrine disruption
(such as, for example, analytical chemistry issues) is not as
good as it could be. Some readers of this paper will consider
us, perhaps justifiably, as rather arrogant in considering that
we are knowledgeable and farsighted enough to presume we
know how the environmental research of the future should
be conducted. We are not trying to be that ambitious; instead,
all we have tried to do is crystallize our thinking on the lessons
we have learned during our involvement in the field of
endocrine disruption in wildlife, in the hope that these lessons
might stimulate discussion on how best the environmental
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community might address future issues concerned with the
impact of chemicals on wildlife. We conclude by examining
how, in light of these lessons, the up-and-coming issue of
the effects of pharmaceuticals on wildlife could be tackled.

Lesson 1: Pay Attention to Unusual Biological
Ohservations

Endocrine disruption became an issue when observations
of “disrupted” wildlife were linked to environmentally
induced alterations in their endocrine systems; that is, the
observations drove the issue. In all cases to date, these
observations of abnormalities in wildlife were made ac-
cidentally; as far as we are aware, nobody has predicted a
case of endocrine disruption and then shown that it does
indeed occur in wildlife (though this situation may change,
as knowledge increases).

Probably the best example of this accidental discovery of
endocrine disruption in wildlife is also the best example of
endocrine disruption: tributyltin (TBT) and imposex mol-
lusks. The first report of the condition in mollusks now known
as imposex was made in 1970: Blaber (5) certainly was not
looking for this sexual abnormality, as it had not been
described at the time. Shortly thereafter, Smith (6) reported
similar reproductive abnormalities in another species of
mollusk on the other side of the Atlantic. It took another 10
years before this condition was linked to exposure to
antifouling paints (7, 8), and endocrine disruption suggested
as the mechanism (though this term was not used untilmuch
later). Even now, over 30 years, and much research, later, the
exact mechanism of endocrine disruption is not established
(9). Nevertheless, whatever the exact mechanism(s) of action,
the TBT story provides a very clear example of how an
accidental discovery provided one of the cornerstones of
endocrine disruption.

Interestingly, the story concerning “feminization” of fish
is not dissimilar. The genesis of this example was the
unexpected finding, by fish biologists, of an unusually high
incidence of hermaphrodite individuals in populations of
fish living downstream of two sewage treatment works. The
first observation was made in 1978, and supported by further
investigations over the next three years (unpublished ob-
servations). These investigations showed not only that
intersex fish were present, but that the incidence of inter-
sexuality increased with age, and that the older the fish, the
greater the degree of reproductive abnormality (results that
still await explanation!). It took 15 years or more for the cause
of these reproductive abnormalities to be explained (they
were due to exposure to estrogenic chemicals present in the
sewage treatment works (STW) effluents (10, 11)). We still do
not know the consequences of this phenomenon, nor do we
know for howlong it had been occurring prior to its accidental
discovery 25 years ago.

The next example, that of reproductive abnormalities and
failure in alligators from contaminated lakes in Florida, was
also unexpected, although unlike the previous two examples
itarose from purposeful scientific investigations, rather than
chance. In this case, wildlife biologists were assessing the
status of alligator populations in Florida. They reported that
whereas many populations were healthy, in one location,
Lake Apopka, a dramatic decline occurred during the 1980s
(12). It was proposed that the major cause of the population
crash was reproductive failure (13), possibly due to elevated
levels of contaminants in the eggs of these top predators.
Subsequent studies examined the reproductive anatomy and
endocrinology of young alligators, and suggested that the
gonads of juvenile alligators from Lake Apopka had been
permanently modified in ovo, so that normal steroidogenesis
was not possible, and thus normal sexual maturation was
unlikely (though this has yet to be demonstrated) (reviewed
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inref 14). Laboratory studies have, in general, supported the
contention that persistent and nonpersistent pesticides in
contaminated lakes in Florida, acting as endocrine disruptors,
are the cause of the reproductive abnormalities (15, 16).

The only conclusion one can draw is that chance is likely
to continue to play a major role in protecting our wildlife
from the effects of trace organics. However, becoming more
aware of the role that could be played by amateur naturalists
may pay dividends, as this group of (often extremely
knowledgeable) people may be the first to notice something
untoward. Remember that the issue of limb deformities in
many amphibian populations was highlighted by the findings
of schoolchildren, who posted their results on the Internet
(17), although wildlife biologists and naturalists had observed
and reported the observations (which may or may not be
another example of endocrine disruption in wildlife) many
years earlier (see, e.g., ref 18). The recent rapid growth of
some specialist “amateur” natural history societies, and their
very professional approach to data collection and analysis,
means that some of these societies now hold large databases
on the particular plants or animals they monitor and study.
Such databases may prove useful to ecotoxicologists, as they
have already for population ecologists (see, for example, ref
19).

Lesson 2: What Is Normal?

It is axiomatic that it is not possible to conclude something
is abnormal unless one knows what is normal. However,
given our dearth of knowledge about our wildlife, we very
often do not know what is normal. Intersexuality in fish,
often considered one of the key indicators of endocrine
disruption, provides a good example of this dilemma. Many
species of fish are gonochoristic, meaning that there are
separate male and female sexes. In such species, intersexuality
is considered a very uncommon phenomenon; nevertheless,
it is regularly reported. For example, Brown and Scott (20)
reported finding a single intersex powan (Coregonus lav-
aretus) out of 7500 fish they examined, and Borg (21) reported
finding five intersex stickleback (Gasterosteus aculeatus)
among “several hundred males”. On such occasions, the
authors appear to have considered the very low degree of
intersexuality as normal. In contrast, a very high incidence
of intersexuality in a gonochoristic species is, probably
correctly, usually considered as abnormal. For example,
Jobling et al. (11) reported that 100% of the “male” roach
(Rutilus rutilus) in two rivers in England were intersex to
varying degrees, and suggested that the condition was
abnormal, and environmentally induced.

The problem occurs when a relatively low proportion of
the animals investigated are found to be intersex: is this
normal or not? The correct interpretation is exacerbated if
the sample size is low, and hence the absolute number of
intersex fish is small. For example, Gereken and Sorydl (22)
conducted a histopathological assessment of the testes of
male fish, as part of a biological survey, and found a few
intersex three-spined stickleback (G. aculeatus), perch (Perca
fluviatilis), and eelpout (Zoarces viviparous) within relatively
small samples of each species. These authors wisely con-
cluded “it is not known whether intersexuality is natural to
a certain extent in the species under investigation”, rather
than jumping to the conclusion that the presence of intersex
fish was evidence of endocrine disruption.

Correct interpretation can be aided if different populations
of a species, from contaminated and uncontaminated sites,
are studied, and incidences of intersexuality compared.
Jobling and colleagues (11) took such an approach, which
allowed them to show that the highest incidences of
intersexuality occurred at the sites most contaminated with
STW effluent. Similarly, albeit in a smaller study, Vignano et
al. (23) found that intersex cyprinid fish were only found in



reaches heavily impacted by a large urban/industrial center
in the Po River in Italy, and Allen et al. (24) found intersex
flounder (Platichthys flesus) only in the estuaries associated
with large urban/industrial centers. In such instances, even
if the “normal” incidence of intersexuality is unknown, it
seems reasonable to conclude, on the basis of the different
incidences of intersexuality at different locations, that an
environmental factor is responsible.

A very brief mention of some recent findings illustrates
how difficult it is to distinguish between what is normal and
what is not. It was recently reported that out of 162 swordfish
examined, 40 were intersex (25), leading the authors to suggest
that these findings “could be due to exposure to estrogen-
mimicking substances”. Of course they could, but before
that conclusion is reached, the natural level of intersexuality
in this species needs to be established. To further complicate
things, even normal-looking fish might not be what they
seem! Currently, fish whose gonads are completely testicular
are considered male, and fish with only ovarian tissue in
their gonads are considered female. However, this might not
be so: using genetic sex-specific probes, Afonso et al. (26)
have shown that exposure to STW effluent can lead to
complete feminization (genetic males with perfectly normal-
looking ovaries), and Nakamura et al. (27) showed that an
estrogenic chemical, nonylphenol, can induce complete
feminization of the gonads of genetic male salmon. And to
add yet further difficulty, we (Vine et al., unpublished results)
have recently found a number of pike (Esox lucius) with
gonads which appear superficially to be completely ovarian,
butwhich on closer inspection contain small patches of male
germ tissue. We do not know whether these fish are almost
completely feminized males, slightly masculinized females,
or perfectly normal (nondisrupted)! These intersex pike may
be an example of the harder one looks, the more one finds.

The central message here is that we lack baseline data
about much of our wildlife, even when biodiversity monitor-
ing programs are conducted to assess the “health” of the
environment (such as those conducted by many national
regulatory bodies). The problem, of course, is that collecting
the necessary data to be able to detect evidence of endocrine
disruption beforeit led to major effects (such as a population
crash) would almost certainly be an unobtainable objective.
There are just far too many species (even in the aquatic
environment), most of which we know little or nothing about,
to ever be able to monitor the health of them all. Even if very
large monitoring programs were adopted, it is rather unlikely
that they would provide the level of detail required to detect
many types of endocrine disruption; for example, fish health
monitoring programs are in place in the U.K. (and have been
for a long time), but they do not involve histological
investigation of organs, and hence failed to detect inter-
sexuality, even though it is quite common (11). Further, if
“obvious” and major signs of evidence of endocrine disrup-
tion are so easily missed, what about more subtle changes?
These could be just as important as far as viability of
individuals and populations is concerned.

Although we have used intersexuality to illustrate the
current uncertainties surrounding what is normal, exactly
the same arguments apply equally to just about any parameter
considered a biomarker of endocrine disruption (e.g., plasma
vitellogenin and sex steroid concentrations): baseline data
are usually lacking.

Lesson 3: One Animal's Poison May Not Be Another's

Very few, if any, well-designed and well-conducted studies
aimed at assessing whether different groups of organisms
show similar or dissimilar responses to selected endocrine-
disrupting chemicals have been reported. Hence, it is not
easy to decide if different groups of organisms respond in
different ways, or even whether some respond, whereas others

do not, to a particular chemical. However, by comparing the
results of different studies, done by different groups of
researchers for different reasons, it is possible to reach some
tentative conclusions on this issue.

What is clear is that most, if not all, vertebrates (fish,
amphibians, reptiles, birds, and mammals) do respond in a
similar way, with a similar degree of sensitivity, to both
steroidal hormones and xenestrogens (and also probably
antiandrogens). Thus, for example, estradiol (E2), whether
of endogenous or exogenous origin, is a very powerful
estrogen, and induces vitellogenin production in all oviparous
(egg-laying) vertebrates. This is not surprising when it is
realized that there are essentially no differences in the
specificities of the estrogen receptors across a wide range of
vertebrates (28). Likewise, nonylphenol is a weak estrogen,
acting through estrogen receptors, in all vertebrates in which
it has been studied (29). Thus, in the case of vertebrates, it
appears that one animal’s endocrine disruptor is another
animal’s endocrine disruptor (though we are sure there will
be subtle differences between species, many probably caused
by differing pharmacokinetics), due largely to the fact that
their endocrine systems show many similarities.

It is very unlikely, however, that all invertebrates respond
in the same way as do vertebrates to endocrine-disrupting
chemicals, and equally unlikely that all invertebrates respond
in the same way. For example, steroidal estrogens such as
E2 and ethinyl estradiol (EE2) are extremely potent estrogens
in fish (see, e.g., ref 30), but have little, if any, endocrine
effect on at least some groups of invertebrates (see, e.g., refs
31 and 32), though even with this example some authors
have reported reproductive effects on one group of inver-
tebrates, mollusks, at concentrations similar to those that
cause feminization in fish (33). As Oehlmann and Schulte-
Oehlmann (34) have recently pointed out, there are more
than 30 different invertebrate phyla, whereas in contrast all
vertebrates comprise only part of a single phylum. The
invertebrates are thought to have diverged from the vertebrate
lineage over 450 million years ago, and one group (phylum)
of invertebrates from another before that time. Hence, there
has been plenty of time for endocrine systems in different
phyla, and even within a phylum, to evolve and diverge. For
example, although not enough good data are available yet
on which to base firm conclusions, it seems that the endocrine
systems of the various classes of mollusks, and even major
groups of gastropods (one class of mollusks), differ greatly,
probably as a consequence of pronounced differences in
both morphology and life histories (34). It would therefore
be surprising if an endocrine-disrupting chemical caused
the same effect in all invertebrates. Such species specificity
makes it extremely difficult, it not impossible, to arrive at a
suite of regulatory toxicity tests that will protect most wildlife
species from most endocrine disruptors. Currently, and
understandably, chemicals are tested on just a few species
(perhaps one fish, one or two different invertebrates, and
possibly a plant): what chance is there that such a narrow
suite of tests will detect all endocrine activities of the
chemicals on all organisms likely to be exposed when the
chemical reaches the environment?

Probably the best examples to illustrate species specificity
are the cases of TBT and insect growth regulators. The effect
of TBT on prosobranch snails is one of the best examples of
endocrine disruption (reviewed in ref 35). TBT induces shell
deformities in many bivalve mollusks, and also a mascu-
linization, termed imposex. Imposex induced by TBT has
beenreported in over 150 species of prosobranchs, and serves
as avery specific response to organotin compounds. To date,
there are no reports of TBT inducing an intersex condition
in other groups of invertebrates. A related chemical, tri-
phenyltin (TPT), even induces imposex in some, but not all,
species of prosobranch mollusks (36). Very recently (37), a
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TABLE 1. Representative Median Effective Concentrations of
g_(lllllle Estrogenic Chemicals for Induction of Vitellogenin in
ish?

chemical ECso rel potency”  ref
estradiol (E2) 25 ng/L 1 30
estrone (E1) 60 ng/L 0.3 30
ethinyl estradiol (EE2) 1.2 ng/L 20 30
4-tert-nonylphenol (NP) 8 ug/L 0.0025 48
4-octylphenol (OP) 10 ug/L 0.002 49
bisphenol A (BPA) 50 ug/L 0.0004 50
methoxychlor 8 ug/L 0.0025 51

2 All data were obtained using flow-through exposures, supported
by chemical analysis of the water to determine actual exposure
concentrations. Hence, it is probably acceptable to compare the data
from these different studies. Most data come from rainbow trout,
although some come from the fathead minnow (because no comparable
data are available for trout). ? E2 was assigned a potency of 1.

strong case has been made that the apparently ubiquitous
retinoid X receptor (RXR) and its natural ligand, 9-cis-retinoic
acid, play major roles in the development of the imposex
condition caused by organotin compounds in gastropod
mollusks. However, this advance still does not explain why,
apparently, only one group of mollusks, and not the many
other groups of invertebrates and vertebrates, develop an
imposex condition upon exposure to TBT. What is apparently
unique about the endocrine control of reproduction in
prosobranch mollusks? In a very recent paper (38) the authors
even question whether this effect is so specific, because TBT
appears able to cause masculinization in fish.

Insect growth regulators were developed by the agro-
chemical industry for use as pesticides. These chemicals have
been intentionally developed to disrupt the endocrine
systems of different groups of insects, and hence aid their
control. Insect growth regulators are a diverse suite of
chemicals that, by acting as agonists or antagonists of
ecdysone and juvenile hormone, disrupt development,
moulting, and/or vitellogenesis and other aspects of repro-
duction. These growth regulators appear to act quite specif-
ically on insects; some are even specific to one group of
insects, such as the Lepidoptera. However, as is often the
case, data from tests on other groups of invertebrates (e.g.,
mollusks) are sparse, if not nonexistent. Until such data are
available, one should be slightly cautious about assuming
that insect growth regulators are a group of highly specific
endocrine-disrupting chemicals, and hence an example of
where one animal’s poison is not another animal’s poison.

It will probably never be possible to conclusively dem-
onstrate that one animal’s poison is that animal’s poison
alone, the major reason being that it will never be possible
to test a “poison” on all animals, to be certain of the degree
of specificity of the effect. Nevertheless, it does seem likely
that certain groups of organisms, with particular physiological
control processes, will be selectively targeted by certain
endocrine-disrupting chemicals. The very difficult challenge
is to be able to accurately predict which group, instead of
waiting to find out, as is the situation currently.

Lesson 4: Potency Is a Key Factor

One thing that has become very clear is the enormous
difference in potency of chemicals possessing estrogenic
activity (and probably other types of endocrine activity). The
most potent are the “real” estrogens, such as the natural
estrogen E2 and the synthetic estrogen EE2. Most, and
perhaps all, xenestrogens are much less potent, usually by
afew orders of magnitude (3 or 4), but sometimes even more
(see Table 1 for some representative data). Thus, to obtain
the same degree of estrogenic response (such as vitellogenin
synthesis), it is usually necessary for the organism to be
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exposed to a concentration of a xenestrogen very much higher
than that of E2 and (especially) EE2.

Obviously potency needs to be allied to environmental
concentration. However potent a chemical is, it will not cause
effects if it is not present in the environment. In contrast, a
weakly estrogenic chemical could cause effects if it was
present in the environment at high concentrations, par-
ticularly if it also bioconcentrated in aquatic organisms,
leading to still higher internal concentrations. However,
essentially all of the evidence to date suggests that it is the
potent steroidal estrogens that are the primary causative
agents leading to feminization of fish (see, e.g., ref 39). Both
laboratory (see, e.g., refs 30 and 40) and field (41) studies
have demonstrated that extremely low concentrations (nan-
ograms per liter, or even lower in the case of EE2) of steroidal
estrogens affect fish. In fact, the concentration of EE2 that
causes profound effects on fish (they cannot reproduce
successfully) is so low that it is difficult to measure reliably
and accurately in “dirty” samples such as effluents and river
water.

Despite the general agreement that steroidal estrogens
cause much of the feminization of fish that has been reported,
there appear to be at least a few specific locations where
concentrations of alkylphenolic chemicals, in particular
nonylphenol, are high enough that they contribute to the
feminization, or may even be the major causative chemicals
(see, e.g., refs 42—44). In contrast, we are unaware of any
evidence suggesting that bisphenol A (a very weak estrogen
to fish when exposure is through the water) contributes to
the reported estrogenic effects in fish.

TBT serves as a second example of the extraordinary high
potency of an endocrine-disrupting chemical. It is extremely
well documented that water concentrations only have to be
in the low nanogram per liter range for imposex to be induced
(45, 46). Well out to sea, in shipping lanes, where TBT
concentrations may be less than 1 ng/L, effects on mollusks
are still observed (47). However, for E2 and EE2, high
potencies were well established, and hence their effects were
predictable, while those of TBT were not (because the
mechanism of action remains unknown).

Lesson 5: Degradation Products May Bite!

For decades, alkylphenol polyethoxylates (APEs) have been
economically important as nonionic surfactants used in a
variety of industrial and household applications. Early
research concentrated on the biodegradation of the parent
polyethoxylates, which were clearly demonstrated to be
successfully eliminated in an activated sludge environment
(52). Awide variety of breakdown products were subsequently
identified as being formed during sewage treatment (53).
Apart from nonylphenol (NP) itself, these included shorter
chain ethoxylates, particularly nonylphenol mono- and
diethoxylates and also nonylphenoxy carboxylated varieties,
principally nonylphenol mono- and diethoxy carboxylates.
Some breakdown products such as the 4-fertisomers of nonyl
and octylphenol were shown to be estrogenic to fish (54). In
effect, biodegradation of the parent compound, which began
by reducing the length of the ethoxylate chain, had the effect
of converting a nonestrogenic molecule into a series of
(weakly) estrogenic degradation products (55). The signifi-
cance of these breakdown products, particularly 4-tert-NP,
as the most important endocrine disrupters in some con-
taminated waters should not be overlooked (42—44).
Permethrin is a commonly used insecticide in agriculture
and is degraded in soil with a half-life of 7—112 days (56, 57).
Anumber of breakdown products are formed in soil, including
3-phenoxybenzyl alcohol, phenoxybenzoic acid, and cyclo-
propane permethrin acid (58, 59). Although not perhaps in
the same category as NP, these breakdown products have
been found to be weak endocrine disrupters, albeit only in



vitro to date. Thus, 3-phenoxybenzyl alcohol was found to
be 100-fold more potent as an estrogen than the parent,
while 3-phenoxybenzoic acid and cyclopropane permethrin
acid were antiestrogens, with potencies only 100—1000-fold
less than 4-hydroxytamoxifen, an activity not shared by the
parent permethrin (60). Hot spots of permethrin water and
sediment contamination have been found in the Aire and
Calder Rivers in the U.K., and are believed to be related to
the local textile industry (61). Thus, the exposure of aquatic
organisms to these endocrine-disrupting breakdown prod-
ucts would be a possibility.

Another, more recent, example of a possibly significant
breakdown product has come from triclosan. Although there
are some acute toxicity concerns with this commonly used
antibacterial agent, some recent studies (62) have indicated
thata proportion of the parent compound could be converted
into a much more harmful dioxin form in sunlight-irradiated
river waters (some dioxins are extremely potent endocrine
disrupters).

Finally, itis often forgotten that steroidal estrogens, when
excreted by people and animals in their urine, enter the sewer
as largely biologically inactive conjugates (63). These glu-
curonide or sulfate conjugates possess little estrogenic
potential (64), but biodegradation within both the sewer (65)
and the treatment works (66) can cleave the conjugates,
releasing the free active hormone as the initial breakdown
product. What these stories tell us is that a risk assessment
strategy based solely on testing the active ingredients may
overlook the potentially harmful effects of breakdown
products!

Avery clearly written summary of our current knowledge
of the presence and toxicity of degradation products (deg-
radates) has recently been published (67).

Lesson 6: Beware of Continual Exposure to Low
Concentrations and Mixtures

The (often very high) impact of some endocrine-disrupting
chemicals on some faunas is only observed when the
organisms are continuously exposed. In fact, continuous
exposure will be the common exposure scenario for aquatic
organisms where these chemicals are discharged in sewage
effluent. Although both E2 and E1 are readily biodegraded
in river water (68), because they are discharged in sewage
effluent, which continually enters the aquatic environment,
they are present in receiving waters every day of the year.
Although their concentrations in the receiving waters will
vary with the season, due primarily to changes in dilution,
their continual presence at these locations justifies the term
“pseudopersistent”.

It is probably this continuous exposure to, for example,
nanogram per liter concentrations of EE2 that accounts for
the extreme effects it can cause (see, e.g., refs 40 and 41). In
contrast, microgram and even milligram amounts need to
be injected to produce comparable effects (69—71), and these
are then only transitory, and attenuate as the chemical is
metabolized and excreted. Unfortunately, there have not been
any thorough studies that have compared, for example, the
effects induced by low-level, chronic (continuous) exposure
to those induced by higher level, acute (short-term) exposure.
However, there is now no doubt that continuous exposure
via the water canlead to effects when the actual concentration
of the chemical is surprisingly low (see the discussion in ref
72 for some thoughts on why this may be). Whatever the
explanation, a large body of evidence, much of it obtained
from well-conducted laboratory experiments (see, for ex-
ample, the references in Table 1), but also some from field
studies (see, e.g., refs 73— 75), demonstrates very conclusively
that low concentrations of endocrine-disrupting chemicals
can cause effects if exposure is continuous. Thus, it would

be a mistake to focus all attention on the (high-volume)
chemicals present in the environment at high concentrations
at the expense of the less prevalent, but more potent,
chemicals.

Finally, it is important to constantly keep in mind that
aquatic organisms are rarely, if ever, exposed to a single
estrogenic chemical, but instead are usually exposed simul-
taneously to many estrogenic chemicals (i.e., to a mixture of
estrogenic chemicals), of varying potencies, each present at
a unique concentration. Thus, to understand the risk posed
by exposure to estrogenic chemicals, it is necessary to
understand how chemicals interact in mixtures (76). Our
current knowledge of this important issue is relatively poor,
especially when mixtures containing a reasonable number
of estrogenic chemicals (the situation wild organisms face),
and what effects these mixtures have in vivo, are considered
(seerefs 30 and 51 for results from binary mixtures). However,
it seems likely that even if each estrogenic chemical is present
at a concentration below that which causes an effect, the
mixture might nevertheless cause an effect (77). Under-
standing, and hence being able to predict, the effects of
mixtures of endocrine-disrupting chemicals, which vary
enormously in both concentration in the environment and
potency, is a real challenge, but one that must be addressed
if wildlife are to be adequately protected from the effects of
the complex mixtures of endocrine-active chemicals that they
can be exposed to. Particular difficulties may be faced in
determining the net effect of a mixture of endocrine-active
chemicals that have different hormonal activities. For
example, could the presence of antiestrogens cancel out the
effect of estrogenic chemicals, or an androgenic chemical
maintain the “masculinity” of males that might otherwise be
“feminized” by the estrogenic chemicals they are simulta-
neously exposed to?

Lesson 7: Beware of Nontraditional Pollutants from
Unexpected Sources

There has been a tendency to assume that any adverse
impacts on aquatic wildlife living in water close to urban
areas must be due in some way to the presence of xenobiotic
(industrial) chemicals. Following the discovery that sewage
effluent was estrogenic (10), the research over the next four
years concentrated on xenobiotic estrogen mimics such as
the estrogenic alkylphenol isomers (49, 52, 55). However,
when a toxicity identification and evaluation procedure was
carried out on municipal sewage effluent, using an in vitro
yeast estrogen assay, the steroidal estrogen component was
identified as contributing the greatest proportion of the
overall estrogenic activity (39). Similarly, use of an in vitro
test using human breast cancer MCF-7 cells, which proliferate
when exposed to estrogens, suggested the xenobiotic es-
trogens, such as NP, in the sewage effluent constituted only
1—4% of the overall estrogenic potency (78). Two related
messages emerge very clearly from the study of endocrine
disruption of fish. One is that natural organic molecules,
such as E2 and El, can, if present in the wrong place at the
wrong time, cause adverse effects. One would hardly call E2
a pollutant, yet perhaps it can be. Natural chemicals,
synthesized to regulate normal physiological processes, have
generally been thought of as “good”, not “bad”. The second
is that E2 is not exactly a “foreign” chemical to a fish; they
naturally synthesize it. Yet, if exogenous estradiol is present
at the “wrong” time, and/or at the wrong concentration, it
has severe effects (79).

E2 and E1 have been found in a large number of streams
impacted by agricultural wastes in the U.S. (80, 81). It is clear
that intensive animal husbandry could generate large
quantities of both the steroidal estrogens and androgens from
urinary and fecal deposition (82, 83), and indeed high
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concentrations (up to 2 ug/L) of estradiol and testosterone
have been found in runoff from poultry manure (84). A study
has indicated elevated vitellogenin in female turtles living in
ponds impacted by runoff from beef cattle (85), and more
recently, endocrine disruption has been reported in wild
fathead minnows living in streams receiving effluent from
cattle feedlots (86). Might the natural steroidal hormones
excreted by farm animals have a greater disruptive effect on
the local stream fauna than the episodic releases of the
xenobiotic pesticides? Even natural high concentrations of
animals, such as occurs during the mass spawning of salmon,
can be a source of sex steroidal hormones (87).

Considerable quantities of androgens are synthesized and
excreted naturally by mammals (88), and consequently, a
proportion of these hormones will arrive at sewage treatment
works. The low hydrophobicity of androgens such as test-
osterone suggests that accumulation in sludge will be low.
Testosterone and androstenedione have been found in the
effluent of some American sewage treatment works (89), but
in the U.K., surveys found androgens present in the effluent
of works with only primary, or biological, filter sewage
treatment (90, 91), suggesting they are more rapidly degraded
than the estrogens. Thus, androgens are only likely to be
present, if at all, in the effluent of biological filter treatment
works, but not in the effluent of the more efficient activated
sludge plants (90). This might lead to the intriguing possibility
that endocrine disruption in a catchment might include
androgenic effects in the upper, less populated reaches
(where more basic sewage treatment might predominate)
but be entirely estrogenic in the more densely populated
lower river reaches (where a higher standard of biological
sewage treatment would be expected).

Masculinization of fish associated with the receiving water
of paper mills has been reported (92—94). But what chemicals
are causing this masculinization? Research appears to show
that plant sterols such as fj-sitosterol, stigmasterol, and
stigmastanol may be transformed by microorganisms to
produce androgenic steroids (95). Androstenedione is cer-
tainly one natural hormone that has been reported in the
sediment of a river receiving paper mill effluent, where
masculinized fish have been found (96). Although the major
androgenic component(s) have yet to be identified, it seems
probable that they originate from the plant material. Perhaps
the natural phytosterols and resin acids which emanate from
cut timber may be having a greater impact on the aquatic
wildlife downstream of paper mills than some of the
xenobiotic chemicals now used in the paper process (94).
However, it is important to keep in mind that these effluents
are ill-defined and complex, and hence, it is quite possible
that chemicals other than phytosterols play a role in the
effects observed in fish that are thought to be caused by
exposure to these effluents.

Apart from the estrogens and androgens, humans and
farm animals also excrete quantities of the natural hormone
progesterone (97, 98). Like the steroidal estrogens and
androgens, it is highly probable that progestins will arrive at
STWs, and a proportion be discharged with the effluent. This
appears to be the case for the synthetic progesterone
medroxyprogesterone, which is used in hormone replace-
ment therapy (89). Because some progestins are potent
preovulatory pheromones for fish (99), these compounds
may cause “sensory disruption” in fish (89). Although fish
are very specific in the pheromone they respond to (for
example, male goldfish are sensitive to 17,205-dihydroxy-
progesterone at 0.03 ng/L (100)), it may be thatinadvertently
some species of fish will react to the progestins excreted by
the human population. Perhaps we should consider whether
the discharge of the natural progestin hormones may be
causing another form of nontoxic disruption to some fish.
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In summary, we should not immediately assume any
disruptive effects we observe in aquatic wildlife downstream
of sewage works, pulp mills, or livestock farms as being due
to xenobiotic chemicals, since the potential of natural
hormones cannot be excluded, and these chemicals may, in
fact, be the major “culprits”.

Lesson 8:Acute Toxicity Tests May Not Be Very Helpful

Onelesson that has come through time and time again during
the 10 years of research on endocrine disruption is that the
current testing regime used to determine the toxicity of a
chemical to aquatic organisms has “failed”, in the sense that
it has not detected the endocrine activity of many chemicals
(e.g., nonylphenol and bisphenol A). Further, endocrine
disruption research on these and other chemicals (such as
the steroidal estrogens and androgens) has shown that there
can be an extremely large difference between the concentra-
tion of a chemical that causes mortality in the well-
established, routinely conducted acute toxicity tests (this
concentration is usually reported as the LCso) and that which
causes endocrine disruption. This latter point is very well
demonstrated by the example of EE2.

Acute toxicity tests using the fathead minnow produced
an LCs (the concentration of the chemical that killed half
the fish during the days of the test) of 1.6 mg/L (101). This
could be taken to suggest that EE2 is not a very toxic chemical
(atleast to fish). However, the results of recent chronic (long-
term) tests (see, e.g., ref 40) give an entirely different picture.
Endocrine-mediated effects, such as vitellogenin synthesis,
occur at very low (nanogram per liter) concentrations: the
ECs for vitellogenin is about 1 ng/L: this is 1600000-fold
lower than the LCs,! Further, concentrations of EE2 above a
fewnanograms per liter completely inhibit reproduction (40,
41). Clearly, chronic toxicity tests can give a message entirely
different from that of acute tests; in the former, EE2 appears
to be an extremely toxic chemical. Few chemicals present in
the aquatic environment cause effects at such low concen-
trations.

Perhaps even more surprisingly, it transpired that EE2 is
acutely toxic to fish, but this effect is delayed long enough
thatitis not detected in the acute toxicity test protocols used
currently. These last for a maximum of four days, but the
acute toxicity of EE2 is not evidenced until somewhat later.
The reason for this is that the mortality is due to excessive
production of vitellogenin, which causes kidney failure (other
organs probably also suffer severe toxicity), followed by death
(102), but it takes a few days for the blood vitellogenin
concentration to reach a level high enough to severely disrupt
kidney function.

As a consequence of the realization that current toxicity
tests (chronic as well as acute) may not detect endocrine-
mediated effects, regulatory agencies (in particular the OECD)
are in the process of establishing and validating new testing
procedures aimed at detecting the endocrine activities of
chemicals.

Lesson 9: Central Role Played by Sewage Treatment

The centralization of sewerage and the widespread intro-
duction of secondary biological sewage treatment have
brought enormous benefits to society and the environment.
Given the short hydraulic residence time (a few hours), the
large reduction in the amount of natural and xenobiotic
organic molecules that occurs in a STW is remarkable (103).
However, in a key paper for endocrine disruption research,
Jobling et al. (11) demonstrated that the biggest impacts in
fish were associated with their proximity to sewage effluent.
In the case of the natural and synthetic steroidal estrogens,
environmental chemists have shown that, for normally
operating activated sludge plants, up to 40% of these



compounds can survive sewage treatment (104—107). Thus,
the STW will be the major conduit by which many of the
thousands of chemicals used, or excreted, by the human
population each day in the developed world will reach the
aquatic environment. There are four key factors that are
critical in predicting the impact of an individual STW on the
immediate receiving water: (1) the size of the human
population connected to the STW, (2) the flow through the
works, (3) the type of treatment employed, and (4) the
available dilution in the receiving water.

While there are many reports on the presence, or absence,
of endocrine disruption in aquatic organisms living in waters
receiving sewage effluent, usually very little consideration is
given to how the precise makeup of the associated treatment
works might have influenced the results. This disconnection
between the biological effects and the upstream sewage
treatment/hydrology makes it impossible for the reader to
judge the significance of the reported relationship.

The importance of knowing the size of the human
population connected to the works, and the available dilution
in the receiving water, is self-evident. However, it is probably
worth exploring briefly the significance of flow through the
works, and treatment type. Differences in influent strength
(L of water/head) and dilution could result in a 100-fold
difference in concentration in the receiving waters (104).
The flow into the works, and consequently dilution, will
change not only with respect to the seasons (sometimes due
to water-table rise and infiltration into the sewers), but also
with rainfall entry into the sewers (93). Additionally, flow
into the works will change over the course of the day, due
to peaks in “human activity”, such as can occur around 8:00
a.m. (108, 109). Thus, taking into account sewer transit, and
the typical activated sludge treatment, the 8:00—9:00 a.m.
peak “flush” would probably not emerge in the effluent until
8:00 p.m. Given these variations in “human discharge” and
flow, the most valuable way to make measurements of
hormones, or chemicals intimately associated with human
activity, in effluents is from 24 h composite samples collected
during summer dry weather conditions.

Studies on endocrine disrupters have also shown that the
level of biological treatment can have a dramatic impact on
the amount of these compounds passing into the effluent.
For example, works which have sedimentation alone, or
sedimentation with chemical precipitation (to remove phos-
phate), achieved little or no removal of steroidal estrogens/
endocrine-disrupting chemicals (39, 110). More advanced
works contain biological, or trickling, filters comprising tanks
with biofilms supported on coarse media upon which the
sewage liquor is sprayed following primary sedimentation
(108). The biostep water contact time (hydraulic residence
time, or HRT) is quite short, perhaps 30 min, and this often
appears to be not quite as effective as the activated sludge
system (110—112). These works are still commonly used to
treat the sewage of smaller communities. Activated sludge
is a more intensive biological treatment in which bacteria
are suspended in a tank and vigorously aerated, with a HRT
of 5—20 h plus (104, 113). The tanks often have a first anoxic,
or anaerobic, stage to encourage denitrification, which may
also play a role in removing trace organics such as steroidal
estrogens (I114). There are many treatment types in between,
but biological filters and activated sludge are still the most
common. More sophisticated works with tertiary treatment
such as UV, ozonation, nanofiltration, and reverse osmosis
will be likely to reduce yet further the microorganic con-
taminant content of the effluent (115—117). Clearly, the
greater the extent of biological activity deployed by the works,
the greater the removal of biodegradable organic compounds
that can be expected, and consequently the lower the effluent
concentration. With biological treatment it is logical to
assume that both the duration of biological treatment and

the amount of active biomass present will influence the
amount of biodegradation of an organic molecule in sewage
(110, 116, 118, 119), although we must be aware that, in the
real world of biological treatment, these correlations are not
always as clear as might be expected (120). Another significant
factor may be whether the plant is nitrifying or not. Activated
sludge plants with long sludge retention times (to encourage
the slower growing nitrifying bacteria) may also possess
microbial communities which fortuitously have a good ability
to degrade some of the more recalcitrant organic molecules,
such as has been reported for EE2 (114, 121, 122).

Lesson 10: Hydrology Will Tell You Where To Look!

Traditional risk assessment involves a comparison of the
predicted environmental concentration (PEC) of a chemical
with the predicted no effect concentration (PNEC) on target
species. The PEC is derived from the amount of substance
used per year, the size of the human population, the volume
of wastewater produced per capita per day, and the amount
of removal in treatment, with the environmental dilution
factor set at 10 (123, 124). However, the available dilution in
river catchments can be considerablyless and is enormously
variable in both the temporal and spatial senses (see, e.g.,
ref 125). For example, in a study on steroidal estrogens in the
Nene and Lea Rivers in southern England it was determined
that effluent made up 34% and 75% of the flow, respectively,
during an August 2000 sampling period (126). In northern
England, of the 33 STWs discharging into the Aire—Calder
catchment, during dry weather periods (95th percentile),
more than half will be contributing greater than 10% of the
flow at the point of discharge and some, such as the large
Knostrop Low STW serving Leeds, will be contributing more
than 60% of the flow (127)! While some might consider the
U.K. as an extreme case, even a superficial look at the map
in Europe shows that there are some big population centers
discharging sewage into modest rivers where a dilution factor
of 10 is likely to be an overestimate; Brussels and the Zenne
River, Madrid and the Manzanares River, and Milan and the
Lambro River would be examples. Similar situations probably
occur in other densely populated areas of the world.

With the increasing sophistication of geographic infor-
mation system (GIS) based hydrological models, such as Low
Flows 2000 (128, 129), which predict flows throughout a
catchment, it is possible to map “hot spots” for determinands
associated with the human population. Such hydrological
models can be married to other models which predict the
input load for specific chemicals from an STW, such as that
recently developed for steroidal estrogens (63) which requires
only the head of population and flow from the STW. Examples
of GIS hydrology combined with chemical process models
are GREAT-ER, which is used for some model catchments in
Europe (127, 130), and PhATE, used for some catchments in
North America (131). These generate color-coded maps
showing the predicted concentrations throughout the catch-
ment. The models can encompass the in-river degradation
rates, which we know to be temporarily and spatially variable
(67).

Discovering the significance of the key environmental
processes which determine the fate of chemicals is one of
the most important benefits of a modeling exercise. For
example, if a microbiologist were asked when the concen-
tration of endocrine-disrupting chemicals might be highest,
he or she might answer “the winter, because then biodeg-
radation will be slow and the chemicals become more
persistent”. But if the same question were asked of a
hydrologist, he or she might answer “the summer, because
then the available dilution is lowest, and consequently the
chemical concentration will be at its highest”. A process
model such as EXAMS, which incorporates hydrology and
all the potential chemical fate processes to predict concen-
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trations for river reaches, will rapidly cut short such argu-
ments (126, 132).

These models will represent an increasingly important
resource for environmental chemists, biologists, and regula-
tors alike, their principal advantage being in telling scientists
where, and potentially when, to look for human-derived
chemicals and their effects. Future developments will prob-
ably refine such models, to take into account differences in
efficiencies of different sewage treatment types across the
catchment. Other subtle refinements may be incorporated
on the basis of expert knowledge on differing human
behaviors and consumption patterns. For example, by taking
into account the age profile of a town (some may have a
preponderance of retired people, or the presence of a large
student population), more accurate predictions of the
concentrations of certain chemicals, such as pharmaceuticals,
should be possible.

Keeping Focused

It is an instructive exercise to consider whether all the effort
(and money) invested in research on endocrine disruption
was wisely spent. One approach to doing this exercise is to
identify the key issues and then examine to what degree they
were addressed and, preferably, answered. Leaving aside the
issue of endocrine disruption in humans, which is outside
the scope of this paper, the key issues concerning endocrine
disruption, or indeed any compounds with disruptive effects
in the environment, might be the following: (a) To what
extent is this type of disruption occurring in wildlife? (b)
What species are being affected? (c) What chemicals are
responsible for these effects, and how do they behave in the
environment? (d) What are the consequences of these effects,
at both the individual and, probably more importantly,
population levels? (e) What could, and should, be done?

Although we have not tried to “map” all the published
papers (a few thousand by now!) to these key issues, it would
seem that a significant proportion of the research funded
did not focus on these key issues. We realize that this is a
very bold assertion that not everyone would agree with.
However, we think that many would agree that sometimes
the focus of what we should be trying to do (addressing the
really important questions about the sustainability of our
environment) seems to have been lost, or at least to not be
evident to us.

To provide just one example, consider the issue of what
chemicals are estrogenic to fish. As discussed already (see
lesson 4), fairly strong evidence exists to suggest that the
steroidal estrogens are, in most cases, the major estrogenic
chemicals causing the effects on fish, with alkylphenolic
chemicals also contributing occasionally. Hence, the focus
should probably be on these chemicals. There seems little,
if any, reason to demonstrate that yet another chemical is
weakly estrogenic to fish, if that chemical is not affecting
wild fish.

The Way Forward?

There are now an increasing number of questions being asked
about whether the presence of some pharmaceuticals and
personal care products (PPCPs) in effluent are harming
aquatic flora and fauna. Answering these questions will not
be easy: the number and range of PPCPs is large, and the
number of organisms they could affect equally large. Of
particular concern are pharmaceuticals, because all of these
are biologically active chemicals (they would not do their
jobs if they were not). Further, some are biologically active
at low (sometimes extremely low) concentrations, as the
example of EE2 illustrates only too well. In response to this
understandable concern, and in good faith, industry and
regulatory authorities are now expending considerable efforts
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to determine whether these chemicals pose a risk, and if so,
to what, and to what degree. The approach being used is the
traditional one of conducting a small range of acute and
chronic toxicity tests for each chemical in turn (that is, each
chemical is assessed individually). On the basis of what we
consider we have learned from endocrine disruption, we are
concerned that this approach will be unlikely to protect
wildlife to the degree we, and others, would like. Therefore,
perhaps in parallel, we think that other approaches should
be considered.

One possible strategy would involve first assembling a
multidisciplinary team consisting of, at a minimum, one or
more toxicologists, ecotoxicologists, wildlife biologists, chem-
ists, hydrologists, and regulators. Because environmental risk
assessment is a multidisciplinary task, the objective is to
start with a group of people who collectively have all the
range of expertise that will undoubtedly be required.

From here on, two approaches are possible. One is what
we have called “compound-specific”, by which we mean that
the risks posed by a single chemical are considered; for
example, a pharmaceutical company may want to determine
the environmental risks (if any, of course) posed by one of
its new or currently used drugs. The other is what we have
called “issue-specific”, by which we mean defining the risks
posed by a group of related chemicals (related in the sense
of acommon use). Examples of the latter would be “defining
the risk to the aquatic environment posed by the presence
of pharmaceuticals”, or “defining the risk posed by the
presence of cosmetics”. We will consider each in turn.

1. Compound-Specific Environmental Risk Assessment.
First, collect and assess all available information on the
chemical of interest. Knowledge of the chemical and physical
properties of the PPCP should enable the fate and behavior
of that chemical in the aquatic environment to be predicted
with areasonable degree of accuracy. This knowledge should
further enable one to predict which organisms are likely to
receive the highest exposure, and to what degree the chemical
will bioaccumulate.

For pharmaceuticals (but possibly not for other groups
of PPCPs, such as those present in toiletries and cosmetics),
the amounts used (and excreted) are, sometimes with effort,
obtainable, which is an important first step in grappling with
the scale of the issue (although always keep in mind that a
surprisingly small amount of EE2—the amount used annually
in the U.K. is around 40 kg—can cause a lot of problems!).

Next, use the information in hydrological modeling to
predict where the worst impacted reaches of a catchment
are likely to be. Focus exclusively there. Then, using any
information that is available on possible effects of the
compound of interest (for example, if the drug of interest is
a f3 blocker, look for effects on the cardiovascular system),
target the physiological systems and responses most likely
to be affected by the compound (we accept that sometimes
there will probably be completely unexpected effects in
organisms not targeted by the investigations).

Analytic investigation aimed at determining the concen-
trations of the compound in both plasma and bile would be
very informative, as these would provide information on
uptake and body burdens, which (if the chemical were a
pharmaceutical) could be compared to data obtained from
therapeutic use (in humans) to predict if effects were likely.
This approach to intelligently trying to predict whether
human pharmaceuticals will affect wildlife (fish in particular)
has been very cogently argued by Huggett and co-workers
(133).

2. Issue-Specific Environment Risk Assessment. Rather
than agonize over which chemical/metabolite/mode of action
we should focus on, perhaps it would be wise to begin by
examining wildlife, to determine if any effects are noticeable.
This is essentially a “bottom up, listening to the environment”



approach. Recall that the natural and synthetic steroidal
estrogen story did not begin because someone suggested
that there would be a problem with these chemicals, but
rather because detective work pointed at these chemicals
after problems in fish were observed. So, for example, if the
issue of concern is pharmaceuticals in the aquatic environ-
ment, the aim would not be to assess the impact of each
pharmaceutical in turn (and there are hundreds in everyday
use), but instead to determine if the collective mixture of
pharmaceuticals (and their often ill-defined degradation
products) is, or is not, adversely affecting biodiversity and
its sustainability.

This approach would start by using geographical/
hydrological modeling to identify which reaches in a country
have little available dilution and are associated with signifi-
cant STWs of a modest standard with negligible industrial
input. This would provide a range of “human impact factors”
across the country (or area of study). The biology of sites
with the highest human impact factor (i.e., those at which
concentrations of chemicals of interest are predicted to be
highest) would be compared in the widest sense with that
of nearby sites with very low impact factors. The aim would
be to have these two sites (or groups of sites) as similar as
possible, to maximize the chances that any biological
differences are caused by the chemicals of concern, over and
above that traditionally associated with elevated organic
pollution (134). Ifunusual observations were made that were
unique to the high impact sites, more traditional approaches
could then be used to (hopefully) verify the causative
relationship.

Either of these approaches may offer a more direct route
to understanding what harm, if any, is occurring in native
flora and fauna as a result of pharmaceutical or personal
care product discharges. We are not claiming a monopoly of
wisdom here (variants on our suggestions have already been
used to tackle some environmental problems), but are
attempting to stimulate innovative thinking about how to
conduct environmental risk assessments. We consider new
approaches will be necessary if we wish to conserve our
natural heritage in the face of a rapidly changing world.
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