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Summary. Exposure to endocrine disrupting chemicals (EDCs) is a widespread phenomenon in na-
ture. Although the mechanisms of action of EDCs are actively studied, the consequences of en-
docrine disruption (ED) at the population level and the adaptations evolved to cope with chronic
EDC exposure have been overlooked. Birds probably represent the animal taxon most successfully
adapted to synanthropic life. Hence, birds share with humans a similar pattern of exposure to xeno-
biotics. In this article, we review case studies on patterns of behaviour that deviate from the expecta-
tion in bird species exposed to EDCs. We provide behavioural and ecological parameters to be used
as endpoints of ED; methodological requirements and caveats based on species-specific life-history
traits, behavioural repertoires, developmental styles, and possibility of captive breeding; a list of
species that could be used as sentinels to assess the quality of man-made environment.
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Riassunto ( Utilizzo di popolazioni di uccelli come sentinelle di interferenti endocrini). L'esposizione
agli interferenti endocrini (IE) da parte di contaminanti chimici ¢ un fenomeno diffuso in natura. I
meccanismi d’azione degli IE sono stati ampiamente studiati, tuttavia ¢ stata prestata poca attenzione
alle conseguenze della interferenza endocrina a livello di popolazione e agli adattamenti evoluti per
fronteggiare 1’esposizione cronica agli IE. Gli uccelli probabilmente rappresentano il taxon animale
piu adattato alla vita sinantropica. Per questo motivo, gli uccelli condividono con gli esseri umani
una simile esposizione agli xenobiotici. In questo articolo viene presentata una rassegna degli studi
sui profili comportamentali che deviano da quelli attesi in specie e popolazioni di uccelli esposte agli
IE. In particolare, vengono suggeriti parametri comportamentali ed ecologici da utilizzare come po-
tenziali marcatori di esposizione agli IE; una valutazione critica dei metodi e dei problemi legati alle
differenze specie-specifiche in caratteristiche eco-etologiche, profili comportamentali, tipologie di svi-
luppo e possibilita di allevamento in cattivita; una lista di specie potenzialmente utili come sentinelle
per la valutazione della qualita dell’ambiente antropizzato.

Parole chiave: interferenti endocrini, uccelli, popolazioni sentinella, ecologia, comportamento, ecotossicologia.

INTRODUCTION

Many field studies have been describing a high vari-
ation in behavioural and related life history traits in
wild bird populations, such as extra-pair paternity, sex
ratio, clutch size, parental care [1-3]. On the one side,
behavioural ecologists are inclined to interpret these
findings as a result of functional adaptations. On the
other side, several studies have been showing that many
animal populations are exposed to endocrine disrupt-
ing chemicals (EDCs) [4-19]. The possibility that some
of the described variation stems to some extent by
environmental contamination, in particular EDCs is
therefore an actual explanation, which is explored in
this paper, together with the challenge to test it.

Since the classical work of Kettlewell [20] on the
industrial melanism in Biston betularia, the interest
in the interactions between pollutants and organism
adaptation in a changing environment has grown-
up extensively. Many studies examining changes in
natural animal populations associated with pollu-
tion raised concerns on whether or not behavioural
changes caused by pollution are a serious threat for
the population viability [21-24].

Hormones represent the interface between internal
and external stimuli [25]. They regulate homeostasis
mechanisms and metabolism and affect sexual and
behavioural characteristics. Bird studies on hormones
are useful for understanding the variation in behav-
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Table 1 | Review of the main endocrine disrupting compounds of interest. We focus on the following xenobiotics because they
are the most widespread, they all have been shown to have estrogenic activity, and they have been largely found in birds

Compound Short notes

Polychlorinated biphenyls (PCBs)
and dioxins (PCDDs)

PCBs are very persistent in the environment, fat soluble, tending to accumulate in organisms
with those highest in the food chain being most affected [71-74]. The main effect of dioxins is

estrogenic, mimicking estradiol [75], although some congeners may be anti-estrogenic [76].

Organochlorine pesticides
[77-78].
Alkylphenols
Phthalates
Petroleum crude oil

Include lindane, atrazine, DDT, DDE, dieldrin, chlordecon, endosulfan, methoxyclor and toxaphene

For example, industrial detergents. Include all estrogenic compounds.
Widely used as plasticisers, they are also testicular toxins and can imitate estradiol.
It causes adrenal dysfunction and suppression of reproduction [29].

Others The food antioxidant butylated hydroxyanisole (BHA), the fungicide vinclozolin and plant

phytoestrogens.

iour or physiology [26-28]. Endocrine disruption (ED)
due to endocrine disrupting chemicals (EDCs) that
mimic the action of hormones (7Tuble 1) can cause
altered patterns of behaviour. This is a widespread
phenomenon already described decades ago [29].
ED has been receiving much attention in the fields
of toxicology and environmental health. On the oth-
er hand, however, ED has received scanty attention
from behavioural biologists and animal ecologists
(but see [24, 30]. Although the various effects of these
compounds are actively studied in their mechanisms
of action, the functional consequences of EDCs at
the population level, the actual endpoints when using
wildlife sentinels, and how adaptations may evolve in
natural populations with chronic exposure to EDCs
have been overlooked.

Many bird species are long-lived and feed at the
top of the food chain, therefore, they are particu-
larly vulnerable to EDCs [17, 19, 23, 31-36], while
there are large differences in sensitivity among spe-
cies (e.g., dioxin in [37]). Birds show a full range of
breeding systems (from monogamy to polyandry)
and developmental styles (from altricial to preco-
cial). Further, many species represent successful
“commensal type” species, having acquired a suc-
cessful adaptation and a rapid radiation on co-adap-
tive use of human by-products. Other species are
strictly associated with human settlements, especial-
ly during breeding, therefore, sharing with human
populations a similar exposure pattern to man-made
chemicals. Many bird species have a widespread
distribution across latitude and different habitat
types. In particular, some of them include popula-
tions with extreme synanthropic habits and others
inhabiting wild or low contaminated areas. Several
common species, which entail these features, such as
quails, tits, starlings, gulls, oystercatchers, pigeons
and kestrels, can also be housed in captivity under
laboratory or semi-natural conditions. Importantly,
their behavioural ecology is well known (see refer-
ences herein).

By focusing on birds, and regardless of the threat
to populations per se, we would like to stress that the
developmental, behavioural or reproductive chang-

es, even if subtle, may be at the same time easier to
detect and to compare with the existing baseline
values being somehow representative of the level of
pollution stress. To do that we need to choose ap-
propriate models (sentinel species and population
sharing habitat and exposure to pollutants with hu-
man beings) and a number of parameters already
used by ethologists and animal ecologists.

Wildlife sentinels may be regarded as those popula-
tions that can react to environmental contaminants
before the contaminant impacts humans [38]. It is
clear that the response to contaminants, based on
scientifically supportable observations, should be de-
tected both by observations on wild animals in field
situations, as well as by experimental data recorded
under more controlled conditions [30, 32, 39]. Both
approaches could be useful as for additional weight
of evidence in a risk assessment, to provide early
warning of situations requiring further study, or to
monitor the course of remedial activities [38].

The aims of this contribution are: 1) to provide
appropriate endpoints and formulate expectations
to assess the effects of EDCs in sentinel avian popu-
lations; 2) to provide methodological guidelines to
choose the appropriate species or populations; 3) to
generate hypotheses on the functional consequences
of EDCs on the individual behaviour, coping strate-
gies and population dynamics.

BEHAVIOURAL ECO-TOXICOLOGICAL
FIELD STUDIES: THE PROS AND CONS

Behavioural eco-toxicological field studies have
been carried out basically in two different ways, both
entailing advantages and drawbacks [23, 40]: inves-
tigation on EDC effects already occurred [7, 17, 32]
or occurring; for that the existing variation is the ma-
terial to analyse, to disentangle from the “natural”
variation and, eventually, to correlate with the level
of pollution. The main difficulty of this approach is
to demonstrate that the observed change has a causal
link with the pollutant(s) of interest. The second ap-
proach is the investigation in which the pollutant is
added as a part of the study [41-45]. For this latter



Table 2 | Detecting endocrine disrupting effects at indi-
vidual and population level. The importance of behaviour

- The behavioural phenotype represents the outcome of integration
between non genetic, genetic, biochemical and physiological processes
[79].

- Behaviour is highly sensitive to perturbation [80]. A high sensitivity
of the endpoint is a crucial requisite for its use in exploring
sublethal or subchronic effects.

- Behavioural experiments are usually mild in terms of animal
welfare. Some effects of EDCs become apparent only when tested
in natural ecological setting, such as social stress [30].

- The tools necessary to evaluate behaviour are relatively inexpensive [24].

approach, it is pivotal to validate that the treatment
has being done properly indeed. In such studies, it
is basically possible to establish a cause-effect rela-
tionship. Technical, procedural and also normative
problems abound, though [17, 38]. It is clear that
for a proper assessment both approaches should be
used to answer a same question. A conditio sine qua
non when choosing target sentinel species or popu-
lation is that behavioural-physiological-ecological
baseline values do exist for them. Ethologists and,
more recently, behavioural ecologists have explored
most of the traits we are suggesting to use as end-
points in a number of species, populations or con-
texts (Tables 2-4).

THE PROBLEM

Two authors [23, 40] outlined the state of the art
of behavioural eco-toxicology. Both summarised ac-
tual field data and highlighted difficulties emerging
in using behavioural field data as an index of pollu-

BIRD SENTINEL POPULATIONS FOR EDCs

tion-related environmental stress (see Table 3 for a
selection of case studies in the field). However, they
finalised the analyses in finding short-term adverse
effects on behaviour (e.g, abnormal behaviours
leading to impairment in reproduction or increase
in mortality) and threat for the study population in
a conservation biology perspective. This might be
the case, yet even the contrary could prove useful
when ED does work. Being an indicator of environ-
mental pollution does not necessarily mean that the
pollution has adverse effects.

Given the crucial role of the endocrine system for an
organism, the picture may be complicated by ED. All
effects might be observed at the level of population
dynamics after years or decades, e.g., skewed sex ra-
tio, abnormalities in partner preference or decrease in
paternal care. Changes of this type may lead to a be-
havioural response of the individual that could end up
in an adaptive, neutral or in a maladaptive response
leading to population decline up to extinction.

EXAMPLES OF ENDOCRINE
DISRUPTION EFFECTS IN BIRDS
AT THE PHYSIOLOGICAL LEVEL

EDCs may have several consequences for the
physiological condition of the individuals. This is
of interest because alterations of the physiological
homeostasis may cause; 1) behavioural aberrations;
and 2) pathologies that may increase mortality rate.

Alterations of the immunocompetence is a pivotal
issue because the immune system enables organ-
isms to resist infections. Moreover, several studies
suggested that the relationship between life-history
decisions and parasitism may be modulated by a

Table 3 | Summary of endocrine disruption effects chemicals( EDCs) effects on selected eco-ethological endpoints. Predictions of

EDC:s effects were included when available

ED Compound  Behaviour/Ecological process Field (F)/
Lab study (L)

PCBs, Parasite invasion F

organochlorines

PCBs Altered nest building pattern, higher F
nest abandonment, supernormal
clutches

PCBs Altered sub-adult plumage F
(reproduction relevant)

PCBs Altered sexual behaviour (nest L
inspections, solicitation of
copulation, food offer to female)

PCBs Lower clutch size, hatching L
success

TCDD, PCDDs, Lower reproductive success F

PCFs, PCBs

EDSs Alteration of various behaviours L

Two-tailed prediction Species Source
De-forcing the immune system Glaucous gull [81]
(Larus hyperboreus)
Tree swallow [69]
(Tachycineta bicolor)
Disruption of the endocrine Tree swallow [52]
system resulting in the early (Tachycineta bicolor)
expression of an adult trait
American kestrel [45]
(Falco sparverius)
American kestrel [44]
(Falco sparverius)
Great blue heron [82]
(Ardea herodias)
Japanese quail [43]

(Coturnix japonica)
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Table 4 | Potential endocrine disruption chemicals (EDCs)
effects and consequences in ecology and behaviour of an
altricial bird, the common swift (Apus apus) showing typi-
cal biparental care behaviour. It is expected that in such
scenario a decrease in contribution of one of the parents
due to ED is compensated by the partner, thus masking the
effect in the short term. However, the compensating par-
ent may pay the cost in the long term (see text for further
explanations)

NO EDCs effects  EDCs effects
Parenting Biparental care Skewed parental
M=F) care (F > M)
Clutch size Normal Normal or low
Hatching success Normal Normal or low
Young mortality Normal High
Second clutches Yes No
Sex ratio Normal Skewed
Partner preference Normal Skewed
Timing of breeding Normal Delayed
Aggressiveness Normal High
Nest building behaviour ~ Normal Altered

trade-off between investment in life-history traits
and immune response [46].

Polybrominated diphenil ethers (PBDEs) are addi-
tive flame retardants that may cause alterations of the
immune system. In captive nestling American kestrels
(Falco sparverius), environmentally relevant PBDEs
modified the functioning of both the cell-mediated
and humoral branches of the immune system, and
resulted in structural alterations in the immune or-
gans [47]. The results suggested that the immune sys-
tem would fail to respond appropriately to pathogens
with detrimental consequences for the animal.

EDCs may jeopardize body homeostasis also by dys-
regulating mechanisms that maintain redox homeosta-
sis causing oxidative stress as a consequence. Oxidative
stress is caused when the balance between pro-oxidants
and anti-oxidants is unbalanced toward pro-oxidants
[48]. Such shift of the cell redox balance toward more
oxidant conditions causes oxidative damage, which
underlies several degenerative pathologies.

Pesticides are compounds that are used to kill pest
species. However, at the same time, these chemi-
cals have caused severe environmental pollution
and health hazards. Pesticides may cause oxidative
stress, increasing production of free radicals with
consequent per-oxidation of tissues and altering the
anti-oxidant machinery of the body [49].

Evidence so far indicates that certain EDCs may
have detrimental consequences for birds during the
development, as well as the adult phase. For example,
oxidative stress has been implicated in the 3,3",4,4",5-
pentachlorobiphenil-induced embryo toxicity in the
White Leghorn chicken ( Gallus domesticus) and the
Pekin duck (Anas platyrhynchos) [50]. Common ei-
ders (Somateria mollissima) populations exposed to
polycyclic aromatic hydrocarbons and organochlo-
rines had higher levels of DNA damage compared
to unexposed populations [51].

Several studies have shown that EDCs may affect
the expression of avian coloration, raising concerns
on the phenotypic effects of contaminants [52-54].
Evidence on captive American kestrels showed that
circulating carotenoids and skin carotenoid colora-
tion were both disrupted in birds exposed to a die-
tary mixture of a 1:1:1 Aroclor 1254, 1248 and 1260
compared to controls [53]. Given that carotenoid-
based coloration does work as signal of phenotypic
quality in the mate choice, modulation of both col-
our and carotenoid concentration by EDCs could
have relevant consequences to social behaviour oth-
er than health. In addition, avian colouration could
prove useful as a bioindicator of contaminant ex-
posure. An example of how this could hold for wild
birds comes from great tits Parus major [55]. Great
tits derive the carotenoid pigments for their yellow
plumage mainly from caterpillars, whose abundance
is greatly affected by air pollution. Indeed, both
the intensity of yellow colour in nestling plumage
and caterpillar abundance increased with increasing
distance from a factory complex producing copper,
nickel and fertilizers. These findings called attention
for potential interferences in the mate choice or in
the male-male competition which are both modu-
lated by colour intensity in great tits.

SENTINEL POPULATIONS

Whether ED consequences are or are not adverse
for the target population is difficult to ascertain, but
this is not the primary interest in using a population
as a sentinel. Of course everybody would be satis-
fied to show a direct effect on fitness parameters or
survival in the target population, but we are posi-
tive to state that with chronic, sublethal exposures
to EDC:s this will rarely be the case. The dynamic of
the parameters of a population are the basis of the
concept of sentinel. First, the absence of evidence
that EDCs affect behaviour in the short term can
reflect a lack of appropriate research and/or reliable
endpoints rather than the lack of a behavioural ef-
fect. Second, we have to assess potential case stud-
ies to ascertain what contribution EDCs provide to
changes in behaviour or in ecological parameters.

Exposure to EDCs is likely to affect males and
females differently, because the functions and con-
centrations of hormones that regulate reproduction
differ greatly between the sexes [56]. Moreover, un-
like females, males do not have the opportunity to
eliminate part of their contaminant burden through
the deposition of contaminants into eggs. For ex-
ample, in American Kestrels (Falco sparverius), the
incubation behaviour of PCB-exposed males was
more disrupted than that of PCB-exposed females
[34]. Such a result was similar to that reported in
glaucous gulls (Larus hyperboreus), where the in-
creased incubation costs caused a decrease in nest
temperature, which tended to be more pronounced
when incubation was being conducted by male rath-
er than female glaucous gulls [36].



This scenario is particularly relevant in biparental
care species (80% of birds, [57]) because it is likely that
a decrease in contribution of one of the parents due to
ED is compensated by the other partner. The effect on
chick survival will be certainly masked in the short term.
However, the compensating parent may pay the cost in
the long term, for example, either by reducing second
clutches or decreasing its ability to reproduce in the fol-
lowing season, or simply producing smaller clutches or
reducing its ability to fledge the same number of off-
spring [58-59]. As a consequence, demographic effects
may lead to higher mortality of one sex and skewed op-
erational sex ratio in the population. Hence, at a certain
age, a bias in sex ratio could be observed as an ultimate
consequence of EDCs (Table 4).

Another way of compensation could be looking for
extra-pair copulation to gain compensation or help in
parental care from extra-pair males, a phenomenon
largely described in bird species previously supposed to
be genetically monogamous and interpreted with adap-
tive hypotheses [2, 60, 61]. In the absence of extra-pair
help, the brood might grow up in a disrupted rearing
condition, i.e., reduced amount of male care, with pos-
sible consequences on the future socio-sexual behavior,
such as in partner preference. Therefore, once an effect
on paternal care is expected/observed, it will be neces-
sary to take into account life-history parameters includ-
ing clutch size, percentage of second clutches, primary
and secondary sex ratio, as well as the engagement of
females in extra-pair activity or the genetic paternity of
the offspring.

BIRD SENTINEL POPULATIONS FOR EDCs

What species may be considered as sentinels of
EDC effects? In principle, a broad view of the use
of sentinels may lead to relevant outcomes of inter-
est. The biology of a given bird species might af-
fect the exposure and/or the behavioural response
to EDC pollutants [24, 30, 62-64]. Further, sentinel
populations could be exposed to a single chemical,
to a complex mixture, or to different media in vari-
ous locations.

We propose criteria including the following fea-
tures:

- developmental style (altricial vs precocial)

- breeding style (territorial vs colonial)

- migratory habits (migratory vs resident)

- interaction with man-made landscape (synan-
thropic vs non synanthropic)

- trophic level (high, intermediate, low)

- possibility to breed in captivity

- knowledge of the species behavioural ecology

We provide examples of candidate species accord-
ing to such criteria in Tuable 5.

ATTRIBUTING VARIATION

TO ENDOCRINE DISRUPTION.

ADVERSE EFFECTS AND INTERFERENCE
WITH EVOLUTIONARY FORCES

The difficulty remains in attributing the changes to
the pollutant(s) of interest, but we have to accept that
this will always remain in terms of statistical likeli-
hood. For example, a change in clutch size or sex ra-

Table 5 | Suggested bird species and criteria used for their potential use as sentinels for endocrine disruption chemicals

Species Developmental Breeding
style style

Common swift altricial colonial

(Apus apus)

Black-headed gull semi-precocial mainly colonial

(Larus ridibundus)

Great tit altricial territorial

(Parus major)

Oystercatcher precocial mainly colonial

(Haematopus ostralegus)

Starling altricial both

(Sturnus vulgaris)

Pigeon altricial both

(Columba livia)

Quail precocial territorial

(Coturnix coturnix)

Kestrel altricial territorial

(Falco tinnunculus)

House sparrow altricial both

(Passer domesticus)

Tree swallow altricial both

(Tachycineta bicolor)

M = migratory, R = resident.

Synanthropy  Trophic  Captivity Life-history Phenology
level knowledge
YES HIGH NO well known M
(only breeding)

BOTH HIGH YES well known M

BOTH INTERM YES well known R
NO INTERM NO well known MR

BOTH INTERM YES well known MR
YES LOwW YES well known R
N LOW YES well known M

BOTH HIGH YES well known MR
YES INTERM YES well known R

BOTH HIGH NO well known M
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tio in the past 10 years observed in a polluted area
and not in a uncontaminated one, or in a gradient of
pollution, provided that the pollutant(s) of interest
does have an experimentally proved effect on certain
crucial behaviours, could be sufficient to consider the
population of that species as an important sentinel.
Databases on clutch size or sex ratio in many bird
species are currently available in most of behavioural
biology and ornithology departments. They just need
to be explored considering that ED plays a role in the
unexplained, sometimes consistent, variation.

Peakall [40] did not properly emphasize that in
the large body of literature reviewed (as well as in
the more recent one reported in the present paper)
behavioural changes due to pollutants have been de-
scribed. They did not cause any short-term adverse
effects. However, this does not mean at all that the
populations in which changes are observed cannot
be used as sentinels.

To date, this kind of approach has been neglected
from the traditional approach of behavioral toxicol-
ogy. While behavioral toxicologists use animals as
“tools” to detect alterations in neural or endocrine
processes, they overlook their social and environ-
mental situations, as well as that EDCs may interfere
with the evolutionary forces that shaped the biologi-
cal systems trough a direction that can be predicted.
Two experimental reports describing effects of EDCs
on behavioural development in rodents adopted this
kind of approach in the interpretation of the results
[65, 66]. Such an approach is relevant as, for example,
individual differences in sensitivity to environmental
chemicals may eventually lead to frequency depend-
ent selection of genes involved in these responses.

Another report, though not specifically concerning
EDC s, is worth mentioning [55]. The authors used a
well studied, common and resident species, the great
tit ( Parus major ), chose a wild population in a gradi-
ent of air pollution instead of comparing polluted and
not polluted areas, monitored the abundance of the
main food source of the species (i.e., the caterpillars),
interpreted the findings (fading of the plumage) both
in terms of possible mechanisms (shifting in the diet
because of decreased abundance of the “coloured”
caterpillars) and in terms of implications of colour
change for survival and mate choice. This contribu-
tion may shed light on adaptation to environmental
pollution gradients, including EDCs pollution.

Also, there is an increasing interest about the effects
of EDCs on invertebrate species [67]. However, meth-
odological difficulties in tests with terrestrial inverte-
brate species (e.g., terrestrial exposure is harder to de-
fine than for aquatic invertebrates) have been favouring
studies on aquatic ones [68]. Behavioural endpoints
in insectivorous birds might emphasize the effect of
EDC:s across the terrestrial food webs.

A third report is also worth mentioning [69]. In this
study, a hormonally controlled behavioural endpoint,
nest building, which is important for reproductive suc-
cess was monitored in wild populations of tree swal-
lows ( Tachycineta bicolor ); the nest quality in three ar-

eas with high, intermediate, and low PCB contamina-
tion was compared while controlling for other factors
such as for example the female age. The results showed
a plausible link between contamination and nest qual-
ity and were interpreted in terms of adverse effects on
fitness in the contaminated areas.

Hegand van Treuren [61]in a remarkable long-term
study showed cooperative polygyny including “lesbi-
an” styles (female-female cooperation, copulations
and joint nesting) in oystercatchers (Haematopus
ostralegus), a species strictly monogamous, occur-
ring in the Waddenzee (The Netherlands), one of
the most polluted areas of Europe. No mention or
hypothesis of ED in this population has been done,
however, although in a very close population of the
same species other researchers had previously found
high levels of PCBs (see also [70]).

CONCLUDING REMARKS

In general, behavioural baselines dealing with
parental care patterns and breeding systems are
available for a number of species and may be ex-
ploited to monitor (via alteration of sex-typical
features) the occurrence of endocrine-disrupting
agents, representing sensitive functional endpoints
of ecotoxicological stress. Behavioural processes
represent today a well-known topic dealing with
both ecological results and modeling techniques,
as well as with toxicological and bio-chemical ap-
proaches. Nevertheless, researches including both
typically ecological field investigations and wide
laboratory approaches are rather lacking up to
now. The idea is that behavioural ecotoxicologists
had widely explored the limits of the problem (for
example, assessment of variation in life history
traits and behavioral patterns and correlation of
them with EDCs levels both in the field and in the
laboratory) and have very good chances now to go
insight the core of the problem (for example, start-
ing by predictions of the molecular and physiolog-
ical effects of EDCs compounds on bird ecology
and behaviour, to built-up model approaches in
the field of evolutionary ecology). Combining field
and laboratory data with typical approaches from
evolutionary ecology (manipulation experiments in
the field), and keeping them linked with molecular
predictions and modeling techniques of population
dynamic consequences of EDC pollution could
represent the best way of “getting closer” among
eco-toxicologists and behavioural ecologists.
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